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FOREWORD 

The A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1949 by 
the American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented 
because their papers would be distributed among several 
journals or not published at all. Papers are reviewed critically 
according to ACS editorial standards and receive the careful 
attention and processing characteristic of ACS publications. 
Volumes in the A D V A N C E S I N C H E M I S T R Y S E R I E S maintain the 
integrity of the symposia on which they are based; however, 
verbatim reproductions of previously published papers are 
not accepted. Papers may include reports of research as well 
as reviews, because symposia may embrace both types of 
presentation. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

fw
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



A B O U T THE EDITORS 

M U R R A E J . B O W D E N obtained his P h . D . from 
the Univers i ty of Queensland, Austral ia , i n 
1969, and after a 2-year postdoctoral appoint
ment at the Univers i ty of Manchester , E n g 
land, he j o ined B e l l Telephone Laboratories i n 
the U n i t e d States as a M e m b e r of Technica l 
Staff i n October 1971. In 1979, he was pro 
moted to Supervisor of the Radiat ion Sensitive 
Materials and Appl icat ions group w i t h i n the 
Organic Materials C h e m i c a l E n g i n e e r i n g D e 
partment. W i t h the divestiture of A T & T at the 
beg inning of 1984, he j o ined B e l l C o m m u n i 
cations Research where he is current ly D i v i 

sion Manager of the C h e m i s t r y and Materials Science Research D i v i s i o n . 
H i s research interests have been pr imar i ly i n the effects of high-energy 
radiation on po lymer ic materials, particularly i n the application to h i g h -
resolution l i thography for microc ircuit manufacture. H e is author or coauthor 
of over 80 technical publications and holds 8 patents. H e is a m e m b e r of 
the A m e r i c a n C h e m i c a l Society and was a past president of the A C S D i v i s i o n 
of Po lymer i c Mater ia ls : Science and Eng ineer ing . 

S. R I C H A R D T U R N E R received his P h . D . i n or 
gan i c -po lymer chemistry from the Univers i ty 
of F l o r i d a i n 1971 and d i d a year of postdoctoral 
work at the Institute of Macromolecular C h e m 
istry i n Darmstadt , F e d e r a l Repub l i c of G e r 
m a n y . Be fore j o i n i n g the K o d a k R e s e a r c h 
Laboratories i n 1980, he worked i n the Xerox 
Research Laboratories i n Webster , N e w York, 
and the E x x o n Corporate Research Laborato
ries i n L i n d e n , N e w Jersey. H e is current ly a 
Research Associate i n the Po lymer Science 
Laboratories at Kodak. H i s research interests 
inc lude synthesis and properties of photoactive 

polymers, ion-containing polymers , and water-soluble polymers. H e has over 
80 publications and patents i n these areas. H e is a member o f the executive 
committee of the D i v i s i o n of Po lymer i c Mater ia ls : Science and E n g i n e e r i n g 
of the A m e r i c a n C h e m i c a l Society, where he current ly serves as Program 
C h a i r m a n . 

vi i 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

fw
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



P R E F A C E 

TTHE S C I E N C E A N D T E C H N O L O G Y of polymers have had a profound in f lu 
ence on the quality of life i n the 20th century. Indeed, the ut i l i ty of po lymer ic 
materials was wide ly appreciated long before scientists understood the m o 
lecular basis of this class of materials. E a r l y telephone handsets, for example, 
were made from a condensation po lymer of formaldehyde and pheno l , but 
it was many years later before the macromolecular concept of a po lymer 
molecule was proposed, m u c h less accepted. 

M a n y of the polymers i n use at the beg inning of the 1930s, such as 
rubber , proteins, nucleic acids, and polysaccharides (e.g., starch and ce l 
lulose), were of natural or ig in . These materials were used as construction 
materials, adhesives, and molded products. B u t the p ioneer ing work of 
Staudinger, M a r k , Carrothers , and others i n the 1920s and 1930s had already 
la id the foundations for the tremendous revolution that w o u l d launch the 
w o r l d into the "plastic age". B y establishing the molecular pr inciples gov
ern ing the formation and properties of polymers (or macromolecules, as they 
are often called), these early workers paved the way for the innovative 
onslaught and r i ch variety of synthetic polymers that have characterized the 
last 50 years. 

T h e ease of manufacture and fabrication, wide range of physical and 
chemical properties, and low raw-material cost have made polymers u b i q 
uitous i n everyday li fe, a l lowing us to replace, i n many instances, costly 
natural materials w i t h cheap, attractive, and often vastly superior "p last i c " 
alternatives w i t h enormous impact on the quality and re l iabi l i ty of the p r o d 
uct invo lved . A good example is the revolut ion in the telecommunications 
industry brought about by the introduct ion of po lymer ic materials. A p p l i 
cations have ranged from replacement of lead as a sheath i n electric cable 
to meet ing the stringent requirements for dielectrics i n transoceanic c om
municat ion. W h e r e wires were once insulated w i t h paper pu lp and cotton 
serving, synthetic polymers such as poly(ethylene) and p o l y v i n y l chloride) , 
w h i c h are markedly cheaper and vastly superior i n performance, are now 
used. 

T h e major use of polymers has been as replacements for naturally oc
curr ing materials. Synthetic fibers such as ny lon and polyester have sub
stantially replaced natural textiles; synthetic rubber is vastly superior to 
natural rubber , and the wide variety of engineering polymers (both ther -
mosets and thermoplastics) have replaced tradit ional , naturally occurr ing 
materials such as metals and cellulosic compounds i n many applications. 

xiii 
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Polymers have also found widespread use i n the electronics industry , 
where they have been tradit ionally used as insulating materials. I n recent 
years, however , polymers have been used increasingly i n many other areas 
of electronics. T h e y have been used as electromechanical transducers, as 
l i thographic resists and intermetal dielectrics i n the fabrication of integrated 
circuits , and as passivation and insulating materials i n electronics packaging. 
These examples are representative of what might be cal led passive a p p l i 
cations, i n the sense that the po lymer does not play an active role i n the 
performance of the device. B u t active applications, i n w h i c h the device 
performance depends on active participation of the po lymer , are increasing. 
Ac t ive applications inc lude electrically conductive and photoconductive p o l 
ymers and polymers for nonl inear optics and molecular electronics. These 
areas constitute the research frontier of po lymer science. W h i l e it is un l ike ly 
that some n e w po lymer w i l l be introduced w i t h the cost advantage and 
impact of poly(ethylene) or ny lon , advances w i l l be made i n specialty ap
plications of po lymers , where the unique properties of polymers are central 
to the overal l success of the new technology. 

Recognit ion of the wor ldwide activity on the excit ing research frontier 
of po lymer science spawned the symposium upon w h i c h this book is based, 
and prov ided the catalyst to pub l i sh the plenary lectures from that meet ing . 
T h e contr ibuted papers from the plenary sessions were pub l i shed as A C S 
Sympos ium Series N o . 346, Polymers for High Technology: Electronics and 
Photonics. 
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book, w h i c h represents a unique compilat ion of the various applications of 
polymers i n electronics and photonics. W e acknowledge the D i v i s i o n of 
Po lymer i c Mater ia ls : Science and E n g i n e e r i n g for sponsoring the symposium 
upon w h i c h this book is based. W e thank Lo i s D a m i c k of B e l l C o m m u n i 
cations Research for handl ing many of the administrative details associated 
w i t h the book. Special thanks are due to R o b i n Gi roux , K e i t h Be l t on , and 
the staff of the Books Depar tment of the A m e r i c a n C h e m i c a l Society for 
the ir patience, effort, and editor ial assistance i n assembling the book. 

MURRAE J. BOWDEN 
Bell Communicat ions Research 
Corporate Research Laboratories 
R e d Bank, NJ 07701-7020 
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1 

Polymers for Electronic and 
Photonic Applications 

Murrae J. Bowden 

Bel l Communications Research, 331 Newman Springs Road, Red Bank, NJ 
00701 

The application of polymers to selected areas of electronics and pho
tonics is reviewed. These areas include microlithography, packaging, 
conducting polymers, molecular electronics, optical fiber coatings, 
integrated optics, nonlinear optics, and optical recording. This chap
ter provides an overview of the various technologies and highlights 
the advantages offered by the unique properties of polymers in meet
ing the material requirements of each technology. 

POLYMERS A R E I N C R E A S I N G L Y B E I N G U S E D i n a w ide variety of applications 
i n electronics and photonics, most of w h i c h use polymers i n the ir tradit ional 
role as engineer ing materials (e.g., c ircuit boards, mo lded products, w i r e 
and cable insulat ion, encapsulants, and adhesives). I n addit ion, many other 
unique applications require material properties that only polymers can pro 
v ide . Examples inc lude resist materials for the l i thographic fabrication of 
integrated circuits (IC) and polymers for optical recording. These types of 
applications may be considered "passive" i n the sense that the po lymer does 
not play an active role i n the operation of the device or c ircuit . Rather , it 
serves some other function such as mechanical support, e lectrical insulat ion, 
or i n the case of resists, some intermediate function i n the fabrication of the 
device. 

Technology is reaching a point , however, where the unique properties 
of polymers make them suitable not only for these so-called passive a p p l i 
cations, but also for "act ive" applications, where in the po lymer plays an 
active role i n the functioning of the device. Examples of such applications 
inc lude nonlinear optics, molecular electronics, and conductors: e lectronic 

0065-2393/88/0218-0001$16.95/0 
© 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



2 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

(conducting polymers) and photonic (waveguides). In this chapter, various 
applications of polymers i n electronics and photonics w i l l be brief ly rev iewed 
w i t h emphasis on the subject areas just ment ioned. B r i e f descriptions of the 
various technologies are inc luded so that the advantages of polymers might 
be better appreciated i n terms of matching the ir unique properties to the 
requirements of the technology. This chapter is intended to provide sufficient 
background to put the rest of the book i n perspective. A more detai led 
treatment of the various topics can be found in subsequent chapters. 

I . I Polymers for Electronic Applications 

T h e modern electronics era began at B e l l Telephone Laboratories i n 1948 
w i t h the invent ion of the solid-state transistor, w h i c h replaced the large 
thermionic vacuum tube, the mainstay of the electronics industry for the 
previous 40 years. Transistors were smaller and m u c h more robust than their 
vacuum tube counterparts and required m u c h less power to operate. E l e c 
tronic circuits of the 1950s and early 1960s were assembled from discrete 
transistors, diodes, and resistors, for example, but rap id advances i n c ircuit 
complexity and density, d r i v e n by developments i n computer technology, 
soon l e d to an impasse, namely , how to approach the prob lem of intercon
nect ing hundreds , perhaps thousands, (some visionaries w o u l d have said 
mill ions) of discrete devices into a complex c ircuit . 

Th is H e r c u l e a n prob lem was solved i n 1960 w i t h the invent ion of the 
I C , w h i c h ushered i n the microelectronics revolut ion whose impact we con
t inue to experience. This technology al lowed ind iv idua l solid-state compo
nents to be fabricated on a single wafer of crystall ine s i l i c on—the c h i p — b y 
a mass product ion technique and interconnected v ia a network of conductors 
on the surface of the ch ip . T h e first I C s contained only a few transistors on 
a ch ip , whereas the n u m b e r of components integrated into a single c i rcui t 
today n u m b e r i n the hundreds of thousands, even mil l ions . A l o n g w i t h this 
revolut ion have come many opportunities for innovative materials technol 
ogy. Po lymers possess unique properties that have enabled them to meet 
many of the materials requirements of microelectronics engineering. Some 
of these applications i n microelectronics w i l l be discussed i n the fo l lowing 
section. Later sections w i l l brief ly rev iew conduct ing polymers and also 
molecular electronics, w h i c h is be l ieved by many to represent the next 
revolut ion i n electronics. 

1.1.1 From Silicon to Circuit Board 

T h e modern-day c ircuit board is testimony to the pervasive intrus ion of 
polymers into the electronics industry. As seen i n F i g u r e 1.1, a typical 
mounted c ircuit board contains a large n u m b e r of packaged devices, p r i n -
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4 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

c ipal ly I C s , w h i c h are soldered into a plastic laminated c ircuit board and 
interconnected, typical ly on both sides of the board, w i t h pr inted w i r i n g . 
T h e board itself may contain u p to six layers of interconnection w i t h l ine 
widths of 6 mi ls . To appreciate the role p layed by polymers i n constructing 
and assembling such a c ircuit board, i t w i l l be instructive to start at the 
beg inning (i .e. , w i t h the fabrication of the ind iv idua l I C itself) and follow 
the various applications of polymers i n the evolution from si l icon to c ircuit 
board. 

1.1.1.1 R E S I S T M A T E R I A L S 

A l l s i l icon integrated circuits (SICs) beg in life as a si l icon wafer, w h i c h has 
been cut from a si l icon ingot and pol ished on one side to provide a smooth 
surface upon w h i c h thousands, even mi l l i ons , of c ircuit elements such as 
transistors, diodes, and resistors w i l l be fabricated and interconnected to 
y i e l d a set o f complete circuits . C i r c u i t fabrication requires the selective 
diffusion of t iny amounts of impuri t ies into specific regions of the si l icon 
substrate to produce the des ired electrical characteristics of the c ircuit . These 
regions are def ined by l i thographic processes that consist o f two steps: 

1. del ineat ion of the des ired c ircuit pattern i n a resist layer (usu
ally a po lymer i c film that is spin-coated onto the substrate), 
and 

2. transfer of that pattern v ia processes such as etching into the 
under lay ing substrate. T h e "substrate" i n this case is an ox i 
d i z e d si l icon wafer w i t h an oxide thickness typical ly 0 .1 -0 .5 
f i m . 

T h e pr imary def init ion of the c ircuit pattern i n the resist is a two-stage 
process consisting of the formation of a latent image by exposure to some 
form of patterned radiation fol lowed by development of that image to produce 
a three-dimensional re l ie f structure. In the case of photol ithography or 
X - r a y l i thography, the latent image is formed by exposure of the resist 
through a mask that contains clear and opaque features out l in ing the c ircui t 
pattern. T h e basic steps of the process are out l ined i n F i g u r e 1.2. In electron 
beam l i thography, pattern information is stored digital ly i n a computer that 
controls the beam b lanking and deflection function. T h e wafer surface is 
d i v i d e d into a geometric array of pixels, and each p ixe l is e i ther exposed 
(beam on) or not exposed (beam off or blanked) as the beam is scanned across 
the resist surface (Figure 1.3). I n this way, the pattern is " w r i t t e n " i n serial 
fashion as opposed to a mask process, w h i c h "wr i t e s " i n paral lel . O f course, 
the e n d result is the same, namely , formation of an exposed latent image i n 
the resist. 

T h e next step i n the process is the development of the latent image to 
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1. B O W D E N Polymers for Electronic and Photonic Applications 5 

Figure 1.2. Basic steps of the photolithographic process: (I) oxidizing, (2) spin 
coating, (3) exposing, (4) developing, (5) etching, and (6) stripping. 

give a three-dimensional re l ie f image of the mask pattern i n the resist. 
Exposure to actinic radiation causes chemical changes i n the resist that enable 
the exposed and unexposed areas to be differentiated through differences i n 
solubi l i ty or plasma etch resistance. D e p e n d i n g on the chemical nature of 
the resist, the exposed areas may be rendered more soluble i n the developer 
than the unexposed areas, thereby produc ing a positive-tone image of the 
mask. Converse ly , the exposed areas may be rendered less soluble, p r o 
duc ing a negative-tone image. E i t h e r way, the result is a wafer w i t h sections 
of the substrate exposed and the remainder st i l l covered w i t h resist. T h e 
remain ing resist must now withstand the w ide variety of chemicals used to 
etch the exposed substrate. T h e resist must possess excellent adhesion to 
prevent undercutt ing d u r i n g etching (and developing) that w o u l d result i n 
loss of resolution and l ine w i d t h control . T h e e n d objective is a perfect three -
dimensional repl icat ion of the two-dimensional mask pattern i n the wafer 
surface. 
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1. B O W D E N Polymers for Electronic and Photonic Applications 7 

This br i e f overv iew of the l i thographic process is sufficient to appreciate 
the un ique properties requ i red of the resist: 

• It must be capable of be ing uni formly deposited as a th in 
(typically 0 .5 -2 .0 |xm) film across a wafer, w h i c h may be as 
m u c h as 8 i n . (20.3 cm) i n diameter. 

• It must be sensitive to specific actinic radiation ( U V l ight i n 
the case of photolithography) and must undergo a chemical 
transformation that w i l l enable exposed and unexposed areas 
to be differentiated b y an appropriate developing scheme such 
as solvent or plasma development. 

• It must adhere to a variety of substrates and withstand the 
various etching environments encountered i n I C processing. 
These environments inc lude h igh temperatures, exceedingly 
corrosive etching chemicals such as strong acids, and reactive 
plasmas. 

Another very important requirement of the resist is resolution. L i t h o 
graphic tools are capable of imaging submicrometer features i n the resist. 
T h e resist must be able to "reso lve" such features. In some cases, the resist 
may even be expected to do more , such as compensate for the loss of mask 
resolution that has been degraded i n the aerial image because of fundamental 
l imitations associated w i t h the physics of image generation. I n projection 
photol ithography, for example, the aerial image of an object such as a mask 
containing an equal l ine and space pattern corresponds to a sinusoidal pattern 
of l ight intensity w h e n operating at the diffraction l imi t of the projection 
tool. Such a pattern is i n marked contrast to the square-wave pattern of l ight 
intensity that w o u l d correspond to perfect image transfer (J). (In electron 
beam l ithography, the " a e r i a l " image quality is degraded by scattering p r o 
cesses w i t h i n the resist.) T h e net result of processes such as these is the 
deposit ion of energy i n regions of the resist not specified i n the or ig inal 
c ircuit (mask) layout. Ideally, one w o u l d l ike to use chemistry to transform 
this sinusoidal aerial image into a square-wave latent image i n the resist 
(Figure 1.4). 

Polymers can be designed w i t h a unique b l e n d of properties to meet 
most i f not a l l of these requirements . T h e i r macromolecular architecture 
permits them to be deposited as uni form th in films by spin coating and also 
provides for solubi l i ty differentiation by means of radiat ion- induced changes 
i n the molecular weight. Radiat ion- induced scission and cross- l inking are 
part icularly important for those l i thographic technologies such as electron 
beam or X - r a y l i thography, where the exposing radiation has sufficient energy 
to break carbon-carbon bonds. B y incorporating groups that render the ma in 
chain susceptible to cleavage upon exposure to radiation, the molecular 
weight can be reduced , thereby making the exposed area soluble i n solvents 
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1. B O W D E N Polymers for Electronic and Photonic Applications 9 

that do not dissolve the unexposed, larger molecules. F o r example, the 
alternating copolymers of olefins and sulfur dioxide contain a relatively weak 
carbon-sul fur b o n d i n the main chain. W h e n exposed to high-energy r a 
diat ion, this bond is preferential ly broken, leading to a reduct ion i n the 
molecular weight and consequent positive resist action (2). A l ternat ive ly , 
incorporation of cross- l inking groups such as epoxy, v i n y l , or ha lomethyl 
groups into the po lymer chain w i l l have the opposite effect, causing the 
po lymer to become totally insoluble i n a l l solvents. M a n y such chain-scis-
s ioning and cross- l inking polymers have been devised and their l i thographic 
properties rev iewed i n the l i terature. Reference 3 is an in -depth rev iew of 
resist materials for fine-line l i thography before the year 1985. T h e more 
recent l i terature is covered i n Chapters 2 and 3 of this book. 

I n cases where the exposing radiation does not have sufficient energy 
to rupture bonds direct ly (e.g., at the wavelengths encountered i n tradit ional 
photolithography), other differential solubi l i ty schemes have been devised 
on the basis of polarity changes i n the matrix result ing from polarity changes 
of the sensitizer (e.g., novolac-based photoresists) or of the matrix itself. A n 
example of matrix polarity changes is the extensive work by W i l l s o n and co
workers (4, 5) on ac id- induced cleavage of protective groups substituted on 
a suitable po lymer ic b inder . I n this case, the acid is generated from different 
on ium salts acting as sensitizers. Cleavage of tertiary butoxycarbonyloxy 
groups, for example, substituted on the aromatic r i n g of polystyrene converts 
the po lymer from the hydrophobic poly(ferf-butoxycarbonyloxystyrene) 
( f -BOC) to the hydrophi l i c poly(hydroxystyrene). E i t h e r positive or negative 
tone can be generated depending on the polarity of the developer. I n cases 
where the po lymer i c component functions pure ly as a b inder , its chemical 
composit ion depends on factors such as dissolution requirements and etch 
resistance. 

O n e l imitat ion of solvent development is swel l ing of the remain ing 
resist. Swe l l ing is part icularly a prob lem w i t h rubbery negative resists where 
it l imits resolution of the residual pattern to about 1.5 |xm. T h e resolution 
of negative resists may be improved by using glassy polymers , but i n general , 
resolution is not as h igh as that w h i c h can be obtained w i t h positive resists. 

Today, a l l submicrometer imaging i n photol ithography is done w i t h 
positive photoresists. These materials are two-component systems based on 
diazonaphthoquinone-sensit ized novolac resins. I n this case, the dissolution 
mechanism depends on a change of polarity of the irradiated matrix (see 
Chapter 2) result ing from chemical changes i n the sensitizer that render the 
novolac b inder soluble i n aqueous base. Because the polarity of the unex
posed resist is unchanged, resolution is not l i m i t e d by swel l ing of the unex
posed resist d u r i n g development i n aqueous base. Schemes have been 
devised to reverse the tone of these resists, enabl ing negative-tone patterns 
to be generated w i t h resolution comparable to positive-tone patterns. Th i s 
approach also has an added advantage over the corresponding positive p r o -
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10 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

cess i n that it permits better control of l ine widths over topographic features 
on the wafer surface (see Chapter 2). 

M a n y chemical modifications have been devised to improve resistance 
to specific etchants. M u l t i l e v e l resist processing schemes, for example, re 
quire materials that are h ighly resistant to dry processing environments such 
as oxygen reactive i on etching (3). T h e resist chemist has responded to this 
demand by incorporating an oxide-forming e lement such as si l icon or t i n i n 
the po lymer structure. S i l i con has been extensively used i n this way because 
of the availabil ity of a w ide variety of organosilicon monomers. I n an oxygen 
plasma, the s i l icon moiety i n the po lymer is converted to si l icon dioxide at 
the surface of the resist (F igure 1.5). A l t h o u g h only typical ly a few h u n d r e d 
angstroms thick, the s i l icon dioxide essentially passivates the surface and 
thus protects the under ly ing resist against further erosion. M u c h of the 
research on resists over the past few years has been directed toward orga
nosi l icon resists, spurred by the growing importance of mul t i l eve l processing 
schemes for fabricating devices w i t h feature sizes less than 1.0 (xm. Table 
1.1 lists several of these resists that have been pr inc ipal ly designed for deep-
U V ( D U V ) and electron beam lithography. 

I n the processes descr ibed so far, the resist is removed after etching, 
bar ing the patterned oxide that serves as a mask d u r i n g subsequent h i g h -
temperature diffusion of dopants into the exposed si l icon substrate. There 
are examples, however , where the resist material is left b e h i n d to become 

Figure 1.5. Surface passivation of silicon-containing resists in an oxygen 
plasma. 
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1. B O W D E N Polymers for Electronic and Photonic Applications 11 

an integral part of the I C (e.g., an inner layer dielectr ic i n mul t i layered ICs) . 
Po ly imides have been proposed for such applications (17). Po ly imides exhibit 
excellent die lectr ic and thermal properties (the transition glass temperature 
(T g) —400 °C), are available w i t h h igh pur i ty , and may be patterned pho -
tol ithographically, e ither direct ly or indirect ly (e.g., to fabricate contact 
holes). I n indirect patterning, the po ly imide is spin-coated on the substrate, 
partial ly cured , and then overcoated w i t h a conventional photoresist. T h e 
photoresist is imaged i n the usual way by exposing selected areas of po ly imide 
that are removed by development i n a solvent such as hydrazine. T h e pho 
toresist is then str ipped, and the remain ing po ly imide pattern ful ly cured 
(imidized). This process has been s impl i f ied through the introduct ion o f 
photosensitive po ly imides , w h i c h facilitate direct patterning of the f i lm 
(Scheme 1.1). 

T h e microelectronics revolut ion is due, i n part, to the advances i n design 
and operation of the l i thographic hardware. B u t the high-resolution devices 
that characterize this revolut ion w o u l d not have been possible were i t not 

R o 
Soluble o S r Y * s N H _ 0 - 0 " 0 " 
Photoreactive - H N ^ ^ S ^ O w 

Precursor q r 

hoo 

L 0 

Insoluble 0 T V ^ N H - O - 0 " ^ " ) -

Photocross-linked - H N s ^ A ^ s ^ O w w 

Intermediate o R 

O R 

I A 
0 o _ 

Ei?tant -nXKn<>0<> 
Heat 

Final 
Product O o 

O 
R = - OCH 2 C H 2 OCC(CH) 3 = C H 2 

Scheme 1.1. Chemistry of photosensitive polyimides: exposure and cure. 
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for the ingenuity of the synthetic po lymer chemist and the versati l ity afforded 
by macromolecular architecture. 

1.1.1.2 E L E C T R O N I C S P A C K A G I N G 

T h e I C is fabricated by a series of l i thographic processes s imilar to that 
descr ibed i n the previous section. E a c h ind iv idua l step constitutes a " l e v e l " 
in the device, the final l eve l be ing a metalization pattern to interconnect 
the c ircuit elements that have been fabricated in the surface of the s i l icon 
wafer. T h e completed wafer is then d iced , a step that involves cutt ing the 
wafer, typical ly w i t h a d iamond saw, to separate the ind iv idua l I C chips. 
T h e next step is to package the chips i n some way, attach the devices along 
w i t h other components to the pr in ted w i r i n g board ( P W B ) , and interconnect 
them to produce the completed c ircuit board. 

Polymers are p lay ing an increasingly important role i n the protect ion 
and interconnect ion of the chips. S I C s are exceedingly fragile, and any 
n u m b e r of environmental factors can cause the device to fail unless the ch ip 
is protected i n some way. Thus , the I C should be shielded from mechanical 
damage, h u m i d i t y , corrosion, and other detr imental environmental effects. 
O n e approach is to hermetical ly seal the chip i n some k i n d of inert package. 
Indeed , hermetical ly sealed ceramic-based packages, for example, are very 
rel iable . T h ey are, however, extremely costly, and given the bi l l ions of I C s 
produced wor ldwide , there is clear incentive to develop a low-cost package, 
w h i c h is where polymers again come to the forefront. 

F i g u r e 1.6 shows a hypothetical I C packaging structure that makes w ide 
use of polymers i n a n u m b e r of components. F i r s t , the ch ip is bonded to 
the base of the ch ip carrier or lead frame by means of an adhesive that may 
also be requ i red to provide electrical conduct ivity and heat dissipation. 
Po lymer i c adhesives offer very large materials cost savings over gold eutectic 
bonding . T h e adhesive may be appl ied to the bonding pad by dispensing 
direct ly , transfer pr in t ing , or screen pr int ing . Screen pr in t ing is part icularly 
suited to h y b r i d c ircui t assembly, where many chips may need to be attached 
to a ceramic substrate. T h e chips are then put i n place and the assembly is 
cured at elevated temperature, typical ly 150 °C. 

M a n y factors must be taken into consideration i n designing an adhesive. 
T h e requirements inc lude l ow leve l of ionic impur i t ies , no voids under the 
chip caused b y evaporation of solvent or other volatiles, no res in b leed d u r i n g 
cure , and thermal expansion properties that match those of the substrate 
and ch ip . A significant mismatch i n the thermal expansion coefficient can 
lead to development of thermal stresses that can result i n cracking or d i s 
tort ion of the ch ip . This prob lem is becoming more and more important as 
die sizes continue to increase. 

E p o x y resins are almost exclusively used for such chip-attach purposes; 
po ly imides are used to a lesser extent. Po ly imides provide excellent pro 
tection i n accelerated h u m i d i t y tests, but it is difficult to obtain void-free 
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bonds between the substrate and chip . Po ly imides also tend to be more 
r ig id and br i t t le than epoxy resins, and this characteristic causes l i f t ing and 
cracking of the ch ip as the size of the chip increases. E p o x y resins, on the 
other hand, provide better b o n d strengths, are tougher, and possess greater 
elongation under stress. T h e y are easier and faster to process than the po
ly imides ; they provide one-step cures w i t h no evolution of volatile products. 
T h e overal l cost of materials and processing is also lower. I n the case of 
conductive adhesives, metal l ic fillers such as si lver or gold are mixed w i t h 
the adhesive; for those applications where conduct ivity is not requ ired , S i O £ 

is the filler o f choice. 
Once the chip has been attached to the bond ing pad of the lead-frame 

or ceramic substrate, it must be connected electrically to the ind iv idua l leads 
or conductor paths on the substrate, respectively. Such connections are often 
made by using t h i n gold wires i n a process k n o w n as wire bonding. A s shown 
in the hypothetical package i n F i g u r e 1.6, the chip is bonded face-up, and 
the gold wires connect the bond ing pads at the edges of the I C to the 
ind iv idua l leads on the frame. In other processes, notably flip-chip bond ing 
or beam-lead bonding , the ch ip is attached face-down to the substrate 
through solder bumps on the per iphery of the ch ip , or v ia beam leads, w h i c h 
extend from the edges of the ch ip . B o t h processes leave a gap between the 
active chip surface and the substrate. 

T h e ch ip must now be protected i n some way from the wide variety of 
environmental factors encountered d u r i n g both subsequent assembly and 
real-life operation that cou ld cause the ch ip to fai l . These environmental 
conditions may inc lude : 

• thermal shock (e.g., d u r i n g soldering, w h i c h subjects the de 
vice to temperature differentials of several h u n d r e d degrees), 

• moisture (board c leaning and h u m i d environments) , 

• chemicals and salts (fluxes, board-cleaning solutions, industr ia l 
fumes, and sea air), 

• mechanical shock (test and assembly, handl ing , and careless 
use), and 

• extended thermal cyc l ing (e.g., i f the ch ip heats up d u r i n g 
operation). 

A l though the surface of most I C chips has been passivated w i t h a layer 
of inorganic die lectr ic material such as si l icon dioxide or s i l icon n i t r ide 
(polyimides have also been used as final passivating layers), the protect ion 
prov ided b y such layers is not sufficient to ensure reliable operation through
out the l i fet ime of the device. T h e three basic methods of protection are 

1. incorporation into a preformed metal , glass, plastic, or ceramic 
package; 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



1. B O W D E N Polymers for Electronic and Photonic Applications 1 7 

2. embedment of the device i n a hard plastic (epoxy, s i l icone-
epoxy, or other thermosett ing resin) by transfer or inject ion 
mold ing ; and 

3. the application of flowable materials (barrier coatings) to the 
assembly. 

W h i c h technique to use generally depends on the des ired re l iabi l i ty 
d u r i n g end-use operation. C e r t a i n mi l i tary applications, for example, w i l l 
demand expensive hermetical ly sealed packages, whereas an inexpensive 
calculator may make do w i t h a s imple "g lob" of encapsulant on top of the 
chip . 

Barr ier coatings are often appl ied pr ior to total encapsulation i n transfer-
mo lded packages. T h e coating provides addit ional protection against mois
ture and gases and also provides re l ie f from stresses that can develop d u r i n g 
the subsequent transfer-molding operation. F i g u r e 1.7 shows a device e n 
capsulated by a sil icone elastomer. Silicones are w ide ly used for this purpose 
because they offer excellent protect ion against moisture and their hydro 
phobic nature l imits water absorption. Room-temperature-vulcaniz ing (RTV) 
silicone rubber is a one-component cure system frequently used i n such 
barrier-coating applications as shown i n the hypothetical package i n F i g u r e 

Figure 1.7. An encapsulated chip prior to transfer molding. 
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1.6. T h e R T V silicones contain methoxy groups substituted along the 
polysiloxane chain , w h i c h react w i t h moisture to form silanol groups, w h i c h 
undergo self-condensation to form cross-links. M etha no l is produced as a 
byproduct . 

A barr ier coating may also be requ i red for protection against alpha 
particles. H igh -dens i ty devices can suffer soft errors w h e n alpha particles 
emit ted from trace quantities of thor ium or uran ium i n packaging materials 
strike the active surface. T h u s , the surface must be protected against this 
possibi l ity. Po ly imides are again recommended for such applications. 

In many cases, the protection prov ided by a s imple barr ier coating such 
as R T V sil icone w i l l be sufficient to ensure long-term rel iabi l i ty of the device. 
Smal l , ceramic-based, h y b r i d I C s designed to be inserted into a P W B are 
often protected i n this manner. H o w e v e r , for other applications, addit ional 
protect ion is r equ i red to provide impact and shock resistance ( R T V silicones 
are very soft and offer l i t t le mechanical protection), better environmental 
protect ion, and a wel l -def ined structure for subsequent assembly and h a n 
d l ing . Such protect ion is prov ided by embedment i n a hard plastic by transfer 
or injection m o l d i n g as shown i n F i g u r e 1.6. T h e mo ld ing process leaves 
two paral le l rows of pins exposed for subsequent connection to the P W B . 

Cho i ce of the transfer-molding compound is again dictated by the var
ious env ironmenta l factors l is ted previously. T h e material should be of suf
ficiently low viscosity d u r i n g m o l d filling to m i n i m i z e stresses on the delicate 
w i re bonds. T h e material should also completely fill the m o l d before ge l l ing 
or setting to maximize the y i e l d of encapsulated devices. Moreover , the cure 
cycle should be repeatable. T h e mo ld ing c o m p o u n d s expansion coefficient 
should match that of the lead frame to m i n i m i z e stresses d u r i n g thermal 
cyc l ing , and it should exhibit l ow shrinkage on cur ing to further m i n i m i z e 
stresses. T h e material should contain a very low leve l of ionic impur i t ies 
that might diffuse to the device and cause c ircuit failure. I n addit ion , many 
requirements are imposed by the need to ensure long-term protection. These 
requirements inc lude h igh Tg, heat stability, fire retardancy, hydro lyt i c sta
b i l i ty , l ow moisture /vapor diffusion, good dielectr ic properties, and h igh 
mechanical strength. 

E p o x y polymers ( including epoxy novolacs) have been designed to meet 
most of these requirements and are almost universal ly used i n such encap-
sulant applications. E p o x y polymers exhibit superior adhesion that i n many 
cases el iminates the need for a barr ier or junct ion coating. T h e y have a low 
coefficient of thermal expansion; l ow shrinkage; and low injection velocity, 
w h i c h means that low transfer or injection pressures can be used. These 
polymers also possess excellent mechanical properties coupled w i t h low 
moisture and gas permeabi l i ty . Above a l l , they are cheap and readi ly avai l 
able. O t h e r transfer-molding materials used to a l i m i t e d extent inc lude s i l 
icones, phenol ic materials, and even polyesters. M o s t mo ld ing formulations 
are h ighly filled (70-75%) w i t h materials such as quartz, fused si l ica, short 
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glass fibers, and other minerals . Such fillers m i n i m i z e the thermal expansion 
mismatch between the transfer-molding compound and the ch ip substrate 
material , thereby reduc ing stresses on the ch ip and its delicate w i r e bonds. 
T h e existence of thermal stresses make it extremely difficult to transfer m o l d 
large ceramic packages such as h y b r i d integrated circuits (HICs ) . As m e n 
t ioned previously , these devices are most often protected w i t h a s imple 
barr ier coating such as R T V . Al ternat ive ly , they may be coated i n a fluidized-
bed process i n w h i c h epoxy materials are again typical ly used. 

T h e hypothetical package i n F i g u r e 1.6 is representative of the plastic 
dual in - l ine package (DIP) that has been the mainstay of the semiconductor 
industry for many years. A l t h o u g h not as rel iable as the hermet ica l ly sealed 
ceramic package, it nevertheless offers a l eve l of re l iabi l i ty sufficient for a 
wide variety of applications. T h e plastic D I P does, however, have a n u m b e r 
of l imitations. T h e increasing complexity of I C s , w h i c h is characterized i n 
part by the large n u m b e r of i n p u t - o u t p u t leads requ i red for many of today's 
state-of-the-art devices, has caused research efforts i n I C packaging tech
nology to be intensif ied. H e r e again, polymers play an integral role i n the 
development of low-cost packaging methods. O n e of the most promis ing 
new technologies, for example, is tape automated bonding (TAB) (18). S u p 
ported by ful ly automated processing and assembly techniques, this approach 
involves patterning of canti levered metal l ic leads on a continuous po ly imide 
film i n ree l format (Figure 1.8). A l l o f the leads are bonded simultaneously 
to the ch ip at contact bumps located around the per iphery of the active ch ip 
surface. After testing, an epoxy encapsulant is deposited on the ch ip to create 
a miniature , surface-mountable ch ip packaged on tape. T h e method is r e 
ported to offer re l iabi l i ty equal to that of D I P packaging. T h e choice of 
po ly imides as the base film reflects the chemical stability and heat stabil ity 
of these polymers as requ i red d u r i n g subsequent c ircuit board mount ing . 

Figure 1.8. TAB packaged chips. 
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1.1.1.3 P R I N T E D W I R I N G B O A R D S 

T h e P W B (also cal led p r i n t e d c ircuit board) is the mount ing platform for a l l 
o f the electronic components such as packaged I C s , H I C s , and resistors. It 
provides a r i g i d mechanical support for the various components as w e l l as 
a convenient means for interconnect ing the components v ia th in conduct ing 
lines that have been " p r i n t e d " on the board. T h e modern P W B dates back 
to the mid-1950s, w h e n it was introduced by R C A . These or iginal boards 
were based on copper-c lad, epoxy, glass-reinforced laminates on w h i c h the 
conductor pattern was def ined i n a screen-print ing process and the copper 
etched away w i t h ferric chlor ide . 

O v e r the years, several refinements to this process have been intro 
duced , but the essentials have changed very l i t t le . P W B s are ubiquitous , 
be ing found i n applications ranging from consumer electronics to mi l i tary 
hardware. A g a i n , the ir widespread use provides motivation for developing 
a cheap, rel iable substrate for w h i c h polymers are eminent ly suitable. 
Po lymers possess good die lectr ic characteristics and can be designed w i t h 
acceptable mechanical and thermal properties as w e l l . Thermosett ing epoxy 
resins, typical ly containing a reinforcing material such as chopped or woven 
glass, are b y far the most commonly encountered substrate material . T h e 
w ide ly used F R - 4 laminated P W B , for example, consists of a brominated 
epoxy res in reinforced w i t h glass cloth. O t h e r substrate materials inc lude 
phenol i c materials, epoxy novolacs, polyesters, po ly imides , and b i smale im-
ides. Po ly imides and bismaleimides are mainly used i n mi l i tary applications, 
where continuous high-temperature performance is required . Po ly imides 
are also used as substrates i n flexible c i rcu i try applications. Such circuits are 
used to provide interconnect ion between r ig id boards, as w e l l as i n space-
saving specialty applications such as cameras and telephones (Figure 1.9). 
O t h e r substrate materials considered for flexible c i rcui try inc lude polyesters, 
fluorocarbons, and epoxy-glass composites. 

T h e manufacture of a P W B begins w i t h coating the woven reinforcement 
w i t h the res in . Th is coating is done i n a continuous operation (Figure 1.10), 
i n w h i c h glass c loth , for example, is fed through the resin bath and then 
passed through a cur ing oven where the epoxy material is partial ly cured i n 
a process referred to as B staging to produce what is cal led a prepreg. T h e 
prepreg is then cut to the des ired size, several layers are stacked together, 
and copper foi l (typically 36 |xm thick) is placed on both sides to produce a 
laminated lay-up. This laminate assembly is then cured i n a press at elevated 
temperature (~350 °F) and pressure to produce a ful ly cured laminate. T h e 
c lad laminates come i n almost any thickness but are most commonly 1.5 m m 
thick. 

T h e next step i n the process is to create the intricate interconnect ion 
patterns on one or both sides of the board. To create patterns on both sides 
of the board, holes must first be d r i l l e d through the board through w h i c h 
the electronic components (e.g., the leads of the plastic D I P ) , w i l l eventual ly 
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TRIM PACKAGE 
AND AND 
SIZE SHIP 

Figure 1.10. Prepreg process in the manufacture ofPWBs. 

be inserted. T h e conductor paths are then def ined l i thographical ly . T h e 
orig inal screen p r i n t i n g process descr ibed previously can resolve 10-mi l 
features, but such feature sizes are insufficient for many of today's c i rcui t 
boards. A n e w technology based on a dry - f i lm photoresist (19) was introduced 
i n the late 1960s and is now used to fabricate most of the high-density c ircuit 
boards for computer , te lecommunicat ion, and aerospace applications. 

A dry - f i lm photoresist has a three-layer structure consisting of a clear 
strong polyester support film, a photopolymerizable resist layer, and a 
polyolef in separator sheet (Figure 1.11). T h e polyester film is s imilar to that 
used as the base for many photographic films and is only about 25 |xm thick. 
T h e midd le layer is the photopolymer resist that has been coated on the 
polyester film by the dry - f i lm manufacturer. This layer, w h i c h ranges i n 
thickness from 17 to 100 |xm depending on the intended appl icat ion, consists 
pr inc ipal ly of a po lymer i c b inder , a monomer , and photoinitiator. T h e b inder 
consists of a tough film-forming material such as a methacrylate po lymer . 
T h e resist is appl ied to the copper-c lad laminated substrate i n a laminat ion 
process and then exposed through a photographic mask out l in ing the c ircuit 
pattern. Processing is s imilar to that discussed earl ier i n Section 1.1.1.1. 
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Lamination 

Exposure 

Development 

Figure J . I I . Dry-film photoresist process. 

Exposure to U V l ight polymerizes the monomer to a cross- l inked matrix and 
enables a negative image of the mask to be formed by solvent development. 

Several techniques can be used to produce the actual conductor paths 
on the P W B substrate. These techniques are depicted i n F i g u r e 1.12. S u b -
tractive processing starts w i t h a P W B coated on one or both sides w i t h 
copper foi l ranging i n thickness between 5 and 70 |xm. I n the case of double -
sided P W B s containing plated-through holes, the holes are first d r i l l e d and 
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copper is deposited i n the d r i l l e d hole by electroless p lat ing , w h i c h is a 
process that deposits copper on a l l surfaces inc lud ing the inner surface of 
the nonconduct ing hole. Next , the copper thickness is bu i l t u p by electro
plat ing to the requisite thickness w i t h i n the hole. A t this point , the dry - f i lm 
resist is appl ied , imaged, developed, and the exposed copper is etched away. 
T h e plated-through holes are protected by the resist d u r i n g the etching 
process. 

O t h e r variations of this theme inc lude partial ly addit ive and ful ly ad 
dit ive processing. I n partial ly addit ive processing, an unc lad c ircui t board 
is punched (to form the holes), and a th in layer of electroless copper is 
deposited on a l l surfaces. T h e substrate is then imaged l i thographical ly , and 
the exposed copper surface is plated to the desired thickness. T h e final step 
involves removal of the th in flash coat of copper from the protected areas; 
this process also removes a s imi lar thickness from the plated-up areas. T h e 
fully addit ive process also starts w i t h an unc lad board to w h i c h an adhesion 
promoter and activator (usually a P d salt) is app l ied on the surface. T h e 
resist is appl ied , imaged, and patterned, thereby exposing the activated 
surface upon w h i c h copper is p lated i n an electroless process. T h e advantages 
of this process inc lude deposit ing copper only where it is r equ i red as opposed 
to subtractive etching, where 8 0 % of the copper is discarded. 

P r i n t e d c i rcu i try today is at the crossroads. T h e density of components 
on the P W B continues to increase and is accompanied by shrinkage of the 
dimensions of the conductor paths on the surface of the board. F u r t h e r m o r e , 
the P W B s frequently contain several layers of metalization. There is a marked 
t rend toward surface-mounted devices, w h i c h are increasing i n complexity 
and generating more heat. These trends are creating a demand for boards 
that exhibit better thermal properties, h igher density (resolution), and lower 
thermal expansion coefficients (facilitating direct mount ing of I C s on the 
board). Po lymers w i l l play an important part i n this cont inuing evolut ion. 
A l ready , considerable interest has been generated i n direct ly mo lded c ircuit 
boards (20), w h i c h use the newer high-temperature resins such as polyether 
imides , polysulfones, polyether ether ketones ( P E E K ) , and po lyphenylene 
sulfide reinforced w i t h chopped glass fibers. D i r e c t mo ld ing offers the ad 
vantage that features such as spaces, stand-offs, and brackets can be d irect ly 
fabricated. Holes can be mo lded rather than punched , and boards can be 
mo lded to suit specific styl ing requirements . T h e l i q u i d crystall ine polyes
ters, such as poly(hydroxybenzoic acid) and various derivatives and m o d i 
fications thereof, h o l d promise for future applications, part icularly for 
specialized uses. These materials are characterized by very h igh modulus 
and temperature stabil ity, l ow thermal expansion coefficients, and h i g h re 
sistance to chemicals. Such specialty materials are very expensive at the 
moment , and the h u m b l e epoxy laminate may w e l l remain the mainstay of 
the industry for many years to come. 

O n e final area that is hav ing a significant impact on P W B technology 
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is that of h igh-speed electronics (21). S i l i con and G a A s technologies are 
d r i v i n g device speeds into the gigahertz frequency range w i t h rise t imes i n 
the order of fractions of a nanosecond. A t such signal frequencies, electrical 
energy no longer resides as voltage and current w i t h i n the conductors. 
E n e r g y flows as electromagnetic waves outside of and between conductors, 
whose propagation velocity is de termined by the dielectr ic constant of the 
surrounding material . Genera l l y speaking, the higher the die lectr ic constant, 
the greater the penalty i n terms of propagation delay. F o r most P W B s , the 
po lymer ic substrate has a die lectr ic constant from 3 to 5, w h i c h translates 
into a speed penalty of 5 0 % for most P W B s and flexible c ircuits . Another 
factor that must be taken into consideration is control of the physical d i 
mensions of the conductors and spacing between conductors, w h i c h deter
mines impedance and cross-talk characteristics. These requirements w i l l 
place increasingly stringent demands on the l ithography and on the materials 
components of the P W B itself. Poly(tetrafluoroethylene) and its derivatives, 
for example, are be ing used as P W B substrate materials because of the lower 
die lectr ic constant (e) of these polymers compared w i t h epoxy materials and 
poly imides (21). W i t h € values of 2 .2 -2 .8 , propagation delays are reduced 
by as m u c h as 3 0 % compared w i t h the woven-glass, fabric-reinforced epoxy 
and po ly imide materials, and by as m u c h as 10% over the newer po ly imide 
laminates reinforced w i t h quartz or poly(p-phenylene terephthalamide) 
(Kevlar) fabric. 

1.1.2 Conducting Polymers 

Elec t r i ca l conduct iv i ty refers to the transport of charge carriers through a 
m e d i u m under the influence of an electric field or temperature gradient and 
is thus dependent on the n u m b e r of charge carriers and their mobi l i ty . T h e 
charge carriers may be generated intr insical ly or from impur i t ies , i n w h i c h 
case they may be electrons, holes, or ions. Al ternat ive ly , electrons or holes 
may be injected from electrodes. Conduc t i on may therefore be of two 
types—ion i c and e l e c t ron i c—both of w h i c h have been the focus of intense 
research, part icularly ionic conduct ion, w h i c h has been studied for many 
years and has been the subject o f several books. Advantage is taken of ionic 
conduct ion i n certain po lymers , for example, i n the design of po lymer i c 
electrolytes for solid-state batteries. Poly(ethylene oxide) has been exten
sively studied i n this regard. E lec t ron i c conduction i n polymers , on the 
other hand , is a relat ively n e w phenomenon, having been discovered only 
about 10 years ago and is the subject of this section. 

I n general , polymers are insulat ing materials having conductivit ies rang
i n g from 1 0 " 1 0 (ft c m ) " 1 for p o l y v i n y l chloride) to 1 0 " 1 8 (ft c m ) " 1 for 
poly(tetrafluoroethylene), w h i c h are many orders of magnitude be low the 
conductivit ies associated w i t h metals (Figure 1.13). Indeed, low conduct iv i ty 
(and consequent low die lectr ic constant) is one of the major reasons polymers 
have found widespread acceptance i n a m y r i a d of insulat ing and structural 
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applications throughout the electronics industry . Nevertheless , the discov
ery i n 1973 (22) that poly(sulfur nitride) ( S N ) X was intr insical ly conduct ing 
prov ided proof that polymers cou ld be conduct ing and greatly st imulated 
the search for other conduct ing polymers . 

1.1.2.1 B A N D T H E O R Y O F S O L I D S 

To provide a framework for discussing conduction i n polymers and w h y 
polymers are normal ly classified as insulators, some of the basic ideas of 
band theory i n solids should be rev iewed. C o w a n and W l y g u l (23), i n their 
rev iew of the organic sol id state, discussed this topic from the organic v i e w 
point and prov ided a useful framework w i t h i n w h i c h chemists can appreciate 
the salient features of the theory. 

W h e n a large n u m b e r of atoms (e.g., as i n metals or semiconductors) 
or molecules (e.g., organic metals) are brought together i n the crystall ine 
state, the electronic states mix so as to form bands, each band consisting of 
electronic states whose energies form a continuous range. This situation is 
analogous to the spl i t t ing of atomic energy levels as two atoms are brought 
together to form a molecule . F o r example, the ethylene molecule consists 
of two s p 2 - h y b r i d i z e d carbon atoms, each containing an unpaired electron 
i n a p orb i ta l ; the two orbitals overlap to form a i r bond. Accord ing to H u e k e l 
theory, the interaction of these two p orbitals forms two molecular orbitals 
corresponding to the IT bond ing and TT ant ibonding orbitals (Figure 1.14), 
separated by an energy A . I f these orbitals are al lowed to interact w i t h the 
IT and IT* orbitals o f a second ethylene molecule stacked direct ly above the 
first, two sets of two molecular orbitals are formed that are separated by 
energy 28, where 8 is the resonance or transfer integral . L i k e w i s e , i f n 
ethylene molecules are a l lowed to interact, n states from each of the TT and 
IT* orbitals are formed. F o r large values of n , the energy states are close 
enough together to correspond to a continuous band. T h e 2n electrons are 
then al lowed to fill the bands i n a manner analogous to the Aufbau pr inc ip le 
for atoms (i.e., electrons are placed i n these states i n pairs starting w i t h the 
lowest energy state and filling the h igher energy states successively). T h e 
highest occupied state is cal led the F e r m i l eve l . 

A s seen i n F i g u r e 1.14, the band formed from the highest occupied 
molecular orbi ta l ( H O M O ) i n the stack of ethylene molecules is ent ire ly fu l l , 
but the band formed from the lowest unoccupied molecular orbital ( L U M O ) 
is ent ire ly empty. Accord ing to band theory, i f the highest filled band (re
ferred to as the valence band) is only partial ly fu l l , the empty states w h i c h 
exist close to the F e r m i l eve l w i l l facilitate conduction. I n the case of the 
hypothetical stack of ethylene molecules, the H O M O band is complete ly 
fu l l . F o r the stack to be conductive, energy must be suppl ied (either ther
mal ly or photolytically) to move an electron into the next lowest state, w h i c h 
i n this case happens to be the lowest energy l eve l i n the L U M O band (also 
cal led the conduct ion band). Th is energy gap separating the two bands is 
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Figure 1.14. Band formation obtained by mixing of electronic states. (Repro
duced from reference 23. Copyright 1986 American Chemical Society.) 

cal led the band-gap energy, and its magnitude determines whether such a 
material is a semiconductor or an insulator (Figure 1.15). 

T h e intr insic conduct ing properties of (SN) X derive from the presence 
of one unpaired electron for each S - N unit . As a result, the highest occupied 
electronic levels (i.e., the valence band) are only half-occupied. Because no 
forbidden gap exists between the highest occupied and lowest unoccupied 
levels (both exist w i t h i n the H O M O band), the unpaired electrons can readi ly 
move under the application of an electric field and give rise to metal l i c l ike 
conductivity . 

U n l i k e (SN) X , most polymers correspond to closed-shell systems where 
al l the electrons are paired . Such a configuration leads to insulat ing or semi 
conduct ing properties as noted previously. Polyacetylenes and related con
jugated polymers , for example, have conductivit ies that classify t h e m as 
semiconductors. T h e carbon atom i n polyacetylene is sp2 h y b r i d i z e d , w h i c h 
leaves one p e lectron out of the bond- forming h y b r i d orbitals. I n pr inc ip le , 
such a structure might be expected to give rise to extended electronic states 
formed by overlap of the p (IT) electrons and thus provide a basis for metal l ic 
behavior i n polymers . 

I n practice, the quasi-one-dimensional structure just descr ibed is not 
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Figure 1.15. The allowed energy states for an insulator, semiconductor, and 
metal. Blackened regions represent regions filled with electrons. E G is the 
energy gap between filled and empty states. (Reproduced from reference 23. 

Copyright 1986 American Chemical Society.) 

stable. Instead, the IT electrons overlap i n an alternating fashion, result ing 
i n the familiar conjugated TT-bond structure of polyacetylene. I n energetic 
terms, bond alternation causes a gap (£ g ) to be opened at the F e r m i l eve l 
that converts the system from a conductor to a semiconductor (Figure 1.16). 
Physicists refer to this as a Pierls transition. 

A major breakthrough i n the search for conduct ing polymers occurred 
i n 1977 (24) w i t h the discovery that polyacetylene cou ld be readily oxidized 
(by electron acceptors such as iodine or arsenic pentafluoride) or reduced 
(by donors such as l i th ium) . T h e result ing material had a conduct ivity that 
was orders of magnitude greater than the or ig inal , untreated sample. This 
process is often referred to as doping by analogy w i t h the doping of inorganic 
semiconductors, but it contrasts w i t h the inorganic semiconductor dop ing 
i n that dop ing i n polymers is a redox process invo lv ing charge transfer w i t h 
subsequent creation of charged species. T h e redox reaction may be carr ied 
out i n the vapor phase, i n solution, or electrochemically. 

1.1.2.2 C O N D U C T I O N M E C H A N I S M S 

Since the first report of metal l ic conductivity i n doped polyacetylene, a 
n u m b e r of other conjugated polymers have been shown to possess h igh 
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conduct ivity . T h e structures of the pr inc ipa l conduct ing po lymer systems 
are shown i n Table 1.2. T h e m a x i m u m dopant concentrations are on the 
order of several mole percent, w h i c h is considerably higher than requ i red 
for the inorganic semiconductors. 

T h e or ig in of the conduct ion mechanism has been a source of contro
versy ever since conduct ing polymers were first discovered. A t first, dop ing 
was assumed to s imply remove electrons from the top of the valence band 
(oxidation) or add electrons to the bottom of the conduction band (reduction). 
This m o d e l associates charge carriers w i t h free spins (unpaired electrons). 
H o w e v e r , the measured conduct ivity i n doped polyacetylene (and other 
conduct ing polymers such as po iyphenylene and polypyrrole) is far greater 
than what can be accounted for on the basis of free spin alone. 

To account for this phenomenon of spinless conduct ivity , physicists have 
introduced the concept of transport v ia structural defects i n the po lymer 
chain. I n a conventional semiconductor, an electron can be removed from 
the valence band and placed i n the conduct ion band, and the structure can 
be assumed to remain r ig id . I n contrast, an electronic excitation i n po lymer i c 
materials is accompanied by a distortion or relaxation of the lattice around 
the excitation, w h i c h min imizes the local lattice strain energy. T h e combined 

Table 1.2. Structures and Conductivity of Doped Conjugated Polymers 
Typical Typical 

Methods Conductivity 
Polymer Structure of Doping (Q cm)~l 

Polyacetylene 

Poiyphenylene 

Poly(phenylene sulfide) 

Polypyrrole 

Polythiophene 

Poly(phenyl-quinoline) C«H5 

Electrochemical, 
chemical 
A s F 5 , I 2 , L i , K) 

Chemical 
(AsF 5 , L i , K) 

Chemical (AsF 5) 

Electrochemical 

Electrochemical 

Electrochemical, 
chemical (sodium 
naphthalide) 

500-1.5 X 10 5 

500 

600 

100 

50 
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structural and electronic excitation w i l l now look l ike a defect on the chain . 
F r o m a chemical v iewpoint , this defect is interpreted as a radical cation (or 
radical anion i n the case of reduction). Physicists refer to i t as a polaron. 
Because these defects represent localized distortions of the lattice, the as
sociated energy l eve l must be split off from the cont inuum of band states 
(Figure 1.17a). T h e two polaron states corresponding to a radical cation and 
radical anion are symmetr ical ly disposed around the F e r m i l eve l (i .e. , the 
midpo int of the gap). Removal of an electron leaves an unpaired spin near 
the valence band edge (p doping), and addit ion of an electron fills the 
corresponding state near the conduct ion band edge (n doping). These energy 
levels are depicted i n F i g u r e 1.17b. 

F u r t h e r oxidation (or reduction) results i n the formation of what p h y 
sicists cal l a bipolaron. In the oxidation case, it is energetically m u c h more 
favorable to take the second electron from the polaron than to form a second 
polaron (25); thus, the oxidation process may be v i ewed as leading to the 
formation of a local ized doubly charged species (i.e., a dicat ion, or d ianion 
i n the case of reduction). T h e bipolaron is thus identi f ied as a dication or 
d ianion associated w i t h a strong local lattice distortion. Because the lattice 
relaxation around the charges is stronger than i n the case of a single charge, 
the electronic states appearing i n the band edge are further away from the 
band edges (closer to the F e r m i level) than they are for polarons (Figure 
1.17c). C o u l o m b i c repuls ion might be expected to result i n charge separa
t ion , but as w i l l be seen, separation is only feasible i f the po lymer possesses 
a degenerate ground state. I n po lypyrro le , for example, the charges asso
ciated w i t h the bipolaron are separated, but only over about four pyrro le 
units. 

As seen i n F i g u r e 1.17c, bipolarons contain no free spins. A l l energy 
levels i n the gap are either empty or fu l l . These species are be l ieved to be 
invo lved i n the conduction process, thereby accounting for the observed 
"spinless" conductivity . E v i d e n c e for their existence comes from spectro
scopic studies, although the precise mechanism of charge conduction is not 
really known. F o r one th ing , the charges should be fixed i n posit ion along 
the chain by the counterion der ived from the dopant species. F u r t h e r m o r e , 
polymers themselves contain many defects such as cross-links, chain ends, 
and bends, and it is difficult to see how even a mobi le b ipolaron or polaron 
could move past such obstacles. 

C o n d u c t i o n mechanisms have been proposed, at least i n the case of 
polyacetylene itself, that involve a different type of defect structure cal led 
a soliton. trans-Polyaeetylene is unique among conduct ing polymers i n that 
it possesses a degenerate ground state corresponding to the two geometric 
forms shown i n F i g u r e 1.18. As a consequence, the two charges associated 
w i t h the bipolaron can easily separate and become independent , charged 
species. N o associated energy penalty occurs because the geometric structure 
appearing between the two charges has the same energy as the configuration 
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Figure 1.17. Electronic energy levels associated with various types of defect 
structures found in doped polyacetylene. 
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t 

I 1 I I I — I 
k k 

Figure 1.18. Energy diagram for ground-state geometric isomers of polyace
tylene. 

on the other side of the charge. O n the contrary, the two geometric isomers 
of cis-polyacetylene or po lypyrro le are not energetically equivalent. I n 
po lypyrro le , the quino id l ike geometric isomer has a higher total energy than 
the aromatic (ground state) structure; hence, charge separation of the b i 
polaron is not favored. T h e fact that l i m i t e d charge separation does occur 
to the extent of about four pyrro le units is attr ibuted to the larger electron 
affinity of the q u i n o i d structure relative to that of the aromatic structure. 
M a x i m u m stabilization of the dication occurs at a separation of about four 
units . 

S imi lar defect structures may be envis ioned as arising d u r i n g i somer i -
zation of ds-polyacetylene to trans-polyacetylene. I f two trans sequences 
w i t h opposite b o n d alternation approach each other along a chain containing 
an odd n u m b e r of conjugated carbon atoms, an unpaired electron (radical) 
w i l l be left at the point where the two sequences meet. Th is defect, w h i c h 
chemists cal l a free radical , is s imilar to the solitary charged defect produced 
by separation of a b ipolaron, except that i t is neutral . 

Physicists cal l this type of defect a soliton, w h i c h is def ined as a phase-
boundary defect l i n k i n g two energetically equivalent configurations. T h e 
electronic energy leve l associated w i t h the soliton i n frans-polyacetylene is 
located i n the m i d d l e of the gap because the phase boundary effectively 
represents a single nonbonding p orbital that has the energy (£) o f the local 
atomic orbital , def ined to be at £ = 0. T h e soliton can exist i n any of three 
spin-charge configurations (Figure 1.17d): neutral (S = V2), negatively 
charged (S = 0), or posit ively charged (S = 0). N e u t r a l solitons are be l i eved 
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to be the or ig in of the free spins (~1 per 4000 carbon atoms) formed d u r i n g 
thermal isomerization of ds-polyaeetylene to the trans isomer. 

T h e diagrammatic representation of the soliton depicts the defect as 
be ing centered on a single carbon atom. S p i n density measurements indicate, 
however , that the spin is not localized on a single carbon atom but is spread 
over several (~15) carbon atoms. L ikewise , the charge density associated 
w i t h charged solitons is spread over a s imilar n u m b e r of carbon atoms. 

T h e p icture that emerges is that at l ow doping levels, charged solitons 
are formed, e i ther direct ly from neutral solitons or by recombination of 
polarons to form bipolarons, w h i c h then move apart to become ind iv idua l ly 
charged solitons. B u t the question of the mechanism of actual charge trans
port s t i l l remains. C e n t r a l to many of the proposed theories is the assumption 
that the soliton can move freely along the chain. O n e proposed mechanism, 
due to K i v e l s o n (26), is depic ted i n F i g u r e 1.19. A neutral soliton mov ing 

Figure 1.19. Kivelson mechanism for charge transport involving mobile neutral 
solitons. 
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along the po lymer chain encounters a charged soliton, w h i c h is spatially 
p i n n e d by its counterion. Transfer of an electron results i n the appearance 
of the soliton on the neighbor ing chain. T h e mechanism thus purports to 
account for both interchain and intrachain conduction and predicts that the 
conduct ivity should vary w i t h the n u m b e r of free spins. H o w e v e r , recent 
experiments (27) on specially prepared polyacetylenes, i n w h i c h the spin 
concentration was del iberately var ied , have cast doubt on such theories. 
These studies indicate that conduct ivity does not vary w i t h spin concentra
t ion i n the manner predic ted by the K ive l son theory. Add i t i ona l studies 
based on techniques such as electron nuclear double resonance ( E N D O R ) 
(28) and electron spin-echo mul t ip l e quantum nuclear magnetic resonance 
( E S E M Q N M R ) (29), w h i c h probe the local environment of the soliton, i n 
dicate that the soliton does not move (i.e., i t is static). M u c h work remains 
to be done to unravel the transport mechanism responsible for conduct ion 
i n these systems. 

1.1.2.3 C O M M E R C I A L A P P L I C A T I O N S 

C o n d u c t i n g polymers appear to be on the br ink of commerc ia l exploitation. 
Progress i n commercial izat ion has been hampered by poor stability (poly
acetylene, for example, is rapidly oxidized i n air and thus loses conductivity) 
and by poor processability. M a n y of the materials are intractable and there
fore are not amenable to easy fabrication. Nevertheless , work has cont inued 
on developing a new generation of stable, processable conduct ing polymers . 
Naarmann and coworkers (30) at B A S F modif ied the standard method for 
po lymer iz ing acetylene, and the result was a material w i t h a higher degree 
of crystal l inity and consequent greater thermal stability than polyacetylene 
prepared by the o lder technique. Perhaps more important ly though, the 
new material reportedly exhibits conduct iv i ty that, on a weight basis, is 
twice that of copper. A l though the B A S F material is h ighly conduct ing and 
m u c h more stable than earlier films, it is st i l l a h ighly intractable po lymer 
and thus not processable. T h e Feast technique (31) for prepar ing polyace
tylene involves formation of a soluble precursor v ia r ing-opening metathesis. 
T h e precursor can be processed (e.g., stretched to orient the chains) and 
then thermal ly converted to polyacetylene. D o p e d polypyrro le can be pro 
duced i n a continuous process to give films that appear to be relatively 
stable. T h e conduct iv i ty of these materials is higher than that of plastics 
extended w i t h conductive fillers. Th is characteristic suggests possible ap
pl icat ion as an electromagnetic interference shie ld . 

A major goal of the research on conduct ing polymers has been the 
development of a rechargeable plastic battery. Ce l l s based on po lypyrro le 
and l i t h i u m electrodes have been developed i n w h i c h the energy per uni t 
mass and discharge characteristics are comparable to n i c k e l - c a d m i u m cells. 
C u r r e n t interest appears to center around stable, processable polymers , such 
as polythiophene and its derivatives, and polyani l ine. 
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1.1.3 Polymers for Molecular Electronics 

O n e of the buzz words i n the w o r l d of science today is the t e rm "molecular 
electronics" . O n e has only to open the pages of the popular scientific l i t 
erature to find such headlines as " A n d N o w — t h e B i o c h i p " , or " T h e Organic 
C o m p u t e r " . T h e premise b e h i n d these articles is the idea that a single 
molecule might function as a self-contained electronic device; thus, the 
possibi l i ty arises to develop a computer based on molecular-s ized electronic 
elements. Th is possibi l i ty was first discussed by Car te r i n 1979 and was the 
subject of two international workshops i n 1981 and 1983 (32). T h e genesis 
of these ideas may be seen i n the relentless progress of the semiconduct ing 
industry i n d i m i n i s h i n g the size of c ircuit features of microelectronic devices. 
C i r c u i t densities have doub led v irtual ly every year since the invent ion of 
the I C i n 1960, p r imar i l y through shr inking the size of the ind iv idua l c ircuit 
elements. M i n i m u m feature sizes i n today's devices are on the order of 1 
|xm, and 0.5-|xm-sized devices are l ike ly by the early 1990s. A s imple l inear 
extrapolation of the feature size vs. t ime plot (Figure 1.20) leads to the 
conclusion that w i t h i n 30 years or so, the size of electronic components w i l l 
be on the order of nanometers (i .e. , the size of ind iv idua l molecules). 

Figure 1.20. Microlithographic trends in minimum device feature size and 
imaging technology. The figure illustrates the time evolution of random access 

memory (RAM) devices. 
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1.1.3.1 D E V I C E F A B R I C A T I O N C O N S I D E R A T I O N S 

C u r r e n t I C fabrication technology, w h i c h involves sculptur ing microstruc-
tures from single crystall ine blocks of s i l icon, is not l ike ly to fabricate devices 
at molecular dimensions. Mo le cu lar electronics, on the other hand , offers 
the possibi l i ty o f b u i l d i n g up complex structures b y us ing atomic and m o 
lecular forces. Dev ices w i l l be constructed by assembly of i n d i v i d u a l m o 
lecular electronic components into arrays, thereby engineer ing from smal l 
to large rather than from large to smal l as do current l i thographic techniques. 

A t our current l eve l of technology, many of these concepts are st i l l i n 
the realm of science fiction. Ideas have been suggested for devices such as 
molecular switches, but these devices s t i l l await experimental real ization 
and verif ication. A molecular switch, for example, must possess a variety of 
properties for it to be classified as operational (33): 

• It must possess bistabi l i ty (i .e. , capable of existing i n two or 
more stable states). 

• T h e switching process must be controllable (i .e. , i t must be 
possible to unambiguously set the state of the switch). 

• T h e state of the switch must be readable (i .e. , i t must be 
possible to unambiguously sense whether the switch is on or 
off). 

• T h e two preceding functions must be executable at the m o 
lecular l eve l w i t h fu l l addressability. That is , i t must be possible 
to selectively switch or address an ind iv idua l molecule . 

T h u s , whereas many systems have been suggested that exhibit optical 
bistabi l i ty , they have yet to be fabricated into an operational switch. 

T h e same argument could be made for design of molecular intercon
nects. Proposals have been made for molecular " w i r e s " constructed from 
conduct ing polymers . B u t how w o u l d one isolate an ind iv idua l molecular 
strand, m u c h less attach it to a molecular switch? W o u l d such a one -d imen
sional w i re exhibit conduct ion properties akin to bu lk conduction? These 
questions have yet to be answered. 

I n addit ion , the subject of assembly looms as an apparently insur 
mountable obstacle. It is not at a l l clear how researchers w o u l d go about 
assembling ind iv idua l molecular components into a funct ioning device , a l 
though bioengineer ing offers a potential solution to this prob lem. Examples 
of self-assembled structures exist everywhere i n nature from the he l i ca l 
secondary structure of D N A to the human bra in . C u r r e n t knowledge of such 
systems is s imply inadequate to al low scientists to employ s imilar forces to 
create synthetic molecular electronic devices. C l ear ly , an enormous amount 
of groundwork needs to be la id i f the concept of the molecular electronic 
device or b iochip computer is ever to become a reality. 
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T h e field of molecular electronics may be considered to encompass m u c h 
more than molecular electronic devices. I n its broadest context, molecular 
electronics may be regarded as s imply the application of molecules, p r i m a r i l y 
organic molecules, to electronics. This def init ion w o u l d inc lude such areas 
as l i q u i d crystall ine materials, piezoelectric materials such as poly(v inyl idine 
fluoride), chemical ly sensitive field-effect transistors ( C H E M F E T ) , and the 
whole range of electroactive polymers . These applications are beyond the 
scope of this book and are covered i n other reviews (34, 35). However , g iven 
the basic tenet o f molecular electronics, namely , the abi l i ty to engineer and 
assemble molecular structures into a useful device, the broader def init ion 
raises the question of whether organic molecules can be specifically assem
b led or engineered for unique applications i n electronics. 

1.1.3.2 L A N G M U I R - B L O D G E T T F I L M S 

T h e L a n g m u i r - B l o d g e t t (LB) technique is one of the few methods available 
for manipulat ing the architecture of an assembly of organic molecules (36). 
It may be regarded as the organic analog of molecular beam epitaxy, w h i c h 
is extremely important to solid-state electronics as a means of fabricating 
precise microstructures w i t h novel charge-transport properties. T h e L B 
technique offers the means to construct s imilar organic analogs by b u i l d i n g 
up organic layers one monolayer at a t ime and enables precise geometries 
(e.g., molecular orientation and thickness) to be constructed. T h e technique 
involves spreading some suitable organic molecule onto a water surface, 
compressing the film to form a compact monolayer, and then transferring 
this layer to a suitable, substrate. T h e processing sequence is depicted i n 
F i g u r e 1.21. 

V e r y few materials are suitable for L B film formation. Typ ica l mono-
layer- forming molecules possess both hydrophobic and hydrophi l i c e n d 
groups such as long a lky l and carboxylic groups, respectively. C e r t a i n p o l 
ymers w i l l also form monolayers as w i l l certain aromatic macrocycles such 
as porphyr ins and phthalocyanines. Phthalocyanines tend not to have h ighly 
o leophi l ic or hydrophi l i c parts, but consist of a roughly c ircular aromatic 
disk, often w i t h a metal atom at the center and w i t h a m i n i m u m of side 
groups. T h e material is usually dissolved i n an organic solvent and carefully 
spread onto the surface of water contained i n a L a n g m u i r trough. T h e con
centration is such that the molecules spread to a depth of one monolayer. 
I f the surface pressure F is smal l , the monolayer behaves as a two -d imen
sional gas obeying the equation 

FA = kT (1.1) 

where A is the area per molecule , k is Boltzmann's constant, and T is absolute 
temperature. T h e surface pressure is increased by compressing the film b y 
means of a s l id ing barrier . Eventua l ly , a point is reached where a l l the 
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MOLECULES 
j m I I T I H M 

4 1 

SAMPLE 
^SOLUTION 

WATER 
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FILM COMPRESSION . | r l L M U U M t 

rw—o—n 

(3rd LAYER) 
Figure 1.21. The LB sequence: spreading, compression, and deposition. (Re
produced with permission from reference 45. Copyright 1987 Academic Press.) 

molecules touch, forming a "perfect" pinhole-free monolayer. T h e change 
i n surface pressure as the area per molecule is decreased is shown i n F i g u r e 
1.22. T h e correct degree of compression is determined by moni tor ing the 
surface tension of the water, w h i c h starts to drop w h e n the molecules are 
nearly dense-packed. A t higher pressures, the monolayer w i l l buckle and 
collapse. B e l o w the collapse pressure, the monolayer can be transferred to 
a suitable substrate by lower ing the substrate carefully through the f i lm into 
the water and slowly wi thdrawing i t (Figure 1.21). Al ternat ive ly , transfer 
may be effected horizontal ly b y contacting the surface w i t h the substrate 
or iented horizontal ly to the film surface. These procedures may be repeated 
successively u n t i l the requ i red n u m b e r of monolayers is obtained. T h e th ick
ness w i l l thus be an integral mul t ip l e of the length of the amphiph i l i c species. 

I n this way, u l t rath in , compact, pinhole-free (at least i n theory) films 
of constant, wel l - contro l led thickness can be prepared. T h e films are solids 
w i t h a lamellar structure, and by proper ly choosing the chemical composi 
t ion , they can serve a variety of useful electronic functions. Molecu les can 
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Figure 1.22. A typical monolayer isotherm. 

be designed, for example, w i t h unsaturated groups e i ther near the h y d r o 
phobic e n d (e.g., v i n y l stearate), near the hydrophi l i c e n d (e.g., tricosenoic 
acid), or around the center o f the molecular chain as w i t h diacetylenes. 
These molecules can be po lymer ized without d isrupt ion of the lamellar 
structure and thus improve the mechanical and thermal stability of the L B 
film. O n e proposed application of these films is as resists for microl i thography 
(37), although the complexities of film deposit ion and concerns of p inhole 
density i n these ul trathin films make the L B approach a doubtful practical 
technique for semiconductor device fabrication. L B films have been pro 
posed as passive optical waveguides (see Section 1.2.2), where they al low 
closer control o f the waveguide parameters (both dimensional and optical) 
than is possible w i t h evaporated layers. O n e prob lem w i t h L B films i n optical 
applications is that they are not tru ly single-crystall ine materials. Instead, 
they consist of crystallites separated by domain boundaries that act as scat
ter ing centers and l i m i t applications i n nonlinear and guided-wave optics. 

T h e attractiveness of si l icon as a semiconductor material for I C s de 
rives i n part from the fact that this important material forms a naturally i n s u 
lat ing surface oxide. U s e is made of this fact, for example, i n m e t a l -
ox ide -semiconductor ( M O S ) field-effect transistors ( F E T ) , where the oxide 
serves as the gate insulator. N o such naturally insulat ing oxide occurs w i t h 
any o f the compound semiconductors that offer improved performance over 
si l icon i n many device applications. Roberts et a l . (38) demonstrated the 
feasibility o f such meta l - insulator -semiconductor (MIS) structures as F E T s 
and chemical sensors shown schematically i n F i g u r e 1.23. These researchers 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



Fi
gu

re
 1

.2
3.

 C
ro

ss
-s

ec
tio

ns
 

of
 F

ET
 s

tr
uc

tu
re

s 
em

pl
oy

in
g 

LB
 fi

lm
s 

as
 g

at
e 

in
su

la
to

rs
. 

Th
e 

to
p 

di
ag

ra
m

 
ill

us
tr

at
es

 
a 

th
in

-fi
lm

 
FE

T 
us

in
g 

an
 a

m
or

ph
ou

s 
si

lic
on

 s
ou

rc
e 

an
d 

dr
ai

n 
st

ru
ct

ur
es

. 
Th

e 
bo

tt
om

 d
ia

gr
am

 i
llu

st
ra

te
s 

a 
ch

em
ic

al
ly

 s
en

si
tiv

e 
FE

T 
(C

H
EM

FE
T)

 
in

 w
hi

ch
 t

he
 e

le
ct

ri
ca

l 
ch

ar
ac

te
ri

st
ic

s 
of

 t
he

 L
B 

ga
te

 in
su

la
to

r 
ar

e 
se

ns
iti

ve
 

to
 s

pe
ci

fic
 c

he
m

ic
al

 s
pe

ci
es

 in
 t

he
 

en
vi

ro
nm

en
t. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



44 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

showed that by apply ing L B films to the surfaces of amorphous S i , G a A s , 
GaP , InSb , C d T e , and (HgCd)Te , charge-density profiles can also be m o d 
if ied. B y using films of tunne l ing dimensions, charge injection leading to 
enhanced electroluminescence efficiency was achieved. T h e efficiency of 
devices that incorporate layers of quantum-mechanical tunne l ing dimensions 
is cr i t ical ly dependent on the control of the insulator thickness. Th is de 
pendency is w h y the L B approach is eminent ly suitable for fabricating such 
devices. 

These examples of L B film application give only a cursory v i e w of the 
many structures and processes current ly be ing investigated. This field has 
undergone a marked resurgence over the last decade as scientists have begun 
to realize that functional devices can be constructed by a molecular eng i 
neer ing approach, although as yet, such devices generally remain an ex
per imenta l curiosity. T h e ult imate objective, namely, that of u t i l i z i n g 
ind iv idua l molecules as functional elements and the assembly of such e le 
ments into a device , is as elusive as ever. Nevertheless , should a break
through be achieved, it promises to be every b i t as revolutionary as was the 
transistor. 

1.2 Polymers for Photonic Applications 

T h e microelectronics revolut ion, w h i c h began w i t h the invent ion of the 
transistor i n 1948 and rapidly accelerated fo l lowing the invent ion of the I C 
i n 1960, has had a profound influence on modern society, part icularly i n the 
processing and transport of information. T h e heart of today's t e l e commun
ications network, for example, is the h ighly sophisticated electronic switching 
machine, w h i c h offers a w ide variety of service options that cannot be pro 
v i d e d by electromechanical switches. Voice and data are switched over a 
network that ranges from twisted copper pairs to microwave communicat ion 
towers. H o w e v e r , two inventions d u r i n g the 1960s have begun to radically 
change the way i n w h i c h information is transmitted and may, i n the future, 
lead to a totally n e w switching technology. Those two inventions are the 
laser and the optical fiber, w h i c h together have spawned the photonics 
revolut ion upon whose dawn we are now entering. 

S i m p l y speaking, photons are to photonics what electrons are to elec
tronics. In electronic transmission, information, encoded i n the form of 
digital or analog electronic signals, is routed along a conductor path such as 
a copper wire . I n an optical transmission system, information is transmitted 
i n dig i tal format as pulses of l ight along glass fibers specifically designed to 
confine the l ight to the inter ior of the fiber. Lasers and l ight -emit t ing diodes 
are ideal l ight sources for optical transmission. These solid-state devices can 
be turned on and off b i l l ions of t imes per second, prov id ing an ideal m e c h 
anism for conveying digital information where the presence of l ight corre
sponds to a " 1 " and its absence signifies a " 0 " . T h e d r i v i n g force b e h i n d 
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optical transmission is the enormous capacity, or bandwidth , available. A 
laser pulsed at 540 megabits per second is equivalent to 24,000 telephone 
conversations that can be transmitted simultaneously over a single ha i r - th in 
optical fiber. N o t only does optical transmission offer the potential of essen
tial ly u n l i m i t e d bandwidth , but it is also free from interference effects that 
plague electronic transmission and offers enormous cost savings i n space and 
materials. As w i l l be shown i n the fo l lowing discussion, polymers play an 
enormously important role i n this rapid ly expanding technology. 

1.2.1 Optical Fiber Coatings 

T h e glass fibers used i n l ight-wave telecommunications systems must be 
protected from mechanical abrasion to preserve their strength. F laws i n the 
glass surface as smal l as 1.0 u-m w i l l reduce the tensile strength of the fiber 
from over 1 0 6 kps i to less than 1 0 5 kps i , and lead to breaking of the fiber 
d u r i n g cabl ing. Accord ing ly , optical fibers must be treated w i t h a protective 
coating immediate ly after be ing drawn i n a furnace. A schematic diagram of 
the process is shown i n F i g u r e 1.24. T h e fiber is drawn from a glass preform 
that is fed at a control led rate into the top of a tubular high-temperature 
(2200 °C) furnace. A fiber diameter monitor provides an electronic signal 
that can be used to adjust the speed of a capstan dr ive , w h i c h pul ls the fiber 
at the base of the machine. E q u i p m e n t for coating the fiber and sol idi fying 
it is located between the diameter monitor and the capstan. This in - l ine 
coating procedure enables the coating to be appl ied and hardened before 

PREFORM 
FEED 
MECHANISM 
ZIRCONIA 
INDUCTION 
FURNACE 

COATING-
APPLICATOR 

. CURING 
FURNACE 

OR 
LAMPS 

COATING 
CONCENTRICITY 

MONITOR 

Figure 1.24. A fiber-drawing apparatus. (Reproduced with permission from 
reference 39.) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

1

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



46 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

the fiber contacts any surface. F o r this reason, the most successful coating 
techniques involve the application of a low viscosity (10-50 poise) o l igomeric 
l i q u i d to the fiber fol lowed by rap id solidification. Three coating processes 
have been developed to meet this requirement of rap id solidification. These 
processes use 

1. UV-radiat ion-curable po lymer formulations, 

2. thermal ly cross-l inkable prepolymers capable of be ing force-
cured at h igh rates (e.g., silicones), or 

3. hot-melt thermoplastics that can be solidif ied by rapid cool ing 
(39). 

In addit ion to prov id ing mechanical and environmental protection to 
the optical fiber, the po lymer coating should reduce microbending losses. 
As a result of the ir very small diameters, typical ly 100-150 p-m, optical fibers 
bend readily. This feature is advantageous i n that the transmission m e d i u m 
is flexible and easily routed. However , w h e n the spatial per iod of the bend ing 
becomes very smal l , some of the l ight rays normal ly guided by the fiber are 
lost through radiation. Such smal l -per iod distortions may occur w h e n a fiber 
is w o u n d on a spool under tension, or w h e n it is placed i n a cable structure. 
T h e phenomenon is cal led microbending loss, w h i c h i n extreme cases can 
result i n transmission losses amounting to several decibels per k i lometer , 
thereby seriously degrading the performance of an optical fiber transmission 
l ink . This prob lem can be m i n i m i z e d through use of low-modulus coatings. 

T h e preferred coating design involves a dual-coated fiber consisting of 
a soft, low-modulus pr imary coating (to m i n i m i z e microbending losses) and 
a hard , h igh-modulus secondary coating (for mechanical protection) (Figure 
1.25). T h e second coating can be appl ied either in - l ine or off-line. Thermal ly 

Chief Advantage Chief Advantage 
HIGH STRENGTH HIGH MICROBENDING RESISTANCE 

SINGLE COATING DUAL COATING 

Figure 1.25. Protecting glass optical fibers by employing single and dual 
coatings. 
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curable silicones and U V - c u r a b l e epoxy acrylates are used commerc ia l ly for 
the soft pr imary coating. H igh -modu lus U V - c u r a b l e epoxy acrylates have 
been used for the hard secondary coating as have extrudable thermoplastics 
such as ny lon . 

Polymers have broad application i n cabl ing, sheathing, and connect ing 
operations. C a b l i n g of optical fibers is quite different from cabl ing of copper 
conductors. T h e coated fibers are usually assembled or packaged pr ior to 
sheathing. A typical fiber-packaging structure used i n cable designs is shown 
i n F i g u r e 1.26. I n this structure, k n o w n as a r ibbon , 12 fibers are packaged 
i n a l inear array by sandwiching them between two adhesive-coated polyester 
tapes. T h e ribbons are then grouped along w i t h metal l ic strength members 
and enclosed i n a po lymer ic sheath i n a final extrusion process. 

D e p l o y m e n t of optical fibers i n the field requires the fibers to be spl iced 
(joined) at various junct ion points. F u s i o n spl ic ing is the most rel iable method 
for permanent ly j o in ing optical fibers and has been successfully appl ied i n 
the field. H o w e v e r , the fusion splice needs a protective package because 
the spl iced section has no protective coating and its strength is weakened 
by the spl ic ing operation. O n e type of packaging system, shown i n F i g u r e 
1.27, consists of a heat-shrinkable tube of cross- l inked polyethylene, a hot-
melt adhesive inner tube , and a strength m e m b e r rod of stainless steel. 

Connectors that operate by physical al ignment have also been designed. 
A typical example is shown i n F i g u r e 1.28. T h e extremely narrow tolerances 
requ i red demand high-dimensional stability and precis ion. As a conse
quence, most connectors are made of metals and ceramics by precis ion 
machin ing techniques. Plastic connectors are also available but are better 
suited to connection of mul t imode fibers, where the larger core imposes less 
severe al ignment tolerances than requ i red for single-mode fibers. 

O n e application that has not been ment ioned is the use of polymers for 
the optical core i n place of si l ica. Attenuat ion losses essentially prec lude 
such applications i n long-haul transmission systems. F o r example, po ly -
(methyl methacrylate) has been studied as a potential plastic optical fiber, 
but intr ins ic absorption losses due to overtones of the C - H vibrat ion l i m i t 
attenuation to 55 d B / k m at 570 n m (40). T h e losses caused by overtone ab
sorptions can be e l iminated by deuterating the po lymer . T h e overtone 
absorptions associated w i t h C - D vibrations (where D is deuterium) occur 
at longer wavelengths and are of lower intensity than C - H overtones (Figure 
1.29). Attenuat ion losses of 20 d B / k m at 65Q-680 n m have been reported 
for perdeuterated poly(methyl methacrylate), but this value is st i l l over 2 
orders of magnitude h igher than that of si l ica fibers, for w h i c h attenuations 
of 0.2 d B / k m at 1300 n m have been reported. T h e theoretical m i n i m u m 
attenuation for plastic fibers is be l ieved to be 9 d B / k m at 680 n m . Th is 
m i n i m u m makes such materials c learly unacceptable for transmission over 
long distances. Plastic optical fibers may, however, find application i n back
plane interconnections, for example, where transmission distances may be 
on the order of inches. 
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HEAT-SHRINKABLE TUBING 

ADHESIVE 

RESISTANCE ROD 
(a) BEFORE HEATING 

(b) AFTER HEATING 

Figure 1.27. A heat-shrinkahle tubing 
package for protecting spliced fibers. 
Shrinking is accomplished by means of an 
internally heated resistance rod. (Repro
duced with permission from reference 40.) 

PLUG 

ADAPTOR 

Figure 1.28. A precision-molded plastic connector. (Reproduced with permis
sion from reference 40.) 
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Figure 1.29. Transmission spectra of PMMA and perdeuterated PMMA core 
plastic optical fibers. (Reproduced with permission from reference 40.) 
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1.2.2 Polymers for Integrated Optics 

I n long-haul transmission, the l ight intensity decreases w i t h distance and 
must be regenerated (amplified) at intervals de termined by the intr ins ic loss 
i n the fiber. Th i s regenerative process is accomplished electronically. T h e 
l ight pulses rece ived at the e n d of an optical fiber are converted to electronic 
signals by a photodetector (photodiode). These signals are then ampl i f ied 
and used to modulate the output of a laser that forms part of the repeater 
c ircuit . A new set o f pulses are therefore generated and launched into the 
fiber. It w o u l d be advantageous to perform such functions photonical ly rather 
than going to the trouble of convert ing from photonics to electronics and 
back to photonics. L i k e w i s e , photonic switching has the potential to be m u c h 
faster than electronic switching (with result ing higher bandwidths) and car
ries w i t h it the possibi l i ty of paral le l processing. 

A l though the implementat ion of an al l -optical network lies w e l l i n the 
future, m u c h of the technological framework is be ing developed. T h e 
attendant passive components associated w i t h mul t imode fibers (e.g., 
couplers, power d iv iders , wavelength filters, and connectors) may be 
constructed by us ing miniature versions of familiar bu lk optical components 
such as lenses, pr isms, and diffraction gratings. F u r t h e r scaling d o w n of 
equivalent mul t imode components for monomode applications is not usually 
practical owing to stringent al ignment tolerances between fiber and c o m 
ponent. O n e approach to solve this d i l e m m a is to integrate such devices on 
a single ch ip . T h e basic motivation of this field of integrated optics is to do 
for optical c ircuits what integrated electronics has done for electrical c ircuits , 
namely , replace a set of large, ind iv idual ly fabricated elements w i t h inte 
grated, min ia tur i zed c ircui t elements that are interconnected on a single 
ch ip . 

A major concept of integrated optics is that i n a l l of the elements and 
interconnections, the optical signals are confined i n compact optical wave
guides, and thus the field is often referred to as guided-wave optics, and 
the devices are referred to as photonic circuits. T h e fabrication of such 
circuits again involves l i thographic processes i n w h i c h po lymer ic resists are 
used for the imaging steps. Relat ively complex assemblies of devices have 
been demonstrated (e.g., an 8 X 8 matrix switch integrating 64 2 X 2 
interconnected switch elements on a single chip) (41). 

T h e construction o f an optical waveguide i n the surface of a substrate 
requires alteration o f the refractive index of the substrate along the length 
of the guide. B y increasing the refractive index of the region, l ight can be 
guided or channeled i n the same way as takes place i n the core of an optical 
fiber. These guides are then used both to form the various c ircui t elements 
(both active and passive) and to make interconnections between elements. 
T h e basic concepts are i l lustrated i n F i g u r e 1.30, w h i c h is a schematic 
drawing of an integrated, optical , four-channel , wavelength-divis ion m u l t i 
plexer. T h e waveguides have been constructed such that l ight of a part icular 
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Figure 1.30. An integrated, optical, four-channel, wavelength-division 
multiplexer. 

wavelength enter ing the interaction region of the first two guides w i l l transfer 
to the second guide, but l ight at other wavelengths w i l l r emain i n the first 
guide. F o r waveguides bu i l t into substrates exhib i t ing a large electrooptic 
effect (e.g., l i t h i u m niobate), one can use an electric field to control the 
interaction w h e r e i n the wavelength selected b y the coupler can be control led 
by the voltage app l i ed to the electrodes. 

As w i t h electronic I C s , the fabrication of optical waveguides is preceded 
by the design and construction of a mask out l in ing the path l ight w i l l take 
i n the gu id ing layer of the structure. L i t h i u m niobate is the favored dielectr ic 
material for use i n integrated optics. This material can be rout inely formed 
to give large crystals of optical qual i ty and exhibits a reasonably large elec
trooptic figure-of-merit (i .e. , change of refractive index w i t h change of ap
p l i ed field strength). O n c e the path has been def ined b y l i thographic 
techniques, the waveguides are fabricated by deposit ing a t h i n layer of 
t i tanium on the exposed surface, r emov ing the remain ing photoresist, and 
finally diffusing the metal into the crystal at temperatures on the order of 
1000 °C for 6 h . Gu ides can also be made by an ion-exchange process i n 
w h i c h L i + ions i n the substrate are replaced by H + ions. I n this process, 
the surface of the crystal is covered b y a gold film, except where one wants 
to form guides. T h e crystal is then placed i n an acid bath for a per iod of 
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t ime (e.g., benzoic acid at 250 °C for a few hours), d u r i n g w h i c h ion exchange 
takes place through the openings in the gold mask. 

Polymers are also w e l l suited for waveguide applications. Total bu lk 
optical losses i n the red and near-IR spectral regions are typical ly < 1 d B / 
cm. F o r many polymers , losses are <0 .1 d B / c m . Most organic materials 
have refractive indices i n the range 1.4-1.7, and a number of s imple fab
rication techniques such as embossing and casting and photolocking have 
been shown to be effective i n produc ing regions of different refractive index 
separated by extremely smooth surfaces (42). In the case of three-dimensional 
waveguides, the refractive index differential requ i red between the guide and 
its surroundings depends on the sharpest bend that must be traversed by 
the guide. A 1% increment is sufficient for most purposes. Refractive index 
differentials of this magnitude can be generated v ia photochemical ly e n 
hanced processes. A l though changes i n optical polarizabi l i ty result ing from 
photochemical ly induced processes invo lv ing bond breaking result in m u c h 
smaller changes i n refractive index than the 1% needed for waveguide fab
rication, advantage can be taken of such reactions to alter the chemical 
composit ion or density by subsequent chemistry to achieve large refractive 
index differences. 

T h e photolocking technique, shown schematically i n F igure 1.31, has 
been wide ly used to fabricate waveguides. A film consisting of a matrix resin 
[e.g., polycarbonate (n = 1.59)], volatile m o n o m e l i c dopant, and photosen-

Figure 1.31. The photolocking process: (a) Initial film, dots represent the 
dopant, (b) Exposure induces reaction of the dopant illustrated here as di-
merization. (c) Heating the film evaporates the unreacted dopant. (Reproduced 
with permission from reference 42. Copyright 1974 American Institute of 

Physics.) 
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sitizer is irradiated through a mask w i t h U V l ight , w h i c h polymerizes the 
monomer i n the irradiated region, thereby effectively i m m o b i l i z i n g i t . T h e 
monomeric dopant is then removed from the unirradiated portions of the 
film by evaporation i n a vacuum. B y selecting dopants w i t h higher refractive 
index than the matrix material , the photolocked region w i l l have a h igher 
refractive index than the surrounding matrix. A l ternat ive ly , us ing dopants 
of lower refractive index such as m e t h y l acrylate (n = 1.48) results i n regions 
of lower refractive index. Add i t i ona l monomer may then be introduced at 
the outer edges to produce an enclosed waveguide structure (Figure 1.32). 

1.2.3 Polymers for Nonlinear Optics 

A l l of the applications invo lv ing waveguides discussed i n the previous section 
may be considered "passive" . T h e po lymer serves some structural , protec
t ive, or gu id ing function but is not integral to the functioning of a device. 
A n u m b e r of photonic device applications are available, however , where 
polymers may be useful as active elements. These applications require some 
type of nonl inear optical response w h e n the material is irradiated w i t h l ight 
of very h igh intensity, usually from a laser. 

Nonlinear optics is concerned w i t h the interactions of electromagnetic 
fields w i t h materials to produce new fields altered i n phase, frequency, 
ampl i tude , or other propagation characteristics from the inc ident fields. A n 
example of such an effect is second harmonic generation ( S H G ) . W h e n certain 
crystall ine materials are irradiated w i t h l ight of frequency co, there is gen
erated a second beam of frequency 2co that emerges from the crystal at an 
angle different from that of the emerging pr imary beam. T h e efficiency of 
conversion is de termined by the optical properties of the material . O t h e r 
examples inc lude t h i r d harmonic generation, optical bistabi l i ty , degenerate 
four-wave mix ing , and phase conjugation. 

T h e or ig in of these effects lies i n the polarization P induced i n a molecule 
by a local electric field E (due to the electromagnetic radiation). P is expressed 
as a power series of the local field: 

P = aE + P £ 2 + ^ E 3 + . . . . (1.2) 

T h e coefficients a , (3, and y are the second, t h i r d , and fourth rank tensors 
and are referred to as the polarizabi l i ty , first hyperpolar izabi l i ty , and second 
hyperpolarizabi l i ty , respectively. T h e hyperpolarizabi l i ty terms are respon
sible for the nonlinear response of the molecule to i m p i n g i n g radiation. These 
coefficients are not very large, and the associated nonlinear optical effects 
are usually studied b y taking advantage of the h igh optical field obtainable 
w i t h laser beams. 

A n understanding of these effects can be s impl i f ied by assuming that 
polarization is a scalar quantity (as opposed to a vector). F o l l o w i n g the 
approach of W i l l i a m s (43), w h e n electromagnetic radiation interacts w i t h a 
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Figure 1.32. Formation of an optical waveguide obtained by using the pho
tolocking technique. (Reproduced with permission from reference 40.) 
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molecule or m e d i u m consisting of many molecules, the field polarizes the 
molecules w h i c h i n t u r n act as osci l lating dipoles radiating electromagnetic 
waves i n a l l directions. In a nonl inear m e d i u m , P is a nonl inear function of 
the appl ied field. Th is concept is i l lustrated i n F i g u r e 1.33, where P exhibits 
an asymmetric response to the appl ied field E. A m e d i u m exhib i t ing such 
a response might be envisaged as a crystal composed of molecules w i t h 
asymmetric charge d is tr ibut ion arranged i n such a way that a polar o r i en 
tation is maintained throughout the crystal . Such a crystal is said to be 
noncentrosymmetric. Molecu les exempli fy ing noncentrosymmetric crystal 
l ine orientations inc lude m - and p-nitroani l ine and various substituted de 
rivatives. Such molecules are more easily polar ized in the direct ion from 
the e lectron-r ich substituent (donor) to the electron-deficient substituent A 
(acceptor) (i .e. , polarization is more effective i n one direct ion than the other). 
Th is consequence is reflected i n the asymmetric response of P i n F i g u r e 
1.33. Such a nonsinusoidal response can be broken down into its F o u r i e r 
components consisting of the fundamental frequency a> and an appropriate 
summation of the even harmonics (i .e. , 2<o, 4<o). I n other words, the osc i l 
lat ing dipoles induced i n the molecules by the inc ident field contain not 
only the fundamental frequency characteristic of the incident radiation, but 
also components of the second and higher even harmonics. T h e magnitude 
of 4(0 and the h igher even-mult ip le frequencies is extremely small and is 
usually ignored. 

I n the case of a centrosymmetric crystal, the polarization induced by 
the first nonl inear t e rm i n equation 1.2 is p £ 2 . I f a field —E is appl ied , the 

(a) (b) 
Figure 1.33. Plot of polarization response P to an incident electromagnetic 
wave of field strength E(<o) at frequency o> in (a) a noncentrosymmetric medium 
and (b) a centrosymmetric medium. The Fourier components for the noncen
trosymmetric response are also shown. (Reproduced with permission from 

reference 43. Copyright 1984 VCH.) 
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polarization w i l l s t i l l equal + (32, whereas i n a centrosymmetric m e d i u m it 
should be — p 2 . Th is contradict ion can only be resolved i f p = 0 i n a 
centrosymmetric m e d i u m . N o such contradiction occurs w i t h the next h igher 
order term because +E produces a polarization + 7 E 3 , and — E produces 
a polarization — yE3 as requ i red by symmetry . T h e polarization w i l l therefore 
vary symmetr ical ly w i t h the appl ied field, and only the fundamental and 
higher odd harmonics (3(0, 5<o, etc.) w i l l be present i n the F o u r i e r decom
posit ion of the response curve. Thus , the efficiency of th ird-order harmonic 
generation w i l l be de termined by the magnitude of the th ird-order coeffi
cient. T h e electrooptic effect depicted i n the wavelength d iv is ion m u l t i 
p lex ing device i n F i g u r e 1.30 is a second-order nonl inear effect. I n this case, 
the polarization has components arising both from the field of the l ight-wave 
propagating through the optical fiber, £(<*>), and from the field appl ied to 
the electrode E(0). T h e change i n polarization result ing from the interaction 
of these two interact ing field components effectively alters the refractive 
index of the m e d i u m . This phenomenon is also known as the Pockels effect. 

T h e basic molecular properties that give rise to h igh values of the 
hyperpolarizabi l i t ies p and y are reasonably w e l l understood (44). Efficient 
quadratic molecular effects (high P) require conjugation and intramolecular 
charge transfer. T h e absolute magnitude of the charge-transfer component 
of P is d irect ly proport ional to the change i n dipole moment between the 
excited-state dipole moment and the ground-state dipole moment. L i k e w i s e , 
the magnitude of the component attributable to conjugation is proport ional 
to the cube of the conjugation length. Organic compounds that have extended 
conjugated IT systems substituted w i t h both electron-donating (D) and elec
t ron-withdrawing (A) groups meet these cr i ter ia . Such groups combine to 
perturb the electron density i n a mesomeric fashion. T h e value of p is 
de termined as the sum of two contributions due to an addit iv i ty t e rm and 
a charge-transfer t e r m : 

Ptot = PCX + Padd (1.3) 

T h e p a d d t e rm involves a subst i tuent- induced charge asymmetry, and p C T is 
the contr ibut ion result ing from charge transfer or mesomerism. T h e relative 
contributions of P a d d and p C T are determined by the ind iv idua l characteristics 
of the specific D and A groups. 

It is necessary but not sufficient for an organic molecule to exhibit a 
large p to be an efficient S H G material . Such molecules must also pack i n 
a crystal lattice i n such a way as to result i n an overal l dipole moment . Polar 
molecules frequently crystall ize i n centrosymmetric crystall ine structures i n 
w h i c h the internal fields cancel . Thus , the search for the efficient organic 
nonl inear crystal is , i n reality, a search for the "po lar " crystal i n w h i c h the 
macroscopic properties reflect the internal asymmetric molecular re lat ion-
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ships. T h e polarization (P) induced i n a m e d i u m by an external electric field 
is expressed by the equation 

P = x
( 1 ) £ + x ( 2 )£2 + x ( 3 )£3 (1-4) 

where the x(n) values are the macroscopic coefficients that measure the pro 
ject ion of the microscopic molecular tensors on the uni t ce l l . Because the 
X ( n ) values are tensor quantities, the uni t - ce l l characteristics and the o r i en 
tations of the molecules w i t h i n the crystal lattice are h ighly important i f the 
molecular properties are to be ful ly manifested. O n e such molecule that has 
been extensively studied for its nonl inear optical properties is 2-methyl -4-
nitroani l ine ( M N A ) . C o m p a r e d w i t h the inorganic crystals commonly used 
for frequency doub l ing , M N A generates radiation at twice the frequency of 
the incoming beam m u c h more efficiently. Organic crystals are also generally 
more useful than their inorganic counterparts because of increased trans
parency and associated resistance to laser damage. L i t h i u m niobate, for 
example, exhibits a damage threshold between 1 and 100 M W / c m 2 compared 
w i t h 2 - 3 X 10 3 M W / c m 2 for organic crystals, although potassium d ihydro -
gen phosphate has about the highest damage threshold of any material at 
2.3 X 10 4 M W / c m 2 . 

Organic crystals have not yet found widespread use i n guided-wave 
optics or as b u l k components for parametric processes. T h e difficulty of 
growing large high-qual i ty single crystals w i t h the requ ired processabil ity, 
lack of mechanical integrity , and ambient stability has i m p e d e d the ir i m 
plementat ion. Efforts to artificially create a noncentrosymmetric env i ron 
ment i n a crystal lattice inc lude (1) L B techniques (which control molecular 
architecture v ia the d i p p i n g sequence) (45), and (2) molecular dop ing of an 
appropriate nonl inear chromophore into a po lymer ic host (46). In the second 
approach, the chromophore is al igned in the host m e d i u m by po l ing i n an 
electric field, fo l lowed by permanent fixation of the induced al ignment. 
Po ly (methyl methacrylate) has been used as a typical isotropic host m e d i u m . 
O t h e r workers have sought to improve the al ignment by inc lus ion of guest 
molecules i n l i q u i d crystall ine host matrices. 

Cubic -nonl inear i ty - re lated effects are enhanced i n one-dimensional con
jugated structures such as l inear conjugated po lymer chains of the polyene, 
polyacetylene, or polydiacetylene type. N o charge-transfer-induced asym
metr ic environment is requ ired . Polydiacetylenes (Figure 1.34) i n part icular 
have been extensively studied (47) because certain diacetylenic monomers 
can be topochemical ly po lymer ized i n the sol id state to give po lymer i c single 
crystals i n w h i c h the chains are al igned paral le l to a crystallographic d i rec 
t ion. Th is orientation enhances the value of x(3) along this d irect ion , although 
there are no constraints as to the centrosymmetric nature of the lattice. 
Values of x(3) are on the same order of magnitude as that of G e and G a A s , 
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w i t h recent reports on polyacetylene indicat ing an order-of-magnitude i m 
provement . 

T h e nonl inear response t ime i n the nonabsorptive (off-resonance) region 
has been estimated to be i n the subpicosecond domain , w h i c h may have 
major importance i n the emerg ing ultrafast signal processing technologies. 
Such processing schemes re ly on a material 's intensity-dependent index of 
refraction as the basic nonl inear mechanism, and this parameter can be 
related to the th ird -order susceptibi l ity. A h igh x(3) w o u l d enable the re 
fractive index to be altered at relatively low inc ident intensities, thereby 
control l ing the passage of a second l ight beam. This pr inc ip le can be extended 
to four-wave m i x i n g experiments i n w h i c h two intersecting beams of l ight 
create a refractive index grating i n the material . A t h i r d beam directed at 
the same spot w i l l be deflected b y the grating and emerge as a fourth beam 
(Figure 1.35). Degenerate four-wave mix ing is a special case i n w h i c h a l l 
the input beams and the scattered beam have the same frequency. T h e 
degenerate four-wave mix ing experiment is d irect ly relevant to such tech
nologically important phenomena as self-focusing, phase conjugation, sat
urable absorption, and sel f - induced transparency. Such effects form the basis 
of a complete ly photonic switching technology, w h i c h constitutes a major 
d r i v i n g force b e h i n d research on nonl inear optical materials (48). 

Various techniques have been used to prepare single crystals of po ly -
diacetylene. B u l k crystals obtained by conventional crystall ization proce
dures (e.g., slow cool ing or evaporation from solution) tend to be riddled 
w i t h defects such as grain boundaries or stacking faults, and are not suitable 
for optical applications. T h e L B technique, on the other hand , has been 

Figure 1.35. Principle of degenerate four-warn mixing. 
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wide ly used to fabricate th in films of polydiacetylenes for waveguiding ap
plications. Suitable monomers have been synthesized that contain h y d r o 
phobic and hydrophi l i c groups, w h i c h facilitate al ignment of the molecules 
on the film balance. T h e monomeric monolayer is then po lymer ized by U V 
irradiat ion, and the po lymer i zed film is deposited on the substrate by sub
sequent d ipp ing . B y repeating this process, multi layers as thick as 500 n m 
have been bu i l t up on quartz and si l icon substrates, enabl ing fabrication of 
planar optical waveguides (49). 

Single crystals prepared by the L B technique st i l l contain grain b o u n d 
aries that reduce optical transmission. These imperfections are not found i n 
monomer single crystals grown by a melt-shear technique (50), i n w h i c h 
crystals are grown ei ther from the melt or from solution b y confining the 
l i q u i d between two optical ly flat opposing surfaces. Pressure is appl ied to 
the substrate -monomer-substrate assembly w h i l e the mobi le phase is sub
jected to a shearing force v ia a slow l inear translation of one of the substrates 
w i t h respect to the other. T h e uniaxial shear introduces a preferred o r i e n 
tation of the diacetylenic molecules perpendicular to the substrate interface. 
This method has been reported to y i e l d single crystals that are 4 orders of 
magnitude larger that what had previously been reported and are of superior 
optical qual ity . 

M o s t of the work so far on n e w nonlinear materials has invo lved deal ing 
w i t h bu lk materials coupled to h igh-powered lasers. H o w e v e r , to br idge the 
gap between mere observation of nonl inear effects and their actual use i n 
relatively low-power semiconductor- laser-driven systems, fully op t imized 
nonl inear structures w i l l be needed. Th i s is an extremely active field of 
current research invo lv ing crystal design and growth, crystal th in - f i lm tech
nology, and po lymer th in - f i lm technology. 

1,2.4 Polymers in Optical Recording Media 

T h e development of low-cost lasers has also made optical information storage 
a practical real ity, as ev idenced b y the rapid proliferation of such consumer 
items as dig i tal audio disks and video disks. I n a video disk, the picture and 
sound information is stored on the disk as a succession of smal l pits of vary ing 
length and repet i t ion frequency (Figure 1.36). T h e information is read op
tically w i t h monochromatic l ight from a laser by focusing the beam (typical 
d iameter ~ 1 . 0 |xm) onto the surface of the rotating disk, and moni tor ing the 
intensity of reflected l ight b y a l ight-sensitive diode. T h e reflectivity of the 
pit differs from that of the surface or land area; hence, the intensity of the 
reflected l ight (and consequently the electrical output of the photodiode) 
w i l l be modulated according to the pattern of pits. T h e intensity-modulated 
output is converted by the photodiode to a current (I), whose magnitude 
w i l l depend on the position (x) along the information track. The waveform 
of the electrical output represents a frequency-modulated analog signal ( F i g -
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ure 1.37) that can be electronical ly translated into p icture and sound signals 
appropriate to a television receiver. 

T h e analog format of a v ideo disk is i n contrast to an optical audio disk 
on w h i c h information is encoded digital ly . Because of the h igher bandwidth 
requ i red for v ideo use, the sampl ing rate requ i red to digital ly encode a v ideo 
signal is many times greater than that needed to encode an audio signal (100 
megabits per second vs. 1.4 megabits per second, respectively). D i g i t a l 
encoding of a v ideo signal w o u l d require a storage density many times greater 
than that obtainable w i t h current technology, w h i c h is , however , sufficient 
to permi t dig i tal encoding of an audio signal. Thus , although the waveform 
of the electrical output obtained from an audio disk is s imilar to that from 
a v ideo disk, the waveform of the audio disk output can be analyzed by 
digital processing techniques. These techniques convert the distance, both 
between and w i t h i n pits , to a series of bits b y convolut ing the t ime between 
two successive changes i n reflectivity (signifying the beg inning and e n d of 
a pit) w i t h a part icular clock rate (determined i n part by the angular or l inear 
velocity of rotation of the disk). I f reflection from a land area is associated 
w i t h a " 1 " , and that from a p i t is associated w i t h a " 0 " , then the length of 

Figure 1.37. The relationship between the pattern of pits and the signal on 
read-out. The output represents a frequency-modulated signal. 
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the land area or p i t thus determines the n u m b e r of bits (Os or Is) between 
each change i n reflectivity. 

1.2.4.1 S U B S T R A T E S 

T h e largest vo lume use of polymers i n optical recording media is i n the disk 
substrate. A schematic of a typical double-s ided disk substrate is shown i n 
F i g u r e 1.38, w h i c h illustrates the properties requ ired of the substrate m a 
terial : 

1. It must be dimensional ly stable, and although expansion w i t h 
temperature or h u m i d i t y can be tolerated to some degree, 
this expansion must occur isotropically. 

2. T h e material chosen must be capable of be ing formed into a 
disk e i ther by mo ld ing or machining . 

Po lymers are again ideal ly suited for such applications i n that they 
exhibit a wide range of mechanical properties and can be molded , for ex
ample , by injection mo ld ing to the des ired physical form. 

In addit ion to these two cr i ter ia , there may be addit ional stringent 
optical requirements that the po lymer ic substrate must meet, especially 
w h e n the substrate is an integral part o f the optical pathway. H e r e i t is 
imperat ive that the substrate be nonabsorbing at the read and wr i te wave
lengths. It must also be transparent (i .e. , free of particulates and occlusions 
that w o u l d act as scattering centers). T h e refractive index o f the substrate 
must be uni form across the diameter of the disk, w h i c h should also be free 
of birefringence. Polymers such as poly(methyl methacrylate), poly(4-
methyl - l -pentene) , and bisdiallylpolycarbonates are amorphous, optically 
isotropic, engineer ing resins that can be easily mo lded or cut from cast sheet 
to form disk-shaped substrates (51). These polymers offer the optical qual i ty 
of glass i n terms of h igh transmission and low birefringence. 

1.2.4.2 I M A G I N G L A Y E R S 

T h e next step i n the manufacture of a v ideo disk is the creation of the imaged 
layer (i .e. , the series of pits) on the surface of the substrate. Th is process 
cou ld be accomplished by l i thographic processes by exposing a resist-coated 
substrate to modulated laser l ight. This technique is used to fabricate the 
"master" v ideo disk from w h i c h molds are fabricated for subsequent mass 
product ion. H o w e v e r , l i thographic processes require development and are 
not practical for digi tal optical recording invo lv ing direct read after wr i te 
( D R A W ) , (i .e. , data read w i t h i n 500 ns of the recording event). Such re 
quirements have l e d to the introduct ion of extremely sophisticated imaging 
systems, part icularly where read, wr i te , and erase capabil ity is requ ired . 
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F i r s t , surface imperfections must be e l iminated from the substrate be 
cause the specular quality of the imaging layer i n most optical recording 
media is de termined by the qual i ty of the surface on w h i c h the imaging layer 
is deposited. T h e surface of plastic disk substrates commonly contains many 
surface imperfections that can cause output errors. Thus , a po lymer ic sur-
fac ing-subbing layer is commonly deposited on the substrate from solution 
to cover the defects and produce a defect-free surface. In this sense, the 
function of the subbing layer is m u c h l ike that of the p lanariz ing layer i n 
l i thographic mult i layer resist processing. 

T h e most common method for optical digital recording is laser- induced 
ablation or decomposit ion of t h i n films. This method is suitable for w r i t e -
once applications such as archival storage. Typica l classes of materials inc lude 
metals (particularly te l lur ium) , metal alloys, chalcogenides, and chalcogenide 
alloys deposited as t h i n films on a suitable substrate (52). T h e device options 
inc lude s imple single layers, bilayers i n w h i c h the recording material is 
deposited on a reflective layer of metal such as a l u m i n u m , and tr i layer 
structures i n w h i c h the recording material is deposited on top of a transparent 
die lectr ic spacer separating it from a reflective layer of a l u m i n u m . I n these 
constructions, polymers are frequently used as the spacer and die lectr ic 
layers and are deposited by e i ther spin coating or plasma deposit ion. 

Ablat ive imaging systems that consist of a t h i n film of an organic dye 
have been designed, although difficulties w i t h film preparation of such sys
tems have led to modifications i n w h i c h the organic dye is dissolved or 
dispersed i n a po lymer i c b inder . Excitat ion energy absorbed by the dye is 
converted to thermal energy that initiates decomposit ion of the d y e - p o l y m e r 
matrix. Th is decomposit ion leads to formation of a pit surrounded by a r i m 
of sol idif ied material . T h e precise kinematics of the process are very complex 
and appear to depend on the molecular parameters of the ablative material . 
This pr inc ip le has also been extended to inc lude po lymer ic matrices that 
readily depolymerize . Such polymers inc lude poly(methyl methacrylate), 
poly(a-methylstyrene) , poly(oxymethylene), and poly(2-methylpentenesul -
fone). A constraint of such systems is that one is commit ted to use wave
lengths that fall w i t h i n the absorption spectrum of the dye. T h e t h i n metal 
films, on the other hand , are broadly absorptive across the vis ible and I R 
spectrum. 

T h e abi l i ty to erase what has just been wr i t ten offers several advantages 
over the write-once disks just described. Erasable optical recording materials 
enable errors to be detected and corrected (i .e., re-recorded), as is possible 
w i t h magnetic recording materials. Several schemes have been proposed, 
but the technology of erasable optical recording materials is not as advanced 
as the technology of write-once materials. M a n y potential systems are not 
suitable because of speed or stability considerations. F o r example, the 
change i n the absorption spectrum that occurs w h e n photochromic materials 
are irradiated w i t h l ight of an appropriate wavelength can, i n certain i n -
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stances, occur v ir tual ly instantaneously. Erasure capabil ity is p rov ided 
through reversal of the color change by absorption of l ight i n a different 
spectral region. H o w e v e r , lack of thermal stability of the wr i t t en image, 
together w i t h the propensity of photochromic materials to undergo i r r e 
vers ible , photochemical side reactions, has h indered acceptance of this class 
of materials. 

A n interest ing extension of this technology is photochemical hole b u r n 
ing (53). T h e absorption spectrum of a dye dispersed i n a po lymer ic matrix 
consists of a relatively broad band that reflects the different energies asso
ciated w i t h the variety of molecular environments surrounding each dye 
molecule . A laser w i t h a m u c h narrower l ine w i d t h or profile w i l l excite 
molecules only i n those selected orientations whose energies correspond to 
the energy of the excit ing radiation. T h e photochromic spectral shift thus 
results i n a " h o l e " i n the absorption spectrum at this specific region of the 
total absorption. B y tun ing the laser frequency across the inhomogeneously 
broadened l ine , different sets of molecules within the same region of illu
mination can be addressed, and thus storage capacity is greatly enhanced. 
T h e m a x i m u m storage density w i l l be determined by the n u m b e r of dist inct 
laser profiles that can be accommodated i n the total absorption l ine w i d t h . 
Such systems are stable only at very low temperatures, where the molecular 
orientation remains temporal ly fixed. 

O n e erasable technique that has shown some promise is magneto-optical 
recording. Information is recorded by local heating of a th in film of a ther -
momagnetic material such as an amorphous alloy of the rare-earth transit ion 
metals [e.g., G d T b F e (54)]. In the recording process, a beam of l ight from 
an A l G a A s diode laser is focused onto the surface of the film, causing a local 
increase i n temperature. Th is increase causes a local ized decrease i n coer-
c iv i ty that, w i t h the a id of a smal l external magnetic field, facilitates reversal 
of the magnetization direct ion and forms a cy l indr i ca l domain w i t h d i m e n 
sions approximately equal to that of the focused laser beam. Erasure may 
be accomplished by application of a magnetic field large enough to overcome 
room-temperature sensitivity and or iented i n the or iginal magnetization d i 
rect ion. Read-out is accomplished v ia the magnetic K e r r or Faraday effect, 
whereby the plane of polarization of plane-polarized l ight reflected b y the 
layer is rotated. T h e rotation is positive or negative depending on the d i 
rect ion of the local magnetization. Polymers are again used i n the construc
t ion of these disks, w h i c h are designed i n monolayer, b i layer , tr i layer , and 
even quadri layer configurations. 

Some erasable materials contain the po lymer as an integral part of the 
record and erase process. F i g u r e 1.39 depicts such a system consisting of 
two po lymer layers cal led the expansion and retention layer. T h e expansion 
layer is an elastomer containing a dye sensitive to l ight at 840 n m . T h e 
retention layer contains a dye sensitive to l ight at 780 n m . I n the wr i te 
operation, the system is exposed to an 840-nm diode laser that heats the 
expansion layer, thus causing it to expand and deform the retention layer. 
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Figure 1.39. Erasable dye-polymer recording scheme. 
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T h e deformation appears as a surface b u m p that can be detected d u r i n g the 
read operation because the intensity of l ight reflected back to the detector 
w i l l be different from that reflected from a flat area. Erasure is effected by 
exposure to a second laser beam at 780 n m . H e r e , l ight is absorbed by the 
dye i n the retention layer but not the expansion layer; the retention layer 
is softened, and the elastic energy stored i n the expansion layer restores 
planarity to the laminated structure. 

1.2 .4 .3 P R O T E C T I V E C O A T I N G S 

T h e final step i n the product ion of the optical disk is protect ion of the imaged 
layer from dust and physical damage. Several procedures are possible. E i t h e r 
the layer can be protected i n an air -sandwich configuration or by overcoating 
w i t h a protective po lymer ic layer. T h e air -sandwich structure is part icular ly 
w e l l suited to ablative recording, whereas conformal coatings can interfere 
w i t h the mark ing process. I n the case of po lymer i c encapsulated structures, 
the encapsulant is an integral part of the r e a d - w r i t e optical path. C o n s e 
quent ly , it must be transparent and defect-free, and it must exhibit negl igible 
birefringence. Cross - l inked siloxane elastomers have been employed most 
extensively for this purpose. T h e thickness of this layer must be sufficient 
to remove dust particles from the focus plane of the r e a d - w r i t e laser to 
e l iminate signal defects. 

V i d e o and audio disks serve a read-only function and must be repro 
duced by us ing mass product ion techniques to make them available at rea
sonable cost . I n j e c t i o n m o l d i n g p r o v i d e s a c o n v e n i e n t r e p r o d u c t i o n 
technique. T h e m o l d is typical ly made from a "master" disk that has been 
manufactured from a master v ideo tape b y l i thographic processes descr ibed 
earlier. F o l l o w i n g mo ld ing , the surface of the disk is metal ized and over-
coated w i t h a protective po lymer i c film. C a r e must be taken to m i n i m i z e 
birefringence d u r i n g the m o l d i n g process. Birefr ingence refers to the a n i -
sotropy of refractive index i n the same plane and can occur d u r i n g inject ion 
m o l d i n g through orientation of the po lymer chains induced by the shear 
stresses associated w i t h the m o l d i n g process. Factors such as ho ld ing pres
sure, inject ion speed, and mel t index are important parameters i n ensur ing 
disks of h igh qual ity . Workers at Ph i l ips (55) have devised a photopolymer-
ization repl icat ion process, shown schematically i n F i g u r e 1.40, i n w h i c h a 
photopolymerizable l i q u i d is sandwiched between a master m o l d and sub
strate backing plate. T h e reactive monomer is po lymer ized by exposing the 
sandwich to U V l ight through the substrate. T h e m o l d is then separated, 
and the " i m a g e d " layer on the substrate is metal ized. T h e final step is the 
application of a protective overcoating. B y j o in ing two such structures back-
to-back, one can create the double-s ided v ideo disk shown i n F i g u r e 1.38. 
Mul t i funct i ona l acrylates are generally used for the photopolymerizable 
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Figure 1.40. The Philips photopolymerization process for replicating video 
disks, (a) The liquid layer L is spread over the mold Mo by deforming the 
substrate S to make it slightly convex, (b) Exposure to UV light polymerizes 
the liquid coating, (c) The substrate with coating is separated from the mold, 
(d) The information layer is coated with a mirror M and protective layer P. 
(Reproduced with permission from reference 55. Copyright 1982 Philips Re
search Laboratories.) 
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resin . Acrylates exhibit very h i g h cure rates (important for throughput) , good 
dimensional stabil ity (required d u r i n g subsequent metalization), and proper 
adhesive properties (required for m o l d release). 

1.3 Conclusions 
It w o u l d be difficult to imagine a w o r l d without the benefits of po lymer 
science. This chapter has g iven some insight into the enormously important 
and enabl ing role p layed by polymers just i n the fields of electronics and 
photonics. Indeed , i t does not seem presumptuous to state that were i t not 
for the unique properties of po lymers , there w o u l d be no microelectronics 
or photonics revolut ion. This rev iew has concentrated on several major ap
plications of polymers to these two technologies. Needless to say, there are 
many other applications. Perhaps the one th ing that can be said w i t h con
fidence is that polymers w i l l continue to make significant contributions to 
electronics and photonics through improved materials and new applications. 

Abbreviations and Symbols 
a polarizabi l i ty (second rank tensor) 

first hyperpolar izabi l i ty (third rank tensor) 
Padd contr ibut ion to (3 t o t result ing from a subst i tuent- induced 

charge asymmetry 
Per contr ibut ion to |3 t o t result ing from charge transfer or 

mesomerism 
Ptot sum of P e r and 0 ^ 
7 second hyperpolar izabi l i ty (fourth rank tensor) 
5 resonance or transfer integral 
€ dielectr ic constant 
(0 frequency 
X macroscopic coefficient that measures the projection of 

the molecular tensors on the unit ce l l 
A area per molecule 
C H E M F E T chemical ly sensitive field-effect transistor 
D I P dual in - l ine package 
D R A W direct read after wr i te 
E (1) e lectrical field; (2) gap opened at the F e r m i l eve l 

caused by band alteration 
E N D O R electron nuclear double resonance 
E S E M Q N M R electron spin-echo mul t ip le quantum nuclear magnetic 

resonance 
F surface pressure 
F E T field-effect transistors 
H I C h y b r i d integrated circuits 
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H O M O highest occupied molecular orbital 
I current 
I C integrated c i rcui t 
k Boltzmann's constant 
L B L a n g m u i r - B l o d g e t t 
L U M O lowest unoccupied molecular orbital 
M I S meta l - insu lator -semiconductor 
M N A methyl -4-nitroani l ine 
M O S meta l -ox ide -semiconductor 
P poise 
P polarization 
P E E K polyether ether ketone 
P M M A poly(methyl methacrylate) 
P W B pr in ted w i r i n g board 
R A M random access memory 
R T V room-temperature-vulcaniz ing 
S spin quantum n u m b e r 
S H G second harmonic generation 
S I C si l icon integrated c ircuit 
f - B O C poly(tert-butoxyearbonyloxystyrene) 
r absolute temperature 
T A B tape automated bond ing 
r transition glass temperature 
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Organic Resist Materials 

C. Grant Wil lson 1 and Murrae J. Bowden 2 

1IBM Almaden Research Center, San Jose, CA 95120 
2 Bel l Communications Research, Red Bank, N J 07701 

Recent developments in applications of polymers as resists in mi
crolithography are reviewed. Emphasis is placed on the advances in 
materials and processes associated with current photolithographic 
resists designed to extend the utility of photolithography into the 
submicrometer regime and to ensure continued dominance of pho
tolithographic technology in commercial manufacture of integrated 
circuits. 

ORGANIC I M A G I N G M A T E R I A L S have undergone a per iod of rap id change 
i n the past decade. Advances i n organic and po lymer chemistry and i n 
innovative processing techniques have l ed to remarkable improvements i n 
the resist materials and processes available for microl i thographic appl ica
tions. This area of research is expanding at an ever- increasing pace and has 
become the focus of groups w o r k i n g i n academic laboratories as w e l l as those 
of the microelectronics and chemical industries throughout the wor ld . Sev
eral excellent reviews of this topic have been publ i shed (1-3). T h e goal of 
this chapter is to highl ight important developments that have occurred i n 
the resist area i n recent years and to provide some insight into the trends 
of current research activities. 

2.1 Diazoquinone-Novolac Resists 

D u r i n g the early years of the microelectronics industry , the imaging process 
used to define the layers of patterned conductor, insulator, and semicon
ductor materials that constitute active devices was accomplished by us ing 
contact pr in t ing i n conjunction w i t h resists based on photo- induced cross-
l i n k i n g to generate differential solubi l i ty . T h e resolution of the processes i n 

0065-2393/88/0218-0075$09.50/0 
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use at that t ime was l i m i t e d by the abi l i ty to control mask-to-wafer separation 
and the pervasive use of isotropic, wet etching techniques. T h e resist m a 
terials that found widest acceptance were based on bisazide sensitization of 
partial ly cyc l ized synthetic rubber (1,2) (Chart 2.1). As the industry migrated 
from contact (or proximity) p r i n t i n g to projection pr in t ing and started to 
introduce anisotropic etching technology based on reactive ion etching (RIE) , 
the l i m i t to resolution became more and more an issue of the resist material 
itself. T h e relat ively low contrast of the b i saz ide - rubber resists; the ir p ro 
pensity for swel l ing d u r i n g development; and their relatively poor resistance 
to plasma-based, anisotropic etching processes l e d to the introduct ion of 
positive resist chemistry that is i n pervasive use today. 

T h e microelectronics manufacturing process is at present operating at 
a resolution of 1 |xm that allows efficient product ion of, for example, 1-

C H 3 H 

C H 3 

Chart 2.1. The negative-tone resists that were first used in semiconductor 
manufacturing were based on a matrix resin of synthetic rubber prepared by 
Ziegler-Natta polymerization of isoprene followed by acid-catalyzed cycliza-
tion to improve the mechanical properties. This cyclized rubber was rendered 
photosensitive by addition of a bisarylazide that undergoes photolysis to pro
duce a bisnitrene. The nitrene reacts with the cyclized rubber to create in-

termolecular cross-links that render the exposed areas insoluble. 
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megabit dynamic access random memories ( D R A M s ) , and is rapidly m o v i n g 
toward product ion of 4-megabit D R A M s w i t h submicrometer design rules 
(4) (Figure 2.1). A l l of the semiconductor device fabrication lines have 
evolved toward the combination of projection pr in t ing i n positive resists and 
plasma-based, anisotropic etching techniques. T h e resist materials that sup
port this technology are al l versions of the diazonaphthoquinone-sensit ized 
novolac resin system ( D Q N ) first introduced by the K a l l e C o . many years 
ago (Chart 2.2). These materials (1-3) are positive i n tone and provide both 
higher resolution and greater etch resistance to plasma-based etching pro 
cesses than the b i saz ide - rubber resists. T h e improved etch resistance is a 
manifestation of the aromatic character of the novolac matrix resin (5-8) as 
compared to the aliphatic nature of the cyc l ized rubber materials. T h e i m 
proved resolution exhibi ted by the positive D Q N materials relative to the 
negative b i saz ide - rubber resists results from their superior contrast and the 
fact that the development process does not cause swel l ing of the unexposed 
areas of the resist film. 

T h e D Q N resist system is able to resolve images m u c h smaller than 
0.5 |xm. Thus , the resists available today are not the l i m i t i n g factor in def ining 
device dimensions. I n fact, the resolution l imi t that can be reached i n a 
manufacturing environment is l i m i t e d not by the intr insic properties of the 
resist materials available but by the physical l imitations of the exposure 
equipment and b y practical issues that inc lude contamination control , l e v e l -
to- level al ignment capabil ity, etc. Consequent ly , resist materials research 
has been , and w i l l continue to be, focused on devis ing material approaches 
to extending the resolution l imits imposed by the physics of the available 
exposure equipment . 

T h e factors that contribute to l imi t resolution i n projection optics are 
w e l l k n o w n (2) and are manifested i n the form of a degradation i n the "free 
space" image as the exposure systems are operated near their diffraction 
l i m i t . To some extent, this lens-generated degradation of image qual ity can 
be compensated by designing resist systems w i t h a nonl inear dissolution 
response to dose. 

M a n y positive resist materials, such as poly(methyl methacrylate) 
( P M M A ) have l inear dissolution kinetics . T h e rate of change i n thickness of 
such materials as a function of t ime i n the developing solvent is constant 
w i t h respect to depth into the film. This rate is d irect ly proport ional to the 
exposure and increases w i t h increasing dose. Proper ly formulated D Q N 
resists can exhibit h ighly nonl inear dissolution kinetics such that the d is 
solution rate i n the surface regions of the film is substantially lower than it 
is i n the bu lk of the film. T h e consequence of this nonl inear rate function 
is i m p r o v e d contrast (Figure 2.2). Nonl inear dissolution kinetics is achieved 
by proper choice of the monomer composit ion of the novolac (9), the po -
lydispersity of the res in , and the processing conditions. Examinat ion of F i g 
ure 2.2 shows that the nonl inear materials exhibit a greatly reduced 
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Figure 2.1. IBM's 4-megabit DRAM is a retrograde n-well CMOS device with 
Q.8-\xm minimum features. The access time of this chip is 65 ns, and the chip 

size is 78 mm2. 
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O H O H 

Novolac Resin 

Diazonaphthoquinone 

Chart 2.2. This DQN system employs a cresol-formaldehyde novolac resin as 
the matrix material. The resin is rendered photosensitive by addition of a 
diazonaphthoquinone that undergoes photolysis to produce a ketene inter
mediate that rapidly reacts with water present in the resin to yield an inde-
necarboxylic acid. The lipophilic diazoquinone serves to reduce the solubility 
of novolac films in aqueous base. Photolysis leads to production of an acidic 
photoproduct that renders exposed areas of the film soluble in aqueous base. 

Hence, this system functions as a positive resist. 

dissolution rate of the unexposed film compared w i t h that of l inear materials 
w i t h the same photospeed. T h e reduced attack on the unexposed resist 
represents an improvement i n contrast. 

Resist contrast i n D Q N systems is also determined to some extent b y 
the structure of the diazonaphthoquinone sensitizer. Accord ing to pub l i shed 
reports (JO), the use of diazoquinone structures bearing mul t ip l e c h r o m -
ophores on a single molecule provides h igher contrast resist formulations 
than formulations based on diazoquinones w i t h fewer chromophores per 
molecule . Presumably , some threshold n u m b e r of chromophores must be 
photoconverted to acid to render the mult i funct ional molecules soluble i n 
base. H e n c e , the dissolution rate response to dose of resist formulated from 
mult i funct ional diazoquinones should be nonlinear. This argument assumes 
that the major contr ibut ion to the change i n dissolution rate i n D Q N systems 
is the change i n polarity or base solubi l i ty associated w i t h conversion of the 
diazoquinone into the corresponding indenecarboxylic acid. 

There are confl ict ing reports on this mechanism. O n e group compared 
the dissolution rate of D Q N systems i n w h i c h the diazoquinone was pho -
tolytically converted to the corresponding acid to that of resists formulated 
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Figure 2.2. This plot depicts the time evolution of the development process for 
two resist films with identical starting thickness and identical overall devel
opment rates. The nonlinear system (dashed lines) has approximately 80% of 
the unexposed film remaining at the time when the exposed film is developed 
to the substrate. The linear system (solid lines) has only approximately 50% 
of the unexposed film remaining at the time when the exposed film is developed 
to the substrate. This difference in the extent of unexposed film loss represents 
a difference in contrast. The nonlinear system has higher contrast than the 

linear system. 

from novolac and the pure acid photoproduct (JI). T h e result was m u c h 
higher rates for films in w h i c h the acid was photogenerated, leading to the 
conclusion that nitrogen evolut ion, w h i c h is a byproduct of the photolysis 
of the diazoquinone, is a major contributor to photogenerated changes in 
dissolution rate i n these systems. Presumably , the nitrogen evolved upon 
photolysis causes an increase i n free vo lume that is known to have a profound 
effect on the dissolution rate of po lymer films (12). Another group studying 
a closely related system reported confl icting results, w h i c h l ed to the con
clusion that the polarity change was the overr id ing contributor to the photo-
induced changes i n dissolution rate (13). F u r t h e r experimentation is r equ i red 
to resolve this controversy, but the abi l i ty to formulate positive resist m a 
terials that have a thresholdl ike nonl inear response to dose is a valuable sk i l l 
that resist chemists use to improve the resolution and latitude of the imaging 
process. 

2.2 Image Reversal 

T h e chemistry of the D Q N materials has been modif ied such that they 
function as a high-resolut ion, high-contrast, negative-tone resist system that 
is as devo id of distortion due to swel l ing as the standard, positive D Q N 
system (14, 15). This tone reversal of the D Q N system is accomplished by 
addit ion of an appropriate base to the formulation. 

T h e first step i n the image-reversal process (Figure 2.3) is patterned 
exposure. D u r i n g this exposure, a latent image of photogenerated indene -

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

2

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



2. W I L L S O N A N D B O W D E N Organic Resist Materials 81 

carboxylic acid is produced. W h e n the exposed f i lm is treated w i t h base and 
baked to a temperature above ~ 7 6 °C, base-catalyzed decarboxylation of 
the indenecarboxylic acid occurs, and a latent image of an indene derivative 
is produced . T h e indene derivative also functions as a dissolution inhib i tor 
but is not photosensitive. T h e next process step is a flood exposure that 
converts the diazoquinone i n previously unexposed regions of the f i lm into 
the corresponding indenecarboxylic acid, thereby render ing these regions 
more soluble i n aqueous base than the patterned regions i n w h i c h the d i a 
zoquinone has been converted into the indene derivative. 

T h e base requ i red for catalysis of the decarboxylation can be added to 
the formulation pr i o r to spin coating of the resist or can be added after 
coating and patterned exposure. A d d i t i o n after exposure is accomplished by 
immers ing the exposed f i lm i n an atmosphere of a volatile base such as 
ammonia or an alkylamine. W h e n most bases are added to the D Q N resist 
formulation, a slow degradation i n the result ing mixture occurs. T h e for-

Develop 

Figure 2.3. The base-catalyzed image-reversal process involves a patternwise 
exposure that converts the diazoquinone to the corresponding indenecarboxylic 
acid, followed by a bake step that causes base-catalyzed decarboxylation 
that produces the nonphotosensitive indene derivative. Subsequent flood ex
posure converts the diazoquinone in the previously unexposed areas of the 
film into the indenecarboxylic acid. Development then yields a negative 
image of the mask because the originally patterned areas containing the lipo
philic indene derivative are less soluble in base than those containing the 

acidic photoproduct. 
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mulat ion undergoes spectral changes, and the viscosity increases w i t h t ime . 
Th is shelf-life p rob l em has l e d to a preference, i n many cases, for the gaseous 
amine postexposure treatment process. 

Because the latent image produced i n the resist film d u r i n g patterned 
exposure has a positive wa l l slope angle (Figure 2.4), the developed image 
fol lowing reversal can have walls w i t h a posit ive, vert ical , or negative slope 
depending on the processing and developing conditions. T h e positive w a l l 
slope stems from the fact that the top of the inso lubi l i zed area determines 
the l ine w i d t h i n the negative mode, whereas the foot of the resist structure 
determines the w i d t h of the image i n the positive mode. T h e abi l i ty to 
generate vert ica l w a l l profiles has important implications for imaging over 
topographical features, w h i c h w i l l be discussed i n Section 2.6. T h e undercut , 
or negatively s loped resist images, are part icularly useful as stencils for 
addit ive (lift-off) metal l ization (15). 

2.3 Contrast Enhancement 

Attempts to compensate for the l imitations of the projection lens systems 
current ly available have l e d to some other very interest ing innovations i n 
c lud ing contrast-enhancement materials. These materials are, i n essence, 
dyes that absorb strongly at the exposure wavelength and undergo efficient 
photoconversion to products that are transparent at the exposure wavelength. 
T h e dyes are sp in coated, i n an appropriate vehic le , over the photoresist 
pr ior to exposure. U p o n exposure, the d y e d layer is bleached. This step 
enables the under ly ing photoresist to be exposed i n a dynamic process. 
Because the dyes bleach most rapidly i n areas of h igh intensity, the center 
areas of exposed l ines bleach more rapidly than the edges; thus, the s loping, 
low-contrast character of the edges of the free space image are compensated 
for (Figures 2.5 and 2.6). T h e dyes that are used for contrast-enhancing 
materials range from the nitrones (16) to various d iazonium salts (17,18) and 

Vertical slope Positve slope 

Figure 2.4. The latent image in the resist has essentially the shape indicated 
because of the sloping nature of the free space image and the absorption of 
the resist film. Depending on the processing conditions, either negatively sloped 
(undercut profiles) vertical profiles or positively sloped profiles can be obtained. 
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Figure 2.5. The intensity function or aerial image of a mask is ideally a square 
wave. However, projection optics operating near their diffraction limit degrade 
this square wave into a sinusoid with a small direct current (dc) term. When 
this intensity function is imposed on the contrast-enhancement lithographic 
material, bleaching occurs most rapidly in the high-intensity areas such that 
the transmitted intensity function that exposes the resist is modified and thus 

leads to improved contrast. 

Figure 2.6. SEM images of 0.8-\xm lines and spaces printed with (right) and 
without (left) contrast-enhancement lithography. (Courtesy of Cliff Takemoto 

of National Semiconductor.) 
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polysilanes (19) (Chart 2.3). Contrast-enhancement l ithography unquest ion
ably improves the resolution l i m i t of a g iven lens system. T h e extent of 
resolution improvement is a complex function of the properties of the dye, 
the thickness of the dye layer, and the characteristics of the under lay ing 
photoresist. I n general , the improvement i n resolution is achieved at the 
expense of l ower product iv i ty (throughput). H e n c e , the process allows a 
trade to be made between resolution and throughput (20). 

Another interest ing use of a dye layer to improve the resolution l i m i t 
of a lens system is found i n the bu i l t - on mask ( B O M ) process (21). T h e B O M 
material is coated over the photoresist pr ior to exposure i n a manner anal 
ogous to the contrast-enhancing material . T h e B O M material is, i n essence, 
photochromic i n that exposure at one wavelength generates a photoproduct 
that is transparent at the exposure wavelength but absorbs strongly i n a 
different spectral region at w h i c h the photoresist is sensitive. T h e other 
important characteristic of the dye is that it can be " f ixed" , or rendered 

General Electric 

Polysaccharide + ( C H 2 - C H ) n + 

Matsushita 

Hitachi 

R R R 

R 2 R 2 ^2 

IBM Research 

Chart 2.3. Various dyes used as contrast-enhancement materials. The poly
silanes are useful in the mid-UV region (308-313 nm); the other materials are 

designed for use in the near-UV region (365-436 nm). 
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insensitive to exposure. Imines have been used as the chromophore for the 
B O M process, and perhalohydrocarbons such as C B r 4 have been used as a 
source of photogenerated acid. T h e imine absorbs strongly at 365 n m but 
not at 436 n m , and the protonated form, the i m i n i u m salt, behaves i n the 
reverse (i .e. , it absorbs strongly at 436 n m but not at 365 nm). H e n c e , 
exposure to essentially any wavelength at w h i c h the perhalohydrocarbon 
absorbs produces patterned areas of local acid concentration that lead to 
i m i n i u m salt formation, thereby render ing these areas opaque at 436 n m . 
T h e films are then baked to volati l ize unexposed C B r 4 i n the fixing process; 
thus, the films are rendered insensitive to subsequent exposure. This process 
photochemical ly generates a "bu i l t - on mask" i n perfect contact w i t h the resist 
for contact p r i n t i n g at 365 n m . Subsequent flood exposure at 365 n m fol lowed 
by development leads to a positive-tone image of the mask (Figures 2.7 and 
2.8). Adaptations of this interest ing technique to X - ray exposure and to 
generation of negative-tone images have been discussed (21). 

2.4 Deep-UV Resists 

F o r a g iven lens system operating at a specified wavelength, the contrast-
enhancement l i thography or B O M techniques represent chemists ' contr i 
butions to improvement i n useful or functional resolution. T h e functional 
resolution of a g iven lens system can also be improved by reduc ing the 
exposure wavelength because resolution is d irect ly proport ional to the ex
posure wavelength and inversely proport ional to the numer i ca l aperture. 
Exposure tools based on all -ref lecting optics such as the P e r k i n - E l m e r M i -
cral ign 6 0 0 H T are not subject to chromatic aberration distortion of the free 
space image. H e n c e , the resolution of such systems can be substantially 
improved by reduct ion of the exposure wavelength. T h e usual exposure 
wavelength for D Q N resists is i n the region of 405-436 n m . Mater ia ls have 
now been tai lored to al low efficient exposure at 300-350 n m (22) and thus 
provide i m p r o v e d resolution for exposure tools such as the M i c r a l i g n 6 0 0 H T 
that can provide variable wavelength exposure. 

Attempts to tailor D Q N materials to st i l l shorter, d e e p - U V ( D U V ) wave
lengths (near 250 nm) have been largely unsuccessful because of the strong 
absorbance of the novolac resins and the extremely weak D U V output of 
standard, high-pressure, mercury arc lamps of the sort used i n today's ex
posure tools. Some interest ing approaches have been made toward tai lor ing 
the optical properties of both the resin and the sensitizer materials for D U V 
exposure. A system based on base-soluble acrylic resins that are transparent 
i n the D U V , i n combination w i t h o-nitrobenzyl esters of l ipophi l i c carboxylic 
acids that undergo photolysis to produce carboxylic acids, has been descr ibed 
(23) (Chart 2.4). These materials are reported to have sensitivity comparable 
to the D Q N systems and remarkably h igh contrast. H o w e v e r , the al iphatic 
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- J I I I 1— 
300 400 500 

R-N=C-R'+H+-> R-N=C-R' 
® 

Base Form Protonated Form 
(mine Iminium Salt 

• A c i d Generator 

I 1 1 I I 1 » 
50 150 250 

Dose in m J / c m 2 

Figure 2.7. The materials used for the BOM process. Exposure at 365 nm 
produces acid derived from CBr4. This photogenerated acid protonates the 
imine dye, which causes a dramatic bathochromic shift in the absorbance. As 
exposure proceeds, the absorbance at 365 nm is bleached and the absorbance 

at 436 nm increases because of iminium salt formation. 
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Si 

Si 

A 4 

B O M Layer 
Resist 

Expose 

F ix Image (opaque 
at 436 nm) 

365 nm / \ 4 3 6 nm F lood Expose & Develop 

Positive Negative 

Figure 2.8. The BOM process. 

nature of the acryl ic matrix resin materials leads to resists that have less etch 
resistance i n plasma environments than the D Q N systems. 

T h e synthesis and characterization of a novel class of diazoketones that 
function i n a manner analogous to the diazoquinones but have bleachable 
absorbance maxima i n the D U V region have been descr ibed (Figure 2.9). 
These systems are reported to function w i t h photosensitivity comparable to 
that of the D Q N systems, but the ir ut i l i ty s t i l l appears to be l i m i t e d b y the 
fact that they are employed i n conduction w i t h a novolac res in , w h i c h has a 
substantial, unbleachable absorbance i n the D U V region. This undesirable 
resin absorbance leads to reduced contrast (24, 25). 

2.5 Chemical Amplification 
Al though the tai lored sensitizers and resins presumably improve D U V per 
formance, systems based on the D Q N design have a sensitivity l i m i t imposed 
by the quantum efficiency of the sensitizer to photoproduct conversion that 
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Methacrylate resin 

O 

R — C — O — C H 2 — ( ' x ) • R—C—OH + H O — C H 2 

N O s 

O-Nitrobenzylcholate 

NO 

Chart 2.4. The o-nitrobenzylcholate DUV resist system uses a copolymer of 
methyl methacrylate and methacrylic acid as the base-soluble matrix resin. 
This resin is rendered photosensitive by addition of the o-nitrobenzyl ester of 
cholic acid. Upon exposure, the ester is photolyzed to yield cholic acid and an 
o-nitrosobenzyl alcohol. The system functions in a manner analogous to the 

DQN system and is positive in tone. 

is s imply too l ow for practical use i n current D U V projection aligners. These 
tools are based on mercury lamp l ight sources, and the D U V power that 
these systems can de l iver at the wafer plane is almost 2 orders of magnitude 
lower than that available i n the n e a r - U V range (Figure 2.10). Consequent ly , 
although resolution may be extended by D U V exposure of such resist sys
tems, the product iv i ty loss is intolerable. 

N e w D U V resist materials w i t h greatly enhanced sensitivity seem to 
offer the possibi l i ty of prov id ing useful product iv i ty i n the D U V region. 
These systems are based on chemical amplification (26), where in a single 
photoevent generates a catalytic species that acts on the matrix resin material 
to alter its solubi l i ty i n some subsequent process step. Orders-of -magnitude 
improvement i n sensitivity apparently can be real ized w i t h systems based 
on this sort of design without significant loss of resolution. Several examples 
of resist materials that function on the basis of chemical amplif ication are 
described i n detai l i n Chapter 3. T h e material problems and the advances 
that have been made i n resists for D U V l ithography are also detai led i n 
Chapter 3. H o w e v e r , regardless of the exposure wavelength, several i m 
portant factors l i m i t resolution i n the practical application of micro l i thog
raphy to device fabrication. These factors warrant discussion and have been 
the focus of an interest ing body of materials research. 
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Figure 2.9. The N-alkyldiazopiperidinedione structure is typical of the 1,3-
diacyl-2-diazo compounds studied at IBM. Photolysis produces a carboxylic 
acid analogous to the chemistry of diazonaphthoquinones. These materials 
absorb strongjiy in the DUV region, but bleach completely as indicated in the 
spectra of a methanolic solution (bottom). Resists formulated from these ma
terials in novolac show residual unbleachable absorbance due to the resin as 

shown in the spectra of thin films (top). 
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2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 

Wavelength in nm-
Figure 2.10. This plot shows the flux at the wafer plane as a function of 
wavelength for the Perkin-Elmer Micralign 500. The ratio of the flux available 
in the DUV (UV-2) region compared to that in the near-UV (UV-4) region is 

approximately the ratio of the indicated areas under this curve. 

2.6 Multilevel Resist Processes 

C h i e f among the contributions to resolution l imitations other than lens-
related physics is the contr ibut ion of the structure upon w h i c h the image 
must be pr in ted . Resolut ion is generally considered i n terms of only two 
dimensions. Yet , un l ike the photographic processes, the goal of the micro -
l i thographic process is to generate three-dimensional re l ie f images of the 
mask pattern. T h e impact o f this t h i r d d imension l imits the practical reso
lut ion l i m i t . Typ ica l device structures are not planar. T h e y have local top
ographic features that approach the desired l ine widths i n vert ical extent 
(Figure 2.11). T h e influence of these topographic features on patterning of 
subsequent layers is very significant and can be d i v i d e d into two areas: 

1. resist thickness modulat ion , and 

2. modulat ion of l ight . 
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Figure 2.11. Scanning electron micrograph of an active device after defining 
the conductor pattern. The extent of the topography is evident. (Courtesy of 

H.E. LuhnoflBM). 

Resist films that are spin-coated over topographic features have a t e n d 
ency to planarize or smooth out the bumps. T h e extent to w h i c h this occurs 
is never perfect and depends on both substrate and resist material parameters 
(27). Two types of planarization influence resolution: 

1. local planarization, or the extent to w h i c h closely spaced or 
regular features are planarized, and 

2. global planarization, w h i c h represents the extent to w h i c h 
pattern density over a larger area affects the nominal resist 
thickness. 

L o c a l planarization is achieved far more easily than global planarization, 
but both contribute to resolution loss. 

T h e loss i n resolution that attends imaging of resists coated over top
ographic features results from the requirement to generate three -d imen
sional re l ie f structures (trenches) i n varying thicknesses of material . O n l y 
when development can be control led such that it produces images w i t h 
absolutely vert ical side walls can the images i n both the thick and the th in 
areas be developed to proper dimensions. If the profiles are not vert ica l , 
the t ime requ i red to develop an image to the proper d imens ion at the 
substrate i n a t h i n area is insufficient to develop an image to the substrate 
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i n the thick area. Converse ly , w h e n the development t ime is extended u n t i l 
the desired d imens ion is achieved i n the thick area, the th in area w i l l be 
overdeveloped to give l ines that are too w ide . The geometry of this p rob l em 
is easily quanti f ied (Figure 2.12). Unfortunately , a combination of factors 
make i t very difficult to achieve 90° w a l l profiles i n pro ject ion-printed resist 
images. These factors inc lude the s loping nature of the intensity function 
(free space image) and the necessity for some finite absorption i n the resist 
layer. 

T h e topographic features not only modulate the thickness of the resist 
coating but also contribute to local differences i n l ight reflected from the 
resist-substrate interface. L i g h t reflected from this interface has profound 
effects o n resist exposure. These effects are part icularly severe for step-and-
repeat projection pr in t ing , where narrow bandwidth exposure is used to 
m i n i m i z e chromatic aberrations i n lens construction. Perhaps the most 
w i d e l y k n o w n effect is the product ion of standing waves, w h i c h cause regular 
indentations i n the side w a l l of developed resist images (Figure 2.13). Th is 
phenomenon results from alternating constructive and destructive interfer
ence between the ray transmitted through the resist and that reflected from 
the substrate. V e r y subtle variations i n thickness can render the resist film 
more or less reflective; thus, more or less power is coupled into the film as 
an alternating function of thickness. Topographic features also vary i n m a 
terial composit ion and therefore refractive index, further modi fy ing the i n 
tensity of the reflected ray. I n addit ion, l ight is scattered at odd angles from 
facets of the topography back through the photosensitive resist layer, pro 
duc ing an effect known as reflective notching. T h e combinat ion of these 
phenomena produces large l ine w i d t h variations w h e n attempts are made 
to pattern l ines over steps of h ighly reflective materials such as metals and 
sil icides (Figure 2.14). 

O n e approach to m i n i m i z e these problems is the image-reversal process 
descr ibed i n Section 2.2 (28, 29). Another approach has been to increase 
the nonbleachable absorbance of the resist b y adding a dye (30). This ap-

ACD = W 2-W 1 = 2 h (tan 

Figure 2.12. The difference in widths (W 2 - Wi) of a critical dimension ( A C D ) 
developed in a thick area of resist and in a thinner area is related to the resist 

wall angle (6) and height (h) of the topographic feature. 
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Figure 2.13. Scanning electron micrograph of images printed in a DQN resist 
by using narrow bandwidth (436 nm) light. The regular pattern of indentations 
on the side wall results from the standing wave interference of the light trans
mitted through the resist and that reflected from the resist-substrate interface. 
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Figure 2.14. Scanning electron micrograph of resist lines passing over a step 
in the substrate. This figure shows the variations in line width caused by the 
topographic feature. (Reproduced from reference 3. Copyright 1984 American 

Chemical Society) 

proach is reported to m i n i m i z e distortions due to reflected l ight s imply by 
reduc ing the transmitted intensity at the resist-substrate interface and by 
more rapidly attenuating what l ight is reflected back into the resist film. 
This approach should also reduce the standing wave effect. F o r example, 
Bo lsen et a l . (31) reported that use of a dyed resist prov ided a significant 
reduct ion i n l ine w i d t h variation for l-|xm patterns pr in ted over a grainy 
a l u m i n u m substrate. S imulat ion studies (24, 32) showed that an increase i n 
the u n r e a c h a b l e absorbance of such a resist, such as that result ing from 
adding dye, results i n a m u c h higher exposure dose requirement for imaging, 
loss of s ide-wal l control , and an increase i n the variation i n cr i t ical d i m e n 
sions. Yet B o h l a n d et a l . (33) reported that addit ion of a dye actually i m p r o v e d 
resist profiles and resulted i n improved l ine w i d t h control . 

Such contradictory claims regarding the effectiveness of the dye i n i m 
prov ing a l ine w i d t h control appear to reflect a complex interdependence of 
the various materials and processing parameters that is not adequately ac
counted for i n the s imulat ion programs. I n general , dyed resists are be l ieved 
to provide i m p r o v e d control of dimensions i n lines p r in ted over h igh ly re 
flective substrates, and several vendors have made dyed resist formulations 
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commercia l ly available. O n e aspect of the s imulat ion studies, the predic t ion 
that a d y e d resist w i l l require m u c h higher exposure doses for imaging, is 
certainly accurate. A d d i n g dye to a resist is apparently not as effective i n 
control l ing l ine w i d t h variation as the mult i layer resist processes that are 
becoming increasingly prevalent. 

T h e simplest mul t i l eve l process involves the use of an antireflection 
coating (ARC) that is deposited over the substrate pr ior to coating the resist. 
Typica l A R C materials are po ly imide or po lyamic acid formulations contain
ing a dye (34-37). T h e y function by absorbing the l ight that is transmitted 
through the resist film before it reaches the reflective substrate, thereby 
e l iminat ing distortions caused by interference phenomena and diffuse re 
flections. L i k e contrast-enhancement l ithography and B O M , the A R C tech
nique is sometimes referred to as a quas imult i leve l process because the 
resist structure consists of more than one layer, but only one image formation 
step is requ ired . I n contrast, true mul t i l eve l processes involve at least two 
coating steps and require an image-transfer step. M u l t i l e v e l resist technology 
provides a generic solution to the topography prob lem (38). In the mul t i l eve l 
resist process, a relatively thick opaque layer is coated over the topographic 
features to attain m a x i m u m possible planarization, w h i c h i n current tech
nology is less than perfect (27). T h e resist is then coated on top of the 
p lanariz ing layer and imaged. U n l i k e the single layer process, this top layer 
of resist is of nearly uni form thickness and can be quite t h i n , w h i c h facilitates 
high-resolution imaging. T h e result ing resist image is then transferred i n 
some anisotropic process through the p lanariz ing layer to y i e l d h igh aspect 
ratio re l i e f images w i t h vert ical walls. Because the walls of the images i n 
the p lanariz ing layer are vert ical , the process is insensitive to variations i n 
the coating thickness of the p lanariz ing layer (Figure 2.15). 

T h e practice of mul t i l eve l resist technology has evolved rapidly since 
its introduct ion i n 1973 (39) largely through resist materials innovation. T h e 
first applications of this technology invo lved use of D Q N - t y p e resists over 
poly(methyl methacrylate) ( P M M A ) as the planariz ing layer. T h e pattern was 

Figure 2.15. The trilayer process sequence. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

2

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



96 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

first generated i n the D Q N resist that then served as a conformable contact 
mask for p r i n t i n g o f the P M M A by D U V flood exposure (38-40). Th i s ap
proach has been i m p r o v e d by the availabil ity of new photosensitive p l a n 
ar iz ing materials that have both higher thermal stability and i m p r o v e d 
processing characteristics (41). T h e optical influence of the topography on 
the pr imary patterning step has been e l iminated by adding dyes to the 
planariz ing material that are opaque at the wavelength used for exposure of 
the D Q N resist (42, 43). 

Perhaps the area of m u l t i l e v e l resist processing that has insp i red the 
most innovative chemistry is that of oxygen R I E image transfer. In this 
process, the pr imary resist image is transferred through the under ly ing 
p lanariz ing layer by anisotropic oxygen R I E . This process requires gener
ation of an oxygen etch resistant pattern on the surface of the p lanariz ing 
layer. E a r l y versions o f the process used an intervening layer of a barr ier 
material sandwiched between the resist and the planariz ing layer that was 
impervious to oxygen etching. Intermediate layer materials inc lude " s p i n -
on-glass", w h i c h is typical ly a siloxane ladder po lymer , S i 0 2 , meta l , S i 3 N 4 , 
or any of a host of organometall ic polymers . I n this so-called tr i layer process, 
the pr imary resist image is transferred through the barr ier material by fluo-
rocarbon R I E , for example. T h e pattern i n the barr ier material is then 
transferred through the planariz ing layer b y anisotropic oxygen R I E . T h e 
patterns that can be generated b y such a process are t ru ly impressive (Figure 
2.16), but the process is complex and costly. 

T h e tr i layer process was significantly s impl i f ied by combin ing the prop 
erties o f the barr ier layer and the resist into a single material . Th i s was 
accomplished b y using radiation-sensitive organometallic polymers that i n 
corporate an e lement such as s i l icon, w h i c h w h e n exposed to oxygen plasma 
generates a nonvolati le , refractory oxide. Thus , w h e n patterns of such a 
material are subjected to oxygen R I E , a th in coating of the oxide is rapidly 
generated on the surface o f the resist that protects the under ly ing material 
from further attack from the plasma (Figure 2.17). T h e first example of a 
process based on such a material invo lved the use of polysiloxanes as the 
oxygen-RIE-resistant imaging layer (44, 45). T h e seminal work on the po
lysiloxanes l e d to a prol i feration of materials w i t h s imilar properties and a 
resurgence of interest i n the radiation chemistry of organometallic polymers . 
Examples o f such materials, sensitive to a range of wavelengths cover ing the 
far -UV, D U V , X - r a y , and electron-beam radiation, now abound (44-48). 

F u r t h e r simpli f ication of this process can be der ived by metal l ization 
of the resist over a planariz ing layer subsequent to the development of the 
pr imary image and pr ior to the oxygen R I E image-transfer step. This pro 
cedure has been accomplished by treatment of D Q N resists w i t h chloros i -
lanes (49) and b y treatment of certain novel D U V resists w i t h s i lylat ing 
agents (50, 51). 
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Figure 2.16. Scanning electron micrograph of resist images generated in a 
trilayer process. This figure shows the vertical walls and the absence of line 
width variations where the pattern crosses topographic features. (Reproduced 

from reference 3. Copyright 1984 American Chemical Society) 

T h e most recent improvement or simplif ication of this process involves 
combin ing a l l o f the layer functions into a single coating. Th is procedure is 
accomplished by coating a single layer of an appropriate resist material and 
then imaging the layer under exposure conditions at w h i c h i t is opaque such 
that only a th in surface layer of the material undergoes photochemistry. I n 
optical exposure, this step is accomplished by s imply render ing the coating 
opaque at the exposure wavelength by addit ion of an appropriate dye. A 
s imilar shallow image can be generated under electron-beam exposure b y 
using low-voltage electrons. T h e t h i n , surface-exposed region of the film is 
then rendered oxygen R I E resistant by a selective metal l ization process (50, 
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52, 53) (Figure 2.18). Subject ing the metallated pattern to oxygen R I E results 
i n the des ired , h igh aspect ratio, high-resolution pattern that is insensitive 
to under ly ing topography. These new materials and processes are quite 
interest ing because they do not involve any wet development step; they can 
incorporate good R I E and thermal resistance through use of aromatic p o l 
ymers ; and they are insensitive to both the thickness and optical effects of 
topography, save some smal l contr ibut ion to focus error that remains due 
to imperfect global planarization. T h e availabil ity of modern , high-speed, 
anisotropic, magnetron-enhanced oxygen R I E makes these materials and 
processes even more interesting. 

T h e chemistry of the selective-surface metall ization process has taken 
two paths. O n e approach (53) involves photo- induced local modifications i n 

I 1 1 1 I I 1 1 1 1 

1 1 1 1 1 ' « ' ' ' I 
501 499 497 495 493 491 489 487 485 483 481 

Binding Energy (eV) 

Figure 2.17. Electron spectroscopy for chemical analysis (ESCA) spectra of 
organometallic polymer films before and after exposure to oxygen plasma. The 
silicon 2p transition (page 99) is shifted from 99.7 to 102.4 eV. The magnitude 
of the shift is consistent with conversion to S i O x , where x is between 1.5 and 
2. The Sn 3d transitions of the organotin compound (above) undergo a similar 
shift (1.7 eV), consistent with generation of a SnOx surface, where x is again 
between 1.5 and 2. Argon sputter etching followed by ESCA analysis indicates 

that these oxide films are less than 100 A thick. 
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Mask 

Expose 

-Resist 
-Topography 
^Substrate 

Silylate 

W///////////A 
-SiOo 

0 2 RIE 

Figure 2.18. The surface-layer imaging 
process. Patternwise exposure results in 
radiochemical modification of only a thin 
surface layer of the resist (i.e., the resist 
film is opaque at the exposure wave
length). The surface area modified by ex
posure is then metalated with an appro
priate organometallic reagent, and the 
resulting structure is dry developed by 

treatment with oxygen RIE. 
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the diflusion rate of an organometallic reagent. Exposure of these systems, 
reportedly based on D Q N chemistry , renders the exposed areas more 
permeable to the organometallic reagent than the unexposed areas, and 
thereby allows area-selective metall ization of the resist film. T h e photo-
induced change i n the diflusion rate presumably stems from the generation 
of free vo lume result ing from the nitrogen evolut ion that occurs upon ex
posure of the diazoquinone. T h e mechanism and kinetics of this reaction 
have been explored i n some detai l (54). 

A n alternative approach involves radiat ion- induced conversion of a n o n -
reactive po lymer into one that is h ighly reactive toward organometall ic r e 
agents (50, 52). Th i s system includes the chemical amplif ication concept and 
can be processed e i ther as a single-layer, dry-developed, surface-modified 
system or as a b i layer , dry-developed system. T h e chemistry reported is the 
same as that of the D U V resist system. It is based on radiochemical gen
eration of a strong acid from an o n i u m salt precursor. T h e radiochemical ly 
generated ac id is then used as a catalyst i n the thermolysis of a protected 
phenol ic po lymer (Figure 2.19). T h e deprotected phenol ic moieties are read
i ly converted to the p h e n y l ethers of organometallic compounds (e.g., by 
treatment w i t h hexamethyldisilazane), whereas the protected precursors are 
inert toward reaction w i t h these reagents (Figure 2.20). T h e kinetics and 
mechanism of this chemistry have been studied (51). 

2.7 New Approaches 

As the physics and engineer ing of high-resolution exposure equipment ad 
vances w i t h the advent of excimer- laser-powered, D U V projection printers 
(55) , synchrotron and laser-pulse-powered X - ray step-and-repeat aligners 
(56) , advanced electron-beam exposure systems (57), and ion-beam pattern
i n g technology, resist chemists w i l l continue to be chal lenged to prov ide 
new materials that do not l i m i t e ither the resolution or product iv i ty of these 
new exposure tools and are available i n a t imely fashion. M e e t i n g this cha l 
lenge w i l l require cont inued innovation. 

A n interest ing example of a capabil ity, born recently from application 
of material research and pure innovation that awaits a practical i m p l e m e n 
tation, is the generation o f a t h i r d d imension i n microl i thographic patterning. 
Researchers (58) have demonstrated that dop ing a normal D Q N resist w i t h 
a melamine precursor allows control led generation of a t h i r d d imens ion to 
patterning. Photodecomposit ion of the diazoquinone generates a local 
concentration of ac id that, w h e n heated pr ior to development, catalyzes 
carbonium-ion-mediated cross- l inking of the novolac through the 
hydroxymethylmelamine . A combination of this chemistry w i t h a mask hav
i n g transparent, opaque, and gray pattern elements allows generation of 
remarkable three- leve l re l i e f structures w i t h canti levered beams and bridges 
i n a resist layer (Chart 2.5, F igures 2.21-2.23). T h e application of this new 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

2

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



2. W I L L S O N A N D B O W D E N Organic Resist Materials 101 

Figure 2.19. IBM's dry process. Exposure generates a latent image of strong 
acid that catalyzes thermolysis of the phenolic resin protected by poly(tert-
butoxycarbonyloxystyrene) (t-BOC) in the exposed areas during a postexposure 
bake step. Subsequent treatment with a silylating reagent creates a pattern of 
high silicon content. Oxygen RIE efficiently removes the unexposed areas, but 
the thin film of SiOx formed in the silylated areas masks etching to produce a 

negative-tone image of the mask. 

capabil ity i n pattern generation to the design of novel device structures 
seems sure to follow. 

2.8 Conclusions 

Despi te the considerable advances that have been made i n exposure and 
etching systems and i n the area of resist materials and processing for the 
various advanced l i thographic technologies, photol ithography continues to 
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100 

3800 3000 2000 1600 1200 8U0 

cm~1 

a) ^j" 
° Y ° Y 

O 

Figure 2.20. IR spectra of the t-BOC-protected phenolic resin (a) prior to 
exposure (the intense 1755-cm1 band corresponds to a carbonate or carbonyl 
group), (b) after exposure and baking (the carbonyl band disappears and the 
broad phenolic OH band is generated at 3300-3500 cm1) and (c) after treatment 
with hexamethyldisilazane (the formation of the silyl ether is characterized by 

the band at —1250 cm1 and the two bands at 820 and 900 cm1). 
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1. Photoac id generation 

103 

2. A c i d cata lyzed cross l ink ing 

OH 

CH 4 S 
27" + N C H , 

r 

P N ^ > <\ 

Chart2.5. Chemistry of the Rohm ir Haas resist. Photolysis of the diazoquinone 
generates a latent image of acid. Subsequent heating causes acid-catalyzed 

coupling in the exposed areas mediated by the hydroxymethylmelamine. 

dominate product ion and seems poised on the br ink of a fu l l c ommitment 
to D U V technology. This realization has not been lost on resist chemists 
and process engineers who have devoted the major part of the ir efforts over 
the past several years to extending the ut i l i ty of conventional D Q N resists 
and developing new materials for D U V application. 

T h e importance of D U V technology is reflected i n Chapter 3, w h i c h is 
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Mask 

mm — R e s i s t + Melamine 

^ — S i l i c o n 

Develop 

J L . F l ood F lood 
Expose Expose 

H mm, 

O Develop ^ > A 

] 
Figure 2.21. Resist hardening and image-reversal processes for the Rohm b-

Haas resist. 

-Mask 

-Resist 

-Substrate 

/ \ 

Negative Positive 

Figure 2.22. Three-tone mask exposure of the Rohm 6- Haas resist allows 
generation of a third dimension to the pattern. This third dimension allows 

formation of steps and overhangs. 
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Figure 2.23. Scanning electron micrograph of a two-level resist structure 
printed in Rohm <b Haas resist obtained by using a three-tone mask. (Courtesy 
ofW. E. Feeley, Rohm ir Haas.) 

devoted ent ire ly to D U V resist materials and processes. B y comparison, 
research on electron-beam and X - r a y resists has been less intense i n recent 
years. Nevertheless , innovations i n both materials and processes for e lectron 
beam and X - r a y l i thography continue to be made. Should e ither or both of 
these technologies emerge i n the 1990s as dominant l i thography strategies 
for product ion , the materials should be available to meet these requirements . 

Abbreviations and Symbols 

A R C antireflection coating 
B O M bui l t on mask 
D Q N diazoquinone-novolac resist systems 
D R A M dynamic random access m e m o r y 
D U V d e e p - U V 
E S C A electron spectroscopy for chemical analysis 
h height 
O r R I E oxygen reactive i on etching 
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P M M A 
R I E 
S E M 
t - B O C 

poly(methyl methacrylate) 
reactive i on etching 
scanning electron micrograph 
poly(tert-butoxycarbonyloxystyrene) 
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This chapter provides a comprehensive review of the resist materials 
and processes that have been designed and developed to support high
-resolution, deep-UV (DUV) lithography (i.e., lithography using ra
diation in the 200-300 - nm wavelength range). Special emphasis is 
placed on materials, their lithographic performance, and the chem
istry responsible for their function. Topics include the fundamental 
relationships between resolution and exposure wavelength, sources 
of DUV radiation, and progress in the development of DUV exposure 
equipment. Unique applications including multilayer patterning 
schemes and excimer laser lithography are also discussed. 

J L H E F A B R I C A T I O N O F I N T E G R A T E D CIRCUITS involves a series of steps that 
defines insulator, conductor, and semiconductor structures i n and on single 
crystals o f s i l icon or gal l ium arsenide (I). As practiced today, the c ircui t 
elements are as smal l as 1 micrometer (1 jxm) i n d imension . Reproduc ib le 
device performance and y i e l d issues require control of both the d imens ion 
and placement of these 1-u.m structures to tolerances of fractions of 1 jxm. 
T h e n u m b e r of such c ircuit elements per ch ip has steadily increased d u r i n g 
the past three decades, mainly through a decrease i n the size of the elements. 
This reduct ion i n the feature size and the increase i n c ircuit complexity and 
integration that it allows is largely responsible for the dramatic improvement 
i n the performance and cost-performance ratio that has occurred and is 
expected to continue to occur. 

C i r c u i t elements are patterned through a series of sophisticated imaging 
processes col lect ively cal led lithography. Photol i thographic processing, 

0065-2393/88/0218-0109$22.60/0 
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w h i c h is the form of l i thography used to delineate the c ircuit elements i n 
today's large-scale integrated devices, is , however, approaching its physical 
resolution l i m i t . T h e resolution l i m i t of an imaging system is a function of 
the wavelength of the exposing radiation (i.e., h igher resolution can be 
attained w i t h shorter wavelength radiation). Consequent ly , on the basis of 
this s imple pr inc ip le , l i thographic systems inc lud ing the exposure tools, 
resist systems, and the associated processes have been under intensive de
velopment since the 1960s for short-wavelength radiation inc lud ing 

• ion and electron beams, 
• X - ray , and 
• short-wavelength U V (2). 

E l e c t r o n beam l ithography employs finely focused electron beams that 
are rasterdd or vectored and modulated under computer control to delineate 
patterns i n resist films (3). Because the de Brogl ie wavelength of electrons 
is extremely smal l at c ommon accelerating potentials (10-50 kV) , these beams 
can be focused to diameters of several tens of angstroms. Because this tech 
nology is based essentially on serial del ineation of the pattern p ixe l b y p ixe l 
(4), these systems have l ow throughput. T h e complexity of the exposure 
system and its associated electronics and support ing computer hardware 
makes these systems quite expensive. Desp i te these l imitations, the pr imary 
pattern-generation capabil ity of e lectron beam systems has found wide use 
i n the fabrication of masks for optical l i thography and, i n certain cases, for 
product ion of custom logic devices. Because of its resolution capabil ity, 
electron beam l ithography has been exploited i n laboratories to produce 
extremely smal l structures inc lud ing active devices w i t h conductor d i m e n 
sions of a few h u n d r e d angstroms i n l ine w i d t h (5). 

X - r a y l i thography is based on the use of radiation i n the soft X - r a y region 
of wavelength ranging from about 0.1 to 0.4 n m (6). This technology is capable 
of resolving very small features i n resist f i lms. X - r a y l ithography and, i n 
particular, X - r a y l i thography based on synchrotron or "storage r i n g " X - r a y 
sources is current ly an extremely active area of research. This technology is 
advancing rapidly but has not yet reached the stage of practical i m p l e m e n 
tation because of a variety of technical problems related to sources, mask 
fabrication, a l ignment , and resist materials. 

T h e use of short-wavelength U V radiation to extend the resolution of 
photol ithography was first reported by M o r e a u and Schmidt i n 1970 (7), and 
L i n (8) further ref ined this technique. T h e wavelength of radiation used i n 
what is now generally accepted as d e e p - U V ( D U V ) l i thography and that 
w h i c h we w i l l consider for the purposes of this rev iew is between 200 and 
300 n m . This range can be compared to the wavelength of the common " g -
l i n e " (436-nm) step-and-repeat pr in t ing tools that are the workhorses of 
today's factories and to the " i - l i n e " (365-nm) pr in t ing tools that are just 
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becoming commerc ia l ly available. D U V l ithography, supported by the de 
velopment of new exposure sources, advances i n lens design, and new resist 
materials, is dest ined to become a powerful tool for the fabrication of semi 
conductor devices. W e expect that d u r i n g the next decade, the majority of 
product ion w i l l migrate to some version of this patterning technology. Thus , 
this rev iew of the resist materials and processes developed for D U V l i thog
raphy is t imely . T h e special emphasis i n this chapter is on materials, the ir 
performance, and the chemistry responsible for the ir l i thographic response. 

3.1 Deep-UV Lithography 

3.1.1 Historical Development 

M o r e a u and Schmidt (7) demonstrated the sensitivity of po ly(methyl m e t h 
acrylate) ( P M M A ) to D U V radiation i n 1970 and descr ibed most of the 
features of D U V l ithography. T h e main objective of their work was to employ 
D U V radiation to al low larger mask-to-wafer separation at constant resolution 
i n prox imity pr in t ing . T h e i r work demonstrated the ut i l i ty of P M M A as a 
D U V resist, and they predic ted that D U V radiation w o u l d be employed 
w i t h an acrylate po lymer of some type in future projection p r i n t i n g systems 
that should al low rel iable p r i n t i n g of submicrometer features. 

T h e t e rm " D U V l i thography" was coined by B . J . L i n i n his p ioneer ing 
paper that appeared i n 1975 (8). L i n demonstrated the high-resolut ion po
tential of D U V l ithography by contact pr in t ing 0.5-|xm " T - b a r " (T-shaped) 
bubble-propagation patterns separated by 0.25-|xm gaps i n 1.78-u.m-thick 
P M M A films. Short ly after L i n ' s report, F e l d m a n et a l . (9) pub l i shed the 
results of their experiments invo lv ing exposure of po ly (butene- l sulfone) to 
185-nm radiation. Since these early reports, a variety of resist materials and 
processes have been developed and are the subject of this review. B u t the 
application of D U V l ithography to practical device fabrication requires de 
ve lopment of both the exposure system and the resist materials. 

Significant changes i n current exposure equipment are requ i red to re 
alize the potential for resolution improvement that shorter wavelength can 
provide . T h e materials used for fabrication of optical elements, in c lud ing 
lenses, must be replaced by materials that have acceptable transmission i n 
the D U V . This step represents a major challenge, part icularly for lens de 
signers, because they have few transparent materials from w h i c h to choose 
and yet require an inventory of transparent materials w i t h vary ing refractive 
indices from w h i c h to construct lenses that are corrected for chromatic ab
errations. T h e alternative is to use very narrow band-pass filtering of the 
source that, for the usual high-pressure mercury lamp, corresponds to an 
intolerable reduct ion i n source brightness. Mirror - lens -based projection sys
tems have less cr i t ical demands on materials because chromatic aberration 
correction does not require refractive elements, but filters and coatings 
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designed to isolate the desired D U V wavelength range must be developed. 
E v e n the standard high-pressure mercury lamp sources must be fabricated 
w i t h special attention g iven to the transmission characteristics of the e n 
velope material . 

M o s t o f these challenges, many of w h i c h are quite formidable , have 
been met at some leve l . C o m m e r c i a l l y available contact printers and m i r r o r -
based project ion printers are now be ing used i n device manufacturing. R e -
fracting-lens-based projection printers (steppers) that use D U V l ight sources 
are current ly under development by tool ing manufacturers and have been 
demonstrated i n laboratory environments (10). Apparent ly , manufacturing 
engineers w i l l have a range of D U V exposure equipment from w h i c h to 
choose and around w h i c h to develop processes before the e n d of the decade. 

I n contact p r i n t i n g , D U V radiation provides improved resolution and 
the abi l i ty to pattern thicker resist films because of a reduct ion i n the extent 
of diffraction-based distort ion of the intensity function (aerial image) w i t h i n 
the resist film (11). I n prox imity pr in t ing , where the mask is del iberately 
separated from the resist film surface b y a smal l but control led distance, a 
change to shorter wavelength can al low, as M o r e a u and Schmidt recognized, 
e i ther a larger gap at constant resolution or improved resolution at constant 
gap. A detai led analysis of the effect o f wavelength on the intensity function 
i n the resist film for proximity pr in t ing was prov ided by L i n (II) , and a more 
qualitative descr ipt ion is also available (lb). The resolution i n both contact 
and prox imity p r i n t i n g is proport ional to the V% power of the wavelength. 
T h e effect o f reduc ing the exposure wavelength is greatest i n project ion 
p r i n t i n g , where the resolution is direct ly proport ional to the exposure wave
length and inversely proport ional to the lens numer ica l aperture (NA) . F o r 
a fixed N A , reduc ing the exposure wavelength can be exploited to provide 
an increase i n the depth of focus at constant resolution. These relationships 
have been der ived (lb, 11). 

3.1.2 Deep-UV Light Sources 

T h e source of radiation for photol ithography has traditionally been a H g or 
H g - r a r e gas discharge lamp (12). T h e conventional discharge lamp consists 
of a quartz envelope that encloses two refractory metal (usually W ) electrodes 
that are charged w i t h a carefully metered amount of e lemental H g and a 
rare gas (usually Xe) . These lamps are excited by external power supplies 
i n the range of 0 .5 -2 .0 k W . T h e e q u i l i b r i u m pressure of H g and the rare 
gas determine the spectral d istr ibut ion of the l ight output. This output is 
h igh i n the n e a r - U V region (350-450 nm), lower i n the m i d - U V region 
(300-350 nm), and very l ow i n the D U V region (200-300 nm). 

T h e low efficiency of these lamps i n the D U V region can be explained 
i n terms of the energy l eve l diagram shown i n F i g u r e 3.1. T h e transitions 
invo lv ing the ground state of the atom (resonance lines) have the greatest 
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Figure 3.1. Energy level diagram for Hg. (Reproduced with permission from 
reference 12a. Copyright 1984 Academic Press.) 

probabi l i ty of occurrence. H g has only one resonant l ine at 253.7 n m , cor
responding to the emission associated w i t h transition from the excited state 
3 Px to the ground state lS0. Th is resonant l ine is the strongest or characteristic 
output of a low-pressure discharge, but , w i t h increasing pressure, it becomes 
almost completely reabsorbed. 

F i g u r e 3.1 shows that emission between 200 and 300 n m occurs from 
transitions between highly excited states to the group of 6 3 p tr ip let levels 
l y i n g around 5 eV. Thus , to emit D U V photons, H g atoms must be excited 
to a state w i t h energy 8 -10 e V above the ground state. T h e major mechanism 
for excitation i n these lamps involves inelastic col l is ion of H g atoms w i t h 
electrons from the plasma. T h e average energy of these electrons is only 
0.5-1.0 e V ; thus, ind iv idua l electrons do not, on the average, have sufficient 
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energy to excite the requ i red transitions. O n e obvious method for increasing 
the average energy of the plasma electrons w o u l d be to increase the discharge 
temperature. H o w e v e r , these lamps are already operated near the thermal 
stability l i m i t of quartz i n steady-state discharge applications. Desp i te their 
l ow output, discharge lamps have the attractive feature of small source size 
that makes condenser design s imple and operation stable. 

D e u t e r i u m lamps have been considered for D U V sources because these 
lamps have a broad-band emission in the desired spectral region. H o w e v e r , 
they are difficult to r u n at h igh power because of out-diffusion of deuter ium, 
plasma instabil i ty , and short l i fetime (13). 

O n e method of i m p r o v i n g the efficiency of the H g discharge lamp is to 
dope it w i t h Z n or C d ( I I , 12). Th is approach probably deserves more 
attention. Another method is to s imply apply higher power but i n short 
pulses. Th is method allows achievement of the h igh electron velocities re 
q u i r e d for excitation to the requ ired energy levels without overheating the 
quartz envelope. This method is used i n pulsed X e lamps. These lamps 
operate w i t h h igh conversion efficiency and pulse widths of mil l iseconds. 
However , the pulsed nature of these lamps, their l ow repetit ion rate, and 
special cool ing requirements have prec luded their use, particularly i n m i r r o r -
based scanning exposure systems. 

Microwave -powered H g discharge lamps have very h igh source br ight 
ness i n the D U V region. T h e i r efficiency stems from the fact that the m i 
crowave- induced plasma forms i n a narrow shel l very near the lamp wa l l . 
As a result , most of the l ight is emit ted near the lamp wal l and there is less 
reabsorption. T h e efficiency of these lamps is h igh because the average 
electron energy is higher than that i n an arc lamp. T h e main drawback of 
these sources is the ir large source size that greatly complicates condenser 
optics design. These lamps are extremely useful i n applications of blanket 
D U V exposure. 

Another interest ing source of D U V radiation for microl i thography is 
excimer lasers (13). This relatively new class of very efficient and extremely 
powerful pu lsed lasers became commercia l ly available i n 1978. T h e y operate 
at several characteristic wavelengths ranging from less than 200 n m to greater 
than 400 n m . T h e output is typical ly 10-20-ns wide pulses w i t h repet i t ion 
rates from ten to several h u n d r e d H e r t z . Jain (14) p rov ided a recent rev iew 
of laser application to microl i thography. 

A n important characteristic of excimer lasers that sets them apart from 
traditional U V lasers is the ir lack of spatial coherence. T h e interference 
phenomena that result from the h igh spatial coherence of tradit ional single-
mode continuous wave lasers produces a random intensity variation i n pro 
jected patterns cal led speckle. This speckle phenomenon has historically 
made use of lasers i n high-resolution l i thography very difficult. T h e beam 
of excimer lasers is so h igh ly mul t imode that speckles are, for a l l practical 
purposes, nonexistent i n projected patterns. T h e application of excimer laser 
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sources to D U V l i thography has been demonstrated for contact p r i n t i n g (15), 
m i r r o r project ion pr in t ing (16), and , most recently, for reduct ion project ion 
p r i n t i n g i n step-and-repeat fashion by using specially constructed refracting 
lenses (JO). T h e use o f excimer lasers i n product ion has been hampered by 
the h igh cost and inconvenience of operating these devices i n a product ion 
environment and difficulty i n designing optical couplers that w o u l d be the 
analog of conventional condenser systems that efficiently fill the entrance 
p u p i l of the projection lens w i t h uni form i l luminat ion of appropriate part ial 
coherence. F u r t h e r m o r e , the lasers current ly available suffer from pulse-to-
pulse power i r reproduc ib i l i ty and l i m i t e d operational stabil ity on a single 
gas fill. H o w e v e r , significant progress has been made i n a l l of these areas. 
Improvements i n electrode materials, gas handl ing systems, and pulse-con
tro l electronics have demonstrated major extensions i n power stability. W h e n 
the engineer ing difficulties have been overcome, excimer lasers w i l l become 
an important part of the l i thographic process. In fact, one commerc ia l contact 
pr inter can be purchased w i t h an excimer laser source (16). 

3.1.3 Deep-UV Printer Systems 

3.1.3.1 D E E P - U V C O N T A C T / P R O X I M I T Y P R I N T E R S 

In D U V contact pr in t ing , a photomask and a resist-coated wafer are brought 
into tight contact. T h e wafer is then exposed to D U V radiation of contro l led 
col l imation through the mask. I n proximity pr inters , some mechanism is 
prov ided that allows exposure w i t h a smal l , control led gap between the mask 
and the wafer surface. Operat ion of such systems i n the D U V requires certain 
modifications. These modifications are exempli f ied i n the C a n o n P L A 5 2 0 F A 
pr inter (17). T h e optical system of this pr inter is shown i n F i g u r e 3.2. T h e 
transmission elements of the system are of h igh qual ity quartz to m i n i m i z e 
absorption i n the D U V . T h e system has a specifically designed dichroic , 
d ie lectr ic stack " co ld m i r r o r " that has h igh reflectivity i n the D U V region 
but transmits v is ib le and I R radiation from the source on to a heat sink. 
F i g u r e 3.3 shows the spectral output of this system w i t h two different co ld 
mirrors . T h e C a n o n P L A 5 2 0 F A can be operated i n either the contact or 
prox imity mode. T h e t ime requ i red to expose P M M A has been reported to 
be 40 s w h e n co ld mir ror C M 2 5 0 is used (17c). 

3.1.3.2 D E E P - U V P R O J E C T I O N P R I N T E R S 

T h e al l -ref lecting 1:1 projection system was first reported b y M o l l e r i n 1973 
(18). T h e optical and scanning configuration of such a system is i l lustrated 
i n F i g u r e 3.4. I n these systems, a set of spherical mirrors is used to generate 
a narrow, r ing-shaped aberration-free arc of l ight . Wafers are scanned past 
this arc to produce an image as the mask is moved synchronously i n the 
object plane. A n arc of the mask is thereby i l luminated and imaged onto 
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5 0 0 W X e - H g lamp 

. E l l i p s o i d a l m i r ro r 

C o l d m i r r o r 

De tec to r 
M e r c u r y lamp screen f o r | j g ^ t 

in tegrator 

A l u m i n u m m i r ro r 

Condense r lens 

Mask sur face 
(<t> 110 m m ) 

Figure 3.2. Optical layout of the illuminator in the Cannon PLA520FA contact/ 
proximity printer. (Reproduced with permission from reference 17a.) 

C o l d m i r r o r C M 2 5 0 

X e - H g l amp 
/ C o l d m i r r o r C M 2 9 0 

2 5 0 3 0 0 m m 
Wave length 

Figure 3.3. Spectral deflection of cold mirrors. (Courtesy of Cannon.) 
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F o l d i n g M i r r o r 

Figure 3.4. All-reflecting 1:1 projection optical system. 

the wafer so that scanning once across the wafer and mask achieves exposure 
of the entire wafer surface. 

O n e of the outstanding features of this system is the flexibility i t offers. 
In particular, the mir ror lens system i n this configuration has essentially no 
chromatic aberration. H e n c e , one can vary the exposure wavelength s imply 
by impos ing the appropriate transmission filter between the condenser sys
tem and the mask. M a n y improvements have been made i n the design of 
these tools since the ir first commerc ia l introduct ion by P e r k i n - E l m e r (19). 
T h e projection optics o f the P e r k i n - E l m e r M i c r a l i g n 500 are shown i n F i g u r e 
3.5. T h e N A of this system is 0.16. T h e refracting elements (shells) are a l l 
single elements and fabricated of h igh qual ity quartz. Another example of 
such a system is the C a n o n M P A 5 2 0 F A (Figure 3.6). 

T h e i l luminat ion source i n these printers is a high-pressure H g - X e 
lamp. T h e spectral irradiance of the P e r k i n - E l m e r lamp is shown i n F i g u r e 
3.7. P e r k i n - E l m e r provides band-pass filters for operation i n the " U V - 2 " 
( D U V ) , " U V - 3 " (mid -UV) and " U V - 4 " (near-UV) spectral regions as shown 
i n F i g u r e 3.8. T h e output i n the U V - 4 mode is s imilar to P e r k i n - E l m e r ' s 
earl ier project ion pr inters , the P E 1 0 0 and P E 2 0 0 series, and passes the 
spectral l ines at 365, 405, and 436 n m . T h e U V - 3 mode transmits between 
290 and 340 n m i n the m i d - U V region, and the U V - 2 filter transmits i n the 
D U V region between 220 and 290 n m . T h e relative output of the M i c r a l i g n 
500 at the wafer plane i n the absence of any filtering is shown i n F i g u r e 
3.8. I n F i g u r e 3.8, the area under the curve i n the D U V is a very smal l 
proport ion of that under the curve i n the n e a r - U V (UV-4) region of the 
spectrum because of the output inefficiency of the H g discharge source. 
A l though these systems have been designed and engineered such that a shift 
into the D U V w i l l provide nearly a twofold improvement i n resolution, 
e i ther a m u c h br ighter l ight source or a far more sensitive resist is r equ i red 
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Spherical mirror 
2 kW Xe-Hg lamp 

Spherical mirror 

jA\ mi r ror \ 
Mask \ A r c u a t e slit Pr imary mirror 

Figure 3.6. Illumination and projection systems of the Cannon MPA520FA. 
(Courtesy of Cannon.) 

to maintain the wafer throughput (productivity) that can be achieved i n the 
U V - 4 mode. 

3.2 Deep-UV Resist Materials 

3 .2 .1 P o s i t i v e R e s i s t s 

3.2.1.1 D I S S O L U T I O N - I N H I B I T O R S Y S T E M S 

Convent iona l positive photoresists consist of a matrix resin and a photoactive 
compound. T h e matrix resin is a cresol - formaldehyde novolac res in (struc
ture 3.1) that is soluble i n aqueous base solution, and the photoactive c o m 
p o u n d is a substituted diazonaphthoquinone (structure 3.2) that functions 
as a dissolution inhib i tor for the matrix resin. As out l ined i n Scheme 3.1 
(20), the photoactive compound undergoes a structural transformation upon 
U V radiation, k n o w n as Wolff rearrangement, fol lowed by reaction w i t h water 
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Figure 3.7. Spectral irradiance of the Perkin-Elmer Xe-Hg lamp. (Courtesy 
of Perkin-Elmer.) 
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Figure 3.8. Optical output at wafer plane of Perkin-Elmer Micralign 500. 
(Courtesy of Perkin-Elmer.) 
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0 0 

R R 

Base Solub le 
Photoproduct 

Scheme 3.1. Photochemical transformation of diazonaphthoquinone sensitizer. 

to form a base-soluble indenecarboxylic acid that no longer inhibi ts disso
lut ion of the novolac matrix res in i n alkaline developer. Consequent ly , the 
exposed regions of the film are rendered more soluble than the unexposed 
regions, and the photochemical ly induced differential solubi l i ty rate is used 
to generate positive-tone images of the mask. 

T h e positive photoresists based on a novolac matrix res in and a diazo
quinone sensitizer evolved from materials original ly designed by K a l l e C o r 
poration i n G e r m a n y to produce photoplates used i n the p r i n t i n g industry . 
These positives photoresists have become the "workhorses" of the mi c ro 
electronics industry because of the ir h igh resolution and dry etch resistance. 
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3.2.1.1.a Mid-UV Resists Based on Diazoquinone-Novolac 

B i n n i n g and co-workers (21-23) demonstrated that the theoretical improve 
ment i n resolution can be achieved by reduc ing the exposing wavelength 
from the n e a r - U V to the m i d - U V . T h e y exposed a positive photoresist, 
H P R 2 0 4 , coated on Ta-metal ized wafers through a meander pattern mask 
on a modi f ied P e r k i n - E l m e r 111 projection pr inter operating i n the near-
U V and m i d - U V ranges. Af ter plasma etching of the substrate, the T a pattern 
integrity was examined by electrical probing . T h e percentage of good pat
terns is p lotted as a function of l ine size i n F i g u r e 3.9. This figure indicates 
that m i d - U V exposure results i n an improvement i n both resolution and 
y i e l d . This improvement is roughly proport ional to the mean wavelength of 
the exposing radiation. 

H o w e v e r , commerc ia l ly available positive photoresists such as AZ1350J 
and H P R 2 0 4 demonstrate greatly reduced sensitivity i n the m i d - U V region 
i n comparison to the ir performance i n the n e a r - U V region. T h e reasons for 
this loss i n sensit ivity are as follows: 

• T h e molar extinction coefficient of the l -oxo-2-diazonaphtho-
quinone-5-arylsulfonate (structure 3.2) sensitizers that are used 
to formulate most commerc ia l photoresists is very low at 313 
n m compared to that at 405 n m . 

100 

2 l l I l 
1.0 1.5 2.0 

Meander Width and Space (pm) 

S = 0.86 

0.5 2.5 

Figure 3.9. Electrical probe yield of meander patterns versus design feature 

size and wavelength. The vertical bars indicate the total yield range for the 

wafer tested. (Reproduced with permission from reference 23.) 
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• These materials undergo photochemistry, ult imately leading 
to a photoproduct that is transparent at 405 n m but absorbs at 
313 n m . 

• T h e phenol ic resins used i n most of the commerc ia l resists 
have a significant u n r e a c h a b l e absorbance at 313 n m but are 
essentially transparent above 350 n m . 

These accumulated undesirable optical characteristics are shown i n F i g 
ure 3.10 for AZ1350J and F i g u r e 3.11b for H P R 2 0 4 . 

AZ2400 is different from most other commerc ia l positive photoresists 
i n both formulation and response to m i d - U V radiation. This resist is 
formulated w i t h a resin that is relatively transparent i n the m i d - U V and 
l-oxo-2-diazonaphthoquinone-4-arylsulfonate (structure 3.3) rather than the 
5-arylsulfonate (structure 3.2) that is commonly used i n most commerc ia l 
photoresists (24). 

A transmittance spectrum for AZ2400 is prov ided i n F i g u r e 3.11a. This 

1.0 

0.9 

0.8 

0.7 

S 0.6 
c 
CO 
•S 0.5 
o 

_Q 

< 0.4 

0.3 

0.2 

0.1 

0.0 

250 300 350 400 
Wavelength (nm) 

Figure 3.10. Unexposed and bleached spectra of AZ1350J resist spin-coated 
on quartz at a thickness of 1 jxra. (Reproduced with permission from 

reference 30.) 
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(a) 1 .0/ /m A Z - 2 4 0 0 

200 3 0 0 400 500 

W a v e l e n g t h (nm) 

Figure 3.11. Dynamic bleaching absorption spectra of diazonaphthoquinone 
resists: (a) 1.0-p,™ AZ2400 and (b) 1.0-fxm HPR204. (Reproduced with per

mission from reference 23.) 

resist is c learly more suited for use i n m i d - U V l ithography than the systems 
based on the 5-sulfonate esters because the in i t ia l absorbance at 313 n m is 
lower and exposure results i n a significant bleaching even i n the m i d - U V 
region. In fact, AZ2400 has been shown to function satisfactorily under m i d -
UV-exposure conditions i n terms of resolution, resist profi le, and edge acuity 
(25-28). B r u n i n g and co-workers (21, 23) obtained more than 90% y i e l d for 
l-|xm meander patterns w h e n using this resist. T h e applicabi l i ty of AZ2400 
to m i d - U V l i thography was extensively modeled by Hofer et a l . (26). 

Babie et a l . (29) attempted to enhance the sensitivity of diazonaphtho-
quinone -5 -arylsulfonate-based resist i n the m i d - U V region by adding p y -
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O 
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0 = S = 0 

O 

R 
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rene as a photosensitizer. T h e addit ion of the singlet sensitizer increased 
the conversion of diazonaphthoquinone by 2 0 % - 3 0 % and consequently i n 
creased the dissolution-rate ratio of the exposed to the unexposed Sims by 
a factor of 5 at a g iven exposure dose. 

W i l l s o n et a l . (30) and M i l l e r et a l . (31) descr ibed a new m i d - U V resist 
based on diazonaphthoquinone and a novolac resin specifically designed for 
use i n the m i d - U V region. T h e novolac res in was chosen to be transparent 
above 300 n m . T h e structure of the naphthoquinone was designed w i t h the 
aid of semiempir i ca l molecular orbital calculations to provide increased op
tical absorbance at the 313-nm emission l ine . T h e y found that 5-alkylsulfo-
nates of diazonaphthoquinone exhibit a greatly improved extinction at both 
313 and 334 n m over the ir ary l counterparts. F u r t h e r m o r e , these compounds 
photolyze to give substituted indenecarboxylic acids that are transparent 
above 300 n m , whereas the photoproducts of a l l of the corresponding ary l 
derivatives studied retain residual absorbance at 313 n m . T h e y chose a mixed 
4,5-disulfonate of an aliphatic d i o l (structure 3.4) as a spectrally matched 
sensitizer for the m i d - U V resist. 

F i g u r e 3.12 demonstrates the b leaching of the I B M m i d - U V resist. Th is 
spectrum should be compared w i t h that of AZ1350J (Figure 3.10). T h e new 
resist bleaches upon irradiat ion effectively across the range of wavelengths 
from 300 to 450 n m , whereas AZ1350J bleaches effectively i n the n e a r - U V 
region but does not bleach at a l l at 313 n m . 

Scanning electron micrographs ( S E M s ) of 2.5-|xm p i t ch gratings p r i n t e d 

O O 

S 0 2 — O — a l k y l ^ O — S 0 2 

3.4 
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1.0 r 

300 350 400 450 

Figure 3.12. Unexposed and bleached spectra of an IBM mid-UV resist for
mulated from a 4,5-disulfonate of an aliphatic diol. (Reproduced with per

mission from reference 30.) 

i n the I B M m i d - U V resist on a P e r k i n - E l m e r M 5 0 0 (Micra l ign 500) pro 
ject ion aligner are prov ided i n F i g u r e 3.13. These results should be compared 
w i t h the calculated free space image at the wafer plane demonstrated i n 
F i g u r e 3.14. T h e square-wave image intensity function across the grating at 
the mask surface is degraded i n the pr inter optical path such that a nearly 
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Figure 3.13. SEM of 2.5-\Lm pitch (1.25 X 1.25 \x.m) gratings printed in an 
IBM mid-UV resist (Perkin-Elmer M500, scan speed 5000, DP-9 filter, ap

erture 1). (Reproduced with permission from reference 30.) 

sinusoidal intensity function is presented at the wafer surface, as shown i n 
F i g u r e 3.14. T h e response of the resist, i n terms of its dissolution rate as a 
function of dose, must be tai lored so that it w i l l convert this degraded 
intensity function back into a square-wave re l ie f image representative of that 
w h i c h existed at the mask surface. This requirement is not t r iv ia l as the 
resist must recognize the mask edge i n an intensity pattern of the sort 
depicted i n F i g u r e 3.14. A resist formulation that exhibits a dissolution rate 
that responds l inear ly to dose faithfully reproduces the image intensity func
t ion at the resist surface as shown i n F i g u r e 3.15. The new I B M resist 
formulation was adjusted to provide a nonlinear, thresholdl ike response and 
therefore generates square-wave re l ie f patterns. A plot of the dissolution 
rate of this formulation as a function of normal ized photoactive compound 
concentration, w h i c h is inversely dependent on dose, is prov ided i n F i g u r e 
3.16, w h i c h clearly shows the thresholdl ike response. A m i d - U V resist based 
on this design is be ing used i n conjunction w i t h a scanning projection pr inter 
to produce 1-megabit dynamic random access memory chips (32). 
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Figure 3.14. Free space image at the wafer plane for 1.0-, 1.5-, and2-\xm lines 
and spaces at NA = 0.167, partial coherence 0.71, and X = 313 nm. (Repro

duced with permission from reference 30.) 

3.2.1.1.b Deep-UV Dissolution-Inhibitor System 

L i n evaluated the photosensitivity and l ithographic performance of A Z 2 4 0 0 
resist i n the D U V mode i n comparison w i t h P M M A and AZ1350J (33). 
G i p s t e i n et a l . (34) synthesized cresol - formaldehyde novolac resins that are 
more transparent i n the 254-nm region than novolac resins used i n c o m 
merc ia l photoresists. T h e y also evaluated the resin's ut i l i ty as a matrix for 
diazonaphthoquinone resist formulations for D U V l ithography. H o w e v e r , 
the d iazonaphthoquinone-novolac systems have not been successfully ap
p l i e d to D U V l ithography. These systems suffer i n D U V imaging from the 
same problems that l i m i t their ut i l i ty i n the m i d - U V region, namely , pho -
toproduct absorbance and the strong absorption of novolac resins (Figures 
3.10 and 3.11). 

T h e magnitude of the deleterious effect that unbleachable absorbance 
has on developed profiles can be demonstrated by using S A M P L E (s imu
lation and mode l ing of profiles i n l i thography and etching) (35), a computer 
program that simulates l i thographic performance based on modulat ion trans
fer function, wavelength, dose, and the resist performance parameters of 
D i l l et a l . (36). T h e D i l l parameter B represents the unbleachable absorbance 
of a resist, (i .e. , the combined absorbance of the resin and the photoprod-
ucts). F i g u r e 3.17 shows a S A M P L E simulated profile for a g iven set of 
exposure and development conditions for AZ1350J exposed at 436 n m (37). 
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Figure 3.15. SEM of 3-|xm pitch gratings printed in a linear experimental resist 
(Perkin-Elmer M500, scan speed 5000, aperture 0). (Reproduced with per

mission from reference 30.) 

T h e curve is accompanied by one i n w h i c h only B has been changed such 
that it represents the absorbance of the resist at 254 n m (B = 1.96) rather 
than at 436 n m (B = 0.058), w i t h a l l other parameters kept constant. T h e 
effect is very large and sufficient to render the image useless for subsequent 
processes. Thus , conventional positive photoresists do not function ade
quately i n D U V l ithography. 

Two interest ing attempts to redesign the d isso lut ion- inhib i tor -matr ix -
resin systems have been reported. Grant et a l . (37) proposed an alternative 
inhib i tor for novolac resins. T h e y found that S -d iazo -Meldrum's acid (struc
ture 3.5) exhibits an intense, bleachable absorbance at 254 n m w i t h a sharp 

3.5 
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S e n s i t i z e r C o n c e n t r a t i o n (M) 

Figure 3.16. Development rate function of an IBM mid-UV resist at 1.0-u.ra 
increments from the surface. (Reproduced with permission from 

reference 30.) 

cutoff above 300 n m (Figure 3.18) and is converted into volatile photoprod-
ucts upon irradiat ion. Photolysis of structure 3.5 results i n a Wolff rear
rangement to afford a ketene intermediate that decomposes further into 
carbon monoxide and acetone (Scheme 3.2) (37). T h e resists formulated w i t h 
these sensitizers exhibi ted a reasonable sensitivity but suffered from sensi
t izer volati l i ty and solubi l i ty problems. Profi le degradation was experienced 
i n films of over 0.5-|xm thickness because of the strong absorption of the 
novolac matrix resin (Figure 3.18). 

Reichmanis et a l . (38, 40), W i l k i n s et a l . (39), and Chandross et a l . (41) 
redesigned both the dissolution inhib i tor and the matrix res in . T h e y eva l 
uated a variety of oni trobenzylcholates (structure 3.6) that are in i t ia l ly i n 
soluble i n alkaline developer but are cleaved upon U V radiation to form 
base-soluble species. As shown i n Scheme 3.3, irradiat ion of the o-nitro-
benzy l ester results i n rearrangement and degradation to generate a car
boxyl ic acid and o-nitrosobenzaldehyde (R = H i n Scheme 3.3) (42). T h e 
matrix resin chosen is a copolymer of m e t h y l acrylate and methacryl ic ac id 
that is far more transparent i n the D U V than novolac resins and is soluble 
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in aqueous alkal i . T h e new resist is reported to have useful sensitivity and 
extremely h igh contrast. T h e best result has been obtained i n the case of 
2 ,6-dinitrobenzylcholate (sensitivity is 90 m j / c m 2 at 260 ± 20 n m , con
trast > 5) (40). A nearly thresholdl ike exposure-dissolution response has 
been observed i n this unusual ly h igh contrast resist. T h e resist formula
t ion is essentially al iphatic and w o u l d be less stable i n dry etching env i ron 
ments than resists based on aromatic resins (43, 44). 

3.2.1.2 P O S I T I V E R E S I S T S B A S E D O N M A I N - C H A I N SCISSION 

M o r e a u and Schmidt (7) showed that the electron beam positive resist, 
P M M A , responds to D U V radiation. L i n demonstrated its high-resolut ion 
capabil ity by D U V contact p r i n t i n g 0.5-u,m bars separated by 0.25-|xm gaps 
i n 1.78-jxm-thick films of P M M A as shown i n F i g u r e 3.19 (8). Photolysis of 
P M M A leads to chain scission (Scheme 3.4): homolysis of the side chain is 
fol lowed by decarbonylation to form a stable tertiary radical on the m a i n 
chain , w h i c h , i n t u r n , undergoes cleavage through ^-scission of the chain 
to generate an acyl-stabi l ized tertiary radical . Th is process generates frag
ments of carbon monoxide, carbon dioxide, and methy l and methoxy radicals 
(45-50). 

T h e chain scission init iated by the photolysis of P M M A results i n the 
reduct ion of the molecular weight , w h i c h is pr imar i l y responsible for i n 
creased solubi l i ty rate of the exposed region. I n addit ion to the molecular 

Figure 3.17. Computer-simulated resist profiles (SAMPLE). Operating input 
parameters include matched substrate, AZ1350J resist, 4358 A, 90 mj/cm2, 
NA = 0.35, a = 9.99, defocus 0.0, development 80 s. The open image (B = 
0.058) simulates AZ1350J performance. The shallow profile (B = 1.96) was 
generated from identical input parameters with the exception that the un
bleachable absorbance (B) was adjusted to the value corresponding to the 
absorbance of 1 jxm of novolac at 254 nm. (Reproduced with permission from 
reference 37. Copyright 1981 Institute of Electrical and Electronics Engineers.) 
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Figure 3.18. Absorbance spectra of Meldrums diazo resist before and after 
exposure. (Reproduced with permission from reference 37. Copyright 1981 

Institute of Electrical and Electronics Engineers.) 
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Scheme 3.2. Photochemical decomposition of 5-diazo-Meldrum's acid. 
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Scheme 3.3. Photochemical decomposition of o-nitrobenzyl ester. 

weight reduct ion , factors contro l l ing solvent mobi l i ty i n the P M M A ma rix 
strongly affect the dissolution kinetics of P M M A (51, 52). Ouano (51) found 
that the increase i n the dissolution rate (S) w i t h decreasing molecular weight 
( M W ) is m u c h faster i n electron-beam-exposed P M M A film t h u i i n unex
posed films. T h e slopes of the log S - l o g M W plots for electron-beam-exposed 
P M M A and unexposed P M M A are reported to be 2 and 0.5, respectively, 
i n a m y l acetate. T h e slope for D U V - e x p o s e d P M M A has been reported to 
be 1.7 i n m e t h y l isobutyl ketone ( M I B K ) (53). T h e greatly increased d is 
solution rate of the exposed film compared to unexposed film of the same 
molecular weight has been ascribed to the formation of increased free vo lume 
or density reduct ion due to gaseous product generation d u r i n g the radio
chemical degradation of P M M A and a corresponding increase i n the rate at 
w h i c h the developer solvent diffuses into the films i n the exposed regions. 

P M M A offers several advantages as a resist. These inc lude extremely 
h igh resolution, ease of handl ing , excellent film-forming characteristics, w ide 
processing lat itude, and ready availabil ity. Unfortunately , P M M A is a r e l -
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Figure 3.19. Y - I bars (Y- and I-shaped patterns) (0.5 \im) separated by 0.25-
|xm gaps, printed in 1.78 |xm of PMMA2041. (Reproduced with permission 

from reference 8. Copyright 1975 American Institute of Physics.) 

atively insensitive material and requires 0 .5 -1 .0 J / c m 2 o f D U V dose for 
workable processing. Consequent ly , many analogs of P M M A have been 
evaluated as D U V resists. T h e goal o f these studies has been to preserve 
the desirable properties of P M M A whi l e i m p r o v i n g its sensitivity. 

Table 3.1 summarizes the l i thographic properties of methacrylate p o l 
ymers (54). These polymethacrylates a l l exhibit s imilar U V absorptions w i t h 
optical densities of 0 .27-0 .47 | x m _ 1 at 215 n m , w h i c h is considerably less 
than that of AZ1350J i n the n e a r - U V region (0.87 p - rn " 1 at 405 nm). Th is 
low absorption represents inefficient use of flux and is one reason for the 
low sensitivity of the system. 

Poly(glyc idyl methacrylate) ( P G M A ) , a we l l -known negative electron 
beam resist first reported by H i r a i et a l . (55), actually functions as a posit ive-
tone resist upon D U V exposure (Table 3.1) (56). T h e epoxide functionality 
responsible for cross- l inking under electron beam exposure does not absorb 
i n the D U V region, and the response of P G M A to D U V radiation is deter
m i n e d by the absorption due to the n — IT* transition of the carbonyl chromo-
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C H 3 C H 3 C H 3 C H 3 

- H C H 2 - C - C H 2 - C - + H t ! i L _ ^ H - C H ^ C ^ C H ^ - C - ^ 

c=o c=o c=o c=o 
I I I I 

O C H 3 O C H 3 O C H 3 O C H 3 

1 
C H 3 C H 3 

- f - C H 2 — C = C H 2 + - C - + -

C = 0 
I 

O C H 3 

+ C O , C 0 2 > CH 3«, C H 3 0 

Scheme 3.4. Mechanism of radiation-induced chain scission in PMMA. 

Table 3.1. Polymethacrylate Positive D U V Resists 

Resist Ester Group a dxm - 1 ) a 

Sensitivity 
(//cm 2) 

Poly(methyl methacrylate) (PMMA) 
Poly(glycidyl methacrylate) (PGMA) 

- C H 3 

—CHU-CH—CH2 
\ / 

0.42 
0.33 

0.6 
0.8 

Poly(butyl methacrylate) (PBMA) 

Poly(fluorobutyl methacrylate) 
(FBM) 

O 
n-butyl/ isobutyl 

(50/50) 
- C H 2 C F 2 C F H C F 3 

0.29 

0.27 

0.5 

0.094 

The symbol a is the absorption coefficient at 215 nm. 

phore that leads to main-chain scission. A m o n g the polymethacrylates, F B M , 
a poly(f luorobutyl methacrylate)-based resist, seems to be the most sensitive 
to D U V (54) as w e l l as to electron beam and X - r a y radiation (57). This material 
is commerc ia l ly available from D a i k i n Kogyo , Japan. 

Table 3.2 summarizes a variety of the m e t h y l methacrylate ( M M A ) 
copolymers developed as D U V resists. Chandross et a l . (41, 61), W i l k i n s et 
al . (58), and Reichmanis et a l . (59, 60) reported that incorporation of 3-
oximino-2-butanone methacrylate into the P M M A structure [ P ( M M A - O M ) ] 
improves both the absorption characteristics of the po lymer i n the 220 -260 -
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n m range and provides an alternate path for scission and therefore leads to 
enhanced sensitivity. P ( M M A - O M ) (63:37) is 50 times more sensitive than 
P M M A . Incorporation of methacrylonitr i le ( M A N ) into P ( M M A - O M ) results 
i n further increase i n the sensitivity (41, 59-61) . P ( M M A - O M - M A N ) is 85 
times more sensitive than P M M A to D U V radiation. W h e n sensit ized w i t h 
£er£-butylbenzoic ac id , i t requires an exposure dose of less than 30 m j / c m 2 

at 240 n m (61). Copo lymers of indenone w i t h M M A , also developed by 
Chandross et a l . (41, 61, 62), have a strong U V absorption i n the 2 3 0 - 3 3 0 -
n m region and exhibit a monochromatic sensitivity of 60 m j / c m 2 at 3% 
indenone concentration. T h e h igh sensitivity is explained i n terms of the 
steric strain present i n the cyclopentanone moiety. Resolut ion of 0.75-fxm 
lines and spaces has been achieved i n the indenone copolymers by us ing a 
modi f ied P e r k i n - E l m e r M o d e l 111, 1:1 projection pr inter . 

Po ly (d imethyl glutarimide) ( P M G I ) (structure 3.7) was shown by H i r -
aoka (63) to undergo molecular weight reduct ion upon irradiat ion w i t h a 
sensitivity comparable to P M M A . This po lymer is sensitive to D U V radiation 
be low 280 n m ; soluble i n aqueous base; resistant to c ommon organic solvents; 
and thermal ly stable to ca. 185 °C, w h i c h renders the material very attractive 
as a thick planariz ing layer i n the e x p o s u r e - P C M scheme as w i l l be discussed 
i n a later section. Th i s material is be ing evaluated for commercial izat ion b y 
Ship ley C o m p a n y (64, 65). 

H C H 3 

3.7 

Another important class of degrading D U V positive resists is based on 
isopropenyl ketone polymers (Table 3.3). Tsuda et a l . (66) reported the use 
of poly(methyl isopropenyl ketone) ( P M I P K ) as a positive D U V resist. Th is 
po lymer exhibits a weak absorption centered at 285 n m due to the carbonyl 
chromophore and is about 7 t imes more sensitive than P M M A . A n exposure 
t ime of 28 s for l -|xm-thick P M I P K films was obtained on a C a n o n P L A 5 2 0 F A 
contact pr inter equ ipped w i t h a C M 2 9 0 co ld mir ror (67). A d d i t i o n of sen
sitizers such as 3,4-dimethoxybenzoic acid results i n a threefold increase i n 
sensitivity (53, 66, 67). P M I P K and sensitized P M I P K are commerc ia l ly 
available under the trade names of O D U R 1 0 1 0 and O D U R 1 0 1 3 and 1014 
from Tokyo O h k a Kogyo , i n Japan. M a c D o n a l d et a l . (68, 69) found that the 
quantum y i e l d of chain scission at 313 n m i n films of poly( isopropenyl tert-
b u t y l ketone) ( P I P T B K ) is 12 times higher than that of P M I P K . I n P I P T B K , 
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the carbonyl group is located between two quaternary centers. T h u s , the 
N o r r i s h Type I a-cleavage on either side of the carbonyl carbon generates 
a stable tert iary radical as depicted i n Scheme 3.5. Th i s result should be 
contrasted w i t h the situation i n P M I P K , where a-cleavage yields either a 
tertiary b u t y l or m e t h y l radical . As the stability of these species is significantly 
different, cleavage only occurs to generate the tertiary radical . T h u s , the 
replacement of the m e t h y l i n P M I P K b y a tertiary b u t y l group increases the 
propensity for the N o r r i s h Type I photochemical degradation, w h i c h is a 
predominant pathway i n the sol id state (70). 

Aromat i c groups provide a convenient chromophore for U V absorption. 
Copo lymers of i sopropenyl p h e n y l ketone ( IPPhK) w i t h M M A show spectral 
sensitivity u p to the m i d - U V range (Table 3.3) (71). P ( I P P h K - M M A ) (28:72) 
is 10 times more sensitive than P M I P K w h e n exposed to the fu l l output of 
a X e - H g lamp. 

Po ly (butene - l sulfone) (PBS) , a sensitive, positive, electron beam resist, 
is h ighly sensitive to 185-nm radiation (Table 3.4) (9). H o w e v e r , P B S does 
not absorb above 200 n m , and the sensitization has not been successful. 
Incorporation of pendant aromatic rings into the polysulfone structure ex
tends the photosensitivity to the D U V and m i d - U V regions (72). H i m i c s and 
Ross (73) reported that carbonyl-containing poly(olefin sulfones) such as 
poly(5-hexen-2-one sulfone) are sensitive to U V - i n d u c e d degradation and 

Table 3.3. Poly(isopropenyl ketones) as Positive D U V Resists 

Resist RS Comments Reference 

Poly(methyl isopropenyl 1 ODUR1010 (Tokyo Ohka) 66 
ketone) (PMIPK) 3 P M I P K + 3,4-dimethoxy 

benzoic acid 
66 

3 P M I P K + sensitizer 
(ODUR1013) 

53 

Poly(isopropenyl <l> (scission)(solid) 68, 69 
tert-butyl ketone) (PIPTBK) = 0.29 at 313 nm 12 times 

higher than P M I P K 
Poly(phenyl isopropenyl 10 Copolymer with MMA(28:72) 71 

ketone-co-M MA) 
[ P ( P h l P K - M M A ) ] 

NOTE: RS denotes the relative sensitivity to P M I P K . 

Table 3.4. Poly(olefin sulfones) as Positive D U V Resists 

Resist 
Effective Spectral 

Range (nm) 
Sensitivity 
(mjl cm2) Reference 

Poly(butene-l sulfone) (PBS) 180-200 
Polystyrene sulfone) (PSS) 240-280 
Poly(styrene-co-acenaphthalene 250-300 

sulfone) 

5 (at 185 nm) 9 
1000 (at 265 nm) 72 
500 (200-400 nm) 72 
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C H 3 

I 
- f C H 2 — C > 

I 
c=o 
I 

C H 3 — C — C H 3 
I 

C H 3 

C H 3 C H 3 

- f C H 2 - C - ) - - f C H 2 - C > 
I 

0 0 c=o 
I 

C H 3 — C — C H 3 C H 3 — C — C H 3 

1 1 
C H 3 C H 3 

C H 3 

I 

- f C H 2 - C - ) -

C = 0 

• 
C H 3 — C — C H 3 

1 
C H 3 

Scheme 3.5. Norrish Type I cleavage in PIPTBK. 

that the sensitivity can be increased by addit ion of certain photosensitizers 
(e.g., benzophenone). 

T h e incorporation of aromatic groups into D U V resist systems also offers 
an increase i n dry etch resistance. As the m i n i m u m feature size of s emi 
conductor devices shrink, anisotropic dry etching is becoming more and 
more important i n device fabrication. However , positive resist materials that 
efficiently undergo main-chain scission upon irradiation generally lack dry 
etch durabi l i ty . Th is dichotomy of performance requirements is most c o m 
monly c i r cumvented only i n two-component resists, but recently, 1:1 alter
nating copolymers of styrene and olefins that are t r i - or tetrasubstituted w i t h 
e lectron-withdrawing groups (74) have been shown to undergo main-chain 
scissioning reactions upon D U V or electron beam irradiation w i t h a sensi-
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t iv i ty comparable to that of P M M A , yet these polymers are as stable i n 
plasma environments as polystyrene (75). 

3.2.2 Negative Resists 

3 .2 .2 .1 A Z I D E S E N S I T I Z E R S Y S T E M S 

3.2.2.1.a Azide-Cyclized Polyisoprene Photoresists 

Photosensitive systems composed of photoactive aromatic azide compounds 
and a variety o f host polymers have been w e l l known since the 1930s (la). 
Negative photoresists compr is ing an azide and a cyc l i zed c i s - l ,4 -po ly i so -
prene (structure 3.8) as a host po lymer , such as Kodak's K T F R , have been 

w ide ly used i n the microelectronics industry. T h e most commonly used azide 
sensitizer for conventional n e a r - U V l i thography is 2,6-bis(4'-azidobenzal)-4-
methylcyclohexanone (structure 3.9). 

C y c l i z e d polyisoprene sensitized w i t h an aromatic bisazide generates 
an insoluble , three-dimensional network v i a cross- l inking upon irradiat ion. 
T h e photo induced reactions associated w i t h the generation o f the network 
are shown i n Scheme 3.6. T h e pr imary event is the decomposit ion of the 
arylazide i n the excited state into a reactive nitrene intermediate that can 
undergo a variety of reactions. T h e nitrene reactions inc lude n i t r e n e - n i t r e n e 
coupl ing to form azo dyes, insert ion into carbon-hydrogen bonds to form 
secondary amines, abstraction o f hydrogen from the rubber backbone to 
form an imino radical and a carbon radical that can subsequently undergo 
coupl ing reactions, and insert ion into the double bond of polyisoprene to 
form three -membered az ir id ine linkages (Scheme 3.6). 

3.8 

O 

C H 3 

3.9 
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} n * - 0 * 0 N 3 '( 

R - N 3 R - N : + N 2 

A z i d e N i t rene + N i t rogen 

R - N : + R - N : — - R - N = N - R 

I I 
R - N : + H - C R - N H - C -

I I 

I I 
R - N : + H - C R - N H • + • C -

I 

R - N : + | (^ — - R - N 

Scheme 3.6. Crosslinking reactions in bisarylazide-ruhber resists. 

T h e cyc l ized rubber -b i saz ide formulations offer h igh sensitivity, ease 
of handl ing , and w ide process latitude. H o w e v e r , the resolution of these 
systems is l i m i t e d by relatively low contrast and the swel l ing- induced de 
formation of resist patterns d u r i n g development. A l though the cross- l inking 
reaction renders the po lymer insoluble i n the developer, the cross- l inked 
po lymer st i l l has an affinity for the developer solvent. Therefore, the cross-
l i n k e d regions absorb solvent d u r i n g development. T h e result ing increase 
i n vo lume, or swel l ing , causes distortions of fine patterns < 2 jxm i n the form 
of " b r i d g i n g " or " snak ing " (Figure 3.20). 

Several bisazides w i t h absorption maxima between 240 and 290 n m 
have been examined as D U V sensitizers for cyc l ized polyisoprene (76). T h e 
sensitivity of D U V resist formulated w i t h cyc l ized polyisoprene and 1 wt % 
of 3 ,3 ' -b isazidophenyl sulfone (structure 3.10) is 75 times higher than that 
of P M M A . These azide D U V resists suffer from the resolution l i m i t imposed 
by low contrast and the swel l ing phenomenon, w h i c h is as expected from 
the preceding discussion. 
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Figure 3.20. Swollen images in a cross-linking negative resist. (Reproduced 
with permission from reference 105. Copyright 1986 Electrochemical 

Society.) 

3.2.2.l.b Azide-Phenolic Resin System 

A nove l , nonswel l ing D U V resist was developed by Iwayanagi et a l . (77). 
Th is resist, k n o w n as M R S (micro resist for shorter wavelengths), consists 
of poly(p-vinylphenol) (structure 3.11), an alkaline-soluble phenol ic res in , 
and an azide (structure 3.10). 

Disso lut ion inh ib i t i on occurs upon exposure, and the unexposed port ion 
of the resist film is dissolved i n an aqueous alkal i solution i n an etching-type 
dissolution that is devo id of swel l ing (78, 79). Because the combined ab
sorption of the azide and the resin is quite intense i n the D U V region, as 
shown i n F i g u r e 3.21, the photochemical reaction leading to the decrease 
i n so lubi l i ty occurs mainly i n the upper regions of the film. This situation 
is shown i n F i g u r e 3.22a, where the resist was exposed i n the U V - 2 mode 
(220-290 nm) on a P e r k i n - E l m e r M 5 0 0 projection pr inter (80). T h e upper 
layers of the exposed resist film develop slowly, and the unexposed lower 
levels develop at a constant rate. T h e inso lubi l i zed surface layer of the 
exposed areas acts as a mask whi l e the alkaline developer removes unexposed 
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areas i n an etching-type development process. Consequent ly , resist profiles 
change from overcut to undercut w i t h increasing development t ime . T h e 
resist profiles calculated by the S A M P L E simulation are compared i n F i g u r e 
3.23 w i t h S E M s of resist images obtained by D U V project ion p r i n t i n g (81). 

T h e resist responds to m i d - U V as w e l l as D U V radiation. F i g u r e 3.22b 
indicates that the exposure i n the U V - 3 mode (290-340 nm) results i n less 
undercutt ing because of the h igher transparency i n the m i d - U V range (80). 
H o w e v e r , the resist is less sensitive to the m i d - U V than to the D U V by a 
factor o f 2. Scanning exposure times requ i red for M R S are ca. 20 and 40 s 
i n the U V - 2 and U V - 3 mode, respectively, on a P e r k i n - E l m e r M 5 0 0 pr inter . 
To summarize , the resist offers h igh sensitivity and nonlinear dissolution 
kinetics that lead to a h igh propensity for undercut profiles w h e n exposed 
to the D U V radiation; the resist offers l inear dissolution kinetics and low 
sensitivity i n the U V - 3 mode. 

O n e possible solution to this dichotomy is the replacement of the c om
merc ia l phenol ic res in w i t h a res in more transparent i n the D U V region. 
O n e such example is an acryl ic acid-based res in (82), w h i c h lacks dry etching 
resistance. A n o t h e r solution w o u l d be to expose the M R S resist s imul ta 
neously to both D U V and m i d - U V radiation without any filter, w h i c h leads 
to high-resolut ion surface imaging due to the dominant D U V exposure of 
the surface and h i g h aspect ratio imaging due to the deep penetration of the 
m i d - U V l ight (Figure 3.24) (83, 84). This mode of exposure offers an added 
advantage of decreased exposure t ime (ca. 15 s on a P e r k i n - E l m e r M 5 0 0 
scanner). A n S E M photograph of 1-jxm lines and spaces obtained by the 
broad-band exposure of M R S is g iven i n F i g u r e 3.25 (78). L i n (83) d e m 
onstrated the different responses of the M R S resist to monochromatic D U V 
K r C l (222 nm) and m i d - U V X e C l (308 nm) excimer laser exposures (see 
Section 3.4.2). 

T h e undercut profile available from D U V exposure of M R S is, however , 
preferred over the overcut profile for anisotropic d ry etching on stepped 
surfaces as i l lustrated i n F i g u r e 3.26 (83, 85, 86). In this application, the 
d imens ion of etched patterns is de termined by the top d imens ion of the 
imaged resist; thus, the topography effect is e l iminated . I n fact, the top edge 
of the undercut M R S resist serves as a mask for anisotropic reactive i on 
etching (RIE) as shown i n F i g u r e 3.27, where l -|xm-tall a l u m i n u m patterns 
w i t h vert ical sidewalls are obtained. T h e M R S resist is current ly be ing used 
i n a 1.5-|xm a l u m i n u m metal ization process combin ing the P e r k i n - E l m e r 
M 5 0 0 project ion p r i n t i n g w i t h R I E (87). 

T h e decrease i n solubi l i ty upon exposure i n this type of resist was first 
ascribed to the formation of a secondary amine generated from nitrene i n 
sertion into C - H bonds of the po lymer (see Scheme 3.6) (88). H o w e v e r , gel 
permeat ion chromatographic analyses revealed that the molecular weight of 
poly(p-vinylphenol) increased upon irradiation i n the presence of the azide. 
H y d r o g e n abstraction from the po lymer by nitrene and subsequent po lymer 
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Figure 3.23. Cross sectional view of MRS resist as a function of development 
time: (a) experiment and (b) simulation. (Reproduced with permission from 

reference 81. Copyright 1982 Institute of Electrical and Electronics 
Engineers.) 
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Distance from line edge (urn) 

Figure 3.24. Simulated MRS profiles: (a) The intensity ratio of 256-300-nm 
radiation is 1:1. (b) The intensity ratio is 1:3. (Reproduced with permission 

from reference 84. Copyright 1983 North-Holland.) 

radical recombinat ion results i n an increase i n the molecular weight o f the 
po lymer , render ing the exposed areas less soluble i n aqueous base solutions. 
T h e rapid decrease i n the dissolution rate of poly(p-vinylphenol ) i n alkaline 
solution w i t h increasing molecular weight has been separately ascertained 
(89). 

Several D U V resists based on phenol ic resins sensitized w i t h azide 
c o m p o u n d s are n o w c o m m e r c i a l l y ava i lab l e f r o m H i t a c h i C h e m i c a l 
(RD2000N) (90), H u n t C h e m i c a l (WX303) (91), and Tokyo O h k a Kogyo 
( O D U R 1 2 0 ) . 

3 .2 .2 .2 N E G A T I V E R E S I S T S B A S E D O N P O L Y S T Y R E N E D E R I V A T I V E S 

Incorporation o f aromatic rings into po lymer structures results i n improve 
ment i n dry etch resistance (43, 44). Consequent ly , negative resists based 
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Figure 3.25. SEM of l-\im lines and spaces printed in MRS resist by broad
band exposure. (Reproduced with permission from reference 78. Copyright 

1981 Institute of Electrical and Electronics Engineers.) 

/! i\ RTH 
_ _ J 

Figure 3.26. Line width variation caused by overcut resist profiles. This figure 
shows images printed in a resist with (left) overcut and (right) undercut resist 
profiles. The target etch dimension isLi.ln the left figure, topographic features 
result in variation in line width L2 > L j . In the figure on the right, with 
undercut profiles, the anisotropically etched image is controlled by the di
mension of the opening at the top of the resist. Hence, both etched dimensions 
are the same, L j . (Reproduced from reference 83. Copyright 1983 American 

Chemical Society.) 

on cross- l inking polymers w i t h pendant aromatic groups have been deve l 
oped pr imar i l y for dry etching applications i n electron beam l ithography 
(92). T h e incorporation of aromatic rings into polymers provides not only 
dry etching resistance but also absorption of D U V and m i d - U V radiation 
due to the I T - I T * transitions of the aromatic compounds as ment ioned i n 
section 3.1.2. T h e D U V l ithographic properties of cross- l inking polystyrenes 
are l isted i n Table 3.5. 
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Figure 3.27. Reactive ion etching with MRS resist as the mask. (Reproduced 
with permission from reference 87. Copyright 1985 Society of Photo-Optical 

Instrumentation Engineers.) 

Table 3.5. Polystyrene-Based Cross-Linking Negative DUV Resists 

Resist M w x 104 Comments Reference 

Chloromethylated 1.8-56 RS = 3.3-150, 93 
polystyrene chloromethylation 
(CMS) 0.13-0.98 

Chlorinated 3-22 4—0.8-s exposure times 97 
poly(ra,p-methylstyrene) for a contact printer, 
(m-/p-isomer 2:1) (CPMS) chlorine content ~ 20 unit% 

Poly(4-chlorostyrene) 70 50 mj/cm 2, a (245 nm) = 0.21 j i m 1 95 
(PCS) 

50 mj/cm 2, a (245 nm) = 0.21 j i m 1 

NOTE: Abbreviations and symbols are as follows: Mw denotes the weight-average molecular 
weight, RS denotes the relative sensitivity to PMMA, and a denotes the absorption coefficient. 
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Polystyrene, one of the simplest v i n y l polymers w i t h a pendant benzene 
ring, is a negative-working resist but is m u c h less sensitive than P M M A (93). 
Chloromethylat ion or ehlorination of polystyrene has produced a class of 
negative D U V resists that exhibits very h igh sensitivity (Table 3.5). F o r 
example, chloromethylated polystyrene ( C M S ) w i t h a molecular weight of 
1.8 X 1 0 5 is reported to be 40 times more sensitive than P M M A (93). 
Polystyrene has a weak absorption at about 250 n m and a strong absorption 
be low 220 n m . T h e absorption is enhanced and shifted to longer wavelength 
by the introduct ion of the ch loromethyl group into the benzene r ing . T h e 
absorption i n the D U V region increases as the extent of chloromethylat ion 
increases, and, finally, a n e w peak appears at 230 n m . Increasing the extent 
of chloromethylat ion is accompanied by a deterioration i n resolution, w h i c h 
is attr ibuted to inevitable overexposure of the top layer of the resist film 
w h e n adequate dose is de l ivered to ensure cross- l inking of the bottom layer 
because of the strong absorption of the chloromethylated benzene c h r o m 
ophore. T h e D U V sensitivity of C M S increases w i t h increasing molecular 
weight; its contrast decreases w i t h increasing Mw/Mn (ratio of weight-average 
molecular weight to number-average molecular weight) as has been reported 
for electron beam and X - r a y exposures (94). This class of cross- l inking p o l 
ymers suffers from resolution l imitations due to the swel l ing d u r i n g deve l 
opment. H o w e v e r , use of low-dispersity polymers (93, 95) and judic ious 
choice of developer solvents (96) can m i n i m i z e the swel l ing. A typical ex
ample is g iven for chlor inated polymethylstyrene ( C P M S ) i n F i g u r e 3.28 
(97). 

To elucidate the mechanism of cross- l inking i n C M S , pulse radiolysis 
studies (98) and low-temperature electron spin resonance (ESR) studies (99) 

Figure 3.28. SEM of 0.8-|xm lines and 
spaces printed in a I-jxm CPMS resist. 
(Reproduced with permission from ref
erence 97. Copyright 1982 Society of 
Photographic Scientists and Engineers.) 
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on substituted polystyrene mode l compounds have been carr ied out. O n 
the basis of their E S R studies, Tanigaki et al . (99) proposed new resist 
materials: a b l e n d of poly( p-methoxystyrene) and poly( p - ch loromethyl -
styrene) and a nonswel l ing , aqueous base-developable negative resist con
sisting of poly( p-hydroxystyrene) and a chlorine-releasing compound. A s i m 
i lar study was reported by M a c D o n a l d et a l . (100). 

Polystyrene-tetrathiofulvalene ( P S T T F ) (structure 3.12) is a nove l neg 
ative resist developed by Hofer et a l . (101) that has h igh contrast and is 
nonswel l ing. Th i s resist has introduced a n e w concept i n resist design. T h e 
differential dissolution is achieved not through generation of a three -d imen
sional, cross- l inked network, but rather through a change i n the polarity of 
pendant groups. 

Exposure of P S T T F sensitized w i t h a perhaloalkane such as carbon 
tetrabromide results i n generation of d imer i c tetrathiofulvalene bromide salts 
(Scheme 3.7) that are polar i n nature and, therefore, are insoluble i n nonpolar 
organic solvents (102). 

Consequent ly , development w i t h a nonpolar solvent selectively d is 
solves the unexposed, nonpolar po lymer , prov id ing high-resolut ion negative 
patterns w i t h no evidence of swel l ing- induced distortion. T h e P S T T F system 
is reported to show good sensitivity to A l K a X - r a y (50 m j / c m 2 ) and electron 
beams (10 p ,C / cm 2 ) (101). T h e D U V l ithographic performance of P S T T F has 
not yet been publ i shed . 

3.2.3 Dual-Tone Resists 

This section discusses recent examples of application of the design concept 
embodied i n the P S T T F resist (i .e. , differential solubi l i ty generation through 

- f C H 2 - C H _ ^ 

3.12. 

PSTTF 
C B r 4 

PS^TTF 

PSVTTF 
(Br-) 2 

Scheme 3.7. Imaging mechanism of PSTTF resist. 
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alteration of the polarity of po lymer side-chain groups rather than through 
the molecular weight change v ia backbone scissioning or cross-linking). 
These systems do not exhibit resolution loss due to swel l ing d u r i n g d e v e l 
opment. 

O n e such D U V resist employs the photo -Fr ies rearrangement as a 
mechanism for achieving the desired change i n side-chain polarity. Th is 
system is based on poly( p-formyloxystyrene) (103-105) that undergoes a 
Fr i es - l ike homolysis and decomposit ion upon exposure to D U V radiation to 
produce poly( p-hydroxystyrene) and carbon monoxide i n the exposed areas 
(Scheme 3.8)* T h e phenol ic photoproduct is soluble i n polar solvents such 
as alcohol or aqueous base because of the acidity of the phenol ic functionality, 
whereas the formyl ester precursor i n the unexposed areas is complete ly 
insoluble i n these solvents. Consequent ly , development i n polar solvents 
generates a positive-tone image of the mask. Converse ly , the formyl ester 
po lymer is soluble i n nonpolar solvents such as chlorobenzene or anisole, 
i n w h i c h the phenol ic photoproduct is completely insoluble . Therefore, de 
ve lopment i n these nonpolar solvents generates a negative image of the 
mask. 

T h e S E M s shown i n F i g u r e 3.29 were made from a single wafer of 
poly( p-formyloxystyrene) that had been exposed on a P e r k i n - E l m e r M 5 0 0 
scanner i n the U V - 2 mode and then broken i n half. O n e hal f was developed 
i n a polar solvent to generate a positive-tone image, whereas the other was 
developed i n a nonpolar solvent to produce a negative-tone image. 

T h e avoidance of swel l ing d u r i n g processing is a necessary but not 
sufficient characteristic of a viable resist system for use i n micrometer and 
submicrometer l ithography. F o r such systems to have practical ut i l i ty , they 
must also function w i t h extremely h igh sensitivity to maximize product iv i ty . 
T h e efficiency of crucia l photochemical transformations is characterized by 
the quantum y i e l d for the process expressed as molecules transformed per 
photons absorbed. T h e quantum y i e l d of typical diazonaphthoquinones is 
from 0.2 to 0.3. T h u s , three or four photons are requ i red to transform a 
single molecule of sensitizer. This places a fundamental l i m i t on the pho 
tosensitivity of such systems. 

To c i r cumvent this intr ins ic sensitivity l imitat ion that quantum efficiency 

+ c o t 

O C H 
II 
O 

O H 

Scheme 3.8. Photo-Fries degradation. 
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Figure 3.29. (top) Positive and (bottom) negative images projection printed in 
a poly(p-formyloxystyrene) resist. (Reproduced from reference 103. Copyright 

1984 American Chemical Society.) 

imposes on systems that consume at least one photon for every product ive 
chemical transformation, Ito et a l . (105-108) designed resist systems that 
incorporate " chemica l ampli f icat ion" . I n such systems, a single photoevent 
initiates a cascade of subsequent chemical reactions that ult imately express 
the intended function. T h e y (105-108) designed new resist materials by 
combin ing chemica l amplif ication to provide very h igh sensitivity and s ide-
chain modif ication to al low processing without resolution loss due to swel l ing. 
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These systems are based on acid-eatalyzed thermolysis of s ide-chain p r o 
tecting groups. Examples of polymers that function i n this fashion are l is ted 
i n C h a r t 3.1. 

T h e tertiary b u t y l ester and carbonate groups are part icularly useful i n 
this application because they are sensitive to A A L - 1 hydrolysis that does not 
require a stoichiometric amount o f water. These materials undergo ac id -
catalyzed thermolysis . Consequent ly , a resist system can be formulated by 
casting these polymers from solutions that also contain a substance that 

O C O B u t 
I! 
o 

4 C H 2 - C H ^ n 

C - O - B u * 
II 
0 

4 C H 2 - C H ^ ~ n -4CH - C H ) -

0 
•i I II 

C r ^ O C r ^ C O B u 1 C H 2 O C H 2 C O H 

C H Q CHo 

I I 
4 C H 2 - C f - n • 4 C H 2 - C r - n 

I I 
C = 0 C = 0 

0 Bu< (!)H 

Chart 3.1. Tertiary butyl ester polymers useful in designing positive-negative 
resists incorporating chemical amplification. 
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produces strong acid upon radiolysis. Exposure creates local concentrations 
of strong acid such that heat ing the samples to an appropriate temperature 
after exposure causes acid-catalyzed thermolysis i n the regions of the film 
where the photogenerated catalyst is present but no reaction i n the unex
posed regions of the film. 

Examples of such photochemical acid generators are shown i n C h a r t 
3.2. These o n i u m salts, w h i c h are cationic photoinitiators or iginal ly deve l 
oped for cur ing of epoxy resins (J 09), can be used to formulate cross- l inking 
negative resist materials (106?), are very sensitive to electron beam and 
X - r a y (105, 107, 108) radiation, and can be sensitized to longer wavelength 
radiation (108, 110, 111). 

L i k e the poly( p-formyloxystyrene) resist, the overal l reaction i n the 
tertiary b u t y l ester resists involves generation of a large change i n the polarity 
of the side chain . H e n c e , these materials can be developed as either posit ive-
or negative-tone resists s imply by appropriate choice of the developer. H o w 
ever, whereas one or more photons are requ i red for each side-chain trans
formation i n poly( p-formyloxystyrene), the photogenerated acid is a catalyst 
and is not consumed i n the thermolysis reaction. H e n c e , the quantum y i e l d 
for s ide-chain deprotect ion is the product of the quantum efficiency of acid 
generation m u l t i p l i e d by the catalytic chain length. These systems d e m 
onstrate gain and are as m u c h as 2 orders of magnitude more sensitive than 
conventional resist systems. S E M s of positive and negative patterns gen
erated i n one of the tertiary b u t y l ester resists by projection p r i n t i n g on a 
P e r k i n - E l m e r M 5 0 0 aligner are prov ided i n F i g u r e 3.30. 

I n addit ion to the polarity change, the tone of certain resist materials 
may be reversed s imply by changing the wavelength of exposure. F o r ex
ample , copolymers of methacrylonitr i le and methacryl ic acid undergo m a i n -
chain scission w h e n exposed to D U V radiation to provide positive-tone i m -

A r N 2

+ M X " • A r X + N 2 + M X n 

A r 2 l + M X " — ^ A r l + H M X n + o the rs 

A ^ S + M X " • A r 2 S + H M X n + o the rs 

M X n = B F 4 , P F 6 , A s F 6 / S b F 6 , e t c . 

Chart 3.2. Photochemistry of onium salt cationic photoinitiators. 
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Figure 3.30. SEMs of (top) positive and (bottom) negative l-\im images pro
jection printed in a tertiary butyl ester-onium salt resist. (Reproduced with 

permission from reference 105. Copyright 1986 Electrochemical Society.) 

ages of the mask. Exposure to m i d - U V radiation produces negative-tone 
images because, at this longer wavelength, cross- l inking occurs through 
hydrogen-transfer reactions (112). These copolymers do not have significant 
D U V absorption pr ior to prebake but exhibit a broad U V absorption centered 
at 246 n m after prebake at 130 °C due to some cycl ization reactions (112). 
Therefore, the 130 °C prebake is essential for impart ing D U V sensitivity. 

A D U V resist based on a diazonaphthoquinone sulfonate of a cresol 
novolac res in (low molecular weight resist [ L M R ] ; structure 3.13) was shown 
to be a cross- l inking negative resist (113). Because of the very h igh absorb
ance of the resist film i n the D U V region, undercut profiles, w h i c h are used 
i n metal lift-off processes, are typical ly obtained. T h e developer for L M R is 
a mixture of neutral organic solvents. Exposure of L M R to n e a r - U V l ight 
results i n positive-tone imaging. A l though the mechanism for the photo
chemical ly induced insolubi l izat ion is ascribed to a cross- l inking reaction, 
the polarity change may be responsible for the dissolution differentiation. 
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0 

3.13 

3.2.4 Dry-Developable Resists 

D r y - d e v e l o p i n g resist systems have been sought for some t ime. T h e interest 
i n such materials throughout the semiconductor industry stems from the 
potential they provide for h igher throughput and higher y ie lds , and from 
the consideration of the environmental hazards and waste disposal prob lem 
associated w i t h handl ing large volumes of developer solvents. T h e h igher 
yields result from both a reduct ion i n process steps and the fact that such 
materials provide the potential for carry ing out exposure, development , and 
pattern transfer under h igh vacuum, thereby reduc ing defects due to at
mospheric contaminants and the development process. 

3.2.4.1 P L A S M A - D E V E L O P A B L E R E S I S T S 

W i t h the advent of plasma and R I E procedures for the transfer of resist 
images into substrates, an effort on the part o f resist chemists evo lved to 
use these n e w techniques i n the generation of pr imary resist images. I n 
1979, S m i t h et a l . (114) descr ibed the development of a system cal led P D P 
(plasma-developable photoresist) based on the use of a material , the structure 
of w h i c h has not yet been d ivulged . I n this process, the resist is coated i n 
the usual fashion and exposed. T h e exposed film is then subjected to a baking 
cycle that produces a re l ie f image (partial thermal development) o f negative 
tone. Th is re l ie f structure is then transferred into the under ly ing substrate 
by R I E to produce a negative-tone re l ie f image of the mask (Figure 3.31). 

A n X - r a y resist system that functions i n a fashion analogous to P D P has 
been descr ibed i n detai l (115, 116). This system is based on poly(2 ,3-di -
chloropropyl acrylate) as a host po lymer and an organometallic monomer , 
w h i c h is generally a si l icon-containing material . Exposure of the resist film 
to X - r a y radiation results i n radical - init iated cross- l inking of the po lymer and 
incorporation o f the si l icon-containing monomer into the network (fixing). 
T h e result ing film is then heated to remove the unreacted organometallic 
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R e s i s t 
O x i d e -
S i l i c o n -

E x p o s e 

Re l ie f B a k e 

i 
f ^ S S S S S ^ ^ RIE 

I 
P * M l ESSj E t ch a n d Strip 

Figure 3.31. A schematic representation of the plasma-developable photoresist 
(PDP) process. 

monomer except i n those areas where it has been covalently incorporated 
into the film through the radiochemical reaction. T h e developing step i n 
volves exposure of the baked film to an oxygen plasma. Interaction of the 
organometallic group w i t h the plasma generates a refractory metal oxide that 
acts as an etch barr ier i n those areas where it is st i l l present w i t h i n the film. 
In areas where the metal l ic species is absent, the organic material is rapid ly 
removed by the oxygen plasma. T h e consequence of this process is gener
ation of a dry-developed , negative-tone re l ie f image (Figure 3.32). This 
scheme was later extended to the design of plasma-developed negative pho 
toresists us ing N-vinylcarbazole and a quinone sensitizer (116). 

Another class of interest ing plasma-developable resists is based on a 
host po lymer and an organic small molecule (117-119). T h e optical resist 
consists o f bisarylazide and an aliphatic matrix resin such as poly(methyl 
isopropenyl ketone). Opt i ca l exposure of the resist results i n nitrene for
mation, as descr ibed previously (Section 3.2.2.1), and subsequent covalent 
bond ing of the aromatic materials into the al iphatic matrix network. After 
exposure, the resist films are heated, and the undecomposed arylazide is 
dr iven out of the film. Negative-tone relief- image formation is achieved by 
plasma development of the baked films in an appropriate gas mixture chosen 
to opt imize the difference i n etch rate between aliphatic and aromatic organic 
compounds (Figure 3.33). T h e system has been appl ied to both electron 
beam and synchrotron X - r a y l i thography (120). 

M e y e r et a l . (121) descr ibed a positive-tone, plasma-developable, D U V 
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Figure 3.32. Schematic of the plasma-development process. 
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resist based on an acryl ic copolymer containing si l icon side groups that can 
be cleaved from the main chain of the po lymer by exposure to U V l ight . I n 
a subsequent bake step, these photochemical ly generated, volati le , s i l i con-
containing species are removed from the exposed regions. T h e oxygen plasma 
etch rate is h igher i n the exposed areas than the unexposed areas st i l l con
taining the po lymer -bound si l icon species. T h e h igher etch rate generates 
a positive-tone re l ie f image (Scheme 3.9). 

W e rev iewed plasma-developable resist systems designed on the basis 
of the use of an organic film containing a uniform distr ibut ion of an organo
metal l ic or organic etch barr ier precursor, w h i c h is removed specifically 
from either exposed or unexposed regions after exposure. Another approach 
to designing plasma-developable resists is to coat the substrate w i t h an 
organic film that lacks a metal l ic component and, i n a subsequent step, to 
introduce a metal l ic species into selected areas of the film. 

A conceptually s imple example of this approach was descr ibed by V e n -
katesan et a l . (J22). I n this scheme, a focused i n d i u m ion beam was used to 
wr i te a pattern onto the surface of an organic po lymer . W h e n the i o n -
implanted resist was subjected to oxygen R I E , the surface of the i o n - i m 
planted regions was ox id ized to i n d i u m oxide, w h i c h functions as an etch 
barr ier , whereas the areas that were not implanted w i t h i n d i u m ions were 
etched to the substrate (Figure 3.34). Th i s same approach toward the design 
of negative resists was descr ibed by K u w a n o (J23), who used a focused 
ga l l ium ion beam and P M M A . I n this work, the P M M A layer can be dry 
developed w i t h an oxygen-f luorocarbon plasma because both gal l ium fluor
ide and gal l ium oxide are nonvolati le materials. 

Taylor et a l . (J24) descr ibed a process i n w h i c h a b isaz ide-po ly isoprene 
resist is exposed to U V l ight and , i n a subsequent step, treated w i t h an 

i 

C H p I C H p 
C H 3 

Scheme 3.9. Photochemical elimination of a Si-containing side group 
for positive-tone plasma development. 
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(a) 
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Mater ia l Y 

S h a l l o w Implant 
of Ion X 

(b) 

Reac t i ve 
Ion E t c h 

(Volat i le) i = ~ 

Reac t i ve 
S p e c i e s Z 

Y Z Y Z Y Z Y Z 

\ \ JJL, 
Insi tu M a s k X Z 
(non-vo la t i le ) 
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Figure 3.34. Ion implantation for the design of a plasma-developable negative 
resist. (Reproduced with permission from reference 122. Copyright 1981 Amer

ican Institute of Physics.) 

inorganic hal ide such as S i C l 4 (124). S i l i con is reported to be predominant ly 
incorporated into the unexposed regions (125), and accordingly, this system 
yields a positive-tone image w h e n developed i n an oxygen plasma. Sti l lwagon 
et a l . (126) extended this scheme to a variety of po lymer systems i n con 
junct ion w i t h T i C l 4 and found that the reactivity is markedly dependent on 
humid i ty . 

M a c D o n a l d et a l . (227) used the posit ive-negative w o r k i n g resist sys
tems descr ibed i n Section 3.2.3 i n the design of plasma-developable, U V -
sensitive resists. T h e polymers shown i n C h a r t 3.1 undergo a significant 
change i n chemical reactivity as w e l l as i n polarity upon irradiat ion. I n these 
systems, reactive phenol ic hydroxyl or carboxylic acid groups are deprotected 
as a result of exposure and baking . This difference i n chemical reactivity 
between the protected and unprotected areas can be converted into a dif 
ferential etch rate by a l lowing the exposed portions of the po lymer to react 
w i t h an appropriate organometall ic reagent. F o r example, ch loro tr imethy l -
silane, hexamethyldisi lazane ( H M D S ) , and bis(trimethylsilyl)acetamide react 
w i t h phenol ic hydroxyls , carboxylic acids, and other nuc leophi l i c species to 
form the corresponding t r imethy ls i ly l derivatives. These si lylating reagents 
do not react w i t h such compounds as esters and carbonates. Thus , w h e n the 
exposed and si lylated film is subjected to oxygen R I E , a negative image of 
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the mask results (Figure 3.35). F i g u r e 3.36 shows typical S E M s of the re l ie f 
images obtained by exposing a 1-u.m-thick resist film on a P e r k i n - E l m e r 
M 5 0 0 scanner i n the U V - 2 mode, s i lylating w i t h H M D S vapor, and then 
deve loping w i t h oxygen R I E . A s is the case w i t h the resist based on the 
interfacial cationic po lymerizat ion technique that w i l l be descr ibed, the sys
tems employ ing o n i u m salts are very sensitive to D U V , electron beam, and 
X - r a y irradiat ion because of chemical amplif ication. A l so , these systems can 
be readi ly app l ied to n e a r - U V l ithography by dye sensitization. 

Because of the h igh differential oxygen etch rate between the exposed 
and the unexposed regions generated by si lylation, this system does not lose 
significant film thickness i n the exposed and si lylated regions d u r i n g the 
oxygen R I E development step. Because of this property, this process can 

1. E x p o s e 
0 3 SSbF 6 H SbF 6 + others 

2. B a k e 

3. S i l y l a t e 

V*+" OH 
II 
o 

OH O—SiR 3 

4. Oo R I E 
Poly-SiR3 

Poly-H 

S i 0 2 

C 0 2 , H 2 0 

Figure 3.35. Negative plasma-development process via selective silylation of a 
positive-negative resist. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

3

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



3. I W A Y A N A G I E T A L . Deep-UV Lithography 165 

Figure 3.36. SEMs of dry-developed images generated by the process shown 
in Figure 3.35: (a) 1.0~\un images printed with a Perkin-Elmer M500, UV-2 
mode; (b) 0.75-\im images printed with a Perkin-Elmer M500, UV-2 mode; 
and (c) 0.5-[Lm images proximity printed with a synchrotron X-ray source. 
(Reproduced with permission from reference 127. Copyright 1985 Society of 

Plastics Engineers.) 
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be extended to a b i layer , dry-developed scheme. I n this extension, the 
oxygen R I E not only dry develops the re l ie f image i n the photosensitive 
layer, but also transfers that image into the under ly ing planariz ing layer as 
shown i n F i g u r e 3.37. 

A positive resist can be designed i n an analogous fashion by s imply 
changing the system such that the starting, unexposed film contains a func
tionality that w i l l undergo si lylat ion, whereas radiolysis of the film destroys 
this reactivity. F o r example, the carboxylic acid group i n poly(methacrylic 
acid) can be si lylated to form a t r imethy ls i ly l ester, but upon ion beam 
exposure, this po lymer undergoes decarboxylation to y i e l d an unreactive 
species. Because treatment w i t h a si lylating reagent results i n s i l icon be ing 
incorporated only i n the unexposed regions, this process generates positive 
images by oxygen R I E development (127). 

Postirradiation radical grafting reactions have been appl ied to the design 
of plasma-developable, negative electron beam resists (128). I n this scheme, 
a po lymer film is exposed to an electron beam to generate po lymer ic radicals 
i n the matrix, w h i c h , w h e n exposed to organometallic monomers, init iate 
radical po lymerizat ion of the monomer to form a graft po lymer i n the exposed 
areas. Oxygen plasma etches the organic po lymer i n the unexposed regions 
faster than the po lymer grafted w i t h organometallic side chains, and negative 
images result. 

Radical reactions are sensitive to oxygen. To avoid quenching of radicals 
by ambient oxygen, H u l t et a l . (129, 130) used cationic po lymerizat ion i n 
the design of plasma-developable, negative-resist systems. I n this scheme 
(Figure 3.38), one of the o n i u m salt cationic photoinitiators descr ibed p r e 
viously (Chart 3.2) is coated direct ly on substrates or w i t h a radiation-inert 
matrix po lymer . D U V irradiat ion results i n the formation of strong acids i n 
the exposed areas. Treatment of the irradiated film w i t h an organometall ic 
monomer that undergoes cationic po lymerizat ion i n the vapor phase or i n 
solution results i n deposit ion of organometall ic po lymer only i n the exposed 
areas where the photochemical ly generated acid initiates the cationic 
po lymerizat ion . A subsequent oxygen plasma development generates neg
ative re l ie f images as shown i n F i g u r e 3.38. T h e organometallic po lymer is 
not grafted onto the host po lymer i n this case. 

3.2 .4 .2 S E L F - D E V E L O P I N G R E S I S T S 

T h e first example of formation of a resist re l ie f image i n the absence of a 
wet developing step was reported by B o w d e n and Thompson i n 1974 (131). 
T h e y reported that exposure of certain poly(olefin sulfones) to electron beam 
radiation resulted i n spontaneous re l ie f image formation. W h e n the films 
were cast th in enough and the substrates were heated above 90 °C, clean 
images were produced i n the resist film by exposure alone. T h e y t e r m e d 
this phenomenon "vapor development" . 
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Figure 3.37. Bilayer negative dry-development scheme. The SEM shows the 
final image obtained by the bilayer process with a Perkin-Elmer M500 in the 
UV-2 mode. (Reproduced with permission from reference 127. Copyright 1985 

Society of Plastics Engineers.) 
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Figure 3.38. Bilayer dry process using photoinitiated interfacial polymerization 
of a Si-containing monomer. 

Ito and co-workers (105, 107, 108) reported a new positive-tone, d r y -
developing resist system incorporating two stages of chemical amplif ication. 
T h e po lymer upon w h i c h the system is based is a polyaldehyde. A ldehydes 
undergo anionic and cationic po lymerizat ion i n a reversible e q u i l i b r i u m 
reaction. M a n y of these systems have ce i l ing temperatures w e l l be low room 
temperature, and the polymerizat ion reactions must be carr ied out at c ry 
ogenic temperatures. I f the po lymer is isolated or the reaction is w a r m e d , 
the product rapid ly depolymerizes to the monomer. If, however, these p o l 
ymers are end-capped by acylation or alkylation pr ior to isolation or w a r m i n g , 
they are often quite thermal ly stable. Aromat i c polyaldehydes such as 
polyphthalaldehyde are highly soluble i n common casting solvents un l ike 
their aliphatic counterparts. A formulation consisting of the end-capped p o l 
yphthalaldehyde, sensitized by addit ion of on ium salt cationic photo ini t ia -
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tors (109), has a l lowed imaging of l -|xm-thick films at extremely low doses 
of D U V , electron beam, and X - r a y radiation to produce clean re l ie f patterns 
spontaneously upon exposure without development by solvent, plasma, or 
heating. Ito and W i l l s o n t e rmed this dry-development phenomenon "self-
deve lopment , " i n order to dist inguish it from the vapor development of 
polysulfones, w h i c h requires simultaneous heating, and from dry develop
ment using plasma. 

T h e mechanism by w h i c h this system functions involves radiochemical 
generation o f a strong acid that catalyzes cleavage of the polyacetal main 
chain (Scheme 3.10). Because the acid is not consumed i n the acidolysis 
reaction, a single molecule of acid is capable of c leaving many chains, thus 
produc ing one stage of chemical amplif ication. T h e second stage of a m p l i 
fication is achieved because a single cleavage of the polyacetal chain rees
tablishes the e q u i l i b r i u m , and the po lymer s imply " u n z i p s " into the 
monomer at a temperature above the ce i l ing temperature. U n d e r the con
ditions of exposure, especially under h igh vacuum, the monomer is vo lat i l 
i zed , and spontaneous re l ie f image formation results. Opt i ca l micrographs 
of the self -developed images are shown i n F i g u r e 3.39. 

T h e intr insic radiation sensitivity of polyphthalaldehyde is l ow i n the 
absence of the acid generators, but films of the po lymer subjected to e lectron 
beam, X - r a y , and D U V exposure exhibit spontaneous high-resolut ion re l ie f 
image formation without a development step (107). Unfortunately , exposure 
of the po lymer alone does not provide clean self -development under these 
radiation conditions. H o w e v e r , h igh-power excimer laser radiation (in this 
case, K r F ) of the po lymer film results i n clean, spontaneous self -development 
to the substrate as shown i n F i g u r e 3.40 (105). Several polymers such as 
nitrocellulose (132) and certain polysilanes (133, 134) were shown to exhibit 
self-development under s imilar exposure conditions. Polymethacrylates 
were also shown to be direct ly engraved by synchrotron X - r a y (135) or D U V 
irradiat ion (136, 137). D i r e c t photoengraving of P M M A requires very h igh 
doses of radiation at the fluence available from discharge lamps. 

Organic materials strongly absorb be low 200 n m . E x c i m e r lasers w i t h 
a wavelength be low 200 n m have been shown to "ab lat ive ly" decompose 
organic polymers into small fragments that are expel led out of the film d u r i n g 
exposure. This process w i l l be discussed later (see Section 3.4.4). 

n R C H O 

Scheme 3.10. Acid-catalyzed depolymerization of polyaldehyde. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

3

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



170 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

Figure 3.39. Optical micrographs of self-developed images of a polyphthal-
aldehyde-onium salt resist. (Reproduced with permission from reference 105. 

Copyright 1986 Electrochemical Society.) 
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Figure 3.40. SEM of positive image self-developed in polyphthalaldehyde by 
a KrF excimer laser. (Reproduced with permission from reference 105. Copy

right 1986 Electrochemical Society.) 

3.2.4.3 THERMALLY DEVELOPABLE RESISTS 
T h e t h i r d class of dry-developable resists involves heating the exposed resist 
films i n a development step. Th is development method does not require 
expensive etching tools, is therefore economical , and cou ld alleviate the 
potential prob lem of exposure tool contamination associated w i t h the self-
developing resist systems. M a n y of the plasma-developable resist systems 
invo lv ing a relief-bake step, as discussed i n Section 3.2.4.1, have the thermal 
development characteristics to a certain extent. I n the thermal ly developable 
resist scheme, development is m i n i m a l d u r i n g irradiation but completed to 
the substrate upon postbaking. 

T h e first example designed on the basis of this concept is poly(olefin 
sulfones) sensitized w i t h pyr id ine N-oxides (138). Positive-tone re l ie f images 
were obtained upon postbaking at 100 °C because of depolymerizat ion of 
po ly (butene- l sulfone) init iated b y energy transfer from the sensitizer. 

Another example is thermal ly depolymerizable polycarbonates that are 
sensitized w i t h o n i u m salt cationic photoinitiators (139). A s discussed p r e 
viously (Section 3.2.3), one of the posit ive-negat ive resists based on po ly 
styrene w i t h pendant tertiary b u t y l carbonate protect ing groups undergoes 
acid-catalyzed thermolysis to generate poly( p-vinylphenol ) , carbon dioxide, 
and isobutene. Therefore, i f the tertiary b u t y l carbonate moiety is incor 
porated i n the po lymer backbone as a repeating unit , such polymers w i l l 
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depolymerize upon heating by reaction w i t h r a d i o c h e m i c a l ^ generated 
acids. Such polycarbonates were prepared by phase-transfer-catalyzed po-
lycondensation of activated carbonyloxy derivatives of tertiary or other re 
active diols w i t h s imple diols such as b isphenol A . T h e polycarbonates are 
sensitive to thermolysis and decompose rapidly and smoothly to b isphenol 
A , carbon dioxide, and dienes w h e n heated to ca. 200 °C. F o r the polycar
bonate resist containing a few percent of t r iphenylsul fonium metal hal ide , 
exposure of the film to a very small dose of D U V radiation creates a latent 
image (acid formation). U p o n baking after exposure, development of a v is ible 
image is instantaneous as carbon dioxide and volatile dienes are evolved 
(Scheme 3.11). Because b isphenol A is not very volatile at the baking t e m 
perature, fu l l development is achieved by removal of b isphenol A by using 
isopropanol or aqueous base. High-reso lut ion positive images pr in ted i n this 
resist on a P e r k i n - E l m e r M 5 0 0 scanner i n the U V - 2 mode are prov ided i n 
F i g u r e 3.41. N e w resist systems that undergo clean thermal development 
to the substrate are awaited. 

3.2.5 Inorganic Negative Resists 

Inorganic resist systems form another interesting class of resist materials 
(140, 141). T h e concept of using the G e S e chalcogenide glass as a resist for 
microelectronics was first reported by Nagai et a l . (J42). In subsequent 
papers (143, 144), they used l ight - induced si lver migrat ion (photodoping) 
for the A g - G e S e inorganic resist systems, demonstrating that the systems 
can provide negative-working optical and electron beam resists w i t h h i g h 
contrast. 

These workers also demonstrated other unique resist characteristics i n 
these systems such as no swel l ing d u r i n g development, opacity to actinic 
l ight , and resistance to various acids commonly used i n microelectronic 
fabrication processes. C h a n g and co-workers studied A g C l - A s 2 S 3 inorganic 
resist systems w i t h optical (145, 146) and X - ray exposure tools (147). T h e y 

C H 3 

OH + C 0 2 + d i enes 

Scheme 3.11. Acid-catalyzed thermolysis of polycarbonate. 
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Figure 3.41. SEMs of positive images generated in a polycarbonate-onium salt 
resist by thermal development followed by a 2-propanol rinse (Perkin-Elmer 

M500, UV-2 mode). 
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were the first to report d ry development of an A s 2 S 3 - b a s e d resist system 
(145). 

M o r e recent work on A g ^ e - G e ^ S e ^ by Ta i and co-workers (140, 
148-150) h ighl ighted the value of inorganic resist systems i n very large scale 
integration (VLSI ) microl i thography. In the ir work, the sensitized resist film 
was obtained by a two-stage process. G e ^ S e ^ chalcogenide glass was evap
orated or sputtered onto the substrate fol lowed by sensitization w i t h 
K A g ( C N ) 2 to y i e l d a th in (100 A) A g 2 S e layer on the surface of G e ^ S e ! ^ 
according to the fo l lowing reaction: 

G e S e 2 + 4 K A g ( C N ) 2 + 8 K O H - » 

2Ag 2 Se + K 4 G e 0 4 + 8 K C N + 4 H 2 0 (3.1) 

Patterning of A g 2 S e - G e I S e 1 _ J C resists is depicted schematically i n F i g u r e 
3.42. T h e process involves exposure (i .e. , photodoping, photobleaching, and 
diflusion), s tr ipping of the undoped AgSe layer, and development of the 
unprotected G e x S e ! _ r I n the exposure step, a latent image is formed v ia 
photodoping o f A g into a th in upper layer of the G e ^ S e ^ . Two phenomena 
occur d u r i n g the photodoping process. 

1. Because of reduct ion i n the concentration of the l ight-absorb
ing A g i n the A g 2 S e layer, the effective l ight intensity increases 
at the A g 2 S e - G e x S e 1 _ x interface. This photobleaching effect 
enhances the image contrast. 

2. A rap id diflusion of A g i n the A g 2 S e layer occurs from unex
posed to exposed areas. T h e diffusing A g is itself photodoped 
at image edges (Figure 3.43), produc ing an edge-sharpening 
effect that compensates for diffraction effects. 

Deve l opment of the latent image is also a two-stage process. F i r s t , the 
undoped A g 2 S e layer is s tr ipped by immers ion of the wafer i n a K I / K I 3 

solution. F u l l del ineation of negative patterns i n the G e S e glass is accom
pl i shed by development of the unprotected G e ^ S e ^ . T h e G e ^ e x ^ film 
possesses a phase-separated co lumnar structure consisting o f 2 0 0 - 3 0 0 - A G e -
r i ch and Se-r i ch columns (149, 151). Two-component developer containing 
N a O H and a small amount of S 2 " anion is used to delineate patterns. G e S e 2 

is rapid ly etched b y O H ~ , whereas S 2 " slowly etches the Se-r ich phase. 

G e S e 2 + 8 H O - - * [ G e 0 4 ] 4 " + 2 S e " 2 + 4 H 2 0 (3 ^ 

Se + S 2 " - * [ S e S ] 2 -

T h e G e - r i c h phase of the unprotected area is qu ick ly dissolved, a l lowing 
the Se -r i ch columns to be attacked from the side as i l lustrated i n F i g u r e 
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Figure 3.42. Schematic representation of imaging mechanism of 
Ag2Se-GexSei-x. (Reproduced with permission from reference 151. 

Copyright 1985 Society of Plastics Engineers.) 

3.44 (151). T h e exposed areas are protected from development by the t h i n 
Ag-photodoped layer. U n d e r c u t t i n g from the side is i m p e d e d by the re la 
t ively slow etching of the Se -r i ch columns. Thus , the t h i n latent image is 
transferred to the fu l l thickness of the G e x S e ! _ x matrix by anisotropic, wet 
chemical etching. This anisotropic etching development and the un ique 
edge-sharpening effect contribute to the exceptional l i thographic per form
ance of the A g g S e - G e ^ S e ^ resist system. 

This resist exhibits a broad-band spectral response to a l l regions of U V 
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Figure 3.43. Mechanism of edge-sharpening effect. The diagram shows the 
profile of light intensity (I), photodoped Ag concentration in GeSe film, and 
the concentration of Ag remaining in the Ag2Se layer. (Reproduced with per

mission from reference 149. Copyright 1982 Electrochemical Society.) 

radiation and is opaque to 450 n m . O n g et a l . (152) measured the sensitivity 
of the resist to the D U V radiation i n comparison to P M M A and H i t a c h i 
C h e m i c a l R D 2 0 0 0 N as shown i n Table 3.6. This resist is 10 times more 
sensitive than P M M A . 

Vacuum-deposited G e I S e 1 _ x f i lm do not smoothly cover topographic 
substrate surfaces. Ta i et a l . (140, 150, 153) c ombined the t h i n A g 2 S e -
G e x S e ! _ x resist film w i t h a thick planariz ing organic layer to form a mult i layer 
resist system. T h e resolution of the b i l eve l resist system is extremely h igh . 
Ta i et a l . (149) addressed the l i thographic implications of this inorganic resist 
system i n terms of resolution l i m i t , field size, defocus tolerance, effects of 
coherency, l ine w i d t h control , mul t i l eve l resist compatibi l i ty , and registra
t ion accuracy. A n extrapolated resolution capability of 0.25 |xm has been 
suggested at 220 n m w i t h a lens N A of 0.35 (J52). 

O n e prob lem w i t h inorganic resist systems is that troublesome depo
sition techniques are required . Deve lopment of h igh throughput and h i g h 
quality , automatic deposit ion equipment capable of produc ing defect-free 
G e S e films w o u l d be indispensable for the application of inorganic resist 
systems to device manufacturing. T h e Ag-doped systems are sensitive to 
long wavelength l ight ; hence, the ir use requires special handl ing . There are 
also concerns about the potential for A g contamination of semiconductor 
devices. 
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Figure 3.44. Schematic representation of anisotropic wet chemical etching of 
GexSei-x. {Reproduced with permission from reference 151. Copyright 1985 

Society of Plastics Engineers.) 

Table 3.6. D U V Sensitivity of Ge .Se , - , Resist 

Resist 260 nm 220 nm 

G e x S e i - x 72 48-56 
RD2000N (1 \im) 48* 36 a 

P M M A (1 jim) 1500fe, 500 c 

NOTE: All values are exposure energy (mj/cm2). 
"Conditions were as follows: 120-s development in 1:4 MF312/ 
H a O. 
^Conditions were as follows: 60-s development in methyl isobutyl 
ketone. 
Conditions were as follows: 60-s development in chlorobenzene. 
SOURCE: Reproduced with permission from reference 152. Copy
right 1982 Electrochemical Society. 
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3.3 Applications 

3.3.1 Multilayer Resist Systems 

A l t h o u g h 5:1 and 10:1 reduct ion step-and-repeat aligners w i t h h igh N A are 
useful i n manufacturing devices w i t h 1-p.m features, the h igh throughput , 
l o w - N A , full-wafer 1:1 project ion aligners that operate i n the n e a r - U V do 
not provide comparable image contrast at these dimensions. Thus , 1:1 pro 
ject ion al igner manufacturers have offered products operating i n the m i d -
U V to D U V regions (Section 3.1.3.2). E v e n w i t h the improved resolution 
available at shorter wavelengths, the ut i l i ty of l o w - N A aligners (e.g., N A = 
0.14 i n the C a n o n M P A 5 2 0 , and N A = 0.16 i n the P e r k i n - E l m e r M500) at 
submicrometer levels is marginal . T h e combination of increased topography 
and operation so near the resolution l i m i t seriously hampers engineers i n 
their attempts to develop stable processes. Thus , the development of new 
resist materials and processes that extend the capability of U V l i thography 
is essential. 

O n e viable approach to the extension o f photolithography to the sub-
micrometer domain is the use of mult i layer resist schemes (83, 86,153-156). 
Various mult i layer systems have been proposed, al l of w h i c h have i n c o m m o n 
the generation o f images i n a th in layer of resist fol lowed by transfer of the 
images into a thick, p lanariz ing , under ly ing po lymer ic f i lm (Figure 3.45). 
T h e p lanariz ing layer min imizes the effects of topography and reflection. 
After a th in f i lm of a resist coated on the thick planariz ing layer is imaged 
i n a standard fashion, it is used as an exposure or etch mask for patterning 
the bottom layer. As i l lustrated i n F i g u r e 3.45, the image transfer into the 
planariz ing layer may be accomplished by D U V blanket exposure, b y oxygen 
R I E , or by wet development . Because the image del ineated i n the top resist 
acts as a mask, always conforms to the p lanariz ing layer, and is portable w i t h 
the wafer, this sort of process has been te rmed "portable conformable mask" 
( P C M ) by L i n (83, 86). 

P C M systems can alleviate problems associated w i t h topography and 
reflection. A t h i n imaging layer allows higher resolution than a thick imaging 
layer o f the sort used i n the single-layer resist process. In addit ion, aniso
tropic transfer of a top resist image into a thick planariz ing layer produces 
h igh aspect ratio images i n P C M systems as shown i n F i g u r e 3.45. T w o 
important D U V applications can be found i n mult i layer resist systems: 

• D U V flood exposure for the e x p o s u r e - P C M scheme and 
• D U V imaging for the R I E - P C M scheme. 

3 .3 .1 .1 DEEP-UV BLANKET-EXPOSURE-PCM SYSTEMS 
D U V contact p r i n t i n g offers a potential for del ineating submicrometer fea
tures w i t h h igh aspect ratio (Figure 3.19), but suffers from mechanical defects 
caused by the int imate contact between a mask and a resist film. I n contrast, 
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optical project ion p r i n t i n g offers a freedom from such defects and a h i g h 
al ignment accuracy but suffers from low contrast i n image intensity profiles 
at the resist surface caused b y diffraction of l ight i n projection optics (Figure 
3.14). A n elegant combination of the advantages of the two pr in t ing methods 
l e d to the e x p o s u r e - P C M technique, first described b y L i n (157). I n this 
scheme, a t h i n resist layer that is opaque i n the D U V region is spun on top 
of a thick, p lanar iz ing , D U V resist layer. T h e top layer is first imaged by an 
optical projection aligner and then serves as a mask for the bottom D U V 
resist that can now be flood exposed to D U V radiation (Figure 3.45). 

L i n chose AZ1350J as a top imaging resist because of its h igh opacity 
i n the D U V region (158) and P M M A as a bottom planariz ing layer (257). 
T h e top layer can be imaged by electron beam exposure as w e l l as b y optical 
project ion (159). T h e bottom P M M A image can be developed i n ch loroben-
zene or toluene, w i t h the top resist cap retained, or i n M I B K , w h i c h dissolves 
the cap, to provide capped or uncapped structures, respectively (Figure 
3.45). 

T h e capped configuration is preferred over the uncapped one for sub
sequent R I E applications because P M M A has less etch resistance than ar
omatic materials (43, 44). O n the other hand , M I B K development provides 
h igher contrast than development i n chlorobenzene or toluene. F i g u r e 3.46 
exhibits uncapped 0.85-u.m lines del ineated i n 1.9-u.m-thick P M M A . F i g u r e 
3.47 shows capped images obtained w i t h 0.3-u.m-thick AZ1350J on 2-u.m-
thick P M M A . T h e top resist layer was imaged by electron beam exposure 
(30 p-C/cm 2 ) i n both cases (159). Considerable effort has been devoted to 
the design and application of the e x p o s u r e - P C M system since L i n ' s report. 
Table 3.7 summarizes the e x p o s u r e - P C M systems based on the d iazoqui 
none r e s i s t - P M M A two-layer scheme. 

O n e prob l em associated w i t h the P C M scheme is that d u r i n g application 
of a photoresist such as AZ1350J onto a P M M A film, a th in layer of P M M A 
is redissolved and mixed w i t h the photoresist so that a th in interfacial layer 
is formed that remains after development of the photoresist layer and inhibi ts 
proper exposure and development of the P M M A layer. Because the P M M A 
developer, such as chlorobenzene or toluene, used i n the capped process is 
chosen to be a nonsolvent for the photoresist, such a solvent cannot remove 
the interfacial layer. Therefore, some process, l ike plasma treatment, is 
requ i red to remove the interfacial layer pr ior to the blanket exposure of the 
bottom P M M A layer (83, 85). 

M I B K used i n the uncapped process dissolves the interfacial layer. 
H o w e v e r , attenuation of D U V l ight due to the novolac resin i n the interfacial 
layer, coupled w i t h the intr ins ic , l ow sensitivity of P M M A developed i n 
M I B K (see Table 3.6), demands prolonged blanket D U V exposure. This h i g h 
dose of D U V leads to excessive cross- l inking and photooxidation of the no
volac resist (53, 166-169) and , consequently, to incomplete removal of the 
top resist d u r i n g the development of P M M A i n M I B K . L i n et a l . (85) r e 
ported that a soak i n methanol /water (1:1) pr ior to the M I B K development 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 181 

Figure 3.46. Uncapped resist image (0.8-u,m lines separated by 2.4 (xm) printed 
in 1.9-\km-thick PMMA by DUV blanket exposure with 0.2-\xm-thick AZ1350J 
as a PCM. (Reproduced with permission from reference 159. Copyright 1979 

American Institute of Physics.) 

Figure 3.47. Capped resist image obtained with a DUV PCM system. (Repro
duced with permission from reference 85. Copyright 1981 American Institute 

of Physics.) 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 183 

facilitates the cap removal . Bartlett et a l . (163) used Kodak 809 as the top 
imaging resist and removed it i n a metal-free alkaline developer after blanket 
D U V exposure and before P M M A development i n M I B K ; thus, the inter 
facial layer prob lem i n the uncapped process was overcome. 

Wi jdenes and G e o m i n i (170) examined the effects of the phenol ic res in 
composit ion, its molecular weight d is tr ibut ion , solvent composit ion, and 
prebake temperature on the interfacial layer formation. T h e y found that 
combined use of poly(p-vinylphenol) (structure 3.10) as matrix res in and 
cyclohexanone as the casting solvent i n the diazoquinone resist formulation 
minimizes mix ing of the two layers and yields a capped P C M structure 
without any plasma treatment. 

Another p rob l em w i t h the P C M process stems from reflections from 
substrate surfaces, w h i c h cause l ine w i d t h variations i n the masking resist 
exposure. O'Toole et a l . (171) demonstrated that even the P C M scheme 
suffers from l ine w i d t h variations due to reflections from the topographic 
structures on the wafer. T h e y m i n i m i z e d the effect of the reflected l ight by 
dye ing the bottom planariz ing layer i n a three-layer R I E - P C M scheme. 
H e w l e t t - P a c k a r d manufactures V L S I N M O S (n-channel metal oxide semi 
conductor) chips i n an uncapped P C M process by using Kodak 809 and a 
dyed planariz ing layer (163, 172). A coumarin dye, coumarin 6 (structure 
3.14), was chosen because this dye strongly absorbs at the imaging wave

length, is transparent at the al ignment wavelength, and does not prevent 
exposure of P M M A (Figure 3.48). T h e N M O S III chips i n H e w l e t t - P a c k a r d ' s 
H P 9 0 0 0 32-bit computer are manufactured by this b i l eve l -dyed D U V P C M . 
Various modifications of the basic diazoquinone r e s i s t - P M M A combinat ion 
i n the bi layer b l a n k e t - e x p o s u r e - P C M system have been proposed. M o d i f i e d 
P C M systems are summarized i n Table 3.8. 

T h e bottom P M M A layer can be replaced w i t h more sensitive D U V 
positive resists such as P ( M M A - O M ) and P M I P K (cf. Section 3.1.2) to reduce 
b lanket -exposure t i m e . C o n v e n t i o n a l pos i t ive photoresists are opaque 
enough be low 250 n m to act as an excellent mask for the image transfer 
exposure of P M M A , w h i c h is sensitive to the D U V radiation ranging from 
200 to 230 n m . O n the other hand , P M I P K is most sensitive i n the range 

3.14 
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(a) 

(b) 

(c) 

200-250 H g / X e L a m p S p e c t r u m 

CD 
O 
C 
CO 
+-* 

E 
CO 
c 
CO 

CD 
O 
c 
CO 

E 
C/> c 
CO 

500 600 700 800 
W a v e l e n g t h (nm) 

P M M A 
E x p o s u r e 

G C A 
E x p o s u r e 

Figure 3.48. UV transmission characteristics of dyed PMMA and Kodak 809 
resist as a function of wavelength. (Reproduced with permission from reference 

173. Copyright 1984 Society of Photo-Optical Instrumentation Engineers.) 
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of 290-310 n m , where the novolac resists are transparent enough to render 
the mask useless for P M I P K exposure (Figures 3.10 and 3.11). Therefore, 
incorporation of a dye w i t h absorption centered at about 300 n m is r equ i red 
to make the resist film more opaque at the wavelength of P M I P K exposure. 
B ispyr idy le thy lene (structure 3.15) ( X m a x = 300 nm) has been found to be 
a good dye i n Kodak 809 for this P M I P K P C M scheme as shown i n F i g u r e 
3.49 (173). 

L i n et a l . (177) replaced P M M A w i t h I B M terpo lymer resist (a t erpo l -
y m e r of M M A , methacryl ic ac id , and methacryl ic anhydride developed as 
an electron beam resist), w h i c h has a higher thermal stability and a higher 
D U V sensitivity. 

Another interest ing, D U V - s e n s i t i v e , p lanariz ing layer for the expo-
s u r e - P C M scheme is po ly (d imethyl glutarimide) ( P M G I ) (structure 3.7). 
Exposure of P M G I to D U V l ight or electron beam radiation results i n m a i n -
chain scission; therefore, this resist is positive work ing . 

A totally aqueous-base-developable b i layer P C M system that takes ad 
vantage of the h igh thermal stability, aqueous-base solubi l i ty , and h i g h sol 
vent resistance of P M G I has been reported (64, 65). T h e glass transition 
temperature (Tg) o f P M G I is ca. 189 °C; consequently, the resist image is 
thermal ly stable to this temperature. T h e acidic N - H groups render P M G I 
soluble i n aqueous base w i t h the dissolution properties s imilar to those of 
novolac resins. Th i s po lymer is sparingly soluble i n common organic solvents. 
This characteristic results i n m i n i m a l interfacial mix ing between a top i m 
aging layer and the bottom planariz ing layer. T h e significant absorption of 
P M G I i n the D U V region to 280 n m necessitates the incorporation of a dye 
into a diazonaphthoquinone photoresist to render the imaging layer more 
opaque i n the 250-nm region. S E M s demonstrating the thermal flow re 
sistance and h igh aspect ratio P C M patterning are prov ided i n F igures 3.50 
and 3.51. 

I n the P C M systems just descr ibed, both top and bottom resists are 
positive work ing . Res idual exposure of a bottom positive resist d u r i n g U V 
or electron beam imaging of a positive top resist is acceptable. H o w e v e r , 
w h e n a negative resist is used as the top layer, the residual exposure may 
reduce the contrast of a bottom positive resist. T h e several P C M systems 
invo lv ing the use of a negative resist as a top layer l isted i n Table 3.8 ( imaging 
layers 3-6) indicate that i f there is a sufficient sensitivity difference between 
the top and the bottom resists, the residual exposure can be tolerated. 

3.15 
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200-2501 H g / X e L a m p S p e c t r u m 

300 u 
P M I P K G C A 

E x p o s u r e E x p o s u r e 

500 600 700 800 
W a v e l e n g t h (nm) 

Figure 3.49. UV transmission characteristics of dyed PMIPK and dyed Kodak 
809 resist in a mid-UV exposure-PCM scheme. (Reproduced with permission 
from reference 173. Copyright 1984 Society of Photo-Optical Instrumentation 

Engineers.) 
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Figure 3.50. SEMsof a PMGI pattern obtained by DUV exposure. (Reproduced 
with permission from reference 64. Copyright 1985 Society of Photo-Optical 

Instrumentation Engineers.) 

L i n et a l . first reported a negative top resist P C M system w i t h P S T T F 
(structure 3.12; Section 3.2.2.2) as an imaging layer. T h e P S T T F - P M M A 
system offers two advantages over the A Z 1 3 5 0 J - P M M A system (174): 

1. formation of a capped structure w i t h the high-contrast deve l 
opment of P M M A i n M I B K , and 

2. no interfacial mix ing . 

T h e same advantages have been obtained w i t h other systems that use 
a negative resist as an imaging layer. These systems inc lude M R S - P M M A 
and A g 2 S e - G e S e - P M M A systems (Table 3.8) that are reportedly free from 
reflection problems due to the intense absorption of imaging U V irradiat ion 
by the top resist layer. F i g u r e 3.52 demonstrates patterns generated i n the 
capped P C M mode i n 0.4-u.m-thick M R S and 1.2-u.m-thick P M M A layers 
coated on a 0.7-u.m-stepped S i 0 2 substrate (19). 

A n isolation layer can be incorporated between the two layers to alleviate 
the interfacial m i x i n g prob lem. Table 3.9 summarizes such three-layer P C M 
systems composed of a diazoquinone resist, an isolation layer, and P M M A . 
T h e use of a l u m i n u m , amorphous si l icon, and a spin-on antireflective coating 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 189 

Figure 3.51. SEMs demonstrating thermal stability (180 °C) of a PMGI pattern. 
(Reproduced with permission from reference 64. Copyright 1985 Society of 

Photo-Optical Instrumentation Engineers.) 

Figure 3.52. Patterns formed in a bilayer resist system consisting of a 1.2-\im-
thick planarizing layer of PMMA and a OA-pm-thick RD2000N imaging resist. 
(Reproduced with permission from reference 19. Copyright 1984 Technical 

Publishing.) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

3

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



190 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

Table 3.9. Three-Layer D U V Flood E x p o s u r e - P C M Systems 

Isolation Planarizing 
Imaging Layer Layer Layer Imaging Reference 

AZ1350J A l P M M A E-beam 159 
AZ1350J a-Si a P M M A Stepper, 178 

E-beam 
Microposit 1400-17 A R C P M M A Stepper 179 
Kodak 820 A R C P M M A Stepper 180 
fla-Si is amorphous silicon. 

(ARC) as the isolation layer has been reported. Attract ive among the isolation 
materials is the A R C , because a l l o f the layers can be obtained by spin 
casting. T h e A R C is a th in organic coating composed of a polyamic acid and 
dyes for n e a r - U V projection l i thography that reduces the reflection effect i n 
diazoquinone positive resists (181). T h e A R C absorbs strongly at the near-
U V exposure wavelength to e l iminate detr imental effects of standing waves 
and scatterings from the surface topography i n the top resist layer. T h e A R C 
layer can be etched away d u r i n g the alkaline development of the top resist. 
Because the proper ly baked A R C film does not interact w i t h e i ther the 
bottom P M M A or the top photoresist, chlorobenzene development of 
P M M A produces a capped structure desirable for R I E processes without 
cumbersome plasma descumming . T h e major l imitat ion of this P C M scheme 
seems to be the narrow process w i n d o w of the A R C layer. Care fu l control 
of baking conditions is necessary to avoid severe erosion of the A R C layer 
d u r i n g the alkaline development of the top resist layer because the A R C 
material is not photosensitive and is etched isotropically i n base. O v e r b a k i n g 
renders the A R C totally insoluble . 

3 .3 .1 .2 DEEP-UV IMAGING AND R I E - P C M SYSTEMS 
A P C M system that uses R I E to define patterns i n a thick p lanariz ing layer 
was first reported by Havas for the metal lift-off process (182). M o r a n and 
M a y d a n (183, 184) ful ly demonstrated the versatil ity and process compat i 
b i l i ty of this system. In the t r i l eve l R I E - P C M system, the th in top resist 
is patterned i n the standard fashion. T h e re l ie f image is then transferred by 
R I E through an intermediate layer, w h i c h then serves as an oxygen R I E 
mask for the thick bottom layer (Figure 3.45). H a r d - b a k e d novolac resists 
or hard-baked po ly imides are commonly used as the planariz ing layer. I n 
termediate layers used i n various tr i leve l systems inc lude vacuum-deposited 
films of S i O £ , S i 3 N 4 , S i , G e , spun-on films such as "spin-on-glass" , and 
soluble t i tanium complexes. M o r a n and M a y d a n (184) demonstrated the use 
of electron beam, X - ray , refractive n e a r - U V projection, and reflective near-
U V project ion for imaging of the top resist and addressed the benefit of the 
t r i l eve l R I E scheme i n each l i thography technique. 

D U V l i thography can also benefit from the R I E - P C M scheme. Table 
3.10 summarizes mult i layer R I E systems that use D U V exposure to image 
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the top resist. M o s t of the efforts i n this area have been devoted to the 
design of s imple , b i layer R I E - P C M systems, as Table 3.10 shows. 

T h e intermediate layer i n the tr i leve l scheme can be e l iminated i f the 
top layer offers sufficient oxygen R I E resistance as w e l l as imaging capabil ity. 
Inorganic resist systems are quite suitable i n this respect. F i g u r e 3.53a shows 
profiles of 0.75-u,m l ine and space arrays del ineated i n a hard-baked pho
toresist w i t h A g 2 S e - G e t S e 1 _ x a mask, w h i c h was exposed i n the U V - 2 mode 
on a P e r k i n - E l m e r M 5 0 0 scanner (152). A 5 0 % change i n exposure t ime of 
this resist st i l l results i n adequate resolution of 0.75-u.m lines and spaces 
w i t h reasonable l ine w i d t h control . O n g et a l . (152) estimated that 0.65-u.m 
l ine and space features could be resolved i n this resist system w i t h the 
scanner operating in the U V - 2 mode, although 0.5-u.m l ine and space pat
terns were not resolved. W h e n the inorganic resist was exposed to the broad
band radiation, 0.75-p,m features were resolved (Figure 3.53b), and the 
exposure t ime was 4 times faster than i n the U V - 2 mode. 

Resist materials composed of organic polymers do not possess sufficient 
plasma etching durabi l i ty to function proper ly as masking layers for the 
etching of thick p lanariz ing po lymer layers (197). To simpli fy the R I E - P C M 
scheme, various organometallic resists that offer both imaging capabil ity and 
oxygen R I E resistance have been developed (Table 3.10). I n general , a l l of 
the systems contain a significant weight percentage of an element that forms 
a refractory oxide upon reaction w i t h oxygen plasma. W h e n these organo
metal l ic resists are placed i n an oxygen plasma, a th in layer of nonvolati le 
oxide is generated on the surface that is impervious to further oxygen etching 
(198) and acts as a mask for the anisotropic etch transfer of the top image 
into the thick po lymer planariz ing layer. 

T h e use of organometallic polymers i n the b i leve l R I E - P C M scheme 
was first reported b y Shaw et a l . (185). They used polysiloxane (structure 
3.16) as a negative-working electron beam imaging layer. T h e etch rate ratio 

i 1 i 3 

_ ^ S i - 0 - S i - 0 ^ 

R 2 R 4 

3.16 

of AZ1350J to polysiloxane i n an oxygen plasma is reported to be 50:1, 
indicat ing that only a 40-nm-thick polysiloxane layer w o u l d be sufficient to 
protect a 2-|xm-thick novolac resist. F igure 3.54 shows h igh aspect ratio 0.4-
p,m lines imaged i n the po ly (d imethyl -d iphenylv iny ls i loxane) -hard-baked 
AZ1350J system. Incorporation of a chloromethyl group into the benzene 
r i n g of polydiphenylsi loxane improves the D U V sensitivity as descr ibed i n 
the case of chloromethylated polystyrene ( C M S ) (see Section 3.2.2.2). A h igh 
sensitivity (10 m j / c m 2 254 nm) has been reported for chloromethylated 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 1 9 3 

Figure 3.53. SEMs of 0.75-jxra lines and spaces projection printed with a GeSe 
bilayer system: (a) UV-2 mode and (b) broad-band exposure. (Reproduced with 

permission from reference 152. Copyright 1982 Electrochemical Society.) 
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Figure 3.54. High aspect ratio images obtained by oxygen RIE pattern transfer 
with a polysiloxane as an etch mask. (Reproduced with permission from ref

erence 185.) 

polydiphenylsi loxane (186, 187). This material has a Tg room temperature , 
whereas polydimethyls i loxane is a grease at room temperature. 

T h e h igh oxygen plasma resistance of t r imethy l s i l y l - and tr imethylstan-
nylstyrene polymers has been combined w i t h h igh D U V sensitivity through 
copolymerizat ion w i t h chlor inated or chloromethylated styrene po lymer 
(188-191) to prov ide another example of an imageable oxygen etch barr ier 
material . A very h igh sensitivity of 5.5 m j / c m 2 254 n m has been reported 
for a 1:1 copolymer of tr imethylstannylstyrene and p-chlorostyrene (189) 
(structure 3.17). E l e c t r o n spectroscopy for chemical analysis ( E S C A ) (189) 

- e C H 2 - C H ^ _ ^ C H - ^ 

C H 3 — M — C H 3 R 

I 
C H 3 

M = S i o r S n 

R = CI o r C H 2 C I 

3.17 

and A u g e r electron spectroscopic studies (190) showed that si l icon or t i n i n 
a variety of oxidation states generates an effective oxygen etch barrier . T h e 
E S C A spectra shown i n F i g u r e 3.55 demonstrate that after oxygen R I E 
treatment of po lytr imethyls i ly lstyrene , the b i n d i n g energy of the S i 2p t ran 
sit ion increases by 2.7 eV, indicat ing the formation of S i O x , where x has a 
value between 1.5 and 2. M a c D o n a l d et al . (189) found that the incorporation 
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c 
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Figure 3.55. ESCA spectra of polytrimethylsilylstyrene before and after oxygen 
plasma treatment, showing formation of SiOx. (Reproduced with permission 

from reference 189. Copyright 1983 North-Holland.) 

of a smal l amount of S i (3 wt %) into an organic po lymer has a substantial 
effect on the oxygen plasma etch rate, and that the incorporation of approx
imately 10 wt % S i is sufficient to produce an effective etch barrier . R e i c h 
manis and Smol insky (195) reported a s imilar t rend i n a Si -containing 
pos i t ive-working methacrylate resist system i n w h i c h S i ranged from 0 to 
17.5 wt %. U n d e r the ir etching conditions, incorporation of approximately 
7 wt % S i produced an effective etch barrier . These results suggest that i f 
the S i content is above a threshold value, w h i c h is dependent on the specific 
etching conditions, an effective etch barr ier is formed even though the bu lk 
of the resist system is organic i n nature. 

Polysi lanes, a class of S i - S i backbone polymers , have attracted m u c h 
attention because of the ir l i thographic potential . T h e y have been shown to 
function as high-resolut ion, positive D U V and m i d - U V resists. A un ique 
photochemistry w i t h h igh quantum yields and nonl inear photobleaching was 
reported by Ho fer et a l . (192) and by M i l l e r et a l . (193). Backbone scission 
of polysilanes upon irradiat ion leads to a decrease i n chain length , an ac
companying b lue shift of absorption m a x i m u m , and a reduct ion i n the ex
t inct ion coefficient. T h e spectra i n F i g u r e 3.56 show the photobleaching and 
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Figure 3.56. UV spectra of an aliphatic polysilane demonstrating bleaching 
and blue shifting. (Reproduced with permission from reference 192. Copyright 

1984 Society of Photo-Optical Instrumentation Engineers.) 

blue shift typical ly observed upon exposure of al iphatic polysilanes. T h e 
researchers used aliphatic polysilanes (structure 3.18) as a th in imaging layer 

for b i l eve l oxygen R I E image transfer. H i g h aspect ratio patterns imaged i n 
an aliphatic po lys i lane -hard-baked photoresist system are shown F i g u r e 
3.57, where the top resist was imaged at 313 n m at a dose of 100 m j / c m 2 

a 1:1 projection pr inter (structure 3.19). Nate et a l . (194) reported use of 

poly( p-dis i lanylenephenylene) (structure 3.19) for patterning po ly imide by 
the b i l eve l oxygen R I E technique. Three- layer R I E - P C M systems obtained 

C H 3 

3.19 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 197 

Figure 3.57. SEMs of high aspect ratio images transferred into a hard-baked 
photoresist by oxygen RIE after mid-UV projection printing of a 0.25-\im-
thick polysilane resist. (Reproduced from reference 193. Copyright 1984 Amer

ican Chemical Society.) 
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by us ing a negative D U V resist M R S as the imaging layer have been reported 
(Table 3.10, R D 2 0 0 0 N ) (87, 196). 

M u l t i l a y e r resist systems can improve the performance of optical , elec
tron beam, X - r a y , and ion beam l ithography (83,86). Whereas these schemes 
increase processing complexity , they appear to be gaining popularity and 
are current ly used i n several manufacturing areas. B o t h D U V blanket-ex-
p o s u r e - P C M and D U V imaging and R I E - P C M schemes are strong candi 
dates for submicrometer l i thography. 

3.3.2 Deep-UV Hardening 

D U V blanket exposure of novolac photoresists significantly reduces thermal 
deformation of resist images d u r i n g high-temperature treatments such as 
those current ly practiced i n semiconductor manufacturing. T h e D U V - h a r d -
ening effect was first observed independent ly by van Pe l t (53) and by H i r a o k a 
and Pacansky (166, 199, 200). I n the course of A Z 1 3 5 0 J - P M M A P C M ex
per iments , van Pe l t (53) found that D U V blanket exposure rendered the 
photoresist insoluble i n organic solvents and effectively reduced thermal flow 
of the resist image to 200 °C. This thermal stability o f D U V - c u r e d positive 
photoresists was first ascribed to the generation of indenecarboxylic acid or 
its salt (199, 200). Photochemical (168,169) and processing (201, 202) studies 
later revealed that the thermal stability of resist patterns after D U V exposure 
is due to the formation of a surface skin layer of photocross- l inked and 
photooxidized novolac res in . 

F i g u r e 3.58 (left) shows a cross section of AZ1470 photoresist images 
that were exposed w i t h a low-pressure H g lamp after normal patterning and 
then baked for 30 m i n at 180 °C. F i g u r e 3.58 (right) shows a cross section 
of resist images that were irradiated w i t h a H g lamp by using a glass filter 
to remove D U V radiation. E v e n the standing wave patterns on the resist 
side w a l l are intact i n the D U V - c u r e d sample. N e a r - U V exposure (X > 300 
nm) of novolac resist patterns does not result i n the formation of a cross-
l i n k e d surface layer. I f the D U V - h a r d e n e d surface layer is removed by an 
oxygen plasma treatment, the under ly ing layers behave the same as patterns 
that rece ived only n e a r - U V exposure (201, 203). 

D U V exposure of poly( p-substituted styrenes), such as poly( p-chloro-
styrene), poly( p-chloromethylstyrene) , and poly( p-hydroxystyrene) [poly(p-
vinylphenol)] (structure 3.11), i n air leads to photocross- l inking and pho -
tooxidation. Consequent ly , D U V hardening is applicable to resists based on 
these polymers as w e l l as novolac-based resists (168, 169). 

3.4 Excimer Laser Lithography 

3.4.1 Lithography with Traditional Lasers 

O n e application o f lasers to l i thography is a maskless patterning technology. 
I n this application, the spatial coherence of the laser is the essential property ; 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 199 

Figure 3.58. SEMs demonstrating UV hardening of a photoresist. Top, AZ1470 
patterns baked at 180 °C for 30 min after exposure to a low-pressure Hg lamp 
containing DUV output and bottom, AZ1470 patterns under the same condi
tions except that the patterns were exposed through a glass filter. (Reproduced 

with permission from reference 201. Copyright 1982 Electrochemical 
Society.) 
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a single-mode beam allows opt imal focusing of a small spot on the substrate 
(14). Maskless patterning o f ceramic substrates for h y b r i d integrated c ircuit 
and w i r i n g patterns i n m u l t i l e v e l p r in ted c ircuit boards has been reported. 
In these systems, a laser beam is focused onto a resist-coated wafer. T h e 
spot is b lanked and scanned by precisely mov ing the substrate and /o r optical 
deflection systems to delineate the desired patterns i n the photoresist. F o 
cused laser l i thography is a direct -wri te method , s imilar to electron beam 
l ithography. Such direct -write techniques have several problems: 

• The laser sources have been l i m i t e d to continuous wave be 
cause of the scanning nature of the exposure. Rel iable cont in 
uous wave lasers current ly available have l i m i t e d power i n the 
U V . 

• Technica l problems associated w i t h b u i l d i n g high-speed, two-
dimensional optical deflection systems become more f o rmi 
dable as the resolution requirements become tighter. 

• T h e process is serial i n nature, r equ i r ing p ixe l -by-p ixe l ex
posure, and therefore has l i m i t e d throughput. 

T h e use of a focused U V laser beam to produce micrometer-s ize c h e m 
ical processes on sol id surfaces has been reported. These processes are 
ini t iated by the photodissociation of a molecular gas i n the v ic in i ty of the 
gas -so l id interface. D e p e n d i n g on whether the active photofragment reacts 
w i t h or is adsorbed on the so l id , microetching or microdeposit ion respec
t ive ly , occurs. T h e spatial resolution of this process is determined by 

• the laser beam spot size, 
• the spatial confinement of the result ing excitation, and 
• the reciprocity of the surface chemical process. 

Depos i t i on and etching of S i can be accomplished at l ine widths <0 .4 
p,m (204). Pract ical applications o f this laser microchemical processing i n 
c lude ohmic contact formation on p - I n P (p-type i n d i u m phosphide) and 
hard-surface-mask repair (205). F u r t h e r details on recent applications of this 
process can be found (204-206). 

3.4.2 Contact Printing with Excimer Lasers 

As ment ioned i n Section 3.1.2, attractive U V sources for l i thography are 
those that produce h igh power and poor spatial and temporal coherence. 
Jain and co-workers (13-15) demonstrated that excimer lasers prov ide ex
cel lent qual ity , speckle-free images w i t h resolution to 0.5 p,m i n a contact 
mode. T h e images were obtained i n 1-u.m-thiek diazoquinone photoresists 
such as AZ2400 w i t h a X e C l laser at 308 n m and a K r F laser at 248 n m 
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3. I W A Y A N A G I E T A L . Deep-UV Lithography 201 

(Figure 3.59). T h e y also showed that standing wave effects, though not totally 
absent, were barely noticeable despite the quasimonoehromaticity of the 
exc imer laser radiation. 

Exposures of P M M A w i t h an A r F laser at 193 n m were reported b y 
K a w a m u r a et a l . (207). T h e laser beam was focused by a convex lens to 
increase the power density. T h e laser beam dose inc ident on the resist film 
was 930 m j / c m 2 , de l ivered i n 20 nsec. K a w a m u r a et a l . were able to image 
0.5-p,m lines wi thout interference patterns. 

E x c i m e r laser l i thography has been extended into the v a c u u m - U V 
( V U V ) region w i t h the use of a F 2 excimer laser operating at 157 n m and a 
new mask technology (208). Because the conventional mask technology us ing 
quartz substrates cannot be employed , alkaline-earth halide substrates (e.g., 
C a F 2 ) that have h i g h transmittance at 157 n m were used to fabricate masks. 
As shown i n F i g u r e 3.60, the exposure was carr ied out e i ther i n vacuum or 
i n a c e l l purged w i t h inert gases that do not absorb l ight at 157 n m . P M M A 
and a copolymer of m e t h y l methacrylate ( M M A ) and methacryl ic ac id , 
P ( M M A - c o - M A A ) , developed as an electron beam resist (209), were exposed 
i n the 157-nm patterning experiments. T h e transmittance of P M M A at 157 
n m decreases as the film is exposed, prevent ing exposure of the lower l eve l 
of the P M M A film. P M M A films thicker than 100 n m were not ful ly de 
veloped. I n contrast, P ( M M A - c o - M A A ) becomes increasingly transparent 
w i t h exposure. Features as small as 0.15 u^m were generated by contact 
p r i n t i n g w i t h use of this resist at 157 n m . 

Exper iments w i t h the K r F laser (248 nm) and the inorganic resist 
A g 2 S e - G e S e 2 were reported by Polasko et a l . (210). These researchers ob
tained wel l - contro l led 0.5-u.m l ine space arrays by contact p r in t ing us ing a 

Figure 3.59. SEMs of images obtained by contact printing with excimer lasers: 
(a) 0.5-(xm lines and spaces obtained with XeCl laser at 308 nm (two pulses, 
each 50 mj/cm2), and (b) 1.5-p.m features obtained with a KrF laser at 248 
nm (five pulses, each 25 mjlcm2). (Reproduced with permission from reference 

15a. Copyright 1982 Institute of Electrical and Electronics Engineers.) 
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F 2 E x c i m e r 

L a s e r (157 nm) 

E v a c u a t e d 
L i gh t P a t h 

L i F L e n s 

M i r r o r s 

M a s k 

Figure 3.60. Schematic diagram of a VUV excimer laser system for contact 
lithography with 157-nm radiation. (Reproduced with permission from ref

erence 208. Copyright 1983 American Institute of Physics.) 

chromium-on-quartz mask. B y increasing the fluence to 520 k w / c m 2 , they 
found that the requ i red dose cou ld be l owered from 130 to 5.2 m j / c m 2 . 
Th is result signifies a 250-fold improvement relative to the value obtained 
w i t h H g arc i l luminat ion at 430 n m . Because contact p r in t ing suffers from 
damage to the mask and resist films result ing from frequent mask-wafer 
contact, projection p r i n t i n g systems using excimer lasers are be ing studied 
by several groups. 

3 . 4 . 3 Projection Printing with Excimer Lasers 

T h e first demonstration of projection l i thography obtained w i t h a U V laser 
was reported b y Lacombat et a l . (211). T h e laser they used as an i l luminat ion 
source was not an exc imer laser but a 413-nm K r laser w i t h spatial coherence. 
Because the spatial coherence of a source depends direct ly on the source 
size (the larger the source, the less spatially coherent i t is), they used a 
scanning laser beam system w i t h two rotating mirrors (Figure 3.61) to reduce 
speckle. B y scanning areas of various sizes i n the entrance p u p i l of the ir 
projection system, they investigated the dependence of partial coherency 
degree, a , on the image contrast. T he y were able to obtain l ines as small 
as 0.9 p,m on 0 .5 -p jn oxide steps and on l -p ,m a l u m i n u m steps (Figure 3.62) 
by us ing an experimental optical bench setup w i t h the scanning source 
system and a commerc ia l 10 X high-resolution lens. N o speckle noise effect 
was observed on the resist w i t h a coherency value of o* = 0.1. 

E x c i m e r laser projection l i thography was attempted by D u b r o e u c q and 
Zahorsky (212). T h e image projection system having a K r F laser and a 10 X 
microscope objective lens is shown i n F i g u r e 3.63. T h e low divergence of 
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Beam expander 

point source 
y Scann ing mirror . 

Figure 3.61. Scanning point source system. (Reproduced with permission from 
reference 211. Copyright 1980 Technical Publishing.) 

Figure 3.62. SEMs of 0.9-\im lines and spaces printed with a laser projection 
system in 0.7-\im-thick AZ1350H on a 0.5-jxm oxide step (left) and I.5-|xra-
thick AZ1350H on a 1-u.ra aluminum step (right). (Reproduced with permission 

from reference 211. Copyright 1980 Technical Publishing.) 
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the beam is inadequate because i t causes an excessive local energy density 
i n the optics and imposes the necessity for work ing i n a quasispatial coherent 
i l luminat ion mode. T h e y placed a diffuser i n front of the laser to modify the 
divergence. T h e best results were obtained w i t h AZ2400 , although the ab
sorption at 248 n m was st i l l significant (see F i g u r e 3.11). Despi te the fact 
that the 0 . 2 - N A lens was not corrected for 248 n m , they were able to image 
0.7-u.m lines (Figure 3.64). T h e exposure dose for the resist was 150-175 
m j / c m 2 . T h e y d i d not compare the laser exposure w i t h the conventional 
lamp i l luminat ion i n terms of the reciprocity law. T h e i r S E M photographs 
show that the w a l l profiles are overcut and standing wave effects appear at 
the resist bottom and vanish at the surface. They also po inted out that the 
smal l N A value (0.2) allows p r i n t i n g of l - p ,m lines w i t h a depth of focus as 
large as 7 p,m, compared to the 3.5-u.m depth of focus obtained w i t h i - l ine 
(365 nm) wafer steppers w i t h N A = 0.35. 

P o l et a l . (10) developed an excimer laser-based D U V projection system 
by modi fy ing a commerc ia l step-and-repeat exposure tool ( G C A mode l 4800 
D S W ) . This system is equ ipped w i t h a K r F (248 nm) excimer laser, an a l l -
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Figure 3.64. SEMs of 0.7-jxra images projection printed with the experimental 
KrF excimer laser setup shown in Figure 3.63. (Reproduced with permission 

from reference 212). 

quartz lens, and a laser beam scan system. T h e lens design w i t h no chromatic 
correct ion imposes an extremely narrow bandwidth requirement (0.005 nm) 
on the l ight source, w h i c h has been accomplished by extending the lasing 
cavity beyond the excitation region and insert ing two etalons, w h i c h act as 
narrow bandpass filters. Consequent ly , the exposure t ime for the Micropos i t 
2400-17 resist is about 50 times longer than exposure times on current 
product ion steppers. 

Jain and K e r t h (213) reported results of excimer laser projection l i 
thography that used a commerc ia l projection pr inter . They demonstrated 
high-speed full-wafer exposures, w i t h resolution to 1 p,m, and excellent 
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image qual ity on a P e r k i n - E l m e r mode l 111 full-wafer 1:1 scanning projec
t ion pr inter equ ipped w i t h a X e C l excimer laser (308 nm). Images obtained 
i n a d iazoquinone-novolac photoresist are shown i n F i g u r e 3.65. T h e fu l l 
exposures were achieved i n 15-s scan t ime . Th is result is a fivefold improve 
ment i n the exposure t ime compared w i t h a H g lamp (14). 

K e r t h et a l . (214) reported excimer laser (308 nm) projection l i thography 
obtained w i t h a modi f ied ful l - f ie ld scanning projection system ( P e r k i n - E l m e r 
M500) . T h e modifications inc luded an anamorphic optical system for trans
forming the nearly co l l imated rectangular excimer laser beam into the arc 
shape. T h e y obtained images of 1-u.m lines w i t h nearly vert ical (85°) wa l l 
profiles. 

Project ion imaging w i t h D U V (193 nm) and V U V (157 nm) excimer laser 
radiation was demonstrated by E h r l i c h et a l . (215). T h e optical system makes 

Figure 3.65. Full-wafer excimer laser projection exposure (15 s) showing (a) 
2-\un squares, and (b) spaces (dark areas) 1.5-5 |xm wide and lines (light areas) 
1-5 yum wide. A XeCl laser was used with a commercial 1:1 projection printer. 
(Reproduced with permission from reference 213. Copyright 1984 Optical 

Society of America.) 
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use of a reflecting 0 . 5 - N A microscope objective lens. They descr ibed pattern 
def init ion b y exposure of mult i layer organic resists, by maskless etching and 
dop ing of solids i n reactive vapors, and by solid-state chemica l transforma
tions i n a lumina films. Wel l - reso lved 0.4-p,m lines and spaces have been 
achieved. 

T h e reported results show that projection l i thography w i t h exc imer 
lasers is quite promis ing . To obtain useful field size and better resolution, 
optical systems w i l l have to be improved , in c lud ing challenges i n both con
denser or coupl ing optics and i n lens design. 

3.4.4 Excimer Laser Photoetching of Organic Materials 

T h e etching of organic materials w i t h 193-nm A r F excimer laser radiation 
was demonstrated b y Srinivasan and M a y n e - B a n t o n (216). U p o n irradiat ion 
w i t h the 193-nm A r F laser, organic materials undergo an ablative photo-
decomposit ion. A n d r e w et a l . (217) also reported the direct etching of 
po ly imide and photoresist films w i t h a X e C l laser. The ablation reaction can 
be attr ibuted to the h igh absorption of almost a l l the inc ident l ight i n a t h i n 
upper layer of the material fo l lowed by bond breaking and ejection of smal l 
molecules. T h e researchers conc luded that etching was pr imar i l y due to a 
thermal process invo lv ing irradiat ion w i t h the longer wavelength 308-nm 
X e C l laser. In both cases, a fluence threshold be low w h i c h no material 
removal is observed was demonstrated. 

Rice and Jain (218) reported the results of laser photoetching of organic 
materials obtained w i t h a contact l i thography apparatus equ ipped w i t h an 
A r F exc imer laser (Figure 3.66). Features as small as 0.3 p,m were produced 
i n 1-u.m-thick films w i t h no subsequent wet development steps. T h e int imate 
mask-wafer contact, however , was undesirable because it prevented vo la 
t i l izat ion of photofragments from the etched areas. Laser etching w i t h a 
project ion system was reported b y Lat ta et a l . (219). T h e i r system used four 
planoconvex quartz elements prov id ing a 2:1 reduct ion (Figure 3.67). A l 
though it had a designed resolution of 10 p,m, the on-axis performance was 
capable of resolving 2-p.m l ines at the image plane. Features ranging from 
2 to 20 p,m were etched i n l -p ,m-th ick films of d iazoquinone-novolac p h o 
toresists and po ly imide . In both contact and projection photoetching l i thog 
raphy techniques, the total fluence requ i red was i n the v i c in i ty of 1 J / c m 2 . 
T h e results of L a t t a et a l . show significant broadening at the top of the images 
(Figure 3.68). Desp i te these engineer ing problems, photoetching may find 
use i n certain areas such as resist-free patterning of cured po ly imide . 

3.4.5 Resist Behavior in Excimer Laser Irradiation 

3.4.5.1 RECIPROCITY BEHAVIOR 
A n important and interest ing aspect of excimer laser l i thography is the effect 
of the large instantaneous power density on the resist sensitivity. O n e might 
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O- r i ng 

V a c u u m <r 

A p e r t u r e 

E n e r g y \ M o n i t o r 

Par t ia l l y 
T ransm i t t i ng 
M i r ro r 

A m b i e n t 
A i r P r e s s u r e 

M a s k 

• Wa fe r 
• M e m b r a n e 

Figure 3.66. Experimental setup for contact etching at 193 nm. (Reproduced 
with permission from reference 218. Copyright 1984 Springer-Verlag.) 

E x c i m e r 
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Pro jec t ion 
Lens A l i gnmen t 

M i c r o s c o p e 

He -Ne Laser 

Mi 

Image P lane 
(F luorescent Target 
U s e d for Focus ing ) 

Figure 3.67. Experimental setup for projection etching at 193 nm. (Reproduced 
with permission from reference 219. Copyright 1984 American Institute of 

Physics.) 
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Figure 3.68. A 0.5-jxm line directly photoetched in a diazonaphthoqui-
none-novolac positive photoresist with a 193-nm ArF excimer laser. 
(Reproduced with permission from reference 218. Copyright 1984 Springer-

Verlag.) 

expect that h igh-power irradiation wou ld produce photochemical changes 
that differ from those produced under conventional H g lamp i l luminat ion . 
Turro et a l . (220) observed that the photoproducts produced by 248-nm K r F 
excimer laser- induced excitation of d iphenyldiazomethane and tetraphen-
yloxirane i n isooctane are different from those generated by conventional lamp 
excitation of the same substances. T he y also reported that excimer laser 
excitation ( K r F , 248 n m ; X e C l , 308 n m ; or X e F , 351 nm) produced a nove l , 
unprecedented emission from benzophenone i n trichlorotrif luoroethane 
(Freon-113) (221). These results were attr ibuted to reactions result ing from 
the h igh concentration of active species produced by laser i l luminat ion . O n 
the basis of these results, one may expect resist reciprocity failure i n exc imer 
laser exposure. Studies on the reciprocity behavior of resists have been based 
on measurement of both b leaching and photosensitivity at various power 
levels (14, 15, 222, 223). The conclusion is that i n the power range inves
tigated (0.27-4.4 M W / c m 2 ) , there is no observable reciprocity failure i n 
AZ2400 and two experimental I B M diazoquinone-novolac resists i n 308-nm 
X e C l laser i l luminat ion (Figure 3.69). H e r e , b leaching was used as the re 
sponse cr i ter ion (223). Photosensit ivity lies between 30 and 40 m j / c m 2 i n 
the power range (8 k W / c m 2 - 0 . 3 9 M W / c m 2 ) , as shown i n F i g u r e 3.70. Th i s 
response is comparable to that observed w i t h a conventional i l luminat ion 
(14). T h e accuracy of the experiments is such that a loss of sensitivity by a 
factor greater than 3 w o u l d be detectable. It is desirable to investigate the 
reciprocity behavior of resists through use of l i thographic photosensit ivity 
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-J I I i ! I i i i i i i 

20 40 60 80 100 120 140 160 180 200 

Exposure Dose (mJ/crrr) 

Figure 3.69. Bleaching of an experimental photoresist as a function of the 
integrated exposure dose for four different laser pulse peak powers. (Repro
duced with permission from reference 223. Copyright 1984 Institute of Elec

trical and Electronics Engineers.) 

1 10 100 

Dose (mJ/crrr) 

Figure 3.70. Photosensitivity of AZ1450J resist measured at different laser peak 
powers. (Reproduced with permission from reference 222.) 
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measurements rather than bleaching because sensitivity is dependent on 
photoproducts, whereas bleaching experiments give only the loss of pho 
toactive compounds i n the resist film without document ing the nature of the 
photoproducts. 

A remarkable reciprocity failure was observed i n the inorganic resist 
descr ibed i n Section 3.4.2 (210). T h e effect of dose rate on the total dose 
requ i red for response is shown i n F i g u r e 3.71, where the n u m b e r of pulses 
requ i red for exposure is p lot ted as a function of pulse energy density. As a 
pulse energy is increased, a drastic reduct ion i n the requ ired dose is ob
served. T h e reciprocity failure was attr ibuted to a locally induced temper 
ature rise. F u r t h e r investigations are needed to clarify the rec iprocity 
behavior of resist systems under excimer laser radiation. M u l t i p h o t o n m e c h 
anistic studies are c learly warranted. 

3.4.5.2 RESIST ABSORPTION CHARACTERISTICS 
T h e absorption characteristics of resist films at the exposure wavelength of 
an exc imer laser are important. F o r example, an application of conventional 
positive resists to 248-nm K r F excimer laser l i thography is l i m i t e d b y ex-

I I 
0.1 1.0 10.0 

D o s e / P u l s e ( m J / c m 2 ) 

Figure 3.71. The number of 10-nm pulses required for full thickness remaining 
versus the dose per pulse. The discontinuity in this graph occurs at a power 
density and will result in an estimated maximum temperature of 140 °C. (Re
produced with permission from reference 210. Copyright 1984 Institute of 

Electrical and Electronics Engineers.) 
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posure absorption as discussed i n Section 3.2.2.1. T h e combined absorption 
of the photosensitizer and the resin results i n a resist film that is opaque at 
248 n m (see F igures 3.10 and 3.11); hence, l i t t le or no l ight reaches the 
photosensitizer at the resist-substrate interface. A l though excimer laser 
pr in t ing of l ines down to 0.7 p,m i n AZ2400 has been demonstrated w i t h 
K r F exc imer laser project ion pr in t ing , resist profiles suffered because of the 
h i g h absorption (212). As ment ioned i n Section 3.5.2, even P M M A is suf
ficiently absorbing at 157 n m ( F 2 exc imer laser) so that severe profi le deg
radation results (208). 

L i n (83) s tudied the M R S resist (RD2000N) to determine the effect of 
optical density on performance. Resist images were del ineated by 222-nm 
K r C l and 308-nm X e C l exc imer laser radiation as shown i n F i g u r e 3.72. A t 
308 n m , nearly vert ical resist profiles were produced. This result provides 

Figure 3.72. Negative image in RD2000N resist exposed with a KrCl excimer 
laser at 222 nm (top) and negative image in RD2000N resist exposed with a 
XeCl laser producing 308-nm light (bottom). (Reproduced from reference 83. 

Copyright 1983 American Chemical Society.) 
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evidence of good l ight penetration into the bu lk of this resist. O n the other 
hand, the images del ineated at 222 n m show profiles that are extremely 
wide at the top and qu i ck ly become narrow w i t h depth because of insufficient 
exposure i n the lower layer of the resist film. 

A l though h i g h photosensitivity may not be a major factor i n the design 
of resists for excimer laser l i thography, matching of the spectral character
istics of the resist and the exposure source continues to be an important 
challenge. 

3,5 Future Projections 
T h e future of D U V l ithography is difficult to judge. W e bel ieve that D U V 
l ithography w i l l find a place i n the manufacturing of semiconductor devices 
i n the 0 .5-1 .0-u.m regime and may become the dominant l i thography tech
nology of the early 1990s. T h e introduct ion of this technology seems not to 
be gated by material (resist) issues although m u c h needs to be done i n this 
area, but rather by the development of exposure systems. U n t i l commerc ia l 
D U V exposure systems are available, assessing the existing materials base 
is not possible i n terms of cr i t ical d imension control or process bias, for 
example. T h e extent to w h i c h more complex and therefore costly mult i layer 
processes need to be developed ful ly w i l l depend on the output character
istics of the exposure tool . 

T h e 1 X , ful ly reflecting systems demand 1 X masks. H e n c e , even i f 
the N A of such systems can be increased sufficiently to prov ide submicro 
meter pr in t ing capabil ity i n the D U V , the fabrication of ful l - f ie ld 1 X masks 
w i t h accurate, defect-free submicrometer dimensions w o u l d require enor
mous improvements over the state of the mask-making art. Therefore, a 
reduct ion lens system of some sort w i l l l ike ly become the dominant approach. 

Because chromatic aberration correction is so difficult to achieve i n 
refracting lenses for D U V , such systems w i l l undoubtedly be designed 
around excimer laser sources, w h i c h have the potential for prov id ing narrow 
bandwidth , high- intensity radiation i n the desired wavelength region. T h e 
first lenses w i l l l ike ly be a l l fused si l ica elements and w i l l require spectral 
narrowing of the laser output. Eventua l l y , use of fluoride optical elements 
may al low lens designers to work w i t h the excimer laser output direct ly . 
Several companies are reported to be far along i n the design of fused si l ica 
lenses for spectrally narrowed 248-nm excimer laser radiation, and at least 
one such lens has been de l ivered and is under evaluation. T h e pulsed nature 
of excimer lasers represents a complicat ion for current exposure tool designs. 
H o w e v e r , w i t h sufficient flux at the wafer plane, a "flash on the fly" system 
w o u l d take advantage of the narrow pulse w i d t h of the laser. Such systems 
could provide extremely h igh throughput but w i l l appear late i f at a l l , because 
they require , among other things, far more reproducible pulse-to-pulse per 
formance from the laser than has been demonstrated. 
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A l t h o u g h an improvement i n resolution result ing from the use of shorter 
wavelengths and higher throughput can be achieved us ing laser sources, use 
of lasers does not obviate the problems associated w i t h the cont inued t rend 
toward h igher resolution and larger ch ip sizes. F o r step-and-repeat systems, 
there is a trade-off between resolution and field size. T h e last 10 years have 
shown a steady increase i n the size and complexity of stepper lenses to 
overcome this difficulty. Th is t rend w i l l continue (19). T h e n u m b e r of res
o lut ion elements i n the field of stepper lens seems to be l i m i t e d to a few 
times 10 8 (19, 224, 225). Today's requirements of 1.25-p,m geometries and 
10 X 10 m m chip sizes are easily met by many available lenses. H o w e v e r , 
requirements of 0.5-p,m m i n i m u m geometries and 16-mm square chips , for 
example, amount to about 10 X 10 8 e lements, a value w h i c h exceeds the 
capabil ity of any of the current lenses. 

O n e solution to this p rob l em is to employ a subfield scanning (step-
and-scan) system (19, 225). I n such a system, the wafer area is subdiv ided 
into a n u m b e r of subfields that are exposed sequentially by synchronously 
scanning mask and wafer through the curved zone of aberration-free imaging 
(Figure 3.73). A w ide variety of r ing- f ie ld projection systems have been 
proposed, i n c l u d i n g a 1:1 broadband imaging system (Figure 3.74), a 5:1 
system, and a 4:1 system. 

T h e n u m b e r of resolution elements per unit area is expanded enor
mously by the scanning system. Such systems w i l l easily provide the n u m b e r 
of resolution elements r equ i red for 0.5-u.m ground rules. I f such systems 
can be developed by us ing D U V excimer laser sources w i t h a moderate N A , 

Start S c a n -1 
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Figure 3.73. Step-and-scan principle. The wafer is exposed by synchronously 
scanning the mask and each wafer subfield through the illuminated zone of a 
ring-field imaging system. (Reproduced with permission from reference 19. 

Copyright 1984 Technical Publishing.) 
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Figure 3.74. Shafer micralign-Dyson hybrid system. This 1:1, 0.33-NA ring-
field imaging system has a 2-mm slit width and a spectral range that proceeds 
from 260 nm through the visible region. (Reproduced with permission from 

reference 19. Copyright 1984 Technical Publishing.) 

they w i l l certainly extend optical l i thography to 0.5 p,m, l i m i t e d mainly by 
the shallow depth of focus. 

Reduct ion i n wavelength to the 193-nm excimer laser or less is possible. 
There have also been discussions about the use of immers ion lenses. A shift 
to the V U V , below 200 n m , though attractive i n pr inc ip le , carries w i t h i t a 
n u m b e r of new and chal lenging materials demands. Quartz may be useful 
for mask substrate and th in optical elements at 193 n m , but be low this 
wavelength, new materials w o u l d be required . T h e exposure systems w o u l d 
have to operate i n vacuo or under an inert gas fill because air absorbs at 
V U V wavelengths. Organic materials are generally very strongly absorbing 
i n this spectral region because there is sufficient energy to excite o~-cr* 
transitions. Consequent ly , new resist chemistry w o u l d have to be developed 
to support V U V l ithography. Desp i te these seemingly insurmountable ob
stacles, we expect to see serious research efforts d irected toward solving the 
major problems of V U V l i thography, and we expect the industry to abandon 
optical l i thography only w i t h the greatest reluctance. 

Abbreviations and Symbols 

A R C antireflective coating 
B unbleachable absorbance of a resist 
C M S chloromethylated polystyrene 
C P M S chlor inated polymethylstyrene 
D U V d e e p - U V 
E S C A electron spectroscopy for chemical analysis 
E S R electron spin resonance 
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F B M poly(f luorobutyl methacrylate) 
H M D S hexamethyldisi lazane 
I P P h K isopropenyl p h e n y l ketone 
L M R low molecular weight resist 
M A A methacryl ic acid 
M A N methacrylonitr i le 
M I B K m e t h y l isobutyl ketone 
M M A methy l methacrylate 
M R S micro resist for shorter wavelengths 
N A numer i ca l aperture 
N M O S n-channel metal oxide semiconductor 
O M 3-oximino-2-butanone methacrylate 
P B S po ly (butene- l sulfone) 
P C M portable conformable mask 
P D P plasma-developable photoresist 
P G M A poly(glycidyl methacrylate) 
P I P T B K poly( isopropenyl tert-butyl ketone) 
P M I P K poly(methyl isopropenyl ketone) 
P M M A poly(methyl methacrylate) 
P S T T F polystyrene-tetrathiofulvalene 
R I E reactive i on etching 
S A M P L E simulat ion and profiles i n l i thography and etching 
S E M scanning electron micrograph 
U V - 2 same as D U V 
U V - 3 same as m i d - U V 
U V - 4 same as n e a r - U V 
V L S I very large scale integration 
V U V vacuum ultraviolet 
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4 
Molecular Electronics Using 
Langmuir-Blodgett Films 

G . G . Roberts 

Department of Engineering Science, University of Oxford, Oxford OX1 3PJ 
England 

Langmuir-Blodgett (LB) films are monomolecular assemblies depos
ited one molecular layer at a time onto the surface of a suitable solid 
substrate. The combination of a carefully engineered molecule and 
a good Langmuir trough can result in high quality films displaying 
a high degree of structural order. Following a brief introduction to 
the preparation of LB films, this review describes their importance 
as model systems in basic research. However, the main emphasis is 
placed on their potential applications in the field of electronics, par
ticularly those relying on the highly nonlinear properties of super-
molecular assemblies. 

T H E R E L A T I V E L Y I N E X P E N S I V E E Q U I P M E N T R E Q U I R E M E N T S associated w i t h 
the Langmuir - t rough technique coupled w i t h the elegance of the funda
mental science invo lved w i t h L a n g m u i r - B l o d g e t t (LB) films and the ir i n 
teresting appl ied prospects have generated considerable activity i n the 
electronics field. T h e noticeable increase i n the numbers of participants at 
relevant conferences and papers pub l i shed i n the learned journals testifies 
to the importance of the topic, whose pioneers worked i n the G e n e r a l E l e c 
tr ic Research Laboratories between the two w o r l d wars. 

T h e first detai led descript ion of sequential organic monolayer transfer 
was g iven by L a n g m u i r and Blodgett ( I , 2) i n the mid-1930s and l e d to 
several s imple applications of L B films inc lud ing step-thickness gauges, a n -
tireflection coatings, and soft X - r a y gratings. T h e majority of the early papers 
concentrated on a wel l -def ined series o f fatty acids and their salts. T h e subject 
received an impetus i n the early 1960s b y the work of K u h n et a l . (3), who 
showed how monomolecular assemblies cou ld be used as matrices to support 

0065-2393/88/0218-0225$12.25/0 
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various dye molecules and as spacers to separate donor and acceptor species. 
T h e i r elegant, artificial systems were designed ingeniously to differentiate 
between the different interactions that cou ld occur v ia photon, e lectron, and 
proton transfer. T h e present phase of intense activity started about 15 years 
ago w i t h the synthesis of a w i d e r range of more stable materials and a genuine 
appreciation o f the appl ied prospects for L B films (4). M a n y of the basic 
pr inciples under ly ing the technique can be found i n the text by Gaines (5). 
T h e first two international conferences on the subject (6, 7) provide a detai led 
account of recent developments. 

This chapter provides a br i e f introduct ion to the preparation of m u l t i 
layer films; however , the ma in focus is on their potential applications i n the 
field of electronics, especially i n those areas that capitalize on the nonl inear 
properties of L B layers. 

4.1 Preparation of Langmuir-Blodgett Films 

C h a r t 4.1 shows stearic ac id , a molecule i n w h i c h 16 C H 2 groups form a 
long hydrophobic chain. T h e other end of the molecule terminates i n a 
hydrophi l i c carboxylic acid group. W h e n dissolved i n a suitable solvent and 
spread on the surface of water, molecules may be compressed w i t h the a id 
of a barrier . F i g u r e 4.1 shows a plot of the surface pressure (differential 
surface tension) versus area occupied per molecule for stearic acid. T h e 
monolayer undergoes a n u m b e r of phase transformations d u r i n g compres
sion; the wel l -de f ined sequence can be v i ewed as the two-dimensional an
alogue of the classical transitions observed w i t h pressure -vo lume isotherms. 

A n L B film is formed b y transferring a floating monolayer onto a sol id 
substrate; the surface pressure at w h i c h " d i p p i n g " occurs is established by 
the type of i sotherm shown i n F i g u r e 4.1. T h e subphase is normal ly ultrapure 
water because it is readily available and has an exceptionally h igh value of 
surface tension. T h e composit ion of the subphase i n c l u d i n g its pur i ty , p H , 
and ionic strength can have a profound influence on factors such as the 
solubi l i ty of the monolayer and segregation effects result ing i n molecular 
aggregates or domains. 

B y us ing conventional L B film technology, the substrate is raised and 
lowered vert ical ly through a compact floating monolayer; the surface pres
sure at w h i c h this occurs is normal ly just above the " k n e e " i n the l i qu id - t o -
sol id transition section of the isotherm, indicat ing low compressibi l i ty i n the 
monolayer. A t this stage, i f conditions are carefully control led and appro
priate molecules are used, one monolayer is transferred d u r i n g each excur
sion through the subphase surface. T h e most common deposition mode (Y-
type) is i l lustrated i n F i g u r e 4.2, where the molecules can be seen to stack 
i n a head-to-head and tai l -to-tai l configuration. The floating molecules on a 
l i q u i d surface are shown i n F i g u r e 4.2a. W i t h a hydrophi l i c substrate, no 
p i ckup occurs d u r i n g the first immers ion , and the first monolayer is therefore 
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« H H 
I V 

H — C — H C 

C ( C H 3 ) 3 

substituted phthalocyanine 
(d) 

Chart 4.1. A selection of molecules used to form LB films: (a) a fatty acid 
(stearic acid), (b) w-tricosenoic acid (o>-TA), (c) a substituted anthracene (9-
butyl-10-anthrylpropionic acid), and (d) a substituted phthalocyanine (tetra-

4-tert-butylphthalocyaninatosilicon dichloride). 
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Substrate 

Y-depositlon 

Figure 4.2. Langmuir-Blodgett film deposition (Y-type) on a hydrophilic sub
strate: (a) monolayer on the surface of water, (b) first layer on withdrawal, 
(c) second layer (second insertion), and (d) substrate with three layers (after 

second removal). 
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deposited d u r i n g the first wi thdrawal as shown i n F i g u r e 4.2b. T h e surface 
is now hydrophobic and deposit ion occurs d u r i n g the next immers ion into 
the water. Thus , one monolayer coverage is obtained w i t h each traversal 
through the l i q u i d . W i t h a hydrophobic surface such as freshly etched s i l i con, 
p i ckup occurs d u r i n g the first insert ion. Sometimes, the common Y- type 
deposit ion mode i l lustrated i n F i g u r e 4.2d is not fol lowed, and one of the 
other two possible configurations, X - or Z - type , is observed, where transfer 
occurs only d u r i n g immers ion or wi thdrawal , respectively. T h e surface q u a l 
ity and chemical composit ion of the substrate affects the nature of the de 
posited layer. P r o v i d e d the surface is very hydrophi l i c or very hydrophobic , 
good adhesion is normal ly obtained; satisfactory cohesion between adjacent 
monolayers is harder to achieve. 

4.2 Modern Developments 

4.2.1 Organic Synthesis 

Genera l ly speaking, the synthesis of suitable molecules for examination w i t h 
a L a n g m u i r trough has been made by an ad hoc procedure and has re l i ed 
on the modif ication of k n o w n materials. F o r example, the a lky l group of fatty 
acids may be replaced by chains containing one or more double bonds. T h e 
(o-tricosenoic ac id (<*>-TA) molecule (8) shown i n C h a r t 4.1, w h i c h is s imi lar 
to stearic acid but contains a termina l double bond , displays a l l the essential 
film-forming qualities inc lud ing solubi l i ty i n convenient organic solvents, 
stability at the surface of water, shear resistance, stability against collapse, 
and suitable orientation features. 

T h e diacetylenic acids (9,10) have also been wide ly investigated because 
of the ir po lymerizabi l i ty . H e r e the interest ing diacetylenic entity is normal ly 
incorporated into the structure of an alkanoic acid to give a compound such 
as C H 3 ( C H 2 ) 1 0 C = C - f e C ( C H 2 ) 7 C O O H . T h e topochemical po lymerizat ion 
proceeds w i t h i n the L B layer but results i n an array of two-dimensional 
domains whose size is inf luenced by material pur i ty . Diacetylenes have also 
been incorporated into l i p id l ike molecules and po lymer ized as mode l m e m 
branes (11, 12). Because of the structural flexibility of L B films, there is 
l ike ly to be cont inued interest i n po lymer L B films research, some of w h i c h 
w i l l involve preformed polymers (13). H o w e v e r , the rigidity of many po lymer 
films prevents this approach be ing used generally. 

To attach long aliphatic chains to a molecule and spread a monolayer is 
relatively straightforward. H o w e v e r , this procedure may w e l l d i lute the 
desirable properties of the basic molecule. Moreover , for stability reasons, 
the presence of long side groups w i l l severely restrict their practical a p p l i 
cabil i ty . Therefore, the scope of the Langmuir - t rough technique w o u l d be 
considerably enhanced i f interest ing materials containing only short, stable 
side groups could be formed into L B films. A good example is prov ided b y 
the anthracene derivative (14) shown i n C h a r t 4.1; multi layers of excellent 
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qual ity can be obtained, even though the a lky l group contains only four 
aliphatic carbons and the hydrophobic group is attached to the r i n g structure 
v ia only two methylene groups. 

E x t r e m e l y robust monolayer assemblies can be constructed by us ing 
dye molecules such as the porphyrins and phthalocyanines. I n general , the ir 
qual ity is relatively imperfect compared w i t h those of the classic film-forming 
materials, but the ir significant advantages l ie i n the ir thermal and mechanical 
stabilities. A n example of a substituted phthalocyanine molecule (15), w h i c h 
can be deposited i n monolayer form, is shown i n C h a r t 4.1. 

T h e molecules shown i n C h a r t 4.1 represent only a few of the materials 
that have been studied i n L B film form. Nonetheless, a great deal more 
needs to be done to tap the vast wealth of opportunities available w i t h organic 
systems. Inevitably, short-term opportunistic attempts w i l l be a imed at d is 
cover ing molecules for specific devices. However , a more pressing need is 
for a systematic approach that w i l l y i e l d rules governing s t ructure -property 
correlations so as to enable scientists to confidently predict the molecular 
architecture of monolayer assemblies. 

4.2.2 Langmuir Troughs 

T h e upsurge i n interest i n L B films has l e d to greater attention be ing placed 
on trough design and control systems to meet the stringent requirements 
of scientists and engineers. Therefore, modern instruments are relat ively 
sophisticated, and , for device-related work, need to be situated on ant iv i -
brat ion tables i n clean environments . A l t h o u g h it is possible to automate 
most features, the pr imary benefit at the present t ime lies i n efficient data 
col lect ion and the ease w i t h w h i c h data can be manipulated. F o r example, 
phase transitions are more apparent w h e n the differential of the pres
sure -area isotherm is plotted. Also , the deposit ion process can be pro 
grammed and monitored i n a straightforward manner. In the example shown 
i n F i g u r e 4.3, the substrate is moved between different vert ical l imits to 
provide a staircaselike mult i layer structure compris ing 4, 8, 12, and 16 layers. 
I n order to maintain a constant surface pressure d u r i n g the Y- type d i p p i n g 
cycle, the film area enclosed by the barr ier is reduced systematically. 

A recent development i n trough design could have important c o m 
merc ia l significance. This development has arisen because of the need to 
produce noncentrosymmetric structures that display interest ing nonl inear 
physical effects. T h e conventional Y- type films are symmetr ica l i n character, 
and experience has shown that X - and Z-type layers, although nonsym
metr ica l , are usually imperfect. Therefore, an alternative approach to pro 
duc ing noncentrosymmetric structures is to use alternate layers of two 
different materials where the contributions of adjacent molecules do not 
cancel (Figure 4.4). The additions of a fixed beam and a revo lv ing center 
section to an automated constant-perimeter-barrier L a n g m u i r trough enables 
the formation of an alternating Y- type structure of two different molecules 
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A * 4 4 

Figure 4.4. Top: A combination of two molecules A and B enables a Y-type 
film to be produced of noncentrosymmetric character. Bottom: A rotating 
substrate is used to alternately pick up different molecules from separate areas 

of the trough and thus form an organic superhttice. 

spread i n the two distinct areas of the subphase. T h e structural qualities of 
the L B films prepared i n this way can be of h igh qual ity (16). A n o t h e r 
advantage of the rotating substrate arrangement, w h i c h is conducive to fast 
d i p p i n g , is that the meniscus, un l ike that i n the vert ical d i p p i n g method , is 
always i n the same direct ion . 

4.3 Characterization of Langmuir-Blodgett Films 

M a n y different experimental techniques indicate that carefully prepared 
films of appropriately substituted molecules possess a h igh degree of struc-
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tural order. T h e surface qual ity and chemical composit ion of the substrate 
can have a profound effect on the nature of the deposited layers. H o w e v e r , 
as i n the case of the spread monolayer, researchers have frequently ignored 
the under ly ing science and have arr ived at empir i ca l procedures for p r e 
par ing specimens. Natura l ly , the quality of the floating layer is important 
and needs to be characterized, as does the interface between the first de 
posited layer and the substrate. A popular objective i n studies of floating 
monolayers is to monitor a physical parameter d u r i n g compression of the 
f i lm and thus correlate phase transitions i n the pressure-area isotherm w i t h 
effects such as the formation of aggregates. F o r example, Raman spectroscopy 
(17) can provide evidence of molecular orientation, and fluorescence m i 
croscopy (18) can be used to i l lustrate the change i n texture of a monolayer 
due to dendrite formation. 

E l e c t r o n diffraction was first used to study L B films over 50 years ago, 
but only recently have the packing arrangements of molecules i n mult i layer 
films been investigated i n detai l . F o r example, transmission electron dif
fraction has prov ided evidence that epitaxial growth occurs under certain 
conditions where the mult i layer f i lm assumes the structural order present 
i n the first layer. V e r y few experiments have been concerned w i t h films 
constituting fewer than 10 monolayers, and l i tt le attention has been pa id to 
the structure of the in i t ia l few monolayers deposited onto a substrate. In 
these situations, reflection high-energy electron diffraction ( R H E E D ) is par
t icularly convenient because it is nondestructive and permits a rap id i d e n 
t i f i ca t i on o f the f i l m s t r u c t u r e to be a c h i e v e d w i t h m i n i m a l s a m p l e 
preparation. A R H E E D pattern from a molecule specially designed for n o n 
l inear optics applications (19) is i l lustrated i n F i g u r e 4.5. T h e electron m i 
croscope can also be used i n transmission; the first direct image of an L B 
film was reported by F r y e r et a l . (20) for a single monolayer of a substituted 
phthalocyanine. T h e structure exhibi ted i n F i g u r e 4.6 is for a single m o n 
olayer of tricosenoic acid (21). 

X - r a y diffraction techniques have been used extensively to determine 
the monolayer thicknesses of L B films. Because the scattering of X-rays from 
carbon and hydrogen atoms can be assumed to be very smal l compared to 
that from heavier metal ions incorporated i n a film, the lattice spacing normal 
to the film corresponds to the distance between adjacent planes containing 
metal ions. Some workers have noted X - ray d spacings that are significantly 
less than those expected from consideration of the molecular length; such 
evidence normal ly points to a t i l t i n the hydrocarbon chain. F o r example, 
the long-axis molecular t i l t angle i n films of the anthracene compound shown 
i n C h a r t 4.1 is 60°, and the molecules i n consecutive layers appear to i n 
terpenetrate (14). N e u t r o n diffraction and reflection measurements have also 
been reported (22, 23). T h e precise regularity of the layer spacing and the 
finite n u m b e r of layers enables a precise quantitative fit to be obtained. 
Opt i ca l techniques were appl ied by Blodgett and L a n g m u i r (24) to determine 
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Figure 4.5. An 80-keV reflection high-energy electron-diffraction (RHEED) 
pattern from a single layer of the nitrostilbene molecule shown in Structure 

4.1b. The substrate is {111} silicon. 
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Figure 4.6. A 100-keV transmission-electron-diffraction pattern of a single 
monolayer of tricosenoic acid. (See reference 21.) 

the optical constants of fatty acid salt monolayers; they showed how the 
refractive index cou ld be modi f ied by skeletonizing the films and adjusting 
the sa l t -ac id ratio. M o d e r n methods al low thickness determinations to be 
measured rout inely by using e l l ipsometry, and , by us ing intensity variations, 
the lateral heterogeneity from domains larger than the wavelength of l ight 
can be established. Very thick films can be used to determine both the 
thickness and the refractive index by studying mul t imode propagation i n a 
waveguide configuration. F o r example, Walp i ta and P i t t (25) measured the 
waveguid ing characteristics of more than 200 layers of cadmium stearate and 
s imilar data have been reported for a diacetylene po lymer by C h e n et a l . 
(26). 

Surface analytical techniques such as A u g e r electron spectroscopy (27), 
X - r a y photoelectron spectroscopy (28), and secondary-ion mass spectrometry 
(29) have been used to study L B films. Synchrotron radiation is a part icularly 
powerful probe enabl ing X - r a y near-edge structure and extended X - r a y ab
sorption fine structure to be measured. Angle -reso lved photoemission s tud
ies (30) conf irmed the existence of a one-dimensional energy band along the 
( C H 2 ) X chain i n a fatty acid salt film. 

Infrared spectroscopy is a powerful tool to study L B films. W i t h modern 
instruments such as F o u r i e r transform spectrometers, detai led information 
can be obtained about functional groups and their orientation. F o r example, 
I R spectroscopy can be used (I) to show that the s imple acid salts are i n c l i n e d 
at only a few degrees from the normal to the substrate surface (31) and to 
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4. R O B E R T S Langmuir-Blodgett Films 237 

study po lymerizat ion processes (32). Raman spectroscopy can also prov ide 
s imilar data, but , be ing an inherent ly weak process, sensitivity is l i m i t e d . 

M o d e r n enhancement techniques enable the signal-to-noise ratio to be 
increased by interactions w i t h surface plasmons (33) or surface effects (34). 
Inelastic tunne l ing spectroscopy (35), B r i l l o u i n scattering (36), and photo-
acoustic spectroscopy (37) have also been used to explore the vibrat ional 
modes i n L B films. 

D u r i n g the next few years, scientists w i l l devise new and i m p r o v e d 
methods of characterizing monomolecular assemblies. A great deal needs to 
be learned about the order ing of monolayers, and techniques such as scan
n ing tunne l ing microscopy may provide some of the answers. 

T h e four separate diagrams i n F i g u r e 4.7 a l l describe results for fatty 

Figure 4.7. These diagrams are designed to emphasize the reproducibility of 
various physical parameters in monolayer assemblies of different thicknesses: 
(a) reciprocal capacitance per unit area versus number of monolayers of cad
mium arachidate on an aluminum substrate (see reference 38), (b) absorption 
intensity versus number of monolayers for the symmetric carhoxylate stretching 
mode of cadmium arachidate at 1432 cm'1 (see reference 39), (c) count rate 
of 14C rays versus number of layers of barium stearate labeled with 14C (see 
reference 40), and (d) X-ray photoelectron signal (XPS) intensity versus number 

of layers of cadmium dimethylarachidate on silver (see reference 28). 
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acids or the ir derivatives and are designed to emphasize the reproduc ib i l i ty 
of various physical parameters from one monolayer to the next. F i g u r e 4.7a 
shows the capacitance (C) as a function of film thickness for cadmium ar
achidate deposited onto a l u m i n u m (38). T h e l inear dependence of C _ 1 versus 
the n u m b e r of monolayers demonstrates clearly the repeatability of the 
dielectr ic thickness of each monolayer. I n F i g u r e 4.7b, a band i n the I R 
reflection spectrum of the same material has been used to demonstrate the 
uni formity of successive monolayers (39) . F i g u r e 4.7c is based on exper i 
ments using b a r i u m stearate as the absorber for L - s h e l l Auger electrons (40). 
B y label ing the molecules i n these overlays w i t h 1 4 C and examining their 
autoradiographs, the uni formity of the deposit ion process may be conf irmed 
by p lott ing the count rate of 1 4 C rays versus the n u m b e r of monolayers. T h e 
final diagram i n the set (Figure 4.7d) illustrates another powerful tool for 
investigating organic coatings on metals. In this case, different thicknesses 
of cadmium dimethylarachidate have been used to attenuate the substrate 
X - r a y photoemission signal (28). 

4.4 Langmuir-Blodgett Films as Model Systems in 
Basic Research 

O n e of the pr inc ipa l virtues of L B films is their usefulness i n fundamental 
research. M a n y areas of science can benefit from investigations of mode l 
systems based on monomolecular assemblies. These areas inc lude 

• energy transfer i n complex monolayers, 
• biological membranes , and 
• metal ion incorporation. 

4 . 4 . 1 Energy Transfer in Complex Monolayers 

T h e Langmuir - t rough technique provides a method of constructing s imple 
artificial systems of cooperating molecules on a substrate. K u h n has been 
the pioneer is this field. T h e elegance of his work and that of his colleagues 
is evident i n the ir reviews of the subject. These reviews describe the use 
of L B films to investigate intermolecular interactions and various photo-
physical and photochemical processes. A n example of this research (41), 
designed to investigate the Forster type of energy transfer from a sensit izing 
molecule , S, to an acceptor molecule , A , is g iven i n F igures 4.8 and 4.9. I f 
S is a compound that absorbs i n the U V part of the spectrum and fluoresces 
i n the b lue , and A absorbs in the b lue and fluoresces i n the yel low, then 
interest ing effects are observed w h e n the system is irradiated w i t h U V l ight . 
I f there is a sufficient distance between S and A , as i n F i g u r e 4.8a, the 
fluorescence of S appears because A does not absorb U V radiation. H o w e v e r , 
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SENSITIZING MOLECULE (S) 

239 

ACCEPTOR MOLECULE (A) 

Ultra-violet 

Absorbs In U.V. 

Fluoresces In BLUE 

(a) 

Absorbs In BLUE 

Fluoresces In YELLOW 

(b) 

Figure 4.8. Schematic diagram showing basis of experiments designed to in
vestigate energy transfer from a sensitizing molecule (S) to an acceptor molecule 
(A). The number of monolayers separating the two species governs the spectral 
response of the fluorescence spectrum, (a) The acceptor molecule does not 
absorb the UV radiation, (b) The separation distance is sufficiently small for 

the excitation energy of S to be transferred to A. 

below a certain threshold distance, as i n F i g u r e 4.8b, the excitation energy 
of S is transferred to A , and the ye l l ow fluorescence of A is expected. S imi lar 
experiments based on fluorescence quenching indicate that the rate constant 
of the electron transfer decreases exponentially w i t h increasing barr ier th ick
ness separating a donor chromophore and an electron acceptor. I n the ex
ample shown i n F i g u r e 4.9, N,N' -d ioctadecyl thiacyanine has been used i n 
conjunction w i t h a viologen acceptor layer to observe the steady fluorescence 
intensities of the cyanine dye monolayer i n the absence (I 0) and i n the 
presence (I) of the acceptor layer. T h e quantity, (I0II) - 1, is proport ional 
to the rate constant of the electron transfer. Its l inear dependence w i t h d, 
the distance between the chromophores, is evidence of electron tunnel ing . 
In a s imilar series of experiments, the energy-transfer mechanism respon
sible for spectral sensitization has been investigated. 
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4.4.2 Biological Membranes 

T h e physical structure and chemical nature of classical L B films gives t h e m 
a close resemblance to naturally occurr ing biological membranes. F o r ex
ample , because the two ends of a l i p i d molecule have incompatible so lu
bi l i t ies , they spontaneously organize i n the form of a bi layer , or essentially 
a two-layer L B film. Scientists have suggested that they might provide a 
suitable mode l of the l i p i d membrane for prob ing the cooperative interac
tions between its constituents. However , caution must be exercised i n as
sessing the biological relevance of this type of work and associated studies 
a imed at incorporating ionophores into phosphol ip id layers. 

M u c h of this research is targeted at nove l integrated solid-state devices 
incorporating biological molecules such as enzymes, but i n some cases, L B 
films have been used to facilitate physical studies of biological molecules 
(e.g., to measure the ionic permeabi l i ty of reconstituted membranes) . S u -
permolecular structures have also been designed to m i m i c the pr imary pro 
cess i n photosynthesis and for achieving an efficient photo induced charge 
separation by appropriate mode l ing of potential profiles. C h l o r o p h y l l has 
been studied i n this context. Some of the results may have relevance to solar 
photochemical conversion devices (42). 

4.4.3 Metal Ion Incorporation 

T h e addit ion of divalent ions into the l i q u i d subphase i n a L a n g m u i r trough 
can increase the shear resistance and cohesion of the monolayer. F o r this 
reason, studies of fatty acid salts are more common than on the ir acids. B y 
adjusting the p H of the subphase, multi layers containing metal ions sepa
rated b y the w i d t h of an integral n u m b e r of monolayers (for Y - type depo
sit ion, two monolayers) can be assembled. T h e abi l i ty to do this has been 
capital ized upon i n several fundamental investigations, three of w h i c h w i l l 
be ment ioned here. T h e first of these relates to two-dimensional magnetic 
monolayers invo lv ing i ron or manganese ions. U s i n g electron sp in resonance, 
Pomerantz (43) demonstrated that at temperatures near 2 K , the resonance 
field and l ine shapes are affected. Th is result signals the rap id development 
of a large internal magnetic field. Pomerantz 's results have been interpreted 
i n terms of a predominant ly antiferromagnetic state but w i t h a weak ferrom
agnetic component. F u r t h e r experiments are requ i red to clarify magnetic 
order ing i n two-dimensional space. 

I n the area of surface science, X - ray photoemission is now used exten
sively to study organic materials on surfaces. I n such experiments, estab
l i sh ing electron mean free path lengths as a function of k inet i c energy is 
important . A n example of this type of investigation i n L B films is i l lustrated 
i n F i g u r e 4.7d. Genera l ly , the mean free paths for ordered mult i layers are 
significantly longer than those for conventionally produced polymers (28). 

A t h i r d example of the usefulness of the Langmuir - t rough technique to 
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provide matrices containing regularly spaced metal ions lies i n radioactivity. 
M o r i et a l . (40) used radioactive stearate monolayers, i n w h i c h some of the 
hydrogen atoms had been replaced by nucl ides , such as 5 1 C r , ^ M n , ^ F e , 
5 7 C o , ^ Z n , and 1 0 9 C d , to produce di lute and standard radioactive sources. 
B y label ing the molecules w i t h 1 4 C and examining autoradiographs, they 
were able to conf irm the uni formity of the deposit ion process as shown i n 
F i g u r e 4.7c. U s i n g conventional monolayers w i t h wel l - contro l led dimensions 
as overlays, they were also able to demonstrate that A u g e r electrons from 
the L shel l w i t h an energy of approximately 0.5 k e V are almost complete ly 
absorbed b y 15 monolayers of bar ium stearate. Exper iments of this k i n d are 
of importance i n fields such as medical physics and upper atmosphere sc i 
ence. 

4.5 Promising Applied Research Areas for 
Langmuir-Blodgett Films 

Despi te the increased activity d u r i n g the past 10 years, no important c om
merc ia l venture based on L B films has been started. However , the l eve l of 
financial investment, even i n the general field of organic molecular solids, 
is s t i l l a small fraction of the sum devoted to inorganic materials. W h e n an 
inst i tut ion decides to invest i n an expensive i t em such as molecular beam 
epitaxial-growth equipment , it invariably ensures that a reasonable n u m b e r 
of workers are associated w i t h the project. L a n g m u i r troughs are relatively 
inexpensive, and normal ly m u c h smaller size teams are invo lved . This factor, 
coupled w i t h the difficulty of organizing interdisc ipl inary teams, probably 
accounts for the current situation. A comparison can be made between the 
present situation for L B films and that w h i c h existed 15 years ago for l i q u i d 
crystals. A t that t ime , w h e n the display application was clearly appreciated, 
a large amount of background knowledge of s t ructure -property relationships 
was available. This knowledge base enabled appl ied scientists to replace 
deficient materials by more desirable, tai lored structures that had already 
been thoroughly investigated by chemists engaged i n pure research pro 
grams. T h e situation is totally different for L B films; hence, technical progress 
should not be expected to take place at the same dramatic rate as occurred 
for l i q u i d crystals. 

U n t i l recently, industry has had a suspicious v i ew of organic solids on 
account of the ir inherent stability compared w i t h the ir inorganic counter
parts. H o w e v e r , spectacular advances i n l i q u i d crystal displays, organic pho -
t o c o n d u c t o r s , a n d p i e z o e l e c t r i c p o l y m e r s have g i v e n i n d u s t r y m o r e 
confidence i n such materials. Nevertheless , the average industrial ist w i l l 
seek an order-of-magnitude improvement i n device performance i f a new 
technique such as the L a n g m u i r trough is to be introduced. Thus , for c om
merc ia l applications, the L B films w i l l need to be an essential, integral part 
of the device. That is, one must capitalize on their unique features such as 
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the degree of control over the molecular architecture, the ir thinness, or the 
selective way i n w h i c h they might react w i t h the environment . 

N o w that a commitment has been made to the subject, w i t h h igher 
levels of funding and personnel be ing made available, at least one innovative 
application is l ike ly to emerge. W h e n this happens, a need w i l l arise to 
produce a specially designed trough capable, for example, of coating a mov ing 
belt or mul t ip le wafers of s i l icon. N o difficulties are envisaged i n construct ing 
continuous fabrication equipment , and substantial progress has already been 
made i n this d irect ion . 

L a n g m u i r - B l o d g e t t films may have value i n many appl ied areas of t ra 
dit ional interest to the industr ia l chemist , such as adhesion, encapsulation, 
and catalysis. T h e permeabi l i ty characteristics of monolayer assemblies may 
also find application as synthetic membranes for ultrafine filtration, gas sep
aration, and reverse osmosis. F o r example, A lbrecht et a l . (44) proved the 
efficiency of po lymer i c diacetylene monolayers on semipermeable supports 
in reduc ing the flow of C H 4 . O n e interest ing possibi l ity lies i n us ing L B 
monolayers as lubricants i n magnetic tape technology. U n p u b l i s h e d reports 
have indicated that frictional coefficients can be reduced markedly w h e n the 
tape is coated w i t h a few monolayers. In applications such as those l i s ted 
previously , difficulties may w e l l be encountered w i t h the mechanical stabil ity 
of the films. To date, relatively l i t t le research has been carr ied out i n this 
area. 

T h e long-term interest, as far as the appl ied physicist is concerned, lies 
i n the possible uses of supermolecular assemblies for m e m o r y storage, m o 
lecular switching, and superconducting devices. However , at the present 
t ime , potential improvement areas are where monomolecular films show 
most promise and where the prospects of commerc ia l exploitation seem 
reasonable i n the m e d i u m t e r m . A few of these areas are descr ibed i n this 
section; most of the il lustrations are based on work carried out i n m y research 
laboratories. These potential improvement areas are grouped into three 
categories, but most of the emphasis is placed on ut i l i z ing the nonl inear 
properties of L B films. 

4 . 5 . 1 N o n l i n e a r P h y s i c s 

M a n y organic molecules possess very h igh nonl inear coefficients. Therefore, 
i f L B films w i t h the requ ired architecture can be formed, these cou ld form 
the basis of nove l devices. To avoid the symmetry inherent w i t h conventional 
Y - type deposit ion, X - and Z-type films have been studied. Some of these 
films displayed a permanent polarization w i t h a strong component i n a d i 
rection perpendicular to the substrate. However , films produced i n this way, 
w i t h their dipoles supposedly al igned i n a common direct ion , are invariably 
of poorer qual ity than Y- type layers. A possible method of i m p r o v i n g the 
structure is to use electric or magnetic fields to he lp al ign the molecules, 
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but efforts to orient films on the subphase and substrate have met w i t h only 
l i m i t e d success. T h e prob lem can be overcome by us ing organic superlattices 
based on alternating layers of two different materials ( F i g u r e 4.4). A good 
example is g iven i n F i g u r e 4.10, w h i c h shows a superlattice compris ing ac id 
and amine molecules whose dipole moments are i n opposite senses, but 
w h e n deposited i n Y - type L B film form, are al igned i n the same direct ion . 
Two areas of part icular interest that w o u l d capitalize on this feature of organic 
superlattices are pyroelectr ic i ty and optoelectronics. E a c h of these areas w i l l 
now be considered. T h e acoustoelectric opportunities are ment ioned i n the 
section devoted to sensor-type applications. 

4.5.1.1. P Y R O E L E C T R I C D E V I C E S 

W h e n the centers of positive and negative charge i n a crystall ine material 
do not coincide, then a spontaneous polarization exists across it . I f this 

Figure 4.10. Left: An organic superlattice with a unique polar axis. The two 
types of molecules involved could be a fatty acid and a fatty amine. The insert 
is designed to show that these two materials have dipole moments in opposite 
senses with respect to the hydrophobic chain. Thus, the Y-type film has a 

resultant dipole moment. 
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polarization is temperature dependent , the crystal develops an electric 
charge on its surface and exhibits the pyroelectr ic effect. Devices based on 
pyroelectr ic i ty thus respond to a rate of change of temperature rather than 
to changes of temperature as i n a semiconductor type of thermal detector. 
This response gives them inherent advantages, but the ir fu l l potential has 
yet to be real ized. F o r applications where both h igh speed and sensitivity 
are requ i red , conventional materials have been unsuccessful. Th is failure 
can be attr ibuted partly to the fact that conventional materials have not been 
available i n very th in f i lms. F o r device applications, a th in - f i lm geometry is 
preferred because one can then form large area imaging devices d irect ly on 
microelectronic ampl i fy ing circuits . T h e pyroelectr ic properties of inorganic 
materials such as the titanates tend to be offset by their h igh relative per 
mitt iv i t ies , and pyroelectr ic organic single crystals such as tr ig lyc ine sulfate 
cannot be produced as th in films. Thus , the future development of relat ively 
cheap thermal imaging systems w i t h reasonable performance and an opt i 
m u m thickness of approximately 0.5 p,m requires a materials breakthrough. 
Some research effort is be ing g iven to ferroelectric l i q u i d crystals (45), but 
difficulties w i t h encapsulating such materials i n low thermal capacity struc
tures are l ike ly to h inder such developments. O n the other hand , the op
portunit ies for deposit ing h ighly anisotropic pyroelectr ic L B films onto 
ret iculated si l icon substrates seem good. These assemblies w o u l d be inher 
ently polar and w o u l d not require " p o l i n g " , as do conventional pyroelectr ic 
polymers such as p o l y v i n y l difluoride) ( P V D F ) . 

T h e first report of pyroelectr ic behavior i n L B films was by B l inov et 
al . (46). Electroabsorpt ion studies were made to conf irm the orientation of 
the azocompound monolayers used i n the ir work. N o detai led results are 
presented i n the ir paper, but pyroelectr ic coefficients approximately one 
order of magnitude less than those for P V D F are reported for X - and Z -
type structures. 

T h e pyroelectr ic coefficient (p) is a useful parameter w i t h w h i c h to 
compare different materials. I f the t h i n film acts as a dielectr ic i n a capacitor, 
and an external resistance is connected between the electrodes, then a 
pyroelectr ic current (I) flows i n the c ircuit . Th is situation can be expressed 
as 

I = pA-z (4.1) 

where dT/dt is the rate of change of temperature, and A is the cross sectional 
area of the device. T h e pyroelectr ic coefficient is a measure of the current 
generated by a specific rate of change of temperature. H o w e v e r , the induced 
voltage (V) is a more useful parameter i n an I R detection system. F o r an 
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incremental change i n temperature , dT generates a charge dQ = pAdT. 
Therefore, w h e n dQ = CdV, 

where € is the permit t iv i ty and d is the pyroelectr ic material thickness. T h e 
quantity (p/e) is a useful figure of mer i t for a pyroelectric material . Table 
4.1 lists this parameter for a n u m b e r of different materials. 

T h e potential across a film is clearly dependent on the amount of surface 
charge. Thus , i f the polarization of the film is constant throughout the sample, 
the magnitude of V should increase i n proport ion to the n u m b e r of layers 
deposited. Moreover , the sign of this increase i n surface potential should 
be reversed by invert ing the polar axis. Th is result occurs w h e n organic 
superlattices are prepared by us ing the alternate-layer trough descr ibed 
previously . F i g u r e 4.11 shows the surface potential as a function of n u m b e r 
of layers for two complementary orientations of the polar axis of the molecular 
structure i l lustrated i n F i g u r e 4.10. T h e top hal f corresponds to the case 
where the amine layer is deposited first. T h e surface potential steps are of 
different sign w h e n the acid layer is deposited first. These experiments 
conf irm that a t h i n film w i t h a unique polar axis has been assembled. U s i n g 
dynamic and static detection techniques, Chr i s t i e et al . (47) showed that 
this combinat ion of s imple molecules is pyroelectr ic w i t h p ~ 1 C c m " 2 

K - 1 . M o r e recent results, invo lv ing a system where proton transfer occurs 
from the acid to the amine, have y ie lded higher values. Therefore, even 
w h e n standard materials are used, figures of meri t comparable w i t h those 
of the best alternatives can be achieved. 

H o w e v e r , the exploitation of pyroelectr ic L B films depends not only 
on the figures of mer i t l isted i n Table 4.1, but also on the abi l i ty to deposit 
such layers successfully on surfaces w i t h l ow thermal mass. A substrate 
imposes two constraints on the pyroelectr ic response of a film. N o t only does 
it provide an undesirable heat sink and reduce the excess temperature of 

Table 4.1. Pyroelectric Coefficients and Figures of Mer i t for a Selection 
of Different Materials 

Pyroelectric 
Coefficient Relative p/e 

Material Form (nC cm2 K-1) Permittivity (nC cm2 K-1) 
Lithium tantalate Bulk crystal 19.0 46.0 0.41 
Triglyeine sulfate Bulk crystal 30.0 50.0 0.60 
Strontium barium Ceramic 85.0 607.0 0.14 

niobium oxide 
Polyvinyl difluoride) Polymer film 3.0 10.0 0.30 
Phenylbenzoate ester Liquid crystal 0.7 4.0 0.18° 
Acid/amine superlattice L B film 1.0 2.5 0.40 
a This value is 5 °C from the Curie point. 
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Figure 4.11. Surface potential of to-TA-docosylamine alternate layers as a 
function of the number of layers for two complementary orientations of the 
polar axis. (Reproduced with permission from reference 47. Copyright 1986 

American Institute of Physics.) 

the pyroelectr ic layer (thermal clamping), but it also l imi ts a secondary 
pyroelectr ic contr ibut ion due to temperature-dependent vo lume changes 
(mechanical clamping). Ret iculated substrates w i t h appropriate thermal ex
pansion coefficients w i l l be requ i red to ful ly exploit the advantages of us ing 
o p t i m u m - t h i c k n e s s (~0 .5 p,m) pyroe l e c t r i c s u p e r m o l e c u l a r assembl ies . 
Noise considerations also dictate that the pyroelectr ic th in f i lm material must 
exhibit l ow dielectr ic loss. 

4.5.1.2 O P T O E L E C T R O N I C D E V I C E S 

A l t h o u g h many of the potential optical applications of L B films are i n trans
mission optics, employ ing the l inear response properties of molecules, the 
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most excit ing applications are perce ived i n the area of nonl inear optics. 
Funct ions such as second harmonic generation and parametric amplif ication 
can be obtained by us ing inorganic single-crystal materials such as l i t h i u m 
niobate, but recently , organic crystals such as 3-methyl-4-nitroani l ine have 
been shown to possess exceptionally large second-order electrooptic coeffi
cients (48). 

S imi lar ly , cubic effects such as four-wave mix ing , phase conjugation, 
and optical bistabi l i ty form the basis of optical functions of strategic i m p o r 
tance. I n this case, materials such as polyacetylene cou ld , i n pr inc ip l e , 
compete effectively w i t h inorganic solids such as gal l ium arsenide. 

T h e macroscopic polarization (P) of a sol id compris ing many ind iv idua l 
molecules may be expressed as 

where P 0 is a constant, £ is the electric field, and \n * s the nth order 
susceptibi l ity tensor. I n this equation, X2 m& X3 a r e responsible for the 
second and t h i r d harmonic generation, respectively. W h e n an ind iv idua l 
molecule is invo lved , the polar iz ing effect can be expressed i n terms of an 
induced dipole moment (p,) and a series of polarizabil it ies. That is, 

where the coefficients a , (3, and 7 are tensor quantities. 
T h e basic molecular properties that give rise to h igh values of the 

hyperpolarizabi l i t ies , such as P and 7, are reasonably w e l l understood i n 
organic solids. F o r quadratic molecular effects, conjugation and intramole 
cular charge transfer are important. Cubic -nonl inear i ty -re lated effects are 
enhanced i n one-dimensional conjugated structures, but no charge-transfer-
induced asymmetry is requ i red . 

T h u s , i n both cases, the molecular uni t can be " ta i l o red " to meet a 
specific requirement . A second crucial step i n engineering a molecular struc
ture for nonl inear applications is to opt imize the crystal structure. F o r sec
ond-order effects, a noncentrosymmetrical geometry is essential. Anisotropic 
features, such as paral le l conjugated chains, are also useful for th ird -order 
effects. A n important factor i n the opt imizat ion process is to shape the m a 
terial for a specific device so as to enhance the nonlinear efficiency of a g iven 
structure. A th in - f i lm geometry is normal ly preferred because nonl inear 
interactions, l inear filtering, and transmission functions can be integrated 
into one precise monol i th ic structure. 

I n a l l stages of the process of designing nonlinear organic integrated 
devices, L B film techniques appear to offer considerable advantages. Several 
researchers are current ly substituting organic molecules w i t h appropriate 
side groups to enable L B film deposit ion to occur. I n many cases, nonl inear 
coefficients comparable to those of inorganic materials have been achieved. 

P = P„ + x i (E) + X 2 (E 2 ) + X 3 (E 3 ) + * • • (4-3) 

\L = aE + P E 2 + 7 E 3 + • • • (4.4) 
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However , other considerations are also invo lved i f L B films are to compete 
effectively w i t h materials such as l i t h i u m niobate and gal l ium arsenide. M o 
lecular engineer ing w i l l also be requ ired to cater to needs such as phase 
matching, suitable spectral response and refractive index, good optical d a m 
age threshold , l ow scattering coefficients, and mechanical stability before 
practical objectives can be accomplished. 

To il lustrate the potential o f L B films i n nonl inear optics, two examples 
w i l l be g iven to i l lustrate both quadratic- and cubic -order effects. T h e mo
tivation for the first example came from early accounts of nonl inearity i n a 
specific merocyanine dye molecule (49). N o good crystals of this material 
are available, but an extremely large value of (3 was predic ted on the basis 
of measurements w i t h powdered samples. T h e re l iabi l i ty of such data is not 
h igh because powder efficiency is a function of particle size distributions. 
T h e in i t ia l experiments were w i t h a s imple merocyanine dye alternated w i t h 
(o-TA. H o w e v e r , the best results (50) were obtained by us ing organic su 
perlattices based on the two molecules shown by Structures 4. l a and 4. l b . 

NO2 

Structures 4.1a and 4.1b. These two molecules, one (a) a hemicyanine and the 
other (b) a nitrostilbene dye, can be used to form an organic superlattice 

displaying a high coefficient for second harmonic generation 
(see reference 50). 
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As i n the case of the a c i d - a m i n e structure descr ibed previously , the two 
molecules, w h e n deposited i n alternate-layer form, have their dipoles m u 
tual ly a l igned and produce a h igh ly noncentrosymmetric structure ideal for 
second harmonic generation. T h e insert i n F i g u r e 4.12 shows that the n o n 
l inear response of a hemicyanine -n i t ros t i lbene layer is greater than that 
expected from the s imple addit ion of contributions arising from the ind iv idua l 
(separated) monolayers. T h e coefficient for second harmonic generation, (3, 
of the alternate layer structure is approximately 5 times the average value 
of the same parameter measured for hemicyanine and nitrosti lbene. This 
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Figure 4.12. Second harmonic generation signal strength versus the square of 
the number of bilayers based on the two molecules shown in Structures 4.1a 

and 4.1b. 
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superadditive effect is best explained i n terms of improved film structure 
w i t h adjacent molecules inf luencing each other to orient more vert ical ly w i t h 
respect to the substrate. H o w e v e r , synergistic interactions between the 
dipoles and aggregation may also be responsible. 

This interest ing result, w h e n translated into macroscopic terms, gives 
a X2 value 50 times greater than that of l i t h i u m niobate. F i g u r e 4.13 also 

FREQUENCY (cm"1) 

3 
m 
6 

WAVELENGTH (um) 

Figure 4.13. Cubic susceptibility measured as a function of wavelength for 78 
layers of polydiacetylene. (Reproduced with permission from reference 51. 

Copyright 1985 Elsevier Sequoia.) 
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shows that the second harmonic power increases quadratically w i t h the n u m 
ber of deposited bi layers; this dependence on the areal density of the dye 
is to be expected for a film that is th in compared w i t h the incident wavelength 
but is rarely observed i n practice. 

T h e fundamental properties of a h igh X 3 material may be very different 
from those r equ i red for second harmonic generation. A favorable structure 
for the enhancement of cubic susceptibil it ies is a one-dimensional conjugated 
per iodic system. A good example is polydiacetylene w i t h a diacetylene m o n 
omer: bis(p-toluenesulfonate)-2,4-hexadiyne-l ,6-diol , w h i c h is abbreviated 
P T S - P D A . T h e cubic susceptibi l ity paral le l to the po lymer chains i n bu lk 
single crystals of this material is approximately 13 times the value of x 3 for 
ga l l ium arsenide. T h e tensor coefficients perpendicular to the po lymer chain 
are s imilar to those i n the monomer crystal . Th is s imilarity reflects the h igh 
anisotropy of the structure. These encouraging results have prompted several 
research groups to study t h i r d harmonic generation i n diacetylene-based L B 
films. E a r l y measurements indicated X 3 values approximately 2 orders of 
magnitude lower than those reported for P T S - P D A . M o r e recent data (51) 
are shown i n F i g u r e 4.13, w h i c h presents the cubic susceptibi l ity as a func
t ion of wavelength. O f special interest is the resonance observed at X. = 
1.35 p-m, as this can be used for h igh-powered laser conversion. A t this 
wavelength, the measured value of the cubic susceptibi l ity is only a factor 
of 6 less than that observed for single crystals of P T S - P D A and is larger 
than that of ga l l ium arsenide. 

A systematic approach to the synthesis of novel molecules may y i e l d 
significantly h igher coefficients for both second and t h i r d harmonic gener
ation. H o w e v e r , it is generally accepted that L B films, because of their 
anisotropy, have a better chance of displacing inorganic materials i n second-
order rather than th ird -order applications. F o r this to happen, optical devices 
requ i r ing only a few monolayers of materials that display l i tt le scattering 
must be designed. 

4.5.2 Enhanced Device Processing 

Inorganic semiconductors, especially si l icon and gal l ium arsenide, are l ike ly 
to dominate transistor technology for at least the next decade. W i t h the 
advent of low-dimensional structures produced by M B E (molecular beam 
epitaxy) and M O C V D (organometallic chemical vapor deposition), one can 
foresee interest ing new high-frequency devices re ly ing on both h igh-mobi l i ty 
electrons and short interelectrode spacings. L B films are un l ike ly to perform 
an active role i n conventional semiconductor circuits and devices. H o w e v e r , 
there may be interest ing niches for them as passive layers. T h e majority of 
h igh qual ity L B films are invariably excellent insulators; some, such as <*>-
T A , can effectively seal the surface of etched si l icon against the atmosphere 
and thereby greatly retard the development of interface states (52). Related 
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work also proves that even a single monolayer is very often sufficient to 
increase the breakdown strength of " l eaky" oxide films. Three of the more 
interest ing appl ied areas where the L B film contributes a useful, passive 
role are 

• electron beam l ithography, 
• semiconductor barr ier height modif ication, and 
• tunne l ing devices. 

4.5.2.1 E L E C T R O N B E A M L I T H O G R A P H Y 

In integrated c ircuit technology, the quest for faster speeds and larger m e m 
ories has l e d to a gradual ref inement o f microl i thographic methods for pro 
duc ing smaller and more closely spaced c ircuit elements. Submicron 
resolution is now requ i red , and this has necessitated a move away from 
conventional photol ithography to techniques invo lv ing electron or ion beams 
and X-rays . T h e main disadvantage of e lectron beam systems lies w i t h the ir 
scattering characteristics; this disadvantage enforces the requirement that 
the resist materials be pinhole free and less than 1 p,m thick. Convent iona l 
spin-coated polymers display unacceptably large p inhole densities and v a r i 
ations o f thickness. H o w e v e r , L B films have already demonstrated the ir 
capabil ity i n this regard. There are good examples of both positive and 
negative resists, but the best material reported to date is the co-TA molecule 
shown i n C h a r t 4.1 (8). In pur i f i ed form, this material has adequate sensi 
t iv i ty , may be deposited at a rate of 0.5 c m " 1 to produce uni form coatings 
i n the range 3 0 - 9 0 n m , and has been shown to be capable of a l ine resolution 
of 60 n m . T h e ma in property that requires some improvement is the etch 
resistance d u r i n g plasma processing. 

4.5.2.2 S E M I C O N D U C T O R B A R R I E R H E I G H T M O D I F I C A T I O N 

Probably the most important role for an L B film i n semiconductor technology 
is the abi l i ty of an or iented monolayer to change the effective barr ier height 
at a semiconductor surface. Researchers at the Univers i ty of D u r h a m first 
demonstrated the effect on cadmium te l lur ide and showed how it cou ld be 
used to improve the efficiency o f a photovoltaic diode (53). S imi lar effects 
have now been conf irmed on a variety of materials inc lud ing Z n S e , InP, 
GaP , G a A s (54), and related group H i - g r o u p V semiconductor alloys. T h e 
control afforded by the L a n g m u i r - B l o d g e t t technique permits the degree 
of band bend ing to be adjusted to suit the particular application (e.g., the 
increase i n efficiency of an electroluminescent diode). In most applications, 
robust monolayers of phthalocyanine, w h i c h can withstand the large current 
densities invo lved , have been used. F i g u r e 4.14 shows data for gal l ium 
phosphide (55, 56). F o r convenience, the error bars have been removed . 
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Langmuir 
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Figure 4.14. Top (not to scale): An Au-LB film-GaP structure. The semicon
ductor-organic film interface is common to all four devices. Bottom: A plot of 
the electroluminescent efficiency versus the number of monolayers of substi

tuted phthalocyanine (see reference 55). 
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T h e L B thickness requ i red to opt imize the electroluminescence efficiency 
is found to be approximately 21 n m . This value is de termined b y the abi l i ty 
of minor i ty carriers to cross the semi- insulating phthalocyanine film. S imi lar 
results have recently been achieved by using z inc selenide layers grown 
w i t h M O C V D (57). B l u e electroluminescence is observed, p rov ided the 
organic film is present. 

A surface layer on a semiconductor can be produced by many methods. 
H o w e v e r , experience has shown that w h e n an energetic process such as 
evaporation, sputtering, or growth from a plasma is used to deposit a t h i n 
film onto a semiconductor, a surface-damaged layer is produced that invar 
iably dominates the electrical characteristics of the junctions so formed. 
H o w e v e r , the Langmuir - t rough technique, be ing a low-temperature dep 
osition process, provides a means of c i r cumvent ing this particular difficulty. 
O n the other hand , how the substrate is prepared before d i p p i n g is of 
considerable importance i n determin ing the quality of the interface pro 
duced . That is , the nascent "ox ide" layer formed d u r i n g the etching pro 
cedure remains relatively undis turbed , and this layer can play a v i ta l role 
even after it has been coated w i t h an L B film. F o r this reason, a systematic 
study of the surface chemistry of the semiconductor substrates should be 
carr ied out first. 

4 .5 .2 . 3 T U N N E L I N G D E V I C E S 

Figures 4.8 and 4.9 show how the fine control of thickness available w i t h 
monomolecular films has been ut i l i zed to great advantage i n fundamental 
research, even to dimensions as low as 1 n m . Some researchers have h i g h 
l ighted the benefits of the trough technique to produce tai lored materials 
that might control the cr i t ical current, switching speeds, and energy gap 
parameters i n low-temperature devices such as S Q U I D S (superconducting 
quantum interference devices). C e r t a i n semiconductor devices (e.g., a float
ing-gate transistor or a switching structure) also require a uni form, u l trathin 
insulat ing film of less than 10-nm thickness. 

T h e result shown i n F i g u r e 4.15 is for a bistable switch based on a 
m e t a l - t h i n i n s u l a t o r - n - p + structure. Potential applications of these M I S S 
(metal insulator double semiconductor) devices, i f a reproducib ly t h i n , h igh 
qual ity semi- insulat ing layer can be found, inc lude memories and shift reg 
isters. W i t h s i l icon, oxide layers approximately 3 n m thick can be used, 
although they are difficult to grow uniformly. F o r h igh-mobi l i ty group I I I - V 
compounds, the difficulties are more severe owing to the lack of a suitable 
native oxide. H o w e v e r , the current -vo l tage characteristics shown have been 
obtained by us ing G a A s as the semiconductor and the (o-TA molecule shown 
i n C h a r t 4.1 as the insulator (59). Operat ion for 10 7 cycles at 100 H z does 
not degrade the switching characteristics, w h i c h are insensitive to i l l u m i 
nation and temperature. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

4

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



256 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 
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Figure 4.15. Top: Cross section of a MISS diode. The device can be regarded 
as a reverse-biased metal-insulator-semiconductor diode in series with a for
ward-biased n-p + junction. It then exhibits two stable states separated by an 
unstable negative resistance region. Bottom: Current-voltage characteristics 
for a GaAs-m-TA MISS device. The LB film thickness is approximately 9 nm 

(see reference 59). 

4.5.3 Sensors and Transducers 

T h e feet that organic compounds normal ly respond more posit ively than 
inorganic materials to external s t imul i such as pressure, temperature, or 
radiation provides a means of making sensitive transducers. Moreover , b y 
contro l l ing the architecture of the L B film, the interactions can be designed 
to be of a l o c k - k e y type; thus, the selectivity of the device can be enhanced. 
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Another advantage of u l trathin organic films is their fast response and re 
covery times because so l i t t le material is present. 

T h e ampl i fy ing features of an electronic device can be combined w i t h 
the attributes of an L B film to form sophisticated microsensors. H o w e v e r , 
optical and acoustic devices frequently show interest ing threshold or reso
nance effects that can also form the basis of useful sensors. I n this section, 
detai led results are presented only for acoustoelectric devices. 

4 .5 .3 .1 S E M I C O N D U C T O R D E V I C E S 

T h e good insulat ing properties of L B films suggest their possible use i n field-
effect devices, not so m u c h to compete w i t h existing semiconductor tech
nology, but to capitalize on the advantages of be ing able to incorporate an 
organic layer w i t h i n a semiconductor structure. F i g u r e 4.16 shows schematic 

Figure 4.16. Schematic diagrams (not to scale) showing (top) a metal-
insulator-semiconductor (MIS) that forms an integral part of the field-effect 

transistor (bottom). 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

4

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



258 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

diagrams of both a field-effect transistor ( F E T ) and the "hear t " of this device , 
w h i c h is the meta l - insu lator -semiconductor (MIS) diode. Convent ional ly , 
these devices are made by us ing inorganic materials; s i l icon holds a p r e e m 
inent posit ion, mainly because of the insulat ing qualities of its native oxide. 
T h e first transistor incorporating L B monolayers as the insulator was obtained 
several years ago (60) w i t h the type of three- terminal device (Figure 4.16) 
based on i n d i u m phosphide and cadmium stearate. Roberts et al . (60) showed 
that the channel conduct iv i ty between the source and the drain cou ld be 
modulated by the action of a gate electrode. Subsequently, other semicon
ductors have been used, and results have conf irmed the ease w i t h w h i c h a 
range of single-crystal surfaces can be accumulated, depleted, or inver ted 
w i t h an appl ied voltage. In a l l cases, the L B film is deposited on top of a 
nascent "ox ide" layer, and the insulation is prov ided essentially by a double 
die lectr ic structure. 

F o l l o w i n g the nonl inear physics work descr ibed earl ier , pyro - or p iezo -
F E T s based on insulat ing L B films w i t h an in -bui l t polarization, or field-
effect devices incorporating biological membranes, can be envisaged. F u r 
thermore , the discussion of microelectronic L B film based on sensors does 
not have to be confined to M I S or F E T structures. F o r example, the switch
ing voltage of the bistable switch described i n F i g u r e 4.15 or the charac
teristics of a gate-controlled diode could be made very sensitive to a change 
i n ambient conditions (61). 

4.5.3.2 O P T I C A L S E N S O R S 

O n e area that is rece iv ing particularly strong attention is that of surface 
p lasmon resonance (SPR) (62). T h e pr inc ip le of this optical detection method 
is i l lustrated i n F i g u r e 4.17. A surface plasmon is a surface charge density 
wave at a metal surface. I f the metal is sandwiched between two materials 
of different die lectr ic constants, then resonances can occur. This p h e n o m 
enon is observed as a very sharp m i n i m u m of the l ight reflectance w h e n the 
angle of incidence (9) is var ied . The resonance angle is ultrasensitive to 
variations i n the refractive index of the m e d i u m adjacent to the metal film. 
F o r example, the smal l change i n an organic material due to gas absorption 
can easily be monitored even for concentrations in the parts -per-bi l l ion 
range. I n a practical situation, one normal ly selects an angle of inc idence 
approximately halfway down the reflectance m i n i m u m curve w h e n no special 
gas is present; the change i n intensity of the reflected l ight is then moni tored 
at a constant angle. 

Widespread interest has arisen in the potential of L B films as biosensors 
because many bel ieve that the incorporation of biological molecules such as 
enzymes w i l l lead to novel devices. Some are explor ing the deposit ion of 
biologically active molecules onto the gate electrodes or oxides of field-effect 
transistors, but optical sensors, probably based on fiber optics, are the most 
favored technique. In a l l cases, the aim is to couple the specificity of in ter -
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Figure 4.17. Schematic diagrams illustrating the basis of the surface plasmon 
resonance technique. Top: A beam of radiation striking the back surface of a 
glass prism coated with a metal film (usually evaporated silver). The reflected 
intensity and angle of reflection are extremely sensitive to variations in the 
dielectric on the metal surface. Bottom: Shift in the R vs. 0 plot when the 

organic film is exposed to a gas. 

action of chemical or biochemicals w i t h proteins or enzymes (e.g., the change 
i n the ir molecular conformation) w i t h the sensitivity and signal transduction 
properties of the device. Stabil i ty and l i fet ime may be prob l em areas, and , 
for this reason, cross- l inked polymers are be ing explored as the hosts for the 
active species. 

4.5.3.3 A C O U S T O E L E C T R I C D E V I C E S 

W h e n materials are added or removed from a v ibrat ing body, its resonant 
frequency is changed. This phenomenon has been used for mass d e t e r m i -
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nation, normal ly w i t h a resonator made of piezoelectric quartz cut w i t h a 
specific crystallographic orientation. A more sophisticated acoustoelectric 
microgravimetr ic sensor is a surface acoustic wave (SAW) structure. Such 
devices had a great impact i n the field of signal processing, especially as 
filters and delay l ines. T h e absorption of a gas introduces minute changes 
i n the mass o f a sensing layer. Thus , both bu lk quartz oscillators and S A W 
devices can form the basis o f gas detectors. 

4.5.3.4 Q U A R T Z O S C I L L A T O R 

Tradit ional ly , the most c ommon technique to check the reproduc ib i l i ty of 
L B film monolayer deposit ion has been the capacitance method , where the 
a im is to produce good l inear plots of inverse capacitance versus n u m b e r of 
layers ( F i g u r e 4.7a). H o w e v e r , this technique involves evaporating metal 
contacts onto the organic film and possibly damaging the surface region. T h e 
use of s imple quartz oscillators c ircumvents this difficulty (63). Typica l results 
for piezoelectric crystals loaded w i t h L B films of <o-TA and ttb P c S i C l 2 , are 
shown i n F i g u r e 4.18. T h e reproduc ib i l i ty o f the d i p p i n g process is conf irmed 
by the l inear relationship between the change i n the resonant frequency 
(A/) and N , w h i c h is the n u m b e r of monolayers. T h e resolution of the mea
surement system used was 0.1 H z . This resolution enables single monolayer 
films to be detected w i t h l i t t le difficulty. T h e responses to ammonia and 
hydrogen sulfide of quartz crystals coated w i t h five-monolayer-thick films of 
(o-TA are shown i n F i g u r e 4.19. In a l l cases, the coatings responded re -
vers ib ly to the presence of gases at room temperature; the lowest detection 
l i m i t using the single crystal resonators was approximately 1 p p m . These 
results demonstrate that Af varies approximately l inearly w i t h gas concen
tration i n the range 5-100 p p m . T h e magnitude of the responses for both 
gases was the same for both three- and five-layer films, a result suggesting 
that the coated crystals are responding pr inc ipal ly to surface adsorption. 
These results were obtained for an L B film material developed for a p p l i 
cations other than sensors. Nevertheless , they demonstrate the enormous 
potential of the technique us ing specially tai lored receptor molecules for 
specific target gases. I n a practical device, a differential sensing system w o u l d 
be preferable over one us ing a single crystal oscillator as descr ibed here. 
That is , the gas-sensitive coated crystal w o u l d be examined i n conjunction 
w i t h an identical reference uncoated crystal . 

4.5.3.5 S U R F A C E A C O U S T I C W A V E O S C I L L A T O R 

T h e most c ommon S A W devices are based on quartz or l i t h i u m niobate. 
Eventua l l y , piezoelectric L B films may be used to launch the surface waves. 
To date, however , the reported values of the piezoelectric coefficients i n 
monolayers are too small (64). I n S A W devices, input and output inter -
digitated electrodes are def ined w i t h l i thography. These electrodes perform 
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Figure 4.19. Response characteristics of (top) a substituted phthalocyanine-
coated (see Chart 4.Id) quartz crystal and (bottom) (o-TA to hydrogen sulfide 

and ammonia. 
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the conversion between electric and acoustic energy. T h e single-crystal sur
face region between the transducers serves as a propagation path for acoustic 
waves and thus forms a delay l ine . F i g u r e 4.20 shows a dual l ine configuration 
specially designed for sensing purposes. Basical ly , the device comprises two 
ident ical S A W oscillators posit ioned alongside each other. T h e hatched r e 
gions are earth-shielded to m i n i m i z e reflections and cross-talk between the 
two oscillators. T h e selective coating is placed i n the propagation path of 
one of the oscillators; thus, the delay t ime is affected. T h e relative shift i n 
frequency between the two oscillators is measured by first using a mixer 
c ircuit to obtain the difference frequency and then passing the resul t ing 
signal through a low-pass filter. T h e change i n frequency (A/) between the 
two channels is then direct ly attributable to the sensor layer. O t h e r extra
neous effects, such as those due to temperature changes, are e l iminated or 
very m u c h reduced . O t h e r geometries (e.g., a S A W resonator) are also 
possible. 

Th i s delay l ine has prov ided results for both insulat ing and semicon
duct ing L B films. F i g u r e 4.21 shows results for a substituted phthalocyanine 
molecule deposited onto a l i t h i u m niobate device. As expected, the velocity 
change At? scales almost perfectly w i t h the n u m b e r of deposited layers. 
S imi lar data for insulat ing L B films also y i e l d straight l ine graphs; thus, the 
change is governed pure ly b y s imple microgravimetr ic effects. Therefore, a 
S A W device provides essentially the same information as that obtained w i t h 
single-crystal resonators. H o w e v e r , they do offer increased sensitivity be 
cause even w i t h single monolayers, frequency changes i n excess of 1 k H z 
are observed. 

Contrast ing results are obtained w h e n a more conduct ing L B film (66) 
is deposited onto the S A W device. Add i t i ona l effects are introduced as a 
result of interactions between the S A W and mobi le charges i n the organic 
layer. F i g u r e 4.22 shows the fractional velocity change observed for different 
numbers of layers of a substituted p y r i d i n i u m tetracyanoquinodimethane 
( P y - T C N Q ) . T h e shape of the characteristic is quite different to that shown 
i n F i g u r e 4.21. B y subtracting the component due to mass-loading effects, 
the conduct iv i ty of the surface film can be measured. F o r films of different 
thickness, a conduct iv i ty of approximately 0 . 5 A " 1 c m - 1 is obtained. Such 
an experiment is difficult to achieve by means other than the L a n g m u i r 
trough because for films thicker than a few tenths of a nanometer, mass 
loading effects dominate those due to the electric field. 

T h e abi l i ty to separate electric field and mass loading effects w h e n the 
devices are exposed to gases means that m u c h more selectivity is possible. 
O t h e r device geometries (e.g., a S A W resonator) could also be used to s imi lar 
effect. In conclusion, the combinat ion of a device capable of measuring mass 
changes as l ow as femtograms per square centimeter , and the abi l i ty to 
detect minute changes i n the electrical characteristics of a monolayer, p r o 
v ide support for sensors based on S A W devices and L B films. F o r sensors, 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

4

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



RF
 A

M
PL

IF
IE

R
 

LO
W

 P
AS

S 

•A
f 

AC
O

US
TI

C 
AB

SO
RB

ER
 

RF
 A

M
PL

IF
IE

R
 

Fi
gu

re
 4

.2
0.

 A
 S

A
W

 d
ua

l 
de

la
y 

lin
e 

os
ci

lla
to

r.
 T

he
 s

en
si

ti
ve

 l
ay

er
 i

s 
pl

ac
ed

 i
n 

th
e 

pr
op

ag
at

io
n 

pa
th

 o
f 

on
e 

of
 

th
e 

tw
o 

SA
W

 d
ev

ic
es

. 
T

he
 d

iff
er

en
ce

 i
n 

fr
eq

ue
nc

y 
(A

f) 
be

tw
ee

n 
th

e 
tw

o 
ch

an
ne

ls
 p

ro
vi

de
s 

a 
di

re
ct

 r
es

ul
t 

of
 t

he
 

m
as

s 
lo

ad
in

g 
an

d 
el

ec
tr

ic
 f

ie
ld

 e
ff

ec
ts

 a
ss

oc
ia

te
d 

w
ith

 t
he

 s
en

so
r 

la
ye

r.
 (

R
ep

ro
du

ce
d 

w
ith

 
pe

rm
is

si
on

 f
ro

m
 

re
fe

re
nc

e 
65

.) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

4

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



Fi
gu

re
 4

.2
1.

 F
ra

ct
io

na
l 

ch
an

ge
 i

n 
ve

lo
ci

ty
 d

iv
id

ed
 b

y 
re

so
na

nt
 fr

eq
ue

nc
y 

fo
r 

a 
lit

hi
um

 
ni

ob
at

e 
du

al
 d

el
ay

 l
in

e 
SA

W
 d

ev
ic

e 
co

at
ed

 w
ith

 d
iff

er
en

t 
m

ul
til

ay
er

 
th

ic
kn

es
se

s 
of

 t
he

 m
ol

ec
ul

e 
sh

ow
n 

in
 C

ha
rt

 
4.

Id
. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

4

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



266 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 
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Figure 4.22. Fractional change in velocity in a quartz dual delay SAW device 
coated with N monolayers of Py-TCNQ. The full curve shows the computer 

fit to the experimental points by using a resistivity of 2 [I cm. 

the selective and sensitive layer needs to be exposed to the environment . 
T h e formation of robust films is, therefore, essential for this application. 

4.6 Molecular and Supermolecular Electronics 

Several research areas have been discussed where a tangible benefit results 
i n us ing monomolecular assemblies rather than organic or inorganic th in 
films deposited by other means. Organic films can be produced i n many 
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ways, and the onus w i l l be on the L B enthusiasts to demonstrate the special 
advantages gained from their technique for a particular application. This 
proof w i l l probably occur, but it w i l l require the combined efforts of h igh 
cal iber teams w i t h knowledge of physics, chemistry , electronics, and biology. 
T h e abi l i ty of the synthetic chemist to manipulate the molecular architecture 
of a material to opt imize a specific physical parameter or figure of mer i t w i l l 
be v i ta l . However , the role of the physicist or engineer i n identi fy ing the 
targets and guid ing the main thrust of the research program w i l l also be 
essential. Industry is already able to organize interdisc ip l inary activities. T h e 
relatively inexpensive equipment requirements associated w i t h the L a n g -
muir - t rough technique coupled w i t h the elegance of the fundamental science 
and the interest ing appl ied prospects for L B films provide an excellent 
opportunity for the academic communi ty to s imilar ly breakdown the t r a d i 
t ional barriers between discipl ines. A t the present t ime , nonl inear optics, 
thermal imaging, sensors, and optical storage are the areas most l ike ly to 
benefit from L B film technology. 

O n l y a modest d iminut i on i n the size of electronic c ircuit components 
is r equ i red before the scale of ind iv idua l molecules is reached. I n fact, many 
existing c ircuit elements could already be accommodated w i t h i n the area 
occupied by a l eukemia virus . To achieve switching on a molecular scale, 
the requirements of re l iabi l i ty and testing of complex structures suggest a 
systems approach rather than the tradit ional one that uses the properties of 
ind iv idua l c ircuit elements. Sequential designs, because of their vu lnera 
b i l i ty , w i l l l ike ly be abandoned i n favor of supermolecular arrays acting as 
concurrent processor networks. 

Three -d imensional integration is extremely difficult to obtain w i t h s i l 
icon technology, and chemical ly nonspecific methods such as molecular beam 
epitaxy are relatively crude. A self-assembly technique is a far more attractive 
alternative i f regular, three-dimensional , ordered structures are requ i red . 
This requirement involves the construction of unique assemblies whose ar
chitectures depend on the shapes and charge distributions of the units from 
w h i c h they are bu i l t as distinct from the methods used to assemble them. 
Organic monomolecular films deposited by using the Langmuir - t rough tech
nique are associated w i t h a considerable degree of self-assembly. Therefore, 
i n the long t e r m , L B films may w e l l be v i ewed as having contr ibuted toward 
the ambitious goal of a supermolecular information processor. 

Pursu ing this target should serve to enumerate technologies and identify 
areas of basic scientific research that w o u l d otherwise remain dormant and 
unexplored. F a r s impler but nove l devices based on organic molecular m a 
terials should appear as a result of this research effort. L a n g m u i r - B l o d g e t t 
films w i l l most l ike ly play a key role i n he lp ing scientists identify basic 
physical phenomena i n supermolecular assemblies and at the same t ime 
enable engineers to become more familiar w i t h devices incorporating organic 
films. 
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Abbreviations and Symbols 

a tensor quantity 
(3 tensor quantity € permit t iv i ty 
7 tensor quantity 
X wavelength 
u, ind iv idua l d ipole moment 
co-TA (o-tricosenoic acid 
A cross sectional area 
C capacitance 
d distance between chromophores 
E e lectric field 
/ frequency 
F E T field-effect transistor 
I0 flourescence intensity i n the absence of an acceptor layer 
I 1. fluorescence intensity i n the presence of an acceptor layer 

2. pyroelectr ic current 
L B L a n g m u i r - B l o d g e t t 
M B E molecular beam epitaxy 
M I S metal - insulat ing semiconductor electrode 
M I S S metal - insulat ing double semiconductor 
M O C V D organometall ic chemica l vapor deposit ion 
p pyroelectr ic coefficient 
P macroscopic polarization of a sol id 
P T S - P D A bis(p-toluenesulfonate-2,4-hexadiyne- l ,6-diol 
P V D F p o l y v i n y l difluoride) 
P y - T C N Q p y r i d i n i u m tetracyanoquinodimethane 
Q charge 
R H E E D reflection high-energy electron diffraction 
S sensit iz ing molecule 
S A W surface acoustic wave 
S P R surface plasmon resonance 
S Q U I D S superconduct ing quantum interference devices 
V voltage 
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5 

Progress Toward Processable, 
Environmentally Stable 
Conducting Polymers 
Gregory L. Baker 

Bel l Communications Research, 331 Newman Springs Road, Red Bank, NJ 
07701-7020 

The progress toward the development of tractable, environmentally 
stable conducting polymers is reviewed. Many of the difficulties in 
developing such materials are a direct result of the high reactivity 
of the electronic states responsible for high conductivity. Although 
conducting polymers based on polyenes are generally unstable, en
vironmentally stable substituted polythiophenes, polypyrroles, and 
poly(arylene vinylene)s have been prepared. Efforts to synthesize 
tractable conducting polymers have yielded a rich variety of blends, 
random copolymers, and graft and block copolymers with enhanced 
processability. The use of soluble precursor polymers has been an 
especially effective strategy for the preparation of dense anisotropic 
conducting polymer films. 

THE IDEA THAT ORGANIC POLYMERS could be made electrical ly conductive 
has st imulated research for more than 20 years (1). Indeed , the first mea 
surements of the conduct iv i ty of poly(acetylene) appeared i n 1961 (2), only 
3 years after N a t t a s report of the synthesis of polyacetylene (3). A l t h o u g h 
extensive conjugation was generally considered to be requ i red i n an effective 
organic conductor (or superconductor) (4), the need for the oxidation or 
reduct ion of the conjugated system was not ful ly appreciated. E a r l y work 
(1) was hampered by the lack of a general theory, or a successful organic 
conductor to use as a mode l for the preparation of new materials. E q u a l l y 
important , the intractabil ity of the existing materials, often referred to as 
"br i ck dust" , discouraged characterization efforts. 

0065-2393/88/0218-0271$07.50/0 
© 1988 American Chemical Society 
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A materials breakthrough l e d to the current h igh interest i n conduct ing 
polymers . Polyacetylene, previously k n o w n only as an intractable powder , 
was prepared as shiny free-standing films (5). T h e later observation that the 
control led oxidation or reduct ion of polyacetylene films l e d to h igh ly con 
duct ing materials (6) sparked tremendous interest i n conduct ing polymers 
and the ir applications (Figure 5.1). This interest was insp ired part ly by the 
be l ie f that a po lymer w i t h the conduct ivity of a metal and the physical 
characteristics of conventional thermoplastics (the " i d e a l " conduct ing po ly 
mer) w o u l d soon be available. Proposed uses for these materials inc luded 
l ightweight conductors, battery electrodes, solar cells, semiconductors, and 
the basic material for molecular-s ized electronic devices. T h e imp lementa 
t ion of conduct ing polymers i n these applications has lagged b e h i n d the early 
predictions o f widespread near-term use. Th is delay can be traced to the 
difficult p rob lem of prepar ing stable, tractable conduct ing polymers for gen
eral use. 

A l t h o u g h the ideal conduct ing po lymer has yet to be synthesized, spec
tacular improvements i n the conduct iv i ty and tractability of conduct ing or
ganic polymers have been reported. Two pr inc ipa l goals have gu ided 
synthetic chemists: 

1. the preparation of heat- or solution-processable conduct ing 
polymers , and 

1 f i l led p o l y m e r s "1 

| po iypheny lene su l f ide | 

I po iypheny lene v iny lene 1 

I po iypheny lene 1 

I po l yace ty lene | 

C d S g raph i te c o p p e r 

I I I 

I I I I I I I I I 
- 1 0 - 8 - 6 - 4 - 2 0 2 4 6 

log conductivity ( S / c m ) 

Figure 5.1. Polymers with very different chemical structures can he converted 
from insulators to conducting materials by controlled oxidation or reduction. 
The conductivity of the conducting polymer may be as much as 1012 times as 

large as the pristine polymer. 
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2. the preparation of materials w i t h m i n i m a l defects and a h igh 
degree of chain al ignment. 

Processabil ity has obvious benefits, and samples w i t h fewer defects or 
a l igned chains can have significantly higher conductivit ies and stabilities 
relative to disordered materials. T h e most dramatic example of such benefits 
was the preparation of polyacetylene by using a modi f ied catalyst (7, 8). T h e 
result ing material was i n many ways spectroscopically ident ical to that made 
from standard preparations of polyacetylene, except that it contained few 
s p 3 defects. T h e result ing conductivit ies for iodine-doped samples of stretch-
al igned polyacetylene were 1.5 X 10 5 S / c m , and the electrical anisotropics 
were around 1000. Accompany ing the increase i n conduct ivity was an i n 
crease i n the environmental stabil ity of the doped polymer . Significant prog 
ress has also been reported i n making tractable conduct ing polymers . 
Solutions of conduct ing polymers i n both their neutral and doped states have 
been prepared, and even water-soluble conduct ing polymers have been 
synthesized. Latexes are now available that dry to y i e l d conductive films. 

I n this chapter, the progress toward making conduct ing organic mate
rials tractable and stable enough for electronic applications is rev iewed . 
Because the general field of conduct ing polymers has been rev iewed many 
times (9, 10), this chapter w i l l focus almost ent ire ly on the issues of stabil ity 
and tractabil ity by us ing the l iterature references available i n June 1987. 
Because of the breadth of the field, not a l l materials popular ly descr ibed as 
conduct ing polymers are inc luded i n this review. F o r example, the area of 
conduct ing composites is not comprehensive because a good rev iew of c o m 
posites should also inc lude polymers filled w i t h carbon black, metal particles, 
and inorganic fillers. Inorganic and organometallic conductors (e.g. the 
phthalocyanines) are beyond the scope of this rev iew and w i l l not be covered. 

This chapter w i l l first rev iew the electronic states responsible for h igh 
conduct iv i ty i n organic polymers (11) to provide insight into the design of 
stable organic conductors. Next , the efforts to impart environmental stabil ity 
to the polymers w i l l be descr ibed. F i n a l l y , the pr inc ipa l efforts toward the 
preparation of tractable conduct ing polymers w i l l be discussed. 

5.1 Electronic States of Conducting Polymers 

Al though the exact mechanisms b y w h i c h charge is transported i n conduct ing 
polymers are s t i l l d isputed (12, 13), i t is s t i l l useful to examine the s imple 
one-electron m o d e l for the electronic states formed i n organic polymers upon 
oxidation or reduct ion (doping). (Detai led discussions of this mode l can be 
found i n reference 9.) These states are not necessarily synonymous w i t h the ir 
be ing charge carriers, but they do represent the chemistry of doping. T h e 
mode l also provides guidel ines for the synthesis of new conduct ing po ly 
mers and illustrates w h y most conduct ing polymers have l i m i t e d stabil ity. 
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F o r this exercise, conjugated polymers can be d i v i d e d into two groups: 
those w i t h degenerate ground states such as frans-polyacetylene and 
poly(phenylene methine) , and those without degenerate ground states, such 
as nearly a l l other conduct ing polymers (Figure 5.2). O n an infinite polyene 
chain , the transposition of single and double bonds yields energetically 
equivalent structures. This situation is to be contrasted w i t h po ly (p-phen-
ylene), where a s imilar transposition leads to the formation of a q u i n o i d 
structure of significantly h igher energy. This difference leads to qual itat ively 
different electronic structures for the two polymers . 

T h e reduct ion (oxidation) process (Figure 5.3) consists of adding (re
moving) one electron to the po lymer chain , w h i c h causes the inject ion of 
states from the top of the valence band and bottom of the conduction band 
into the gap. Th i s radical anion (cation), commonly t e rmed a polaron, carries 
both spin and charge. A d d i t i o n (removal) o f a second electron forms a second 
polaron, w h i c h can lower the total energy of the system through d imer izat ion 
and y i e l d a bipolaron. In the special case of polymers w i t h degenerate ground 
states, the excitations can further lower the ir energy by separating to y i e l d 
two independent states (solitons) at one-half of the gap energy. Th i s sepa
ration is possible because a polyene segment of equivalent energy is formed 
between the charges as they separate. 

I n polymers w i t h nondegenerate ground states, the chemistry is s imi lar , 
but pairs of solitons cannot completely separate because a po lymer segment 
of h igher energy w o u l d form between the charges. Thus , for poly(p-phen-
ylene) (Scheme 5.1), the formation of the less stable q u i n o i d structure acts 
as a restraint to the development of independent soliton pairs, and instead, 
a b ipolaron results. T h e signature of the bipolaron is the presence of three 
electronic transitions w i t h energies less than the gap energy, whereas the 
soliton exhibits only one electronic transition. E lec t ron i c structures s imilar 

A 
aromatic 

B quinoid 

B = E A E aromatic <C E quinoid 

Figure 5.2. A, Polylp-phenylene) and B, trms-polyacetylene. These compounds 
are, respectively, prototypes for polymers with nondegenerate (aromatic struc
ture) and degenerate (quinoid structure) ground states. The symbol E denotes 

the energy. 
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A A W \ polyene 

+e" 

A A A A A polaron 
- H -

It 
t 

(radical anion) Y/////A 

A^sAAA bipolaron 

(dianion) 

soliton 
pair 

- H -

m m 

Figure 5.3. The reduction (doping) of trms-poly acetylene. In the ideal case, 
the mobility of the charged states allows the bipolaron to collapse into a pair 

of solitons. 

to that of poly(p-phenylene) are expected for most conduct ing polymers 
because few have the degenerate ground state requ i red for soliton formation. 
T h e presence of these excitations has been experimental ly conf irmed i n 
po iyphenylene (14), po lypyrro le (15), polythiophene (16), and other con
duct ing polymers . 

A l though the s imple one-electron mode l as descr ibed here (electronic 
correlations, screening, or counterion effects have not been considered) is 
inaccurate i n the detai led description of the electronic states of conduct ing 
polymers , it is useful to consider the prob lem of environmental stability i n 
l ight of the types of electronic states formed on doping. I n this chapter, the 
t e rm stability is narrowly def ined as the maintenance of conduct ivity . B e -
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0 - 0 ~ 0 ~ € } ~ 0 ~ C M ~ } p ° l a r o n 

0 ^ 0 - © = 0 0 ^ 0 - Q bipolaron 

O O O O O O - O s*°n 

p a i r 
Scheme 5.1. The oxidation (doping) of poly(p-phenylene). The bipolaron is the 
final oxidation product in poly(p-phenylene) and other polymers with nonde

generate ground states. 

cause conduct iv i ty is related to the n u m b e r and type of dop ing sites i n the 
po lymer , stabil ization becomes an effort to m i n i m i z e doping site loss by 
chemical degradation or dop ing site quenching by such contaminants as 0 2 

or water. 
If a polaron, soliton, or b ipolaron is considered to be confined to an 

ol igomeric conduct ing po lymer chain , then for a po lymer such as polyace
tylene, the h igh chemical reactivity of oxidation or reduct ion sites w o u l d 
result i n the ir hav ing an extremely l i m i t e d l i fet ime outside the fr iendly 
confines of the dry box. W h a t then allows such states to persist i n their 
po lymer ic analogues and be responsible for the h igh conduct ivity of doped 
polymers? T h e answer can be a combinat ion of several factors. F o r small 
molecules ( H 2 0 , O2), stabil ity may be a consequence of the ir m u c h slower 
diflusion rates i n the po lymer matrix. This effect can be exploited by barr ier 
layers that encapsulate the po lymer or by improved , denser morphologies 
that m i n i m i z e the surface area. F o r example, s imply pressing polyacetylene 
films (17) had a significant stabi l iz ing effect. Low-dens i ty polyacetylene films 
(p ~ 0.5 g / cm 3 ) pressed at 1.3 X 10 5 ps i resulted i n a six-fold reduct ion i n 
surface area and an oxidation rate 5.6 times less than unpressed films. T h e 
diflusion rate of iodine into and out of pressed films was reduced b y c o m 
pacting the samples. 

If, however , instabi l i ty is related to the propensity of the dop ing sites 
to undergo further chemical transformations, then those sites must be i m 
mob i l i zed i n the conduct ing po lymer . T h e reaction of bromine w i t h sol id 
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polyacetylene (18) and soluble polyacetylene block copolymers (19) i l lustrates 
the stabi l iz ing effect o f the crystall ine matrix of polyacetylene. I n the soluble 
material , b romine added to the double bonds to y i e l d a saturated noncon
duct ing product , but i n crystall ine polyacetylene, the po lymer became con
duct ive . T h e difference i n the behavior of the two polymers was a matter of 
kinetics. W i t h t ime , bromine added across the double bonds i n sol id po ly 
acetylene (18) as w e l l , y i e ld ing the brominated po lymer . Thus , the effect o f 
the stiff po lymer i c matrix of polyacetylene was to stabilize those oxidation 
sites responsible for conductivity . 

T h e impl i cat ion that flexible polymers should be poor candidates for 
conduct ing polymers is not necessarily true. F l ex ib l e polymers have been 
converted to conduct ing polymers v ia carbon-carbon bond formation, w h i c h 
transforms the flexible po lymer to a r ig id , conductive po lymer i c material . 
T h e oxidation of poly(phenylene sulfide) by A s F 5 may be such an example. 
T h e detection of a variety of fused-ring structures (20, 21) i n the ox id ized 
product suggests a series of acid-catalyzed rearrangements that convert the 
processable po lymer into a r i g i d , cross- l inked but conductive po lymer i c 
material (Chart 5.1). F u r t h e r rearrangements are l i m i t e d by the r ig id i ty of 
the matrix that immobi l i zes the dop ing sites. C a r r i e d to its extreme, o l i 
gomers of po iyphenylene (terphenyl and biphenyl) are converted to intract
able conduct ing polyphenylenes upon treatment w i t h A s F 5 (22). 

T h e preferred route to stable conduct ing polymers is to engineer sta
b i l i ty into the monomer unit . Thus , although both neutral and doped 
polyenes are unstable toward molecular oxygen, doped polypyrro le and 

+ interchain bond formation 

n n 

n = 2,4 

Chart 5.1. Oxidizing dopants can convert flexible polymers or monomers to 
rigid conducting materials. 
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polythiophenes are robust and reflect the increased stability o f the hetero
cycl ic monomer units toward oxidation. Variations i n stability are reflected 
i n the difference i n the oxidation and reduct ion potentials of conduct ing 
polymers (23). 

5.2 Stabilization of Conducting Polymers 
I n a practical sense, the stability or instabil i ty of a conduct ing po lymer can 
only be def ined w i t h respect to its intended use. Materials w i t h l i m i t e d 
environmental stabil ity might be useful for applications requ i r ing moderate 
conductivit ies such as antistatic packaging (<10~ 2 S/cm), whereas an ap
pl icat ion such as the electrode for a rechargeable battery has a different set 
of requirements . Various methods have been explored by w h i c h the stability 
of conduct ing organic po lymers might be improved . A m o n g these methods 
are encapsulation techniques, the use of barrier resins, sacrificial layers, and 
the tradit ional antioxidants useful for the stabilization of organic polymers . 
These methods are a l l a imed at reduc ing the sensitivity of the conduct ing 
po lymer to the environment ; inherent thermodynamic instabilities of con
duct ing polymers are unaffected by such schemes. 

5.2.1 Encapsulation Techniques 

Polyacetylene and a variety of polyacetylene copolymers were found to be 
partial ly stabi l ized by encapsulation i n oxygen barriers such as glass and 
several organic polymers . Iodine-doped polyacetylene was unstable w h e n 
silicone rubber , po lyethylene, polyurethanes, or epoxy resins were e m 
p loyed as the barr ier (24). O n l y glass proved effective; the other materials 
were only sl ightly better than no barr ier at a l l . W h e n an iodine-doped 
polyacetylene sample having an in i t ia l conductivity of 300 S / c m was totally 
encased i n a thick (400 p,m) epoxy matrix (25) and the conduct iv i ty was 
monitored externally by us ing a microwave technique, the conduct iv i ty de
creased by a factor of 10 i n 50 days but then remained stable for up to 250 
days. Th is enhancement i n stability was thought to be a result of the sample's 
total encasement i n the epoxy matrix; no electrical leads l e d from the po ly 
acetylene to the outside environment . 

M u c h better stabil ity was reported for A s F 5 - d o p e d polyacetylene coated 
w i t h poly(p-xylylene) (26), w h i c h is an excellent barr ier toward oxygen and 
water. Samples having conductivit ies of 260 S / c m were coated by vacuum 
deposit ion; thus, the in i t ia l concentration of oxygen i n the sample was low. 
After 24 h i n air , a conduct ivity loss of 10% was observed for treated films, 
whereas the conduct ivity of uncoated control samples decreased by a factor 
of 3. After 1 month , the coated samples had a conduct ivity of 150 S / c m , 
whereas that of the control was only 11 S / c m . F r o m isothermal aging studies, 
the poly(p-xylylene) coating was found to increase the first-order activation 
energy for conduct iv i ty loss by 2.4 K c a l / m o l , from 17.2 to 14.8. These data 
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5. B A K E R Conducting Polymers 279 

underestimate the efficacy of poly(p-xylylene) encapsulation because A s F 5 -
doped polyacetylene degrades even i n the absence of air and moisture (27, 
28). 

5.2.2 Chemical Stabilization 

T h e ut i l i ty of classical antioxidants such as h indered amines, phenols , and 
nitrones for the stabilization of pr ist ine polyacetylene (29), po ly(methyl acet
ylene) (30), and poly( l ,6-heptadiyne) (31) has been examined. Po ly (methyl 
acetylene), although dopable to only low conductivit ies (10 " 5 S /cm), has 
s imilar oxidative behavior to polyacetylene and serves as a good m o d e l for 
other polyenes. I n general , the improvement i n stability of poly(methyl 
acetylene) was l i m i t e d , but combinations of h indered phenols and hydro 
peroxide scavengers resulted i n a factor of 5 decrease i n the oxidation rate 
(30) as monitored by the appearance of IR absorption bands attributable to 
carbonyl groups. These degradation rates are st i l l too h igh for the use of 
these polyenes i n an unprotected environment . T h e compatibi l i ty of such 
stabilizers w i t h the dopants commonly used for polyacetylene was not s tud
ied . 

T h e addit ion of N-bromosucc in imide (NBS) to prist ine polyacetylene 
stabil ized the undoped po lymer (32). T h e enhanced stability was attr ibuted 
to the reaction of N B S w i t h the numerous free radicals found i n polyace
tylene, as ev idenced by the decreased rate of oxygen uptake i n treated 
samples and increased final conductivit ies for iodine-doped polyacetylene. 
T h e conduct iv i ty of the undoped po lymer rose from 1 0 " 5 S / c m for untreated 
samples to greater than 10 " 4 S / c m for N B S - t r e a t e d samples. A slight amount 
of Br^~ was detected i n treated samples; this finding indicates that some 
doping accompanies the treatment. T h e stability of doped po lymer samples 
was not significantly i m p r o v e d by this treatment. 

T h e reaction of dienophiles w i t h polyacetylene (33) was investigated for 
l i m i t i n g the decomposit ion of the polyene. Previously , intermolecular 
D i e l s - A l d e r reactions invo lv ing cis bonds were be l ieved to form cross-links 
and render polyacetylene intractable, and that the ir e l iminat ion w o u l d lead 
to soluble products (34). N o reaction of maleic anhydride or benzoquinone 
w i t h polyacetylene was observed. In contrast, a second study (35) descr ibed 
the successful formation of the D i e l s - A l d e r adduct of maleic anhydride w i t h 
remnant cis bonds i n thermal ly i somerized samples of frans-polyacetylene. 
These data were used to support the notion that the thermal isomerization 
process used to convert cw-polyacetylene to the trans isomer does not go 
to complet ion. Unfortunately , the effect of this transformation on the tract-
abi l i ty or stability of the po lymer was not noted. 

T h e choice of counter ion (anion or cation) has a major effect on the 
stability of conduct ing polymers . T h e stability of donor- (36) and acceptor-
doped (37, 38) polyacetylenes, po lypyrrole (39), poly(alkylthiophene)s (40), 
and other polymers (40) has been studied by using thermogravimetr ic anal -
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yses and isothermal aging techniques. I n air , the perchlorate and tetrafluo-
roborate salts of po lypyrro le decomposed and lost conduct ivity above 150 
°C (41), but poly(pyrrole) p-toluenesulfonate remained stable to 280 °C. A 
k inet i c analysis (39) of the decay i n conduct iv i ty for poly(pyrrole) p-to luene
sulfonate showed that after 3 years at room temperature i n air , the conduc
t iv i ty should decrease to one-tenth of its in i t ia l value of ~ 1 0 0 S / c m . 

Postsynthesis treatment of poly(pyrrole) benzenesulfonate w i t h aqueous 
sodium hydroxide (32) significantly enhanced the long-term environmental 
stability o f po lypyrro le . E lec t ropo lymer ized films w i t h an in i t ia l conduct iv i ty 
of ~ 1 0 0 S / c m were treated w i t h solutions of aqueous N a O H ranging from 
0. l % - 2 0 % i n concentration. T h e treatment (the exchange of the benzene
sulfonate counter ion for hydroxide) caused a drop i n conduct ivity of nearly 
100 S / c m for samples treated w i t h 2 0 % N a O H , but significant improvements 
i n long-term environmental stability were gained. Thus , a sample treated 
w i t h a 1% N a O H solution for 240 m i n had a conduct ivity of 90 S / c m i m 
mediately after treatment, and ~ 8 0 S / c m after more than 100 days at 140 
°C. A s imi lar stabi l iz ing effect was observed for samples treated w i t h H 2 S 0 4 

(42) except that no drop i n conduct ivity occurred d u r i n g ion exchange. T h e 
permeabi l i ty of treated films toward oxygen and water decreased after treat
ment. Th is result is consistent w i t h the proposal that the shrinkage of treated 
films that accompanies the anion exchange protects them from degradation 
by oxygen and water vapor. 

Pyrro le has been e lectropolymerized i n aqueous solution i n the presence 
of sulfonated cobalt phthalocyanine (43, 44). A l though the e lectropolymer
i zed film was not h igh ly tractable, it was more stable than polypyrro le itself, 
and the conduct iv i ty of the composite increased from 4 S / c m to greater than 
400 S / c m d u r i n g a 2-month exposure to air. In addit ion, the electrochromic 
behavior was modi f ied compared to poly(pyrrole) perchlorate. Poly(pyrrole) 
perchlorate is black w h e n oxid ized and semitransparent w h e n reduced , but 
four dist inct colors were observed for the poly(pyrrole) phthalocyanine p o l 
ymer : ye l low-green, dark b lue , violet , and red-brown. T h e colors result from 
the various oxidation states of the phthalocyanine r ing , w h i c h is electro-
chemical ly coupled to po lypyrro le . T h e phthalocyanine moiety appears to 
be coordinated to the pyrro le r i n g through the pyrro le nitrogen because the 
addit ion of a m e t h y l group to pyrro le , w h i c h w o u l d h inder complexation of 
the pyrro le to cobalt, leads to electrochemistry analogous to po lypyrro le 
alone and the loss of phthalocyanine d u r i n g electrochemical cyc l ing. 

A n interest ing composite material has been prepared by the electro-
po lymerizat ion of pyrro le on polyacetylene electrodes (45). Because ox id ized 
po lypyrro le is far more stable i n air than polyacetylene, the result ing c o m 
posite has the stability o f po lypyrro le . W i t h different synthetic conditions, 
e i ther a th in layer of po lypyrro le was deposited over ind iv idua l fibrils of the 
polyacetylene film or a dense polypyrro le film coated the entire film. W h e n 
the dense po lypyrro le film covered the entire polyacetylene film, the inter ior 
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of the film slowly degraded, leaving highly conduct ing po lypyrro le surfaces 
and a poorly conduct ing polyacetylene interior . 

5.3 Tractability Improvements 

W i t h o u t tractabil ity, the applications for conduct ing polymers w o u l d be 
l i m i t e d . M a n y approaches to making tractable materials have been explored, 
inc lud ing 

• the preparation of blends, dispersions, and composites; 

• the synthesis o f random, graft, and block copolymers; 

• the use of precursor polymers that can be converted to con 
duct ing polymers ; and 

• the use of exotic solvents l ike molten iodine that render some 
conductive polymers soluble. 

Some of these approaches have y i e lded tractable conduct ing polymers ; others 
have resulted i n poorly conduct ing but unique and interest ing materials. 
This section details these efforts. 

5.3.1 Polymer Dispersions, Composites, and Blends 

Suspensions of polyacetylene were prepared as burrs or fibers (46) by us ing 
a vanadium catalyst. W h e n the solvent was removed , films of polyacetylene 
were formed w i t h densities greater than that prepared by the Shirakawa 
method. These suspensions were mixed w i t h various fillers to y i e l d c om
posite materials. Coatings were prepared by s imilar techniques. Blends of 
po lypyrro le , polyacetylene, and phthalocyanines w i t h thermoplastics were 
prepared (47) by us ing the compounding techniques typical ly used to d is 
perse colorants and stabilizers i n conventional thermoplastics. Mater ia ls w i t h 
useful antistatic properties were obtained w i t h conductivit ies from 10 ~ 9 to 
10 " 7 S / c m . T h e blends were transparent and had colors characteristic of the 
conduct ing po lymer . F o r example, plaques containing fnws-polyacetylene 
had the characteristic violet color exhibited by th in films of sol id trans-
polyacetylene. 

Polyacetylene latexes (48) have been prepared by po lymer i z ing acety
lene i n the presence of poly[(ter£-butylstyrene)-fo-(ethylene oxide)]. T h e use 
of a tetrahydrofuran/cyclohexane (THF/cyc lohexane) solvent combinat ion 
l ed to the formation of a stable dispersion of nearly uni form spherical 
polyacetylene particles 40 -200 n m i n diameter. T h e block copolymer was 
separated from the polyacetylene by several wash cycles w i t h a good solvent 
for the block copolymer (cyclohexane), and after removing the solvent, a 
polyacetylene powder was obtained. O n the basis of nitrogen adsorption 
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measurements of the surface area of the particles, the particles were con
c luded to be nonporous. Pressed pellets of the powdery product had con
ductivit ies of 1 0 " 5 S / c m , but no results for doped polymers were reported. 

Suspensions of po lypyrro le were prepared by the F e C l 3 oxidation of 
pyrro le i n an aqueous solution of methylcel lulose (49). T h e product was 
d r i e d and y i e l d e d films w i t h conductivit ies of 0.2 S / c m . Scanning electron 
microscopy revealed globular po lypyrro le embedded i n the methylcel lulose 
matrix. After several months, these suspensions remained stable w i t h no 
detectable prec ipi tat ion. S imi lar ly , the electropolymerization of 3 -methyl -
thiophene i n solutions of poly(methyl methacrylate) and polyvinyl chloride) 
was reported (SO, 51). 

E a r l y work on the electropolymerization of pyrrole (52) showed that 
variations i n the counter ion used i n the polymerizat ion w o u l d not only affect 
the stability of the po lymer , but the mechanical properties of the po lymer 
might also be improved . T h u s , films of poly(pyrrole) p-toluenesulfonate p re 
pared i n wet acetonitrile were flexible (53) and could be elongated 6 0 % 
without fracturing. Polymerizations i n the presence of n-alkylsulfate and n -
alkylsulfonate counterions (54) l e d to the formation of layered materials c o m 
posed of alternating regions of surfactant and conduct ing polypyrrole . P o l 
ymer i c counterions such as sulfonated polystyrene (55) could also be 
employed . T h e solvent chosen for such polymerizations (55, 56) and the 
particular po lymer ic counterion (56) had a large effect on the conduct iv i ty 
and tractabil ity o f the product . Thus , pyrro le e lectropolymerized i n the 
presence of a sulfonated styrene and hydrogenated butadiene tr iblock co
po lymer (56) y i e lded flexible polymers that were mel t pressed to form con
d u c t i n g p o l y m e r p l a q u e s . T h e e l a s t o m e r i c p r o p e r t i e s o f the t r i b l o c k 
copolymer were retained i n the polypyrro le product , but the conductivit ies 
were only 5 X 10 ~ 3 S / c m after melt pressing. 

T h e e lectropolymerizat ion of pyrro le i n a po lymer ic latex dispersion 
y i e lded a modi f ied latex (57) that d r i e d to give conductive films. A l though 
the conduct iv i ty was not exceptionally h igh (1 S / c m for 1 0 % - 2 0 % pyrro le 
content and 1 0 " 3 S / c m for 1% pyrro le content), the ease i n handl ing the 
conductive material makes it attractive for the preparation of conductive 
coatings. S imi lar ly , pyrro le was chemical ly po lymer ized w i t h H 2 S 0 4 and 
F e C l 3 i n polystyrene latexes (58). T h e sulfonic acid and carboxylic acid groups 
i n the latex prov ided the counterions for the doped po lypyrro le , w h i c h 
uni formly coated the latex particles. T h e d r i e d latex formed conduct ing films 
w i t h conductivit ies as h i g h as 2.5 X 10 ~* S / c m w h e n the pyrro le content 
of the modi f ied latex was nearly 50%. 

T h e po lymerizat ion of intractable conduct ing polymers w i t h i n tractable 
polymers has been investigated as a route to potential ly useful composite 
materials. I n an early example (59), low-density polyethylene was swol len 
w i t h catalyst at 70 °C, and after exposure to acetylene gas, polyacety-
l ene -po lye thy lene composites containing 1%-18% polyacetylene were ob-

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

5

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



5. B A K E R Conducting Polymers 283 

tained (60). T h e composites were treated w i t h iodine to y i e l d materials w i t h 
conductivit ies o f 5 -10 S / c m . Interestingly, the m a x i m u m conduct iv i ty cou ld 
be obtained w i t h as l i t t le as 2 % - 4 % polyacetylene. T E M studies showed 
that the polyacetylene formed irregular aggregates w i t h i n the insulat ing 
matrix. Th i s result suggests a percolation mechanism for the conduct iv i ty . 
Some improvement i n stability resulted from the encapsulation of these 
conductive aggregates, but the improvement was not enough to al low the 
use of these materials under ambient conditions. 

This i n situ po lymerizat ion of acetylene was extended to elastomers 
such as polybutadiene (61); block copolymers of styrene and diene (62); and 
terpolymers of ethylene, propylene , and diene (63). O n doping , these 
materials retained flexibility whi l e achieving conductivit ies as h igh as 100 
S / c m . Composites containing 3 0 % polyacetylene became br i t t le w h e n ex
posed to air and were composed of continuous regions o f both elastomer 
and polyacetylene. Stretching these materials before dop ing increased the 
crystal l inity of the polyacetylene and improved the conductivity of the doped 
composite. F o r a polybutadiene composite containing 4 0 % polyacetylene, 
the conduct ivity of the stretched material after iodine dop ing improved from 
15 to 575 S / c m (61). N o increased stability toward oxygen or moisture was 
afforded by the elastomeric matrix. 

Composites of po lypyrro le and polyvinyl chloride) have been prepared 
by several groups (64-67). Po ly th iophene -po ly (v iny l chloride) composites 
have also been prepared (68). T h e electropolymerization of pyrro le on 
polyvinyl chloride)-coated electrodes y i e lded composites w i t h mechanical 
properties (tensile strength, percent elongation at break, percent elongation 
at yield) s imi lar to polyvinyl chloride) (65) but w i t h a conduct iv i ty of 5 -50 
S / c m , w h i c h is only sl ightly inferior to po lypyrro le (30-60 S/cm) prepared 
under s imilar conditions. I n addit ion , the environmental stabil ity was e n 
hanced. Morpho log i ca l studies (69) showed that the polypyrro le was not 
uni formly d is tr ibuted i n the film and had po lypyrro le - r i ch layers next to the 
electrode. S imi lar ly , polyvinyl alcohol) (70) poly[ (vinyl idine chloride)-co-
(trifluoroethylene)] (69) and brominated polyvinyl carbazole) (71) have been 
used as the matrix polymers . T h e chemical po lymerizat ion of pyrro le i n a 
polyvinyl alcohol) matrix b y ferric chlor ide and potassium ferricyanide also 
y i e lded conduct ing composites w i t h conductivit ies of ~ 10 S / c m (72-74). 

A n established technique for prepar ing soluble derivatives of intractable 
polymers is to add so lubi l i z ing substituents to the monomer. T h u s , insoluble 
polyphenylenes have been rendered soluble (75) i n common solvents such 
as chloroform b y p h e n y l substitution. S imi lar ly , a wide range of substituted 
pyrroles and thiophenes have been investigated to improve the tractabil ity 
of these relatively stable conduct ing polymers . T h e chemical and electro
polymerizat ion o f N-subst i tuted pyrroles (76) gave polymers w i t h substan
tial ly decreased conductivit ies , generally by a factor of 1 0 3 compared to 
polypyrrole . H o w e v e r , monomers substituted at the 3 and 4 positions of 
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pyrro le w i t h a lky l or alkoxy groups were e lectropolymerized to give soluble 
processable polymers (77). 

T h e same type of structure modifications have been appl ied to po ly -
thiophenes w i t h impressive results. E a r l y work (78) suggested that poly(3-
methylthiophene) w o u l d be far more tractable than polythiophene itself, and 
the optical absorption spectrum of the po lymer indicated that the addit ion 
of the m e t h y l group had not significantly affected the electronic properties. 
T h e increased tractabil ity of such derivatives was demonstrated by the elec
tropolymerizat ion of 3-methoxythiophene (79). T h e neutral po lymer was 
soluble i n acetonitri le , acetone, and methylene chlor ide , whereas both the 
oxidized and neutral forms of poly(3-methoxythiophene) were soluble i n 
d imethyl formamide . A variety of tractable 3-alkyl-substituted po lythio -
phenes were subsequently reported (80-83). T h e solubil i ty of these polymers 
i m p r o v e d w i t h increases i n the length of the a lkyl group i n the order n -buty l 
> e thy l » m e t h y l (80, 81). T h e n-hexyl , n-octyl , n-dodecyl , n-octadecyl, 
and n-eicosyl derivatives have been synthesized as w e l l as random copoly
mers of 3-alkylthiophenes. T h e polymers were soluble i n common organic 
solvents such as T H F , chloroform, and xylene. Disubst i tuted polymers (e.g., 
the 3 ,4 -d imethyl derivative) were less soluble. F i l m s cast from solution and 
doped w i t h iodine and F e C l 3 y i e lded conductivit ies as h igh as 50 S / c m . 
Poly(alkylthiophenes) cou ld also be ox id ized i n solution w i t h ni trosyl salts 
to give stable conduct ing po lymer solutions, and on dry ing , conduct ing 
po lymer films. F i l m s cast from conduct ing po lymer solutions were more 
br i t t le than films that had been oxidized i n the solid state. B y incorporating 
sulfonic and carboxylic acids i n the a lkyl substituent of the 3-alkylthiophenes, 
water-soluble polythiophenes (84, 85) were prepared (Figure 5.4). These 
polymers contain counterions for the oxidized po lymer as a part of the p o l 
y m e r structure, and thus have been termed "sel f -doped" conduct ing poly
mers. T h e conductivit ies of doped polymers that had been cast from water 
were as h igh as 10 S / c m , but losses i n conductivity were observed for 
thoroughly d r i e d films. 

5.3.2 Random Copolymers 

A variety of copolymers of acetylene and other alkynes have been prepared. 
Copo lymers of acetylene and methylacetylene (86), a soluble polyene, were 
more tractable than polyacetylene itself, but as the fraction of methylace
tylene i n the copolymer increased, both the tractability and the final con
duct iv i ty of the iodine-doped po lymer decreased. A t an acetylene mole 
fraction of 0.5, the copo lymer was insoluble , and the final conduct iv i ty had 
fallen from greater than 100 to 1 S / c m . Some plasticization remained , how
ever, and the po lymer cou ld be stretched to elongation ratios as h igh as 7. 
Copo lymers of acetylene and phenylacetylene containing 2 6 % acetylene 
were soluble i n methylene chlor ide (24). L i k e methylacetylene copolymers, 
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Figure 5.4. Poly(3-alkylthiophene)s are more stable than polythiophene and 
have excellent tractability and good conductivities. 

the conductivit ies of the doped copolymers were m u c h less than homo-
polyacetylene. 

5.3.3 Craft and Block Copolymers 

Graft and block copolymerizat ion is a sl ightly different approach to the so l 
ubi l izat ion of intractable polymers . Instead of b u i l d i n g flexibility into the 
po lymer backbone, po lymer i c so lubi l iz ing groups are attached to the chain . 
I n both graft and block copolymers, the integrity of the backbone of the 
conjugated po lymer is maintained to a m u c h higher degree than i n random 
copolymers. This is important for conjugated polymers because the d i s rup 
t ion of conjugation usually leads to the degradation of the desirable electronic 
properties of the po lymer . 

Sod ium-reduced polyacetylene was functionalized i n two separate ex
amples. I n the first example (87), the doped po lymer was used to init iate 
the po lymerizat ion of ethylene oxide from fibrillar films of polyacetylene 
(Figure 5.5). T h e product d i d not become appreciably soluble, and po ly -

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

5

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



286 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 
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M B methyl methacrylate, ethylene oxide 

Figure 5.5. Graft copolymers can be formed by using doped polymers as the 
initiation site. 

merizat ion of ethylene oxide b y electron transfer from the reduced po lymer 
was a significant competitor to graft formation. I n a s imilar experiment (88), 
m e t h y l methacrylate was added to sodium-doped polyacetylene, and a b lue 
fraction soluble i n T H F was obtained. T h e soluble fraction had an electronic 
absorption spectrum simi lar to rrans-polyacetylene but shifted sl ightly to 
higher energies. T h e shift was attr ibuted to a disrupt ion of the conjugated 
backbone as a result of the formation o f poly(methyl methacrylate) grafts. 
T h e electrical properties of these products were not reported. 

T h e inverse of this procedure has received more attention. I n these 
experiments, the conductive po lymer or inc ipient conduct ing po lymer is 
po lymer ized from mul t ip le catalytic sites on a soluble substrate po lymer . 
Al ternat ive ly , conduct ing segments can be bonded to a po lymer chain by 
standard chemical techniques. Stable catalyst sites have been generated on 
pendant olefins i n p o l y b u t a d i e n e w i t h the T i ( O C H 2 C H 2 C H 2 C H 3 ) 4 / 
A l ( C H 2 C H 3 ) 3 catalyst typical ly used to prepare polyacetylene (Figure 5.6). 
W i t h the addit ion of acetylene, graft copolymers (89) were formed that were 
handled as solutions. A l though solubi l i ty for the polyacetylene fraction was 
c la imed , m u c h of the characterization data presented for the copolymers 
[ U V - v i s i b l e radiation absorption (89), photo- induced absorption (90), and 
morphology (91)] was more typical of sol id polyacetylene and significantly 
differed from other preparations of soluble copolymers. T h e products were 
probably best descr ibed as stabi l ized suspensions of polyacetylene (92). L i t h -
iation of polybutadiene fol lowed b y the addit ion of T i ( O C H 2 C H 2 C H 2 C H 3 ) 4 

al lowed the preparation of comb- l ike graft copolymers (93, 94). These m a 
terials differed i n that T E M micrographs of the copolymers showed smal l , 
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Figure 5.6. Synthesis of graft copolymers containing polyacetylene. Active 
catalysts for acetylene polymerization are generated on the polymer backbone, 

and the polyacetylene grows from the backbone. 

spherical microdomains of polyacetylene embedded i n the polybutadiene 
matrix. T h e conduct iv i ty of iodine-doped samples was 1 0 ~ 3 S / c m . 

Cross - l inked poly(pyrrole-g-styrene) copolymers were prepared by the 
electropolymerization of pyrro le i n the presence of po lystyrene-bound p y r 
role (95). F i l m s grown from 1:1 mixtures of pyrro le and the pyrrole - func-
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t ional ized polystyrene were br i t t le and had conductivit ies of 5 X 1 0 " 2 

S / c m , whereas those grown from 6:1 mixtures y i e lded copolymers w i t h 
properties typical of po lypyrro le and conductivit ies of 0.4 S / c m . O t h e r char
acteristics of the copolymers were not reported. 

Three different routes to polyacetylene block copolymers have been 
developed. I n the first method (19), acetylene is po lymer ized i n the presence 
of a second po lymer functionalized w i t h epoxides, aldehydes, or ketones 
that react w i t h growing polyacetylene chains (Figure 5.7). Thus , the growing 
chains are simultaneously terminated and bound to the second po lymer by 
the formation of carbon-carbon bonds. B y adjusting the relative amounts of 
monomer and terminat ion sites, the molecular weight of the polyene seg
ments can be control led. Polyacetylene block copolymers w i t h polystyrene, 
polybutadiene, or polyisoprene have been prepared. W h e n the polyene 
block is short, dark-purple solutions of the copolymer i n common organic 
solvents are obtained. L i g h t scattering results (96) suggested that these so
lutions were actually mice l lar aggregates of copolymers; the polyacetylene 
port ion was arranged as an elongated and amorphous core. 

Copo lymers w i t h longer polyene segments were found to be insoluble 
i n the reaction solvent (toluene). I n these materials, the polyacetylene frac
t ion was crystall ine (97). Copo lymers w i t h a low acetylene content were 
composed of a variety of isolated crystall ine structures w i t h i n an amorphous 
matrix, whereas those containing 5 0 % or more polyacetylene had a mor 
phology that resembled fibrillar polyacetylene. D r i e d copolymer solutions 
and suspensions gave b lue films w i t h the mechanical properties characteristic 
of the carrier po lymer . N o increase in environmental stability was observed. 

T h e second route (87, 98) to block copolymers is the "anion to Z i e -
g l e r - N a t t a transformation" reaction. L i v i n g anionic polymerizations (poly
merizations that do not terminate) of styrene and isoprene are treated w i t h 

catalyst 

HCCH 

C=0 

Figure 5.7. Synthesis of block copolymers via termination reactions. Control 
over the molecular weight of the polyacetylene segment is afforded by varying 

the ratio of monomer to terminating groups (S). 
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T i ( O C H 2 C H 2 C H 2 C H 3 ) 4 to y i e l d po lymer solutions catalytically active to
ward acetylene polymerizat ion (Figure 5.8). B l u e solutions, characterized 
by gel permeat ion chromatography and radioisotopic label ing studies, are 
formed (99). Th is procedure was recently repeated by us ing C o C l 2 as the 
transition metal (100). 

T h e properties of such apparently soluble materials differed greatly from 
those containing stabi l ized polyacetylene crystallites. Attempts to dope the 
soluble copolymers y i e lded materials w i t h l ow conductivit ies , and chemistry 
typical o f solution chemistry (bromination) was observed rather than the 
formation of a stable bromine -doped polyacetylene phase. A poly(isoprene-
fc-acetylene) copolymer oxidized w i t h iodine gave conductivit ies as h igh as 
1-10 S / c m , but the characterization of the copolymer was insufficient to 
unambiguously identi fy it as a soluble copolymer. O n the basis of previously 
reported work, this material is l ike ly to correspond to a stabil ized suspension 
rather than a solution. 

T h e t h i r d route involves metathesis po lymerizat ion of cyclooctatetraene 
w i t h tungsten catalysts, y i e ld ing polyacetylene as an insoluble film along 
w i t h ol igomers (101). B y first po lymer i z ing cyclooctene and then adding 
cyclooctatetraene, a soluble, r ed block copolymer was obtained. O n the basis 
of the vis ible absorption spectrum, at least two or three cyclooctatetraene 
units were concluded to have been added to the po lymer chain forming a 
short polyacetylene block. N o conductivity data were reported for this co
po lymer . 

5 .3 .4 Precursor Polymers 

O n e of the most innovative and useful techniques for the preparation of 
conduct ing polymers has been the synthesis of h ighly soluble precursor 
polymers that can be easily handled in solution, pur i f ied , and then later 
converted to the less tractable conduct ing po lymer . T h e first example of 
such an approach was the dehydrohalogenation of polyvinyl chloride) (102). 
This reaction, l ike most e l iminat ion reactions on polymers , rarely goes to 
complet ion and is not w e l l suited for the synthesis of useful conduct ing 

T i X 4 H C C H 
M M M M M M M M M M M M " • M M M M M M M 

M = s t y r e n e . i s o p r e n e 

Figure 5.8. Synthesis of block copolymers via the "anion to Ziegler-Natta 
transformation" scheme. 
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materials. Recent ly several e l iminat ion schemes have y i e lded h i g h qual i ty 
conduct ing polymers from tractable precursors. 

T h e D u r h a m route to polyacetylene (103, 104) involves the metathesis 
po lymerizat ion o f 1 to give a soluble but thermal ly unstable h i g h po lymer 
(Scheme 5.2). S lowly at room temperature, or more rapidly at 80 °C, the 
po lymer undergoes a r e t r o - D i e l s - A l d e r reaction. This reaction results i n 
e l iminat ion of a substituted benzene and formation of amorphous polyace
tylene. A n enormous weight loss accompanies the conversion, but h i g h -
density films were produced w i t h no apparent voids. T h e kinetics of the 
transformation reaction were extensively studied (105). 

B y choosing the appropriate monomers (106), the temperature at w h i c h 
the r e t r o - D i e l s - A l d e r reaction takes place can be control led (Scheme 5.3). 
W h e n 1 and 2 were copo lymer ized , the precursor po lymer became thermal ly 
stable at room temperature (79) yet st i l l cou ld be converted to polyacetylene 
at 80 °C. L o n g runs o f polyenes that w o u l d make the po lymer intractable 
were avoided b y the inc lus ion o f the saturated 2 + 2 photoproduct, w h i c h 
is stable at room temperature. A t higher temperatures, the diene was r e 
generated, and the conversion to polyacetylene proceeded to complet ion . 
T h e diene regeneration and the r e t r o - D i e l s - A l d e r reaction are so h igh ly 
exothermic that the homopo lymer of 2 can char d u r i n g the transformation. 

A t r i u m p h of the D u r h a m route was the preparation of or iented crys
tall ine polyacetylene (107-109) b y stretch orientation o f the po lymer d u r i n g 
the transformation reaction. This material has h ighly anisotropic optical p rop 
erties, but the anisotropy of the conduct ivity of the doped po lymer was low. 
O r i e n t e d fibers as w e l l as films were prepared. 

S imi lar success was reported i n the synthesis of po ly (phenyl -
enevinylene) by an indirect route (110-112). Previous routes to po ly -
(phenylenevinylene) y i e lded intractable materials that w h e n oxidized gave 
conductivit ies as h i g h as 1 S / c m (113). B y e l iminat ing H C 1 or H B r and 
d i m e t h y l sulfide from poly(p-xylene-a-dimethylsul fonium halide) i n a ther 
mal treatment, h igh qual i ty poly(phenylenevinylene) was prepared (110,112) 
analogously to the D u r h a m route to polyacetylene (Scheme 5.4). T h e 
poly(phenylenevinylene) cou ld also be stretch al igned d u r i n g the transfor
mation reaction to y i e l d h ighly or iented films, w i t h conductivit ies o f 2780 
S / c m after dop ing w i t h iodine. T h e anisotropy of the conductivity was 100 
for films at a draw ratio o f 10. 

Alkoxy-subst i tuted poly(phenylenevinylene)s have been prepared by 
the ident ical route (114, 115). As the substituents of the aromatic ring were 
var ied , significant changes i n conduct iv i ty o f the A s F 5 - d o p e d po lymer were 
noted. T h e polymers w i t h the highest conductivit ies (200 S/cm) were sub
stituted w i t h methoxy or ethoxy groups at the 2 and 5 positions. A l t h o u g h 
A s F 5 - d o p e d polymers are unstable i n air , iodine-doped derivatives of d i -
alkoxy poly(phenylenevinylene)s are stable. Copo lymers that contained 
1 2 % - 5 3 % of the dialkoxy uni t were stretch-oriented and doped w i t h iodine 
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n 

Scheme 5 . 2 . Synthesis of polyacetylene by the Durham route. The precursor 
polymer is soluble and can be processed prior to conversion to polyacetylene. 

-CF, 

CF, 

W C I g / S n M e 4 

+ 

Scheme 5.3. A revised synthesis of polyacetylene by the Durham route. When 
2 t5 included in the polymer, the conversion to polyacetylene first requires 
that the diene be generated {at —80 °C) before the retro-Diels-Alder reaction 

can occur. 
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X C H 2 - A r — C H 2 X 
R 2 S O H * 

R 2 ~SX~ 
i 

• A r - C H 2 C H -

- r A r - C H = C H -

Scheme 5.4. Synthesis of poly(arylene vinylene)s obtained by the elimination 
of small molecules from a precursor polymer. 

and y i e lded conductivit ies ranging from 300 to nearly 700 S / c m (116). A 
copolymer w i t h an in i t ia l conduct ivity of 428 S / c m was unchanged after 6 
months i n ambient air . 

Poly(arylenevinylene)s based on naphthalene (117) and thiophene (118, 
119) have been reported. W h e n naphthalene was substituted for benzene 
i n the po lymer structure, the result ing conductivity for the A s F 5 - o x i d i z e d 
po lymer was 1 0 " 2 S / c m . Or ientat ion of the po lymer v ia stretch al ignment 
has not been reported. T h e thiophene derivative , however, was stretch 
al igned (118) and doped w i t h iodine and F e C l 3 . Conduct iv i t ies of 2700 were 
obtained w i t h iodine-doped samples having elongation ratios of 6. T h e a n 
isotropy of the conduct iv i ty was 35. 

5 .3 .5 E x o t i c S o l v e n t s 

A l t h o u g h organic solvents are generally nonsolvents for conduct ing po ly 
mers, solutions of conduct ing polymers have been prepared (120). Mix tures 
of A s F 5 and A s F 3 were shown to dissolve po iyphenylene , poly(phenylene 
oxide), and other polymers . T h e A s F 5 - o x i d i z e d polymers were stabi l ized i n 
A s F 3 , and electrical ly conductive films were cast from the po lymer solutions. 
T h e conductivit ies observed were substantially improved relative to po ly 
mers prepared by solid-state dop ing reactions. Thus , the conduct ivity of 
poly(phenylene oxide) improved from < 1 0 ~ 3 S / c m for solid-state dop ing to 
100 S / c m for solution-cast films. Once cast, the films underwent addit ional 
chemical modif ication and became insoluble . 

A n extension of this method is the simultaneous oxidative p o l y m e r i 
zation a n d solubi l ization of polymers i n A s F 5 / A s F 3 mixtures. Po lythiophene , 
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poly(3-methylthiophene), po lypyrro le , po iyphenylene , and copolymers of 
po iyphenylene and poly(phenylene sulfide) have been prepared by this 
method (120). I n related experiments (121), the polymerizat ion of acetylene 
was carr ied out i n A s F 5 / A s F 3 mixtures. Soluble materials are obtained from 
these polymerizations, but l i t t le characterization of the po lymer microstruc-
ture has been reported. M o l t e n iodine has also been reported to act as a 
polymerizat ion catalyst and solvent for carbazole (J22). F i l m s cast from so
lut ion were reported to have conductivit ies of 1 S / c m . 

5.4 Outlook 

T h e development of tractable, stable conduct ing polymers has taken con
siderable effort, and the development of a single, general-purpose conduct ing 
po lymer may not be its logical result. Instead, conduct ing polymers w i l l 
probably be tai lored to match the stability and processability requirements 
of applications o n a case by case basis. Th is means that opportunit ies w i l l 
arise for a w ide range of conduct ing polymers , and that opportunities w i l l 
arise for chemists intent on i m p r o v i n g the performance of existing conduct ing 
polymers . 
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Polymers in Nonlinear Optics 

David Williams 

Corporate Research Laboratories, Eastman Kodak Company, Rochester, 
N Y 14650 

The delocalized pi electronic structures exhibited by organic aromatic 
and polyenelike structures lead to extremely large and potentially 
useful second- and third-order nonlinear coefficients. Research on 
the fundamental aspects of these processes has enhanced the under
standing of their origins, and new approaches for combining the 
various properties required for practical application have been iden
tified. Among these approaches are poled polymer films, organic 
crystals grown in thin-film formats, and mono-multilayer assemblies 
fabricated by the Langmuir-Blodgett deposition technique. In this 
chapter, the fundamental concepts of nonlinear optics are reviewed 
with particular emphasis on second-order processes and materials 
designed to exhibit them. Electric field poling as a method for re
moving the orientational averaging of polymer films and considera
tions for the use of poled films and Langmuir-Blodgett multilayers 
in waveguide formats are discussed. 

INTEREST IN THE NONLINEAR OPTICAL PROPERTIES of organic and po lymer ic 
materials has been spawned i n recent years by the recognition that these 
materials may have unique applications as active components i n the rapidly 
expanding optical communicat ion and optical information processing fields 
(1-3). T h e cost-performance advantages of technology using these materials 
over more conventional inorganic single-crystal technology have been rec
ognized, but significant advances i n the design, synthesis, and processing 
of these polymers and i n condensed-matter physics must take place before 
these advantages can be real ized. 

Nonl inear optics is concerned w i t h the interaction of electromagnetic 
fields, generally i n the optical frequency range, w i t h a m e d i u m , result ing 
i n the alteration of the phase, frequency, or other propagation characteristics 

0065-2393/88/0218-0297$09.50/0 
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of the inc ident l ight. Interesting and useful phenomena invo lv ing organic 
crystal l ine and po lymer i c systems have been demonstrated and studied i n 
recent years, but the incorporation of the properties requ ired for broad-
scale technological ut i l i ty is far from reality today. 

T h e complexity of the task can be appreciated by comparing the re 
quirements for a nonl inear optical po lymer for integrated optics applications 
w i t h those for other po lymer th in - f i lm technologies. I n general , a l l the r e 
quirements for high-qual i ty th in films used i n photoresist applications, for 
example, film-forming qualities, adhesion, freedom from defects, thermal 
stabil ity, and patternwise del ineation capabil ity, must be combined i n a 
single material w i t h sophisticated electronic properties s imilar i n complexity 
to those found i n organic photoconductors. I n addit ion, for second-order 
nonl inear effects, polar symmetry and extremely uni form birefringence must 
be imparted to the th in film. 

In this chapter, the current state of understanding of second-order 
nonl inear optical properties i n organic materials, th in films, inc lud ing L a n g 
m u i r - B l o d g e t t films, and polymers w i l l be reviewed. B r i e f ment ion w i l l be 
made of th ird -order nonl inear effects i n po lymer films. Recent progress i n 
that area warrants a separate review. Part icular attention w i l l be pa id to a 
qualitative discussion of concepts to encourage interested readers to consult 
the extensive body of l i terature that describes the mathematics and physical 
chemistry requ i red for per forming and interpret ing experiments i n this field. 

6.1 Origin of Nonlinear Effects 
T h e starting point for nonl inear optics is the constitutive relationship be 
tween the polarization induced i n a molecule (p) and the electric field c o m 
ponents of inc ident electromagnetic waves (E). W i t h the electric d ipole 
approximation that ignores magnetic dipoles and higher order mult ipoles 

p = a £ + ( 5 - E E 4- 7 — E E E + — (6.1) 

Since p and E are vector quantities, a , £ , 7, etc. , are tensors. F o r example, 
the electric field vector i n the first t erm w i l l have three components i n the 
molecular coordinate system. E a c h electric field component can contr ibute 
to polarization along each of the three directions i n the molecular coordinate 
system. This tr ip le contr ibut ion of electric field components leads to a total 
of n ine elements to the second rank polarizabi l i ty tensor. S imi lar ly , there 
are 27 components to the |3 tensor and 81 components to 7. M o l e c u l a r 
symmetry generally reduces these tensors to only a few independent e le 
ments. Unless the molecular coordinate system lacks an inversion center, 
the form of the odd-rank tensors such as ($ w i l l lead to zero induced polar
ization i n this representation of optical nonlinearit ies. F o r molecules such 
as benzene and polymers such as poly[bis(p-toluenesulfonate)diacetylene] 
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(PTS; structure 6.1), a and 7 w i l l be nonzero but P w i l l be zero because of 
inversion symmetry . F o r molecules such as p-nitroani l ine and po lymer 
chains such as isotactic polyphenylacrylate , p , as w e l l as a and 7, is nonzero. 

A s imilar expression can be wr i t ten for the polarization induced i n an 
ensemble of molecules i n the l i q u i d , sol id , or gas phase. In this case, w i t h 
the electric dipole approximation, the polarization P is wr i t t en as 

T h e coefficients x ( 1 ), etc. , are tensors w i t h s imilar meanings i n relation to 
the molecular quantit ies, except that they describe the polarization induced 
i n the ensemble. F r o m the properties of th ird-rank tensors, i t follows that 
the contr ibut ion of x ( 2 ) to nonl inear polarization is zero i n centrosymmetric 
crystals, isotropic gases, l iquids , glassy polymers , etc. O n the other hand , 
films of P T S , polyacetylene, po lypyrro le , etc. , can have substantial values 
of x ( 1 ), X (3 )> e *c . F o r a po lymer ic material or any isotropic m e d i u m to exhibit 
a value o f x ( 2 ) greater than that result ing from magnetic d ipolar and higher 
order electric mult ipo lar contributions, asymmetry must be induced i n the 
m e d i u m . In general , for po lymer i c materials, asymmetry is induced by the 
generation of a polar axis i n the m e d i u m through electric field po l ing . 

T h e electric field components i n equations 1 and 2 can be associated 
w i t h the same or w i t h different frequency components and, i n some situa
tions, can resonate w i t h electronic or vibrational oscillations i n the m e d i u m . 
This situation has l e d to a shorthand notation to describe the interactions 
leading to the various nonl inear effects of interest. Various susceptibi l i ty 
functions corresponding to the x ( 2 ) and x ( 3 ) effects of interest and their short
hand representation are l isted i n Table 6.1. 

6.1.1 Effects Occurring through \ ( 2 ) 

Several useful effects occurr ing through x ( 2 ) a i*e i l lustrated i n F i g u r e 6.1. 
Second harmonic generation ( S H G ) can be v iewed as the combinat ion of 
two photons at frequency <o to produce a new one at 2<*>. This process occurs 
because the nonl inear polarization w h i c h is created i n the m e d i u m contains 
a F o u r i e r component at 2o) w h i c h acts as a source of electromagnetic radiation 
at 2<o. As the electromagnetic wave at a> and the bound harmonic wave at 
2(0 induced by the nonl inear polarization propagate through the m e d i u m , 

6.1 

P = xil)'E + x{2h'EE + xm'~EEE + - (6.2) 
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Table 6.1. Electric Susceptibility Functions x ( 2 ) and \ ( 3 ) for Various Types of 
Interacting Fie ld Components, Terminology, and Applications 

Susceptibility Application 

x(2) (0; to,co) Optical rectification Hybrid bistable device 
(-co; co,0) Electrooptic (Pockels) effect Modulators, variable-

phase retarders 
X ( 2 ) (-2d); co, co) Frequency doubling Harmonic generation 
X ( 2 ) (-co 0; d)a, cofo) Frequency mixing Parametric amplifiers, 

IR up conversion 
x » (0; 0,0,0) Dielectric saturation Poling 
X ( 3 ) (0; 0,- (o, co) Second-order optical 

rectification 
X ( 3 ) (-co; co ,0,0) Quadratic electrooptic Variable-phase 

effect retardation, 
liquid-crystal displays 

X ( 3 ) ( - C 0 o ; d)fl, (i)fe,-(i) f e) A C electrooptic effect, High-speed optical gates 
A C Kerr effect, 
Brillouin scattering, 
Raman scattering, 

X ( 3 ) (-co a; co0, ( D f o , - C 0 f e ) Two-photon absorption 
X ( 3 ) ( — 0 ) ; (i), co, — co) Self-focusing, Optical bistability, 

degenerate four-wave phase conjugation, 
mixing, optical Ken- optical transistors, 
effect image processing 

X ( 3 ) (-3co; co, co, co) Frequency tripling Deep-UV conversion 

2 < u r 2 < u r 

cua-(Jb _ 

S H G 

Parametric 

Electrooptic 
Pockels 
effect 

Figure 6.1. Nonlinear optical effects occurring through xa 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

6

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



6. W I L L I A M S Polymers in Nonlinear Optics 301 

their amplitudes can change periodical ly , depending on the phase re lat ion
ship between them. As these waves exit the m e d i u m , the nonl inear in ter 
action is terminated , and the relative intensities at the fundamental and 
harmonic frequencies are de termined at that point . I f the bound wave travels 
through the nonl inear m e d i u m i n phase w i t h the fundamental wave, the 
harmonic field can b u i l d up considerable ampl i tude (4). 

Frequency mix ing occurs w h e n the inc ident fields cofl and cofc are dif 
ferent. I n this case, beat frequencies occur i n the polarization at cofl ± to f o. 
Aga in the electric field distributions are determined by the magnitude of 
the nonl inear coefficient, the path length over w h i c h the interaction occurs, 
and the phases of the waves. T h e case of frequency difference mix ing cofl — 
(ob is part icularly interesting. I f cofl is the more intense " p u m p " wave and 
o>b is the weak " i d l e r " wave, the nonlinear interaction leads to the spl i t t ing 
of cofl into two lower frequency photons and the amplif ication of (ob (5). Th is 
parametric ampli f ier is potential ly extremely useful i n spectroscopy for de
tect ing weak signals and i n optical communications for detect ing re 
peaters (6). 

T h e l inear electrooptic or Pockels effect occurs from the interaction 
between an optical field and a direct -current (dc) field i n the nonl inear 
m e d i u m , alter ing the propagation characteristics of l ight i n a m e d i u m . T h e 
propagation characteristics are descr ibed by an e l l ipsoid w i t h components 
along the pr inc ipa l die lectr ic axes 1/nf, 1/n 2,, and 1/nf. D e p e n d i n g on the 
symmetry of the m e d i u m , the application of an electric field can change 
these values, w h i c h can be used to rotate polarization, achieve frequency 
or ampl i tude modulat ion, or diffract l ight , i f a per iodic refractive index m o d 
ulation can be achieved. Comple te discussions of these effects and devices 
using them can be found i n the l iterature (7-9). 

6.1.2 Effects Occurring through \ { 3 ) 

Several nonl inear effects occurr ing through x® are i l lustrated schematically 
i n F i g u r e 6.2. T h e first of these is t h i r d harmonic generation ( T H G ) . S imi lar 
to S H G , this effect arises from a F o u r i e r component of the nonl inear polar
ization at 3to acting as a source of electromagnetic radiation. As w i t h S H G , 
the magnitude of the field at 3co depends on the magnitude of the coefficient, 
the interact ion, and the phases of the interact ing field components. 

A major difference between even- and odd-order nonl inear interactions 
is that a response can occur at the fundamental frequency i n med ia exhib i t ing 
odd-order responses. Thus , a variety of interest ing and useful phenomena 
occur through x(3)- O n e such effect is optical bistabi l i ty result ing from l ight -
intensi ty - induced changes i n the refractive index of the m e d i u m i n a resonant 
cavity (10), w h i c h i n t u r n affects beam propagation i n the cavity. I n this case, 
the cavity is formed from a nonl inear m e d i u m designed to be an integral 
n u m b e r of wavelengths of the inc ident radiation i n length, w i t h partial ly 
reflecting front and rear faces. Destruct ive interference i n the cavity results 
i n l ow transmission through the device. As the l ight intensity increases, the 
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3tu w 3tu w THG 

lout _ 
Bistability 

Ordinary 
mirror 

V 
Phase conjugation 

Phase 
conjugate 
mirror 

Figure 6.2. Nonlinear optical effects occurring through x(3)-

electric field ampl i tude i n the sample increases and alters the refractive 
index of the m e d i u m . F o r a proper ly designed cavity, the result ing phase 
shift tunes the cavity to a resonance, and the cavity becomes transmitt ing. 
This characteristic o f h ighly nonl inear transmission versus l ight intensity 
results i n hysteresis and bistable behavior. Variations of this effect have been 
investigated, in c lud ing the optical analogue of a transistor i n w h i c h a weak 
beam is used to control the transmission characteristics of an intense beam 
(10). 

T h e t h i r d effect i l lustrated i n F i g u r e 6.2 is optical phase conjugation. 
A n overview of this effect was publ i shed recently by Pepper (II) . Th is effect 
results from a degenerate four-wave m i x i n g process by w h i c h two beams 
interfere to form a phase grating, and the complex conjugate o f the phase 
front of the incoming beam is created as an outgoing beam. T h e significance 
of the complex conjugate is that the phase front of the outgoing beam prop 
agates as i f it were t ime reversed relative to the incoming beam. Thus any 
loss i n information because of phase shifts or aberrations i n the incoming 
optical path is recovered i n the outgoing path. In addit ion , e lectr ic field 
amplitudes can be altered i n the nonlinear m e d i u m , and these alterations 
result i n the amplif ication of the phase conjugate beam. 
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W i t h an ordinary mirror , the image is reflected rather than redirected. 
Phase conjugate mirrors can be constructed to provide a n u m b e r of lensless 
imaging and image-processing functions. C u r r e n t values of electronic n o n -
linearities i n polymers require laser power densities i n the range of ki lowatt 
per square cent imeter i n order for these effects to be manifested. Photo 
refractive materials such as B a T i 0 3 crystals have been used to demonstrate 
these effects at a power density of approximately 10 m W / c m 2 (12). 

6.2 Microscopic Origin of Second-Order Nonlinearities 

R e w r i t i n g equation 1 for the i t h Cartesian component of the induced polar
ization i n a molecule , one obtains 

P i = otyEj + faEjEk + ymEjEkEt + - (6.3) 

Unders tand ing the electronic origins of p i n a molecule begins w i t h an 
analysis o f the dynamic behavior of electrons i n the molecule under the 
action of an electromagnetic field i n the frequency range above vibrat ional 
and rotational modes and be low electronic resonances. U n d e r this inf luence, 
the state of the electrons i n a molecule w i l l be per turbed and osci l lat ing 
currents w i l l be induced i n the molecule. A quantum mechanical expression 
can be obtained for comput ing the dipolar contributions to the current d e n 
sity induced i n the molecule by the per turb ing field and col lect ing terms of 
appropriate order. W a r d (13) has expressed the perturbation to the H a m -
iltonian as 

H' = -e(E»-r)$m(*t (6.4) 

where e is the electronic charge, £ w is the field ampl i tude at frequency o>, 
and r is a coordinate associated w i t h the posit ion of the electrons and is 
calculated from 

r = X r a (6.5) 

i n w h i c h a is s u m m e d over al l electrons, and 

er = p, (6.6) 

T h e result is a perturbation expression for the components of the hyper 
polarizabi l i ty tensor w h i c h can be wr i t ten as 

a 1 v v <g I ft 1 e > < e 1 fe I *' >< *' I fa I g > / A 7 N 
P# = a 2j 2j ; s i v ( b - 7 / 
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In equation 7, the sums r u n over al l excited states of the molecule and 
the sum over p generates three distinct terms by permutt ing ( —2to,i), (<o,j), 
and (<o,fc). T h e operator p^ is def ined as 

<V | (Lr | W > = <V | (Lr | W > - 8vw<g | | l r | g > (6.8) 

where |xr is the dipole moment operator, co e g = (oe — cog, and o)e>g = coe< 
— o)g. W h e n V = W (diagonal terms), the matrix e lement is the difference 
between excited-state and ground-state dipole moments. W h e n V is not 
equal to W (nondiagonal terms), there is a transition moment between excited 
states (14). To use this expression, it is essential to have good excited-state 
eigenfunctions for the molecule , and this requirement is far from a tr iv ia l 
matter. Gar i to and coworkers (15,16) used a spectroscopically parameterized 
version of complete neglect of differential overlap ( C N D O / S ) w i t h config
uration interaction from a l l singly excited states to describe the excited state 
eigenfunctions of a n u m b e r of substituted benzenes and obtained good agree
ment w i t h experimental results. M o r e recently, Docher ty et a l . (17) repa-
rameter ized C N D O / S by correlating computed and measured dipole mo 
ments and transit ion wavelengths for a series of organic conjugated molecules 
and obtained excellent agreement between measured and calculated values 
of (3. E x p e r i m e n t a l determinations of p by electr ic - f ie ld- induced second 
harmonic generation give the vector component of P i n the direct ion of the 
molecular dipole (x direction), and this quantity is related to the Cartesian 
components i n equation 7 by 

Pvec Prcx + @ w + Px Z Z + 2 p w t + 2 p z J (6.9) 

F o r molecules w i t h intense intramolecular charge-transfer transitions, 
P ^ is by far the largest component of the hyperpolarizabi l i ty , so 

P v e o - P x a (6-10) 

Some interest ing points can be made from F i g u r e 6.3, for w h i c h the 
data of Docher ty et a l . (17) have been used and w h i c h shows the plot of the 
contributions of various excited states i n the sum over states indicated i n 
equation 7 to p v e c for 4-amino-4 ' -nitro-rrans-st i lbene. F i r s t , most of the 
nonl inearity occurs because of the charge-transfer resonance associated w i t h 
the lowest optical transit ion i n the molecule . Second, the seventh excited 
state drastically reduces the nonl inearity of the molecule . Care fu l exami
nation of the matrix elements is requ i red to determine whether this reduct ion 
is caused by reverse charge transfer or by an unfavorable transition moment 
between two of the l ow- ly ing excited states. T h i r d , the calculation converges 
w i t h inc lusion of only a fraction of the total number of excited states inc luded 
i n the calculation. Judicious use of the last observation could save tremendous 
amounts of computer t ime i n evaluating classes of s imi lar molecules. 
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120 I — i — i — i — | — i — i — i — i — j — i — i — i — i — h - r 

5 10 15 50 
N 

Figure 6 . 3 . pt,cc for 4>4r-N,N-dimethylaminonitrostilbene calculated by the 
excited-state perturbation method with CNDO/S-CI basis set versus the num
ber of states (N) included in summation in equation 7. Data taken from Doherty 

et al (17). 

B y carry ing this observation to its extreme, a relatively s imple two-
leve l mode l can be developed that is useful for conceptual iz ing trends that 
influence (3. I f we assume a mode l w i t h a nonpolar ground state and a polar 
lowest excited state coupled by charge-transfer resonance (structure 6.2), 
equation 6.7 simplifies to 

(6.11) 

where 
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In equation 12, W is the energy of the optical transit ion, / i s the oscillator 
strength, and A p , e is the difference between ground-state and excited-state 
dipole moments. Increases i n the electron-donating abi l i ty of the donor 
substituent and the electronegativity of the acceptor should increase both 
A p , g g a n d / t o a point that should have a favorable impact on p. B e y o n d that 
point , further increases i n polarity w i l l result i n decreases i n both F and 
A p , g g , and p w i l l become smaller. 

I f we cou ld continual ly vary the polarities i n this s impl i f ied p i c ture , we 
w o u l d see p going through zero to large negative values for appropriate 
combinations of h ighly polar ground states w i t h less polar excited states. 
Increasing the conjugation length should also have a favorable impact . T h e 
two- level mode l was appl ied extensively to p-disubstituted benzenes (18, 
19) and sti lbene derivatives (20, 21) to i l lustrate the qualitative trends i n the 
charge-transfer contr ibut ion to Pvec. T h e mode l appears to be most applicable 
w h e n the pr imary electronic transition contr ibut ing to the enhancement in 
P arises from an intense l ow- ly ing charge-transfer transition w e l l removed 
from other optical transitions i n the molecule . 

Table 6.2 lists values of Pvec obtained from the two- level m o d e l and 
compares t h e m w i t h pub l i shed experimental values (17 ,19 , 20, 22 , 23). T h e 
effect o f the resonance interaction between amino and nitro substituents is 
c learly predic ted by the mode l and conf irmed experimental ly . T h e agree
ment is far from quantitative, but qualitative trends can be seen. Increasing 
the conjugation length results i n a gain i n P by approximately 1 order of 
magnitude. T h e effects of increasing the charge density on the nitrogen atom 
by m e t h y l substituent are both predic ted and observed and are consistent 
w i t h physical organic chemistry pr inciples . T h e addit ion of ethylenic double 
bonds also results i n a considerable increase i n p. T h e numbers i n paren
theses were obtained by the method of excited-state perturbation sum over 
states descr ibed earl ier. T h e numbers are considerably lower than the ex
per imenta l values and smaller than those obtained by the two- level mode l . 
Nevertheless , the method of sum over states provides greater physical insight 
on the effects of structural variation on p. 

6.3 Relationship between Microscopic and 
Macroscopic Nonlinearities 

I n experiments designed to measure nonl inear optical effects and i n a p p l i 
cations of these effects, the important properties are those of an ensemble 
of molecules. T h e observed nonl inear property is characteristic o f the o r i 
entation of the molecules and corrections to inc ident electric field compo
nents caused by fields aris ing from charges on neighbor ing molecules. I n 
the case of isotropic media , x ( 1 ) and X ( 3 ) a r e readily related to the molecular 
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Table 6.2. Values of P Computed from the Two-Level Model and Method of 
Sum Over States (in parentheses) Compared with Experimentally 

Obtained Values 
Molecule (10^° esu) ft^ (1Q-30 esu) 
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quantities a and 7 by equations 13 and 14 

X(D = NaF 2 (co) (6.13) 

x ( 3 ) = N7F(a) 1)F((o 2)F((D 3)F(co 4) (6.14) 

where N is the n u m b e r density o f molecules and F(a>) is a local field factor 
prov id ing a correct ion to fields incident on the m e d i u m for the reasons just 
described. F o r the sake of s impl ic i ty , a and 7 are assumed to be orientational 
averages of the tensor quantities i n equation 1 so that expressions 13 and 
14 apply only to isotropic media . L o c a l field factors are commonly estimated 
from the Onsager expression 

F W = (€i + 2)eJ(el + 2) (6.15) 

where € w and €« are the die lectr ic constants at frequency a> and the optical 
frequency l i m i t (24), respectively. Because x ( 2 ) is zero i n isotropic and cen 
trosymmetr ic media , an orientational factor O(fl) must be inc luded i n the 
relationship between the elements of the x ( 2 ) and p tensors 

X
( 2 ) =NpF(a>1)F(a)2)F(a>3)0(fi) (6.16) 

In the fo l lowing discussion, expressions are developed for relat ing x ( 2 ) 

tensor components to the molecular tensor components for crystals, or iented 
polymers , and L a n g m u i r - B l o d g e t t films. T h e situation for crystals is i l lus 
trated schematically i n F i g u r e 6.4. In this figure, two molecules of different 
orientation are depicted as occupying the unit ce l l . T h e molecular Cartes ian 
coordinates are designed as x, y, z, x\ y\ and z' and the crystal coordinates 
are X, Y , and Z . B y assuming that the macroscopic nonlinearities arise 
pr imar i l y from intramolecular processes, the expression descr ibing the map
p i n g of p l ) j t onto the crystal coordinate system is (25) 

n 

X® = 2NFI(2o))F ;(o))FK(a>) £ {cos [I,i(s)] cos \J,j(s)} cos [K,k(s)]frM 

(6.17) 

T h e summation over s (n = 2 i n the case of the example) indicates the 
importance of orientation i n the unit ce l l on the magnitude of x(2)- E v e n 
large values of P i n noncentrosymmetric space groups can result i n small 
values of x ( 2 ) depend ing on the details of orientation. O u d a r and Zyss (25, 
26) have analyzed the orientational dependence of molecules i n a l l the polar 
crystallographic point groups. T h e max imum value of x ( 2 ) that can be obtained 
for a proper ly phase matched interaction for opt imal molecular orientation 
i n that space group is l isted i n Table 6.3. T h e values are relative to an 
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X 

Z 

Figure 6.4. Molecular and crystal frames of reference for a noncentrosym
metric crystal. 

Table 6.3. Polar Point Croups and Maximum Fractional 
Value of the Rigid Oriented Gas \ ( 2 ) for a Phase-

Matched Interaction for Optimum Molecular Orientation 
in the Unit Ce l l 

Point Group v ( 2 ) A. max 

1, 2, m, mm2 0.38 
62 M , 6, 3, 3 M , 32 0.25 
222, 6 mm, 6, 4 mm, 42 M , 23, 43 M 0.19 
NOTE: Point group 4 showed no phase-matched interaction. 
SOURCE: Refs. 25 and 26. 

or iented gas i n w h i c h al l molecules are po inted along the x axis, assuming 
that phase matching could be achieved. This assumption is generally not 
possible for i r electronic systems i n the vis ible and near- IR regions of the 
spectrum. 

T h e previous discussion illustrates the difficulties i n crystal engineer ing 
as an approach to the development of new nonlinear materials. W i t h po ly 
mers, the situation is, conceptually at least, straightforward, and the prob 
lems that must be overcome are subject to analysis. T h e approach is to apply 
an external al ignment field to po lymer (or prepolymer) i n a softened state 
and to fix the orientation w i t h one of a variety of processing approaches. 
This approach is i l lustrated schematically i n F i g u r e 6.5, w h i c h shows how 
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Figure 6.5. Poling a polymer film. 

a f i lm containing nonl inear chromophores is po led i n the direct ion p e r p e n 
dicular to the f i lm. 

Polar al ignment result ing from this process establishes symmetry 
i n the m e d i u m . There are two unique directions i n the point group, the 
polar d irect ion X and the d irect ion perpendicular and cy l indr ica l ly symmetr ic 
w i t h respect to the X direct ion. W h e n the common assumption that fre
quencies and the Cartes ian axes along w h i c h they are appl ied can be freely 
interchanged i n lossless med ia is invoked , only two nonequivalent tensor 
components exist. 

X & t = Npj- x(2u>)[/ x(a))] 2<cos 3 6 > (6.18) 

X ® y = NpJ- x(2(o)[/ x(a))] 2<(cos 8)(sin 2 9)> (6.19) 

I n these equations, P is assumed to be equal to $x = (3 v e c ~ ($ I X X, and 
the orientation factor can be expressed i n terms of average values o f the 
molecular x axis w h i c h is paral le l w i t h the dipole moment w i t h the po l ing 
d irect ion X . Inspection of these expressions shows that a h igh degree of 
polar order ing favors Xxxx- ^ o r complete order ing of molecules, XXYY A P ~ 
proaches zero. These observations have general implications for the types 
of nonl inear devices and waveguided structures that can be fabricated from 
such structures. These issues are discussed later i n the chapter. 

T h e analysis for polymers or iented perpendicular ly to the plane of the 
f i lm is readily extended to X - or Z-type L a n g m u i r - B l o d g e t t films. This 
analysis is i l lustrated schematically i n F i g u r e 6.6. W h e n the chromophore 
dipole is paral le l to the long axis of the amphophi l i c unit , symmetry is 
assumed and equations 18 and 19 are appl ied . F o r near-perfect or ientation, 

xSx ~ Wx(2o>)2/x(o>) (6.20) 

and 

XZYY ~~ 0 (6.21) 
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Z 
a 

Ĉ Z) CooV 

Figure 6.6. Langmuir-Blodgett alternating multilayer with symmetry. 

In general , perpendicular al ignment is not observed, but rather, some 
degree of t i l t w i t h i n a domain structure i n the film is observed. Thus c y l i n 
dr ica l symmetry and values of tensor components significantly different from 
those of the ideal ized case are usually observed. T h e applications for or iented 
po lymer films and L a n g m u i r - B l o d g e t t (LB) films w i l l therefore be quite 
s imilar . 

6.4 Recent Results for Polymers and LR Films 

Values of x ( 2 ) for various types of materials are expressed as ranges i n F i g u r e 
6.7, w i t h the largest reported values to date indicated. M y opin ion is that 
un ique ly useful applications for organic materials w i l l require a x ( 2 ) of 1 0 " 7 

esu or greater. I n addit ion, a variety of addit ional application-dependent 
properties and attributes must be present i n a material . Some of the i m 
portant ones that must be considered are 

• uni form birefringence, 
• m i n i m i z e d scattering losses, 
• transparency, 
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Organic X (esu) Inorganic 

I0"9 

KDP 

I0"8 

LiNb0 3 (SHG) 
KTP 

Go As 
Li N b 0 3 (Electrooptic) 

i c r 6 

IO"5 

Figure 6.7. Upper limits of \{2) values reported for second harmonic generation 
of poled polymers, crystals, and LB films compared with those of inorganic 

crystals. Also noted is \{2) for the linear electrooptic effect in LiNb03. 

• stability i n ambient and operating environments , 
• d imensional stabil ity, 
• thickness control , and 
• processability. 

A t this t ime , molecular ly doped po led polymers appear to fall somewhat 
short i n the magnitude of the nonl inear coefficient (27, 28). As w i l l be shown 
i n the fol lowing paragraph this fact is pr imar i ly due to the compet i t ion 
between molecular orientation and thermal randomization. This compet i t ion 
emphasizes the importance of having a h igh concentration of dopant mole 
cules and favorable thermodynamic factors to suppress thermal - randomi 
zation effects. 

There are reports of a n u m b e r of single crystall ine materials w i t h ex
ceptionally large nonl inear coefficients, exceeding those for the best inorganic 
materials. A l t h o u g h impressive progress has been made i n growing crystals 
i n formats suitable for waveguide nonlinear optics (29), lack of control of 
crystal orientation has remained a source of difficulty and has l i m i t e d this 
approach. 

Poled 
polymers 

Organic 
crystals" 
LB films 
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O n a conceptual l eve l , the ideal format for th in - f i lm materials for n o n 
l inear optics is the L a n g m u i r - B l o d g e t t film. Mo lecu lar ly engineered c h r o m 
ophores w i t h large hyperpolarizabi l i t ies can, i n pr inc ip le , be incorporated 
at h igh concentration, w i t h wel l -def ined orientations into films having th ick
nesses def ined b y molecular resolution. E x t r e m e l y large resonantly e n 
hanced values o f x ( 2 ) have been reported i n L B films several layers thick 
(30, 31); thus the considerable promise of this approach is established. 

6.5 Poled Polymers 

T h e use of molecularly doped po led polymers for second-order nonl inear 
optics was first explored by M e r e d i t h et a l . (27). 

6 .5 .1 P o l a r A l i g n m e n t 

Polar al ignment can be descr ibed physical ly through a knowledge of the 
orientational d istr ibut ion function fiQ) (32). A related quantity that can be 
expressed as a single number is the order parameter. T h e order parameter 
descr ibing the induced polar al ignment G is given by 

J ' / ( e ) cos e s in ede 

G = <cos 6> = <vl> = (6.22) 
/(e) s in ede 

Jo 

where i and I are unit vectors paral le l to the i t h component of the molecular 
dipolar and the I th component of the field, respectively. T h e quantity J[Q) 
is g iven by 

/(6) = e-WVkr (6.23) 

where 1/(6) is the potential energy as a function of 6. In an isotropic m e d i u m 

/(0) = gnB«.e/ftr (6.24) 

In an anisotropic m e d i u m such as a nematic mesophase or a uniaxial ly 
stretched m e d i u m film, /(6) is given by 

/n(e) = e(-tfn(e)+M.£cose)/*r (6.25) 

Therefore, an appropriately designed anisotropic m e d i u m could e n 
hance (or retard) polar al ignment. 

In a nematic environment , Un(Q) is g iven by (35) 

(6.26) 
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where N is the nematic director axis, € ± is the component of the die lectr ic 
constant paral le l to N, and ea is the dielectr ic anisotropy (eS — el). 

Subst i tut ing equations 24-26 into equation 22 leads to expressions for 
<cos 6>. F o r an isotropic environment and \iElkt « 1, 

<cos 0> i s o t r o p i c = \LEIZkT (6.27) 

A s s u m i n g a sharply peaked nematic environment a l lowing orientation 
paral lel or antiparal lel to N, that is, the Ising mode l , yields 

<cos 8>,sing = \kElkT (6.28) 

A general expression can be wr i t ten for large fields a n d / o r dipoles 

1 w x 1 1 2 2 
<cos 6 > = coth a = L(a) = - — 7 + — — - + 

a v 3a 45a3 945a 5 9450A 7 

(6.29) 

where a = \iElkt. Th is expression is ident ical to that der ived by L a n g e v i n 
(36) to describe the behavior of magnetic dipoles i n a d irect ing field. F o r 
small fields, equation 29 is equivalent to equation 27, but for large fields 
(dipoles), the expression predicts saturation behavior. Substitution of these 
results into equations 18 and 19 gives the x ( 2 ) values l isted i n Table 6.4. 
These results demonstrate that only one tensor component w i l l be significant 
i n h ighly po led po lymer films or i n perfectly or iented X or Z L a n g 
m u i r - B l o d g e t t films. This property has important consequences for the types 
of applications for these materials. 

6.5.2 Examples of Behavior of Poled Polymer Films 

F o r the remainder of this section, three examples i l lustrat ing the behavior 
predic ted i n Table 6.4 are discussed. Singer et a l . (28) have extensively 
investigated field-induced al ignment for the azo dye Disperse R e d I i n 
po lymethy l methacrylate ( P M M A ) . U s i n g a dopant molecule n u m b e r density 
of 2.74 X 10 2 0 /cm 3 , they showed the reasonably l inear behavior of xfxx w i t h 
po l ing field w h e n the film was po led above its Tg and quenched i n the 

Table 6.4. Expressions for Estimating Values of Xxxx a n d Xrx 
in Various Environments 

Parameter Isotropic Istng Saturation 

Y(2) 
A xxx 

v(2) 
Ayxx 

fNiLEfr 
5kT 

15*T 

fN^Efr 
kT 

Small 

fm 
Small 
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presence of a field. T h e measured value of the coefficient agrees w e l l w i t h 
that predic ted from the mode l for a po led isotropic system i n Table 6.4 and 
gave a value of 3 X 1 0 " 6 esu at a po l ing field of 0.6 x 1 0 6 V / c m . T h e po l ing 
process is i l lustrated schematically i n F i g u r e 6.8. 

A n earl ier study of the molecularly doped po lymer l i q u i d crystall ine 
system shown i n F i g u r e 6.9 revealed more complex behavior (27, 32). I n 
this study, the amount of induced nonl inearity was path dependent , w i t h 
the largest observed value occurr ing w h e n po l ing was done near Tg (~25 
°C). T h e host po lymer exhibits a nematic-to-isotropic transition at T{ = 100 
°C and a nematic texture between Tg and Tt . Po l ing at 50 °C produces a 
decrease i n Xxxx of approximately 1 order of magnitude. T h e 1/T dependence 
predic ted by the mode l w o u l d account for only a small port ion of that 
decrease. Nevertheless , the observed value of x ( 2 ) for a sample w i t h N = 
4.4 X 1 0 - I 9 / c m 3 and a po l ing field of 0.013 X 1 0 6 V / c m was 6 X 10 " 9 esu 
and agrees w e l l w i t h the predic ted value. 

N 0 2 

Temp. 

E 

Time 

60 V/fi 

Time 

Figure 6.8. Poling profile for the dye Disperse Red I in PMMA (28). 
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C H 3 ^ ^ C H 3 CH, 
I 3 

- - C H - - C -
I 
C=0 
I . 

OR1 

CH a 

C H 2 - C — 

C= 0 
I . 

OR1 

R' = -

R c = -

( c h 2> 6 - °^O^ c ' ~ 0 "O~ c n 

0 

( C H 2 ) - O - 0 - C - O ^ Q - O C H 3 

Temp. 

Time 

0.1 V/M 

Time 

Path i < > 

Path 2 

Log SHG 

Figure 6.9. Poling profile for 4,4'-N,N-dimethylaminonitrostilbene in a liquid 
crystalline thermoplastic polymer (27). 

These results point out the value of the weak cooperative interact ion 
between the dopant molecules and the anisotropic l i q u i d crystall ine e n v i 
ronment . T h e reason for the sharp drop i n x ( 2 ) w i t h increasing temperature 
i n the nematic region is unclear at this point. C o m p e t i n g equ i l ibr ia invo lv ing 
molecular association combined w i t h temperature-dependent relaxation p r o 
cesses may have something to do w i t h i t . These effects were not observed 
i n the isotropic system discussed earlier. 

I f the concentration is increased by 10 times without d isrupt ing the 
nematic order and the h igh po l ing fields employed by Singer et a l . (28) are 
used, values of x ( 2 ) greater than 10 ~ 7 esu might be obtained by this approach, 
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w h i c h w o u l d enable the use of this material for many devices and applications 
of second-order nonl inear phenomena. 

Another way to take advantage of cooperative phenomena to achieve 
enhanced polar al ignment is i l lustrated i n F i g u r e 6.10. I n this approach, a 
solution of 7 -polybenzyl -L-glutamate ( P B G ) is subjected to an electric field 
and second harmonic generation is monitored (33). Because the i n d i v i d u a l 
repeat units of the po lymer chain are noncentrosymmetric and r ig id ly cou
p l e d to each other through hydrogen bonding , an extended polar po lymer 
chain is obtained. T h e figure shows that the al ignment is approaching sat
uration. Extens ion of the concept to chains w i t h higher nonl inearity per 
repeat unit cou ld result i n very large values of x(2)- F o r P B G , the behavior 
predic ted i n Table 6.4 (near saturation) is observed and corresponds to a 
chain dipole moment of 6000 D . 

T h e L a n g m u i r - B l o d g e t t deposition technique shows excellent promise 
for the assembly of films w i t h noncentrosymmetric order ing and s y m 
metry . A system that was reported recently (31) is shown i n F i g u r e 6.11. 
In this system, monolayers of the hemicyanine dye and the nitrosti lbene 

Figure 6.10. Square root of second harmonic intensity (O) versus electric field 
for y-polybenzyl-L'glutamate (33). The curved line is the best fit to equation 
28, and the straight line is the extrapolation of the low-field value obtained 

from xfxx m Table 6.4. 
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C H 3 C H 3 

I 7 n 4 5 

Figure 6.11. Langmuir-Blodgett alternate multilayers with hyperpolarizabil-
ities associated with the individual layers and the multilayer according to Neal 

et al. (31). 

derivative were alternatively transferred to a glass sl ide to b u i l d up m u l t i 
layer structures. I f the deposited chromophores had perfect perpendicular 
al ignment w i t h respect to the plane of the film, values of xfxx m& Xzxx 
s imilar to those reported i n Table 6.4 for saturation al ignment w o u l d be 
expected. A n analysis of signals obtained by second harmonic generation 
techniques (31) produced the values of (3 shown i n the figure, w i t h the 
average polar angle relative to the substrate normal of 23° i n a b i layer of the 
two components. F o r monolayer films of the nitrosti lbene derivative and 
hemicyanine dye , ind iv idua l angles of 30° and 24°, respectively, were ob
tained. T h e bi layer structure seems to reinforce the perpendicular al ignment 
i n the film. F o r a five-layer film w i t h hemicyanine at the bottom and top 
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layers, one can estimate that Xxxx ~ ^Xrn ~ XYYX > 1 0 ~ 6 esu, w h i c h has 
important implications for waveguide design, w h i c h is discussed later. 

A variety of addit ional properties and requirements must be d e m o n 
strated before such films are useful for devices. Waveguide designs require 
layers i n the 0 .1 - to 1-p.m thickness range. T h e films must be thermal ly 
stable, a property that is not a t r iv ia l matter for these waxy materials. It 
must also have photochemical and chemical stabil ity i n the environment i n 
w h i c h it is used. T h e solution to these problems w i l l require significant 
advances i n synthetic and po lymer chemistry. 

6.6 Polymers and LB Films in Waveguides 

6.6.1 Waveguides 

A potential ly important application of po led po lymer films and L B m u l t i 
layers, assuming they can be made w i t h sufficient qual ity and stabil ity, is i n 
waveguide nonl inear optics. T h e work done i n the field of second- and t h i r d -
order nonl inear effects i n waveguides was recently rev iewed by Stegeman 
and Seaton (34). T h e advantages of waveguides are that beams can be con 
fined to regions of the order of the wavelength of l ight and that very large 
intensities can be achieved w i t h small total powers. Difiractionless propa
gation occurs i n the film for distances l i m i t e d only by the absorption and 
scattering losses i n the film. I n this section, I w i l l discuss some of the general 
features of s imple planar waveguides and i l lustrate their ut i l i ty for second 
harmonic generation. 

T h e main features of a planar waveguide are i l lustrated i n F i g u r e 6.12. 
T h e waveguide is formed by sandwiching layers of high-refractive-index 
material between two layers of material w i t h lower refractive index. I n this 
case t| 2 > i)i ~ t|3. T h e spatial d istr ibut ion of optical energy propagating i n 
the z d irect ion i n the waveguide is referred to as a mode. A n equivalent 
mathematical def init ion of a mode is an electromagnetic wave w h i c h is a 

Figure 6.12. X electric field distributions in TM modes in a symmetric wave
guide where TJ! = r\3 t\2. 
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solution to Maxwel l ' s equations. T h e boundary conditions imposed on the 
solution to Maxwel l ' s equations permit only discrete modes to occur (37). 

A particular set of modes referred to as T M modes is i l lustrated i n 
F i g u r e 6.12. I n this figure, the curves represent the electric field intensity 
d is tr ibut ion along the x d irect ion i n the waveguide. T h e T M 0 mode has the 
highest propagation m o m e n t u m i n the waveguide and hence the lowest 
phase velocity of the guided modes. T h e higher order modes have h i g h 
phase velocities. Therefore, the effective refractive index i n the waveguide 
is larger for the h igher order modes. Al ternat ive ly , the modes can be v i e w e d 
as interference conditions result ing from l ight rays that are totally internal ly 
reflected from the refractive index discontinuities i n the waveguide and the 
curves represent standing-wave intensities result ing from the mul t ip le i n 
ternal reflections. 

Hypothet i ca l refractive index dispersion curves for T M - g u i d e d modes 
at co and 2o> i n an isotropic m e d i u m are shown i n F i g u r e 6.13 (38). T h e 
effective refractive index depends on both guide thickness and wavelength. 
In ordinary bu lk media such as l iquids or crystals, the refractive index d is 
persion is a function of only the wavelength and is independent of the 
geometry of the m e d i u m . Therefore, by adjusting e ither the thickness or 
the wavelength, it is possible to find two modes w i t h exactly the same 
effective refractive index at the fundamental and harmonic frequencies. I n 
other words, the modes are phase matched because the optical phase ve 
locities are ident ical . 

D e p e n d i n g on factors discussed as follows, this matching of modes can 
lead to an extremely efficient second harmonic generation. F i g u r e 6.14 shows 
a hypothetical plot of phase-matching thickness versus waveguide thickness, 

T M 0 T M , T M ? 
/ / 

/ / 

/ / 
/ 

/ 
/ 

/ 
/ 

/ / T M n 

^ T M f 

/ / / / T M ? 

1 // / / 

T P M 

Waveguide thickness 

Figure 6.13. Effective refractive index in a waveguide versus thickness for 
various modes at the fundamental (<*>) and harmonic (2d)) frequencies. A phase 

match thickness (Tpm) for TM$ —• TMf* conversion is indicated (40). 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

6

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



6. W I L L I A M S Polymers in Nonlinear Optics 3 2 1 

2.6 

2.2 

1.8 

Tp m(pn) 
1.4 

i.O 

0.6 

0.7 0.9 0. II 0.13 
X(/xm) 

Figure 6.14. Wavelength dispersion of the phase-matching thickness Tpm (40). 

emphasiz ing that layer thickness control can be used to tune the waveguide 
to a particular laser source (38). 

6.6.2 S H G in Waveguides versus Bulk 

F o r focused beams inc ident on a crystal , the o p t i m u m harmonic conversion 
efficiency is g iven by (39) 

^ = ^ (^f^n-^F fif) (6.30) 

where X, <*>, and n are the wavelength, frequency, and refractive index of 
the fundamental beam, respectively; F ( w ) is the power; Ak is the m o m e n t u m 
difference at the fundamental and harmonic frequencies; L is the interaction 
length; and F(AfcL/2) is a phase mismatch factor def ined as F(X) = s i n 2 

XIX1 w i t h X = AfcL. T h e quantity ML is a phase angle A<|>. F(X) is zero 
at Ak = 0 and a max imum at TT /2 . 

A t the top of F i g u r e 6.15, the refractive index dispersion associated 
w i t h an optical transition at a frequency greater than 2co is schematically 
i l lustrated. T h e difference i n refractive index AT| produces a phase difference 
A<|> after the waves have traversed a distance L . Phase-matched versus n o n -
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Figure 6.15. Refractive index dispersion and harmonic conversion efficiency 
versus interaction length for various degrees of phase mismatch Ak . 
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phase-matched harmonic generation is i l lustrated at the bottom of F i g u r e 
6.15. In this figure, for a g iven amount of phase mismatch Afc, the amount 
of power at the harmonic frequency relative to that at the fundamental 
frequency w i l l be de termined by the path length traveled i n the crystal , and 
only the last coherence length before the interface at w h i c h the waves leave 
the nonl inear m e d i u m is important. 

T h e characteristic oscillation length is referred to as the coherence 
length L c . F o r phase-matched harmonic generation, the conversion of f u n 
damental beams to harmonic beams is de termined by the interaction length. 
O t h e r factors, such as diffraction, lack of col inearity of propagation of fun 
damental and harmonic beams i n birefringent media , and deplet ion of f u n 
damental beam power, ul t imately l i m i t the conversion efficiency. 

I n a waveguide, the conversion efficiency is g iven by (29) 

- $ feyw v ( t ) <̂ > 
where a is the waveguide thickness, IR is an overlap integral def ined as 

h = j P ^ d a (6.32) 

where F N L is the nonl inear polarization, is the harmonic field d is tr ibut ion , 
and a is the cross-sectional coordinate. IR is opt imal at l/a. U n d e r these 
conditions 

Tlwg /^crystal ~ L/ k (6.33) 

I n practical situations, the advantage of the waveguide w i l l be deter
m i n e d pr imar i l y by the coherence length (or degree of phase mismatch) 
w i t h i n the waveguide. As previously ment ioned , the effective refractive 
index for a gu ided mode is thickness dependent so that the thickness, as 
w e l l as its uni formity over the length of the waveguide, w i l l determine the 
phase mismatch. 

To assess the potential impact of po lymer ic and L B films on waveguide 
design and performance for S H G , I have examined the l imitations imposed 
by phase-matching requirements on the interaction length needed to achieve 
a des ired degree of conversion efficiency. 

F i g u r e 6.16 shows a plot of /(AJfcL) versus Ak for various interact ion 
lengths. T h e plot shows that for a particular degree of phase mismatch Ak 
the impact of f[AkL) is far less i f the needed degree of conversion can be 
achieved i n 0.05 c m (for example) rather than i n 1 c m . Accord ing to equation 
32, an approximately X 4 . 5 increase i n nonl inear coefficient w o u l d be re 
qu i red to enable a degree of conversion i n the 0.05-cm waveguide s imi lar 
to that achieved i n the 1-cm waveguide. Thus waveguide thickness tolerances 
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Figure 6.16. Phase mismatch factor f(AkL) versus degree of phase mismatch 
Ak for various interaction lengths L . 

and refractive index inhomogeneity requirements could be greatly eased 
w i t h the material of h igher nonl inearity , assuming other factors are equal . 
To further i l lustrate the point , a plot of t]wg versus L for various nonl inear 
coefficients is shown i n F i g u r e 6.17. T h e input power is 10 m W , and the 
overlap integral is assumed to be opt imized . 

As the figure indicates, a material w i t h x ( 2 ) ~ 1 0 " 6 cou ld provide 10% 
conversion efficiency i n —150 p,m. F o r a material l ike L i N b 0 3 w i t h x ( 2 ) ~ 
3.1 X 10 ~ 8 esu, waveguid ing lengths of ~ 1 c m or so are anticipated. O n 
the other hand , h igher inc ident powers cou ld achieve larger conversion 
efficiencies, w i t h the power requirement proport ional to [x(2)] ~ 2- Crystals o f 
N- (4-nitrophenyl ) -L-prol inol ( N P P ) have a phase-matchable second-order 
coefficient of 3.94 X 10 ~ 7 esu, and investigations of these materials i n wave-
guided formats are underway (29). I f appropriate orientation and geometr i 
cal control can be achieved, h igh ly efficient devices can be designed. 

F o r organic materials, a figure of mer i t for TJ according to equations 30 
and 31 is x ( 2 ) / n 3 . Organic materials typical ly have refractive indices of —1.5, 
whereas L i N b 0 3 , w h i c h is more commonly used for waveguide nonl inear 
processes, has a refractive index of 2.24. T h e l ow refractive index of organic 
po lymer i c materials is therefore an addit ional benefit for parametric pro 
cesses. 
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Figure 6.17. Harmonic conversion efficiency in a waveguide under phase-
matched conditions versus path length for various values of x{2) at & 10-mW 
input power and for the optimum value of the overlap integral as explained 

in the text. 

A final point concerning harmonic generation i n waveguides relates to 
the design of the waveguide itself. Waveguide dispersion as i l lustrated i n 
F i g u r e 6.13 suggests that i t is , i n general , not possible to achieve phase 
matching between harmonic and fundamental beams i n the same gu ided 
mode. F i g u r e 6.13 indicates that for this hypothetical example phase match
ing occurs for several combinations of thickness (t) and wavelength (X). T h e 
spatial distributions of electric fields for the T M 0 and T M j modes (point 1) 
indicate that the overlap integral between these two modes should be zero. 
I n F i g u r e 6.13 also, a second phase-matching point (2) exists for T M o and 
T M 2 / 0 . A l though the overlap integral is nonzero, the negative lobe i n T M 2 

reduces the efficiency of the interaction considerably. 
It is also necessary that there be an effective nonl inear coefficient x ( 2 ) 

that couples the two modes. As I indicated earl ier , po led po lymer films and 
X- or Z -or iented L B films should have large xfxx v a l u e s that are o p t i m u m 
for interactions invo lv ing T M modes w h i c h contain Ex components. B y us ing 
mult i layer waveguides, it is possible to devise approaches that avoid the 
spatial concentration of field distributions between low-order modes. O n e 
such approach is i l lustrated i n F i g u r e 6.18, w i t h X- or Z-deposited L B films. 
I n this figure, the polar orientation is reversed at the node of the T M X mode. 
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Figure 6.18. TM0 - » T M j conversion in a multilayer LB waveguide with the 
direction of alignment reversed at the node of the T M j mode. 

Because (3 has a sign associated w i t h i t , the electric field sign should also 
be reversed and the effective overlap integral w o u l d be large. 

Another way to achieve large harmonic conversion efficiencies is to phase 
match the zeroth order T M and T E modes. T h e overlap integral w o u l d , i n 
pr inc ip le , be quite large, but a large off-diagonal coefficient coupl ing the two 
polarization directions w o u l d also be requ ired . F i g u r e 6.13 illustrates T M 
dispersion curves i n an isotropic m e d i u m for s impl ic i ty , but i n birefr ingent 
media , the situation is considerably more complex (40). U n d e r these c i r 
cumstances, the T M modes split into six branches and the T E modes that 
were not shown split into an addit ional three branches. Because the d is 
persion of T E modes tends not to significantly depart from that for the T M 
modes i n isotropic media , a T M o ~~ T E 2 / 0 crossing point does not exist and 
phase matching cannot be achieved. 

In anisotropic media , the splittings descr ibed lead to significantly dif
ferent dispersion behaviors for T M and T E modes and a waveguide thickness 
is more l ike ly to exist where r\eS for the two polarizations is equal and phase 
matching occurs. As ment ioned , an off-diagonal tensor e lement is r equ i red 
to couple the two polarizations. Analysis of equation 9 shows that a polar 
t i l t angle of 66° from the waveguide normal w o u l d maximize XXYY-

In the hemicyanine -n i t ros t i lbene system described earl ier (31) (F igure 
6.11), the off-diagonal tensor elements are large, indicat ing a substantial 
average t i l t i n the molecular axis relative to the direct ion perpendicular to 
the film plane, and thus, this system might be conducive to phase matching 
between the TM° and TE° modes, assuming other fabrication requirements 
for waveguides are achieved. 

6.7 Issues for Polymers and LB Films 

Organic materials, i n particular polymers and L B films, have important 
characteristics that may warrant their use i n integrated optical and other 
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th in - f i lm optical technologies. Before these applications can be real ized, 
considerable effort w i l l be requ i red to develop a technologically useful m a 
ter ia ls ) . Some of the issues that must be addressed i n chemica l and materials 
research are out l ined i n the fo l lowing section. 

6.7.1 New Chromophore Design and Synthesis 

T h e hyperpolarizabi l i t ies of a n u m b e r of organic chromophores have been 
reported (17, 19, 20, 22, 23), and many of them are quite large and w o u l d 
be suitable for use i n devices i f they could be al igned at h igh density i n the 
sol id state. Some of the issues that must be considered are the fol lowing. 

• T h e chromophore must be stable i n the environment under 
w h i c h it w i l l be used. 

• T h e chromophore must be transparent i n the appropriate spec
tral region for the desired application (for second harmonic 
generation of 825-nm laser diodes, transparency at 412 n m is 
essential, but this generally occurs at the expense of (3). 

• ($ should be as large as possible per unit of molecular vo lume 
(if increasing the size of the chromophore does not produce a 
disproportionately large increase i n p , an alternative molecular 
design and synthetic strategy should be pursued). 

• T h e chromophore should be compatible w i t h other synthetic 
strategies that might be needed for monomer design and p o l 
y m e r formation. 

• H i g h concentrations of chromophore per unit vo lume i n the 
sol id is essential because x ( 2 ) a P/N. 

6.7.2 High Degree of Polar Order 

A h igh degree of polar order, i n general , leads to h igh values of the Xxxx 
coefficient. T h e usefulness of max imiz ing this coefficient is application de 
pendent . Whereas a large off-diagonal tensor component, for example, 
xfyy> might be more useful for S H G w i t h birefringent phase matching or 
maximiz ing a waveguide nonl inear interaction between modes of different 
polarization, it is also true that waveguide structures can be designed to 
produce a s imilar end result w i t h x£xx-

T h e main issues that need to be considered i n the approach w i t h mo 
lecularly doped po lymer are concentration of dopant molecules that must 
be maximized , electric fields requ i red for po l ing , retention of field-induced 
al ignment, and compatibi l i ty of po l ing w i t h device concepts. 
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F o r L B mult i layers , the ma in issue is the control of film symmetry 
through deposit ion characteristics. Polar al ignment can be achieved through 
molecular design and synthesis. 

6.7.3 Minimal Scattering 

F o r a various reasons, l ight scattering losses can l i m i t the ut i l i ty of an o th 
erwise potential ly promis ing material . Part ia l crystal l inity i n po lymer films, 
incompat ib i l i ty i n mult i component systems, strain birefringence from the 
fabrication process, and broad molecular weight distributions leading to 
segregation are a l l potential contributors to l ight scattering. 

In L B films, the formation of domains w i t h different horizontal o r i en 
tation components can lead to substantial scattering losses. This p r o b l e m 
might worsen as the ind iv idua l molecules or groups of molecules deviate 
from perfect vert ica l al ignment. 

6.7.4 Thickness Control 

F o r polymers and L B films to be useful for waveguide applications, it is 
necessary to have excellent thickness contro l at the deposit ion stages or to 
achieve thickness control through subsequent processing steps. Abso lute 
control of thickness is necessary for tun ing the waveguide modes to specific 
modes and phase matching. C o n t r o l over thickness variations at the d ie lectr ic 
interfaces is r equ i red because thickness variations translate to effective re 
fractive index variations w h i c h lead to scattering losses or coupl ing out of 
the waveguide. 

6.7.5 Patternwise Delineation 

Patternwise del ineat ion must be achieved for waveguide-based devices. It 
should be possible to form a precise, h igh-qual i ty die lectr ic boundary be 
tween the l inear and nonl inear regions of the device and to accurately define 
shapes and patterns. 

F o r po lymer films, orientation might be fol lowed by photocross- l inking 
and pattern development on the basis of differential solubi l i ty . This approach 
may be problematic because of strains result ing from photocross- l inking or 
the quality of interfaces, vert ical sidewalls, etc. , that can be achieved. D e p 
osition of image-forming layers above combined w i t h dry processing, for 
example, reactive-ion etching, is also another possible approach. 

T h e same issues apply to L B films. F l e x i b i l i t y of chemical design and 
the order that can be achieved i n these films could lead to relatively straight
forward approaches to patternwise del ineation. 
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Polymers in Optical Recording 

James M. Pearson 

Corporate Research Laboratories, Eastman Kodak Company, Rochester, 
N Y 14650 

Optical information storage, which has been a dream since the dis
covery of the laser, is now becoming a commercial reality. Read-only 
consumer products (video and digital audio disks) have provided a 
solid technological base for the development and introduction of the 
more sophisticated write-once and erasable recording systems. This 
chapter will review the current status of polymeric materials as sub
strates, protective layers, and active recording media in laser re
cording. 

O PTICAL I N F O R M A T I O N R E C O R D I N G A N D R E T R I E V A L have been a dream 
since the invent ion of the laser 20 years ago. It is only now becoming a 
commerc ia l reality. Read-only consumer products such as the optical v ideo 
disk and the dig i tal audio disk have established a disk manufacturing and 
peripherals technological base that has accelerated the development of more 
sophisticated write-once and reusable recording systems. T h e availabil ity of 
small G a A l A s semiconductor diode lasers having adequate power and sta
b i l i ty has enabled the design and construction of the compact l ightweight 
optical heads requ i red by the technology. In addit ion , these lasers have also 
def ined the wavelength region for recording, reading, and erasing and the 
sensitivity parameters requ i red of the media . 

T h e challenge to find appropriate recording media has proven to be a 
significant one. Appropr iate recording med ia must have h i g h mark ing sen
sit ivity i n the near- IR region of the spectrum coupled w i t h long-term stability 
for write-once med ia and facile, rap id , and mult icyc le reversal for reusable 
materials. A t present, the opportunity for polymer-based recording materials 
appears to be i n the write-once arena. In "ab lat ive" (pit forming) write-once 
systems, mark ing occurs by a thermal process, and low-mel t ing , low-vapor
izat ion, low-f low-temperature materials w i t h low thermal conduct iv i ty are 

0065-2393/88/0218-0331$06.75/0 
© 1988 American Chemical Society 
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desirable. Organic and po lymer i c materials are, therefore, ideal ly suited for 
this mode of recording (I). 

P o l y m e r materials are also the leading candidates for disk substrates 
and for a n u m b e r o f disk packaging and protective configurations. Injection 
m o l d i n g of v ideo and compact disks has demonstrated that this technology 
has the potential for produc ing the more complex and demanding substrates 
requ i red for recording systems. Advances i n materials and processing w i l l 
be necessary, but the appropriate research and development efforts appear 
to be i n place, and recent disclosures suggest that success is imminent . 

This chapter w i l l r ev iew the present position and opportunit ies for 
po lymer ic materials i n write-once and reversible optical recording. A t pres
ent, no consensus has been reached on the opt imal recording or disk sub
strate materials. Several alternatives are st i l l be ing actively investigated. 

7.1 Functional Performance Criteria 

A summary o f some typical performance requirements for a write-once me 
d i u m is presented i n Table 7.1. T h e material must be capable of produc ing 
wel l -de f ined micrometer -s ized marks v ir tual ly instantaneously w i t h a fo
cused solid-state diode laser. F o r an optical system operating at a wavelength 
of —800 n m w i t h a numer ica l aperture of —0.5, this w i l l enable a storage 
density of about 10 8 b i t s / c m 2 . T h e m e d i u m should exhibit a mark ing sen
sit ivity at 820 n m of better than 2 0 - m W incident pulse power for 50-ns 
pulses, corresponding to a 10 -Mbi t s / s recording rate. Thresho ld sensitivity 
should be i n the 1 - 5 - m W range. 

T h e actual mark ing event should be rapid enough to al low for immediate 
read after w r i t i n g , or direct read after wr i te ( D R A W ) . This capabil ity w i l l 
e l iminate any type of postprocessing to create a detectable image and any 
slow image-forming chemistries. T h e D R A W feature employs a read-only 
laser that is mounted on the optical head uni t along w i t h the recording laser. 
T h e read spot trails the wr i te spot by several micrometers and verifies the 

Table 7.1. Performance Cri ter ia for Write-Once Media 
Characteristic Criterion 
Resolution <1 |x m 
Recording rate >10 Mbits/s 
Sensitivity <10" 2 J / c m 2 

Threshold sensitivity > l m W 
C N R f l > 5 0 d B 
Packing density >10 8 b i ts /cm 2 

Real-time recording DRAW* 
Areal defect density <10~5 (uncorrected) 
Stability 10 years 
0 The abbreviation CNR stands for earrier-to-noise ratio. 
b The abbreviation DRAW stands for direct read after write. 
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accuracy of the recorded data. Inaccurate data, result ing from physical de 
fects i n the m e d i u m or erroneous signals, are then instantly rerecorded i n 
a specially reserved sector area on the disk. This concept is cr i t ical i n re 
duc ing the disk intr ins ic defect l eve l , w h i c h is a complex function of a n u m b e r 
of system parameters, from a fabricated value of 1 0 ~ 4 - 1 0 ~ 6 to a corrected 
leve l of 1 0 " 1 2 as requ i red by the technology. 

To read out the recorded information w i t h an adequate carrier-to-noise 
ratio ( C N R ) , the m e d i u m must exhibit threshold recording behavior. T h e 
power l eve l of the read beam can then be set at some value be low threshold 
to guarantee nondestructive playback. F o r a variety of write-once media , 
the read power appears to be generally 3 - 5 t imes lower than the recording 
power. 

T h e performance cr i ter ia i n Table 7.1 are also generally applicable for 
the recording component of reversible (erasable) media . This type of m e d i u m 
must also undergo rap id , laser- induced revers ib i l i ty from its marked state 
to its or ig inal state and be capable of a large number of switching cycles. 
Practical devices w i l l probably require single-pass laser erasure us ing pulses 
i n the microsecond to nanosecond t ime domain , and the abi l i ty to support 
as many as 1 0 6 e rase -record cycles. Industry standards have not yet been 
established for these reversible systems. 

7.2 Substrates 

T h e technological base established by consumer video and digi tal audio disk 
products has created a sol id foundation on w h i c h to b u i l d the advanced 
technology requ i red for the more complex write-once and erasable systems. 
The demanding mechanical and optical requirements for these substrates 
severely l i m i t the choice of polymers (2). Acry l i cs and polycarbonates appear 
to be the leading candidates for transparent disks; a number of other polymers 
(e.g., thermosett ing resins and polyolefins) are reported to be under con
sideration (3). Injection mo ld ing and the 2 P process (4) are the techniques 
presently employed to manufacture disks. Because both processes are ideal ly 
suited for introduc ing grooves and information marks direct ly into the surface 
of a disk, they are l ike ly to continue to be the manufacturing methods of 
choice. 

De ta i l ed information on materials and fabrication equipment and p r o 
cesses is difficult to obtain. C o m p e t i t i o n is intense, largely owing to the 
staggering growth projections for disks, and only l i m i t e d technical data are 
available. Nevertheless , a reasonable picture of the state of the art of both 
materials and process technology can be constructed. 

7 .2 .1 M a t e r i a l s 

Some of the key material requirements for optical disk substrates are m e 
chanical integrity , d imensional stability over a range of temperatures and 
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humidi t ies , good processability, h igh optical c larity, and l ow birefringence. 
O n e of the pr imary challenges facing the po lymer manufacturer is the re 
moval of particulate contaminants down to micrometer dimensions from the 
product . A lso , the use of the standard addit ive approach to control physical 
properties may not be appropriate for this application where exudates are 
l ike ly to be h ighly undesirable and the optical properties of the addenda 
become important. This possibi l i ty w i l l necessitate property control v ia p o l 
y m e r structure modification. A comparison o f a n u m b e r of important prop 
erties for some candidate materials is prov ided i n Table 7.2. T h e actual 
choice of substrate material w i l l u l t imately depend on factors such as cost, 
vo lume , performance requirements , and disk configuration. As has been the 
case for magnetic technology, particular materials w i l l be suited for particular 
market segments and applications. 

7.2.1.1 P O L Y C A R B O N A T E S 

Several companies current ly supply special-grade polycarbonates for injec
t ion m o l d i n g of optical disks. Improvements i n material pur i ty and c lean
liness over standard-grade polymers have been achieved through r i g i d 
process control and qual ity control procedures. 

To improve processability, lower molecular weight resins (Af n < 20,000) 
w i t h h igher melt- f low indices (50-60 g/10 m i n compared w i t h standard resin 
values <20 g/10 m i n at operating temperature) have been designed. Res in 
manufacturers appear to have been successful i n reduc ing molecular weight 
without sacrificing impact strength. T h e abi l i ty to m o l d at higher temper 
atures to improve melt- f low response also appears to have been achieved 
w i t h these resins. H i g h e r thermal stability has most l ike ly been attained by 
po lymer end-capping rather than by conventional heat-stabilizer additives. 

7.2.1.2 P O L Y A C R Y L I C S 

Acry l i cs are logical candidates for optical disks because of their outstanding 
optical properties (high transmission and low birefringence) and superior 

Table 7.2. Selected Physical Properties of Substrate Polymers 
Property PC PMMA Epoxy 
Transmittance (% at 830 nm) 90 92-93 92 
Refractive index 1.58 1.49 1.51 
Birefringence (nm at 830 nm) 
Tg (°C) 

20-30 <20 <5 Birefringence (nm at 830 nm) 
Tg (°C) 150 100 125 
Thermal expansion coefficient (°C) 6-7 x 10 " 5 7.6 X 10 5 6.6 x 10" 5 

Rockwell hardness (M scale) 75 90 90 
Izod impact strength (kg • cm/cm) 1-2 1.6 1.6 
H 2 0 absorption (%) 0.25 0.54 0.30 
NOTE: Abbreviations are as follows: PC is bisphenol-A-polycarbonate, and PMMA is poly(methyl 
methacrylate). The structure of the epoxy resin is unknown. 
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mo ld ing characteristics. Optical -disk-grade acryl ic polymers are now avai l 
able. In addit ion to mo ld ing resins, acrylics are also available i n sheet form 
that can be used w i t h a surface-embossing process or the 2 P process to 
fabricate preformatted disks. 

T h e pr imary disadvantages c i ted for acryl ic disks are lower impact 
strength, lower heat-distortion temperature, and h igh moisture absorption 
leading to warping . Copo lymers are be ing evaluated to determine i f they 
can e l iminate or m i n i m i z e these problems. Acry l i cs offer benefits i n material 
cost and mo ld ing performance. T h e i r superior melt- f low properties are 
c la imed to provide higher m o l d i n g rates w i t h improved process throughput. 

7.2.1.3 O T H E R P O L Y M E R S 

A few other polymers are be ing investigated for optical disk substrates. A 
thermosett ing epoxy resin w i t h good mechanical and optical properties has 
been disclosed (5). F i l l i n g a prepatterned m o l d w i t h l i q u i d monomer and 
po lymer i z ing photochemical ly or thermal ly w i l l ensure a low leve l of b i r 
efringence i n the disk, but details of the process are not yet available. L o w 
birefringence substrates manufactured from a b l e n d of polycarbonate and 
polystyrene and from a moisture- insensit ive acryl ic po lymer have also been 
c la imed (6). 

7.2.2 Disk Fabrication 

Perhaps one of the most difficult technical problems i n the manufacture of 
optical disk substrates is achieving the h igh optical quality demanded of the 
component. In a n u m b e r of device configurations, recording and reading 
through the substrate is necessary. Imperfections that interfere w i t h the 
passage of the laser beam through the disk (e.g., scattering sites, absorption, 
or refraction centers) w i l l adversely affect performance. T h e po lymer suppl ier 
has the responsibi l i ty for product quality issues such as particulates, o cc lu 
sions, color, and transparency. T h e disk manufacturer must also maintain 
extremely h igh levels of cleanliness and has the addit ional challenge of p ro 
duc ing a complete ly isotropic e lement free of po lymer-chain orientation 
effects. It is no s imple task to produce t h i n , 1 -3 -mm disk structures i n the 
4 -12- in . -d iameter range, e i ther from cast sheets or by mo ld ing , w h i c h are 
t ru ly amorphous. Or ientat ion of optically anisotropic po lymer chains d u r i n g 
formation w i l l result i n birefringent domains w i t h i n an isotropic matrix. 
These domains produce aberrations i n the laser beam w i t h a corresponding 
loss o f signal quality. Another approach to contro l l ing birefringence is to use 
po lymer mixtures. Polymers having negative and positive segmental polar-
izabil it ies [e.g., polystyrene ( - ) and polycarbonate ( + ) and poly(methyl 
methacrylate) ( - ) and poly(vinyl idene fluoride) (4-)] can be b l ended at some 
ratio to achieve zero birefringence by a compensation mechanism (7, 8). 
Po lymer compatibi l i ty at a molecular leve l is necessary for this approach to 
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be effective, and the polymers must obviously remain compatible throughout 
the processing cycle. Th is approach is be ing pursued to produce extremely 
l ow birefringence disks for erasable recording (5). 

Significant progress has been achieved i n both materials and fabrication 
processes for making h igh optical quality substrates. State-of-the-art mo ld ing 
and photopolymer repl icat ing technology al low micrometer-s ized marks to 
be transferred into the surface o f a po lymer disk w i t h a precis ion o f a few 
h u n d r e d angstroms. T h e surface details i n a prepatterned disk are shown i n 
F i g u r e 7.1. Because the optical demands for write-once and erasable sub
strates w i l l be even more stringent, further technological advances w i l l have 
to be achieved. 

A t this t ime , two disk product ion methods appear to be commerc ia l ly 
viable : inject ion mo ld ing and a 2 P repl ication process. 

7.2 .2 .1 2 P R E P L I C A T I O N P R O C E S S 

In the 2 P process (4), a th in photopolymerizable l i q u i d layer is cured i n situ 
between a smooth substrate (cut from a po lymer sheet or molded) and a 
master and str ipped off to effect pattern transfer. T h e l i q u i d layer ensures 
accurate, defect-free repl icat ion. Examples of solvent-free formulations i n 
c lude mult i funct ional acrylates w i t h adhesion, wett ing , and release agents. 
F r e e radical and cationic po lymerizat ion processes have been descr ibed (9). 
A t the present disk vo lume levels , this method is c la imed to be cost c om
pet i t ive w i t h inject ion mold ing . 

7.2 .2 .2 I N J E C T I O N M O L D I N G 

T h e po lymer grades of polycarbonate and acrylic designed specifically for 
mo ld ing optical disks have h igh cleanliness levels, l ow melt viscosity, and 

Figure 7.1. Surface details in a prepatterned optical disk. The abbreviations 
I, d, and t refer to lengthy width, and thickness, respectively. 
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h igh mel t flow to facilitate de l ivery of a stress-free melt to the mo ld . E q u i p 
ment suppliers have responded w i t h systems having improved m o l d design 
and c lamping to give higher prec is ion and flatness control . Specifications for 
disk surface flatness and paral le l ism w i l l remain extremely tight u n t i l existing 
disk focus and tracking systems are improved . A t least four different tech
niques are be ing used to reduce birefringence levels and improve d i m e n 
sional s tab i l i ty : s tarved feed i n j e c t i o n , i n j e c t i o n - c o m p r e s s i o n m o l d i n g 
(referred to as " c o i n i n g " in the industry) , precise injection prof i l ing, and 
rapid heating plasticating screw injection. F u r t h e r advantages have been 
achieved by us ing modular construction w i t h computer process control . 

T h r o u g h more accurate meter ing and temperature control and reduced 
barre l residence t ime , resin degradation effects have been m i n i m i z e d and 
melt uni formity has been improved . T h e issue of straight injection versus 
in ject ion-compress ion mo ld ing is s t i l l open. In in ject ion-compress ion m o l d 
ing , the m o l d assembly is compressed fol lowing the injection stroke to c o m 
pensate for resin shrinkage. Those equipment manufacturers using the 
method c la im better part flatness and pattern transfer. W i t h a l l the equ ip 
ment available today, single-cavity molds are be ing used. 

T h e most significant change i n mold ing technology is the need for h igh 
levels of cleanliness i n materials, equipment , and environment . M o l d i n g has 
to be conducted i n class 100 clean-room facilities or better. Th i s requirement 
is more familiar to the semiconductor industry . T h e use of robots i n disk 
transfer, finishing, packing, and testing to m i n i m i z e human source contam
ination is l ike ly to increase as the technology grows. 

Takeshima and Funakosh i (10) publ i shed the most detai led analysis of 
molecular orientation i n in ject ion-molded polycarbonate disks. B i re f r ing 
ence, heat-shrinkage, and laser Raman spectroscopic measurements enabled 
them to profile the molecular orientation (birefringence) i n both the radial 
and depth dimensions of a mo lded disk 300 m m i n diameter and 1.5 m m 
thick. F i g u r e 7.2 shows that the birefringence decreases w i t h distance (L) 
from the gate and that increasing the barre l temperature, Tc (the temperature 
of the molten resin), decreases the overal l value. Heat-shrinkage measure
ments on specimens cut from disks confirm these observations. 

T h e orientation d istr ibut ion across the disk thickness and as a function 
of distance from the gate is shown i n F i g u r e 7.3. T h e Raman peak intensity 
ratio I (635 c m - 1 ) / J (703 c m - 1 ) is a measure of the degree of molecular 
orientation. T h e asymmetry found i n some of these plots (evident i n F i g u r e 
7.2) is be l ieved to result from nonuniformities (e.g., flow, pressure, and 
temperature) i n the mo ld ing process. T h e disk cross-section consists of three 
orientation zones: a skin (surface) zone and a core zone, where the degree 
of orientation is l ow and independent of m o l d i n g conditions, and an in ter 
mediate shear zone, where the orientation is higher and de termined b y 
mo ld ing conditions. These findings can be rationalized. P o l y m e r i n contact 
w i t h the m o l d wa l l solidifies rapid ly , freezing the chains i n a state of random 
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Figure 7.2. Birefringence distribution along the diameter of an injection-
molded polycarbonate disk. (Reproduced with permission from reference 10. 

Copyright 1986 John Wiley and Sons.) 

orientation. M a t e r i a l i n the center cools at the slowest rate, enabl ing the 
chains to undergo partial to complete relaxation into a disordered state. 
Be tween these two zones, the po lymer is exposed to the highest shear stress 
levels , and cool ing is relat ively rapid . T h e result is freezing i n the chain 
orientation. These events occur d u r i n g the cool ing cycle, and the cha in -
or ient ing forces arise from backflow rather than inflow shear strain. A n y 
orientation introduced d u r i n g m o l d f i l l ing is be l ieved to relax out rapidly 
w i t h i n the hot, molten res in . Annea l ing o f mo lded disks above the glass 
transit ion temperature ( T g —160 °C, 7 h) reduces the orientation (bire
fringence) to very l ow levels , but this is not a practical product ion process. 

7.3 Media Protection Schemes 

O p t i c a l disk med ia must be protected from physical and environmental 
damage and from particulate contamination. Favored protective schemes 
inc lude encapsulation and air-sandwich structures. B o t h systems are de 
signed to keep dust particles away from the plane o f focus at the recording 
surface, thereby reduc ing impact on signal quality. T h e two configurations 
are shown i n F i g u r e 7.4 along w i t h a related cover-sheet structure. 

Encapsulat ion is achieved b y solvent coating a relatively thick ( m i l l i -
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Figure 7.3. Change in birefringence [as measured by the relative Raman in
tensity ratio I (635 cm'1)/I (703 cm'1) across an injection-molded polycar
bonate disk cross-section (D) as a function of distance (h)from the gate. (Repro
duced with permission from reference 10. Copyright 1986John Wiley and Sons.) 

meters) po lymer film direct ly over the recording layer. T h e chemical and 
physical properties of the po lymer are important , and choice of solvent is 
cr i t ical for organic-type recording media . Because the encapsulant layer 
becomes part of the optical wr i te and read path, the layer must be transparent 
and birefringence free. Coat ing films of this thickness, uni formity , and optical 
qual ity is not a s imple task. F o r ablative recording, in-contact overcoats can 
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Figure 7.4. Optical disk protection schemes. 

degrade w r i t i n g performance significantly (2). F o r alternative recording p r o 
cesses (not invo lv ing material motion) this is not a concern. Examples o f 
polymers used i n this mode inc lude polysiloxanes (II) . 

In the air -sandwich structure, w h i c h consists of two disks bonded face 
to face and separated by a spacer-defined air gap, the substrate becomes the 
protective layer. V e r y h igh qual ity optical substrates are necessary because 
the wr i te and read functions take place through the disk. T h e air gap is 
advantageous for ablative media . O t h e r related structures have been d is 
closed i n w h i c h a t h i n po lymer film is supported physical ly or aerodynam-
ically some distance above the recording surface (12). 

7.4 Recording Media 

A variety of organic -po lymeric -based materials have been investigated for 
optical recording, in c lud ing dyes (pigments), dye (p igment) -po lymer c o m 
posites, d y e - p o l y m e r solutions, and po lymer -meta l - layered or particulate 
structures. I n a l l instances, the l ight absorption function is prov ided by the 
dye or metal , and the po lymer serves the role of b inder and film former. 

T h e four major laser mark ing processes that w i l l be discussed i n this 
section are depicted i n F i g u r e 7.5. Processes a and b are t e rmed ablative 
recording and involve material displacement to create some form of a pi t . 
B u b b l e recording, process c, also involves material flow to create d o m e d 
structures. T h e information recorded i n these systems is read out optical ly 
by sensing the reflectivity differences between the marked and unper turbed 
surface. Process d is nondisrupt ive and involves some optically detectable 
transformation i n the film (e.g., phase change or aggregation-deaggregation). 
Examples of o rgan i c -po lymer i c write-once media , w h i c h function by al l four 
mechanisms, are found i n the l i terature. Erasable organic -po lymer i c med ia 
have been descr ibed for processes a, b , and c. 
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Figure 7.5. "Marks" produced in laser recording: (a) shallow pit, (b) deep pit, 
(c) bubble deformation, and (d) optical property change. 

D e t e r m i n i n g and comparing sensitivity and performance is often difficult 
w h e n rev iewing organic -po lymer i c recording materials. N o standardized 
testing methodology exists, and l i m i t e d data are found i n most patent ref
erences. H o w e v e r , o rganic -po lymer i c media have been reported that exhibit 
performance comparable to or better than te l lur ium-based t h i n films (often 
c i ted as a technological standard), w h i c h meet the technological need for 
sensitivity. 

7.4 .1 Write-Once Media 

7.4.1.1 A B L A T I V E R E C O R D I N G 

Ablat ive recording has been reported i n th in films of dyes (13), d y e - p o l y m e r 
composites (14), and dye-po lymer sol id solutions (15). A l t h o u g h the m e c h 
anism of the p i t - forming process is not yet ful ly understood, the process is 
a thermal one. L i g h t absorbed i n the film is instantaneously converted into 
heat. Because organic -po lymer i c materials have low thermal diffusivities 
(D ~ 10 " 3 c m 2 s ~*), the heat is local ized i n the irradiated zone for the durat ion 
of the short (<100-ns) exposure. W i t h i n the uncertainties of the thermal 
profile calculations, temperatures h igh enough (>1000 °C) to degrade and 
volati l ize o rganic -po lymer i c materials are produced. This local ized super
heating creates pits (Figure 7.6) through an ablative and po lymer flow pro 
cess. T h e p i t structure produced i n dye (pigment) films is more consistent 
w i t h a volati l ization (sublimation) event. 

Several classes of dye absorb i n the near-IR region. These classes inc lude 
materials w i t h the structures shown i n Char t 7.1 as w e l l as cyanines and 
phthalocyanines. Record ing i n th in dye layers formed e i ther by solvent 
casting or vacuum deposit ion has been reported. K i v i t z et a l . (16) recorded 
pits i n a t h i n vanadium phthalocyanine film w i t h l-|xs, 6 - m W pulses of 800-
n m l ight. Gravestei jn and van der Veen (17) demonstrated the very h igh 
sensitivity of th in layers of a squaric ac id dye and a po lymethine dye to l ight 
from a K r + laser (799 nm). B y using 80-ns pulses having energies > 5 n j , 
wel l -def ined micrometer-s ized pits were produced. B o t h dye films had 
threshold energies i n the 0 .1 -0 .2 -nJ range and C N R values from 55 to 65 
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Figure 7.6. SEM photograph (40° tilt) of pits recorded in a dye-polymer/Al 
structure. (Reproduced with permission from reference 15. Copyright 1981 

American Institute of Physics.) 

Squarylium Dithiolene 

Oxoindolizinium Pyrylium 

Chart 7.1. Examples of near-IR absorbing dyes for diode laser recording. 
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d B . D y e stability through 1 0 5 read-out cycles was demonstrated. O n e of the 
major difficulties encountered i n dye films is the propensity of the amorphous 
material to undergo crystall ization w i t h subsequent deterioration of record
ing performance. 

Examples of particulate med ia inc lude dispersions of carbon black (18) 
and metals (19) i n polymers . These films are not optically isotropic and 
generally exhibit l ow sensitivities, probably result ing from scattering effects. 
T h e key to this m e d i u m is the achievement of very uni form, small ( 1 0 2 - 1 0 3 -
A) particles uni formly dispersed i n a po lymer matrix. 

D y e - p o l y m e r sol id solutions appear to offer the most attractive approach 
for produc ing high-sensit ivity , th in - f i lm recording media. Examples of such 
composites are found i n optical , electrophotographic, and semiconductor 
technologies. To form a true molecular dispersion, the dye and the po lymer 
must be soluble (compatible) at the appropriate loading. F o r the film th ick
nesses and uni formity required for optical recording, spin-coating methods 
can be used. T h e coating and dry ing dynamics that control film thickness 
and morphology have been treated experimental ly (20) and theoretically 
(21). D y e concentration w i l l depend on the absorption and extinction coef
ficients at the recording wavelength, and for typical dyes, loadings of 10 -50 
wt % are necessary. O p t i m i z i n g film thickness and recording structure to 
achieve an optical interference condit ion aids in maximiz ing absorption i n 
the t h i n film at reduced dye levels. 

D y e - p o l y m e r solutions have been studied i n a n u m b e r of laboratories 
(22, 23), and detai led morphological and recording sensitivity analyses have 
been publ i shed . Johnson and L a w (22) investigated the structure and sen
sit ivity (at 457 nm) of a ye l low p -N ,N ' -d ia lky laminobenzy l idene malononitr i le 
dye i n a number of po lymer binders . T h e y reported that the threshold 
recording energy, £ t h , is de termined pr imar i ly by film absorption. W r o b e l 
et a l . (23) also studied i n detai l the p i t formation process i n a blue-sensit ive 
coumarin dye i n a cellulose nitrate po lymer . T h e performance of this 488-
n m wr i te and 633-nm-read m e d i u m is shown i n F i g u r e 7.7. A t a thickness 
o f1300 A on an a l u m i n u m reflector, this m e d i u m exhibits a threshold energy 
of a few mil l iwatts (mW), and the C N R saturates at power levels >10 m W 
at a value of 5 5 - 6 0 d B . A l though these studies have been carr ied out w i t h 
blue-sensitive dyes, they represent the most detai led pub l i shed information, 
and the design and mechanistic principles can be translated direct ly to the 
commercia l ly important IR-absorbing dyes. 

O n the basis of pub l i shed information, a set of design cr i ter ia for dye 
and po lymer materials can be def ined for optical recording. T h e pr imary 
function of the dye molecule is to absorb the inc ident laser energy. Several 
groups have shown that the sensitivity of d y e - p o l y m e r med ia is largely 
determined by the optical efficiency of the th in film. Opt i ca l efficiency is a 
measure of the optical energy coupled into the film and is a function of the 
dye concentration, the dye absorption coefficient, and the layer thickness. 
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30 

Figure 7.7. Effect of recording layer thickness on performance for a 
dye-polymer layer. The recording was done at 488 nm ; the phase readout 
was done at 633 nm. The abbreviations SNR and IWL denote the signal-to-
noise ratio and the laser write layer, respectively. (Reproduced with permission 

from reference 15. Copyright 1981 American Institute of Physics.) 

I n typical th in - f i lm recording media , l ight absorption can be enhanced by 
setting up an antireflection condit ion i n a mult i layer structure. T h e energy 
absorption profi le is then determined by us ing the complex and real indexes 
of refraction of the components i n a mult i layer interference calculation rather 
than from the s imple B e e r s law method. Dyes should have absorption coef
ficients as h i g h as possible at the w r i t i n g wavelength because this charac
teristic w i l l maximize optical density at m i n i m u m dye loadings. M a x i m i z i n g 
optical density is an advantage because d y e - p o l y m e r solubi l i ty control can 
be a difficult prob lem. There is also a l imi t to increasing recording- f i lm 
thickness to increase absorptivity. A t film thicknesses greater than —1000 
A, the ablative recording sensitivity starts to decrease as a result o f the 
amount of material that must be displaced to form the pit . D y e concentra
t ion i n the po lymer is de termined by the chemical structure and solubi l i ty 
characteristics o f the dye and the b inder -po lymer molecules. F o r most 
d y e - p o l y m e r combinations, dye loadings beyond 40 to 50 wt % result i n 
heterogeneous films w i t h undesirable microcrystals. 

E lec tronica l ly excited dye molecules can undergo a n u m b e r of decay 
processes i n c l u d i n g radiative deactivation by fluorescence or phosphores
cence and nonradiative deactivation by internal conversion and intersystem 
crossing. Because the mark ing event is so fast (<50 ns), triplet-state processes 
can be ignored and only the singlet-state manifold need be considered. 
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E n e r g y released i n nonradiative internal-conversion events w i l l be instan
taneously transferred into vibrat ional , translational, and rotational motions 
of the dye and po lymer molecules generating heat. Ideal dyes, therefore, 
should have h igh quantum yields for internal conversion (S n —> S x - » S 0 + 
heat) w i t h m i n i m a l radiative (fluorescence) energy losses, and they should 
have environmental and l ight stability consistent w i t h archival (10 years) 
demands. O v e r the life o f an optical disk, both the recorded and unexposed 
areas of a disk cou ld be exposed to a considerable dose of l ight from tracking 
and reading laser functions; thus, l ight stability is a key requirement . 

L a w et a l . (24) descr ibed a recording layer composed of a carbocyanine 
dye i n a polyvinyl acetate) matrix. A 1050-A film containing 20 wt % dye 
produced micrometer -s ized pits on exposure to 5-ns pulses from a dye laser 
(835 nm). Patent references disclose d y e - p o l y m e r films obtained us ing dyes 
w i t h general structures shown i n Char t 7.1, and h igh performance sensitiv
ities to diode laser recording are c la imed (25-28). 

L a w and Johnson (22, 29) publ i shed the most detai led analysis of the 
role of the po lymer chemical and physical properties on the sensitivity and 
performance of d y e - p o l y m e r solutions. T h e i r key results are col lected and 
summarized i n Table 7.3. T h e y investigated addi t ion- and condensation-type 
polymers and probed the effect of physical properties such as glass transition 

Table 7.3. Effect of Polymer Binder on the Threshold Recording Energy at 475 
nm for 60-nm-Thick Polyester Yellow Doped Films 

Dye Surface 
Loading T g Tension M w 

Polymer (wt %) r o (mN/M) (x 103) E * 
Polyvinyl acetate) 5 35 37 21.7 

10 10.9 
20 2.5 
40 1.6 

Poly(n-butyl methacrylate) 18 7.7 
Poly(vinylbutyral) 53 25 4.8 
Poly(isobutyl methacrylate) 54 6.3 
Poly(sec-butyl methacrylate) 67 4.8 
Copoly(styrene(7)-acrylonitrile(3)) 101 42 2.4 
Poly(methyl methacrylate) 105 39 4.6 
Polycarbonate 150 35 2.6 
Polysulfone 190 41 6.5 
Copoly(styrene(8)-isobutyl 78 45 2.9 

methaerylate(2)) 40 2.7 
32 3.9 
23 2.6 
15 2.6 
6 3.6 

NOTE: The doped polyesters are 20 wt % dye unless otherwise stated. 
The glass transition temperature was determined by differential scanning calorimetry. 
Surface tension values are from Polymer Handbook; 2nd ed.; Wiley: New York, 1975. 
Values of EA are in arbitrary units based on a 15-nm Te monolayer reference film having 
Efl, = 3.2 (0.1 nj) under identical conditions. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

7

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



346 E L E C T R O N I C & P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

temperature (T g ) , surface tension, and molecular weight (equivalent to mel t 
viscosity) on the recording sensitivity. 

Analysis of the data i n Table 7.3 showed that the dominant factor i n 
de termin ing the sensitivity of the m e d i u m was the absorption efficiency of 
the film. Variations observed i n the threshold energies (£&, a measure of 
the energy requ i red to raise the temperature of the film to a value at w h i c h 
hole opening is initiated) were shown to result from differences i n the 457-
n m reflectivity/absorbance of the actual films result ing from po lymer re 
fractive index differences and b inder - induced spectral shifts (solvatochro-
mism) of the dye. Compar i son of films of equal absorbance indicated 
equivalent E t h values. Therefore, po lymer properties such as T g , surface 
tension, and molecular weight have no significant impact on the sensitivity 
of the m e d i u m . This finding was rationalized i n terms of the very rap id (<50 
ns) rate of the hole -opening event and the extremely h igh local temperature 
(>1000 °C). Because the physical properties under investigation are asso
ciated w i t h relaxation t imes many orders of magnitude slower, they probably 
have no influence on the energetics of the hole init iat ion process. 

A l though the physical parameters of the po lymer b inder do not influence 
recording sensit ivity, they do have an effect on de termin ing the final d i 
mensions of the p i t . In an experiment i n w h i c h they monitored reflectivity 
from a pit area fo l lowing hole init iat ion w i t h an 8-ns pulse , L a w and Johnson 
(29) were able to follow the postinit iation stage invo lv ing mass transport of 
material . A series o f polystyrenes covering a molecular weight range from 
4000 to 670,000 were used as the dye b inder . T h e in i t ia l component of the 
postinit iation stage was essentially independent of molecular weight at m o 
lecular weights from 4000 to 20,000. M a x i m u m reflectivity contrast (and 
hence, final p i t size) was achieved w i t h i n ~ 3 0 ns. A t molecular weights 
greater than 20,000, however , a slower component is introduced, w h i c h 
manifests i tsel f i n a reduct ion i n signal contrast. Th is relaxation process is 
dependent on molecular weight and is slower for higher molecular weights 
(e.g., for a molecular weight of 37,000, relaxation from in i t ia l to final hole 
configuration occurs i n ~ 2 5 0 ns, whereas at molecular weights >400,000, 
the process takes ~ 2 jxs). T h e transition point is close to the reported value 
of the entanglement molecular weight for polystyrene. These results were 
interpreted by assuming that some ini t ia l ly displaced po lymer material flows 
back into the p i t , thus reduc ing p i t size and decreasing signal contrast and 
overal l m e d i u m performance. T h e molecular weight dependence is consist
ent w i t h an elastic response of the viscoelastic po lymer melt fo l lowing d is 
placement result ing from chain-entanglement effects. L o w e r molecular 
weight po lymer binders produce the best shaped pits w i t h opt imal signal 
contrast and C N R . 

T h e requirements for the d y e - p o l y m e r combination are that they form 
a molecular solution and be coatable from solution. T h e composite must 
remain compatible and stable over the life of the optical disk. To maintain 
p i t integrity , the composite T g should be greater than 80 °C. 
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O n e of the concerns associated w i t h ablative recording i n d y e - p o l y m e r 
med ia is the formation of small debris particles. These particles, w h i c h are 
created d u r i n g the ablative p i t forming process and are composed of 
d y e - p o l y m e r or degradation products, can redeposit on the disk surface. 
T h e y can be seen i n F i g u r e 7.6. In high-density storage, a considerable 
amount of debris can accumulate on the surface to become a source of noise. 
G u p t a (30) showed that th in (<0.5-u,m) ceramic or po lymer overcoats can 
el iminate debris w i t h m i n i m a l loss i n recording sensitivity and C N R . 

7.4.1.2 B U B B L E R E C O R D I N G 

T h e mechanism of bubb le recording (Figure 7.5) is also thermal . A typical 
recording structure is composed of a th in absorbing layer (metal, ceramic), 
a po lymer layer, and a reflective substrate (31, 32). Opt i ca l energy absorbed 
i n the upper layer is converted into heat, w h i c h causes local ized vaporization 
at the interface w i t h the po lymer . T h e trapped vapor deforms the hot ab
sorber layer to produce a bubble-shaped microstructure. T h e role of the 
po lymer is to produce vapor, and a variety of materials are descr ibed, (e.g., 
poly(methyl methacrylate), poly(a-methylstyrene) , and polycarbonate. I f the 
local temperature is h igh enough, any po lymer should function, and the use 
of additives such as plasticizers and vapor-producing agents should enhance 
performance. 

O n e of the major problems associated w i t h bubble med ia is the abi l i ty 
to generate wel l -def ined, wel l -s tructured deformations. D is tor ted , cracked, 
and collapsed structures adversely affect performance, and uncertainty arises 
in whether adequate control over the bubble - forming process can be 
achieved. 

7.4.1.3 P H A S E - C H A N G E R E C O R D I N G 

This mode of recording is depicted i n F igure 7.5. Because the film structure 
does not change, the optically induced transformation must be optical ly 
detectable so that the recorded signal can be read out. Several inorganic-
type med ia have been descr ibed (33), Examples of organic media inc lude 
photobleachable (34) and photochromic (35) dyes i n po lymer matrices, n e i 
ther system be ing sensitive i n the important I R region of the spectrum. 
Asano et a l . (36) discussed a particulate m e d i u m composed of microdomains 
(100 A large) of metal (e.g., Te and Bi) dispersed i n a po lymer matrix. 
Record ing is accomplished by thermal conversion of amorphous into crys
tal l ine domains. T h e recording layer was prepared by simultaneous vacuum 
evaporation of the metal and glow-discharge polymerizat ion of a gaseous 
monomer such as styrene. Reflectivity changes of 2 0 % after recording were 
c la imed i n a 900-A po lys tyrene -Te film containing 40 vo l % Te. Performance 
deteriorates at higher recording powers where ablation starts to compete 
w i t h the phase-change process. 
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Auerbach (37) recorded w i t h a diode laser i n a th in film of a solvent-
coated p o l y m e r - m e t a l i on salt complex (e.g., p o l y - 2 - v i n y l p y r i d i n e - A g N 0 3 ) . 
U s i n g short-duration pulses (120 ns) of 820-nm l ight (10 m W ) , he showed 
that h i g h reflectivity marks cou ld be created that could be read w i t h a lower 
power diode laser. T h e mechanism is be l ieved to involve thermal ly induced 
electron transfer from the po lymer to the metal ion forming local ized metal 
areas ( A g + + e —• Ag°). T h e concept is not l i m i t e d to s i lver; salts of gold, 
copper, and t e l l u r i u m can be used. Polymers other than v iny lpyr id ine that 
can form charge-transfer complexes w i t h metal ions should function as elec
tron-transfer b inders . 

M i c h l and co-workers proposed (38) and demonstrated (39) a nove l 
nondeformation recording concept based on a d y e - p o l y m e r th in film. M a r k 
i n g is achieved by laser- induced thermal relaxation of the birefringence i n 
a stretched, partial ly or iented t h i n film. This change i n birefringence can 
be used to read out the information by monitor ing the change i n polarization 
of the reading beam i n e i ther a transmission or reflection mode. A t h i n (~5-
jxm) film of a v i n y l c h l o r i d e - v i n y l i d e n e chlor ide copolymer doped at ~ 5 wt 
% w i t h a po lymethine dye was recorded w i t h pulses of 250 jxs or longer 
from a 5 - m W G a A l A s laser operating at 823 n m . T h e marks were ~ 3 jxm 
i n d iameter and were vis ible i n an optical microscope w i t h crossed polarizers 
as dark spots on a l ight background. F o r long exposure times (>750 |xs), 
actual holes were b u r n e d into the film. B e l o w 100 u,s, no mark ing was 
detected. T h e mark ing function was attr ibuted to a thermal relaxation of 
birefringence, and the threshold nature of the process suggests that read
out cou ld be accomplished without damage to the material . A l though this 
concept is interest ing, the system as descr ibed is too low i n sensitivity to 
be practical . A l so , issues relat ing to fabrication of th inner , more uni form 
higher-birefr ingence films and long-term relaxational stability must be ad 
dressed. 

7.4.2 Reversible (Erasable) Media 

Examples of organic -po lymer-based reversible med ia are few. I n the i n 
organic category, reversible phase-change materials and magneto-optic sys
tems appear to be the leading candidates. B o t h systems can be considered 
as examples of nondeformation recording. 

7.4 .2 .1 P H A S E - C H A N G E R E C O R D I N G 

M e y (40) disclosed a nove l dye -po lymer -based recording m e d i u m that op
erates by an aggregation-deaggregation mechanism. A l though only l i m i t e d 
performance data are presented, the concept is unique and could be general . 
T h e active layer consists of discrete particles (dimensions <1000 A) of a 
cocrystalline complex of a dye w i t h a po lymer dispersed i n a continuous 
phase of the same polymer . Expos ing this aggregated film to a laser pulse 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ch
00

7

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



7. P E A R S O N Polymers in Optical Recording 349 

resulted i n an instantaneous deaggregation process, w h i c h is accompanied 
by a significant shift i n the absorption spectrum of the film. Record ing at 
580 n m w i t h an energy o f about 1 n j / | x m 2 i n a pyry l ium-po lycarbonate 
aggregate film produced a hypsochromic shift of about 100 n m . A large 
n u m b e r of d y e - p o l y m e r combinations were disclosed w i t h pyry l ium- type 
dyes i n polymers containing alkyl idenediarylene repeat units (e.g., b i s -
phenol-A-polycarbonate) , be ing the preferred materials. T h e recording 
mechanism is be l ieved to be thermal , and a thermal erasure (reaggregation 
of the d y e - p o l y m e r complex) was also demonstrated. Because both record 
and erase could be carr ied out without d isrupt ing the film, significant soft
en ing of the matrix is apparently not necessary to enable the aggregation 
and deaggregation processes to occur. O t a (41) reported reversible recording 
i n an organic analog of the T e / T e 0 2 system, w h i c h functions by an amor
phous-crystal l ine switching mechanism. T h e active m e d i u m consists of m i -
crodomains of a transition metal P-diketonate i n a po lymer (e.g., polystyrene, 
polyester, polycarbonate) matrix. I n the specific examples descr ibed, the 
complexes were members of the general class of C u n b i s ( l - p -a lky lpheny l -
butane- l ,3-diketonates) , w h i c h are sensitive i n the U V region and have Tg ~ 
T c r y s t . T h e condit ion of Tg ~ T c r y s t , may facilitate the domain morphological 
interconversion. Record ing was conducted w i t h nanosecond pulses o f 377-
n m radiation from an N 2 laser, w h i c h converts the amorphous into crystall ine 
domains. Read-out was achieved w i t h a H e - N e laser at 633 n m i n either 
the reflective or transmissive mode. Remel t ing and rap id quenching of the 
crystall ine particles re turned the system to its or iginal amorphous structure. 
A c la im was made that this process could be accomplished w i t h a laser. 
Unfortunately , l i t t le information is available on the stabil ity, sensitivity, and 
erasure capabilities o f this interest ing m e d i u m . T h e phase-change concept 
should be generally applicable to organic d y e - p o l y m e r composites, and it 
is hoped that this pre l iminary work w i l l stimulate further interest and activity 
i n the area. 

7 .4 .2 .2 . A B L A T I V E R E C O R D I N G 

Revers ib le recording i n ablative d y e - p o l y m e r media has recently been r e 
ported (42-44). T h e basic concept involves ref i l l ing the pits by a thermal ly 
induced flow of surrounding material to regenerate a smooth surface that 
can be rewri t ten . This erasable process appears to depend on the use of l ow-
mel t -v i s cos i ty , l ow-so f ten ing - temperature p o l y m e r s (oligomers) as the 
b inder matrix. Such materials w i l l enable rap id ref i l l ing of the pits d u r i n g 
the erase cycle. K u d e r and East (45) disclosed l ow molecular weight po ly -
amides based on d i m e r acids (e.g., the U n i r e z and E m e r e z series). T h e 
recording media of K u r o i w a et a l . (46) are based on pigments dispersed i n 
polystyrene thermoplastic ol igomers (Mn ~ 400-3000. M a r k i n g was achieved 
i n a copper phthalocyanine-PS (polystyrene) film (2.8 |xm thick, 1:10 ratio 
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of dye to binder) by using a 10-|xs pulse of 10 m W from a H e - N e (633-nm) 
laser. T h e pits could be erased by heating for 8 s at 90 °C on a hot plate or 
by us ing a defocused H e - N e laser beam (10 m W , 1 m m / s scan rate). Erasure 
d i d not alter the optical properties of the film nor d i d it affect the recording 
sensitivity (for up to 10 wr i te -erase cycles). 

G u p t a and Strome (43, 44) described an ablative dye-po lymer record ing 
system that functions i n a reversible mode w h e n overcoated w i t h a t h i n , 
transparent ceramic film. T h e overcoat serves to restrain debris formed 
d u r i n g the ablative recording event and to entrap material flow d u r i n g pit 
formation. Ceramics (e.g., S i 0 2 , S i O , M g F 2 , and glass) are the preferred 
overcoat materials, but polymers such as poly(vinylimidazole) and po ly -p -
xylylene can also be used. In addit ion to film-forming properties, the overcoat 
material should have low thermal conductivity to avoid heat loss d u r i n g 
recording, l ow adhesion to the recording layer, and should exhibit m i n i m a l 
thermal flow d u r i n g p i t formation. 

T h e recording process appears to be identical w i t h that for conventional 
ablative recording. T h e overcoat prevents loss of material but st i l l allows p i t 
formation i n the active underlayer . Microscopic analysis reveals that the 
overcoat layer deforms sl ightly dur ing recording to form a dome over the 
pit . Th is phenomenon is shown clearly i n the pit cross-section micrograph 
i n F i g u r e 7.8. Erasure is best carr ied out w i t h a low-power laser w i t h a beam 
elongated i n the in-track direct ion to achieve a long exposure t ime. De fo -
cusing the beam toward the outer edges of the pit also aids i n softening the 
r i m material and ref lowing it back into the pit . T h e erase process regenerates 
a smooth recording surface that can be recorded w i t h no loss i n sensitivity. 
T h e record-erase-record sequence is shown i n F igure 7.9. The o p t i m u m 
overcoat thickness appears to be that w h i c h absorbs enough heat generated 
d u r i n g the recording process to undergo plastic deformation as the p i t is 
formed. D o m e formation is cr i t ical i n prov id ing vo lume for unrestrained 
radial material flow to form the r i m and shape the pit . Overcoat layers that 
are too th in tend to form nonsymmetr ical domes that have a tendency to 
fracture and collapse; thus, the media C N R and error l eve l are adversely 
affected. Layers that are too thick are too r ig id , and very h igh record ing-
power levels are necessary to generate enough heat for deformation. F o r 
typical d y e - p o l y m e r media , an overcoat thickness of 50 -100 n m appears to 
give wel l -shaped pits and domes having C N R values close to that found i n 
nonovercoated layers. 

D y e - p o l y m e r recording media s imilar to those descr ibed i n reference 
47 demonstrated (43, 44) C N R values >50 d B ( 8 . 8 - M H z carrier, 3 0 - K H z 
bandwidth , 20-m/s tangential disk velocity) that remained unchanged 
through 4 X 10 4 wr i te -erase cycles. W r i t i n g was accomplished w i t h an 830-
n m diode laser operating i n the range of 12-16 m W ; erasure was accom
pl i shed w i t h 3.5 m W of continuous power. F o r complete erasure, three or 
four disk cycles are required . Single-pass erasure w i l l be necessary for a 
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Figure 7.8. SEM photograph of the cross-section of a pit recorded in a 
dye-polymer film through a thin (50-nm) ceramic overcoat. (Reproduced with 
permission from reference 44. Copyright 1986 American Institute of 

Physics.) 

practical system, and this may be achieved w i t h a reshaped erase beam w i t h 
an intensity prof i led to favor softening and reflow of the r i m areas. D a t a 
rates of 5 M b i t s / s were reported w i t h defect densities of 1 0 ~ 5 - 1 0 ~ 6 , w h i c h 
remained unchanged through the erase cycl ing. 

Abbreviations and Symbols 

C N R carrier-to-noise ratio 
D (1) diffusivity (2) disk cross-section 
D R A W direct read after wr i te 

threshold recording energy 
I intensity 
L distance 
Mn number-average molecular weight 
Tg 

glass transition temperature 
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CAP L » > > > J J J » J » » » » » > J r r 

REC. L. 
REF. L < W W ^ I f f m n l H » I W H t M M g RECORD 

ERASE RECORD 

Figure 7.9. The reversible ablative recording process in a dye-polymer medium 
overcoated with a thin restraining layer. The capping layer (CAP L.), recording 
layer (REC. L.)y reflective layer (REF. L.), and surface smoothing layer (S.S.L.) 

are indicated. 
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Antireflection coating materials 
mode of action, 95 
types, 95 

Antireflective coating 
limitations, 190 
properties, 190 
as isolation layer, 188, 190 

Applications of ultrathin films, 255 
Area-selective metallization 
ArF contact etching 

experimental setup, 208/ 
image formed, 209/ 

ArF projection etching, experimental setup, 
208/ 

Arylazide decomposition, 140 
Aufbau principle, 28 
AZ1350 resist, reduced sensitivity in the 

mid-UV region, 122 
AZ13501 resist, spectra of unexposed 

bleached materials, 123/ 
AZ1350J resist 

computer-simulated resist profiles, 131/ 
top imaging resist for DUV blanket 

exposure-PCM, system, 180 
AZ1450 resist, photosensitivity at different 

laser peak powers, 210/ 
AZ2400 resist 

dynamic bleaching absorption spectra, 
124/ 

suitability for mid-UV lithography, 124 
transmittance spectrum, 124/ 

Azide-cyclized polyisoprene photoresists, 
network formation, 140-141 

Azide-phenolic resin-based resist(s) 
change in resist profiles with development 

time, 146 
characteristics, 146 
commercial sources, 148 
composition, 142 
rates of development, 142 
resist thickness versus exposure time, 

144-145f 
simulation of profile, 147/ 
simultaneous exposure to mid-UV and 

DUV radiation, 146 
spectral transmittance, 143/ 
UV transparency, 146 

Azide sensitizer systems 
azide-cyclized polyisoprene, 140-141 
azide-phenolic resin, 142-148 

B 

Band-gap energy, 29 
Band theory of solids, 28-30 

band formation obtained by mixing of 
electronic states, 29/ 

Barrier coating(s) 
protection against alpha particles, 18 
use of silicones, 17 

Behavior of poled polymer films 
field-induced alignment of Disperse Red I 

in PMMA, 314 
molecularly doped polymer liquid 

crystalline system, 315-316 

Behavior of poled polymer films— 
Continued 

polar alignment of 7-polybenzyl-L-
glutamate, 317 

Benzophenone, for improvement of 
poly(olefin sulfones), 139 

Bilayer dry process with photoinitiated 
interfacial polymerization of 
Si-containing monomer, 168/ 

Bilayer negative dry-development scheme, 
167/ 

Bilayer resist system 
patterns formed, 189/ 
properties, 176 

Bilevel R I E - P C M scheme 
organometallic polymers, 192 
poly(dimethyl-diphenylvinlysiloxane)-

hard-baked AZ1350J system, 192 
polysiloxane, 192 

Bipolaron 
definition, 274 
energy levels, 34/ 
signature, 274 

Birefringence, 68 
changes across an injection-molded 

polycarbonate disk, 339/ 
distribution of an injection-molded 

polycarbohydrate disk, 338/ 
Bisarylazide-rubber resists, crosslinking 

reactions, 141/ 
Bisazide-rubber resists, 76 
2,6-Bis(4' -azidobenzal)-4-

methylcyclohexanone, structure, 
140/ 

3,3'-Bisazidophenyl sulfone, structure, 141 
Bisdiallylpolycarbonates, use as optical disk 

substrates, 63 
Bispyridylethylene 

imaging layer in Kodak 809 resist, 186 
structure, 186f 

Bis( p-toluenesulfonate)-2,4-hexadiy ne-
1,6-diol 

cubic susceptibility, 252 
tensor coefficients, 252 

Bis(trimethylsilyl)acetamide, 163 
Block copolymers, preparation, 288/ 289 
Bubble recording 

principle, 347 
problems, 347 
recording structure, 347 
suitable polymers, 347 

Built-on mask process, 87/ 
absorbance of materials, 86/ 

Built-on mask materials 
characteristics, 84-85 
imines, 85 
perhalohydrocarbons, 85 

9-Butyl-10-anthrylpropionic acid, structure, 
227/ 

terf-Butyl ester-onium salt resist, quality of 
projection printed images, 157/ 

tert-Buty\ ester resists 
overall reaction, 156 
positive and negative images, 157/ 
quantum efficiency, 156 
quantum yield, 156 
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4-tert-Butylphthalocyaninatosilicon, 
dichloride, structure, 227/ 

C 

Coco symmetry, 310 
Cadmium dimethylarachidate 

change in carboxylate stretching with 
number of monolayers, 237f 

reciprocal capacitance versus number of 
monolayers, 237/ 

X-ray photoelectron signal intensity, 237/ 
Centrosymmetric crystals, polarization, 55-

56 
Characterization of Langmuir-Blodgett films 

Auger electron spectroscopy, 236 
Brillouin scattering, 237 
electron diffraction, 234 
ellipsometry, 236 
inelastic tunneling spectroscopy, 237 
infrared spectroscopy, 236 
neutron diffraction and reflection, 234 
optical techniques, 234, 236 
photoacoustic spectroscopy, 237 
Raman spectroscopy, 236 
reflection high-energy electron diffraction, 

234 
secondary-ion mass spectrometry, 236 
X-ray diffraction, 234 
X-ray photoelectron spectroscopy, 236 

Charge-transfer resonance, 305 
Charge carriers, 26 
Charged solitons, formation, 36 
Chemical amplification, 87-90, 154 

tert-butyl ester, 155 
tert-butyl ester polymers, 155/ 
carbonate groups, 155 
use in resist design, 154-156 

Chemical stabilization 
antioxidants, 279 
choice of counterion, 279 
dienophiles, 279 
Af-bromosuecinimide, 279 
poly(methyl acetylene), 279 

Chemical stabilization of conducting 
polymers, 279-281 

Chemically effective field-effect transistor, 
43/ 

Chemistry for generation of third dimension 
in resists, 103/ 

Chip protection 
barrier coatings, 17 
choice, 17 
encapsulation, 17/ 
methods, 16-17 

Chlorinated polymethylstyrene resist, print 
of lines and spaces, 151/ 

Chloromethylated polydiphenylsiloxane, 
192, 194 

Chloromethylated polystyrene 
contrast, 151 
DUV sensitivity, 151 

Chlorotrimethylsilane, 163 
Chromophore design and synthesis, 

requirements, 327 
Circuit board, 3/ 
CMS, See Chloromethylated polystyrene 
Coherence length, 323 
Commercial photoresists 

AZ1350, 122 
AZ13501, 123/ 
AZ2400, 123, 124/ 
HPR204, 124/ 
Kodak 809, 183 

Composites, preparation, 283 
Computer-simulated resist profiles, 131/ 
Conducting polymers 

chemical stabilization, 279-281 
commercial applications, 37 
difficulties in commercialization, 37 
example with degenerate ground states, 

275 
from flexible polymers, 277 
methods of stabilization, 278 
polyacetylene, 272 
possible applications, 272 
required characteristics, 273 
route to stability 277-278 
stability, 275-276 
stabilization, 278-281 
stabilization by encapsulation, 278-279 
types of materials sought, 272-273 

Conduction 
electronic, 26 
ionic, 26 
mechanism, 30-37 
origin, 32 

Conductivities of metallic, semiconducting, 
and insulating materials, 27* 

Conjugated polymers, types according to 
ground states, 274, 275, 276/ 

Contact printing 
improved resolution with DUV radiation, 

112 
in image processing, 76 
resolution, 112 

Contact printing with excimer lasers, 200-
202 

image quality, 201 
quality and resolution, 200-201 

Contrast enhancement, 82-85 
Contrast enhancement lithography, 83/ 

resolution improvement, 83/ 84 
Contrast enhancement materials 

principle, 82, 83/ 
structures of dyes, 84/ 
suitable dyes, 82, 84 

Conventional discharge lamp 
emission of DUV photons, 113 
mechanism for excitation, 113 
output at various wavelengths, 112 

Coumarin 6, structure, 183f 
Cresol-formaldehyde novolac resin 

in positive photoresists, 119 
matrix material, 79/ 
structure, 121/ 

Cross-linked negative resist, swollen images, 
142/ 
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Cross-linked poly(pyrrole-g-styrene) 
copolymers, 287-288 

Crystal structure optimization 
enhancement of nonlinear efficiency, 248 
for second-order effects, 248 
for third-order effects, 248 

Cubic susceptibilities, favorable structure, 
252 

Cyclized polyisoprene-based resists 
DUV sensitizers, 141 
drawbacks, 141 

Cyclized rubber-bisazide formulation 
advantages, 141 
resolution, 144 
swelling, 144 

D 

Deep-UV applications 
hardening, 198 
multilayer resist systems, 178-198 

Deep-UV blanket exposure-PCM systems 
capped resist image, 181/ 
diazoquinone resist-PMMA two-layer 

scheme, 182* 
effects of phenolic resins on interfacial 

layer formation, 183 
line-width variations, 183 
materials for planarizing layer, 183 
poly(p-vinylphenol) as matrix resin, 183 
principle, 185 
problems, 180, 183 
schemes, 185* 
uncapped resist image, 181/ 

Deep-UV contact printing, mechanical 
defects, 178 

Deep-UV contact/proximity printer 
optical layout of illuminator, 116/ 
optical system, 116/ 
spectral output, 116/ 

Deep-UV hardening of photoresists, 198, 
199/ 

Deep-UV imaging R I E - P C M resist systems, 
191* 

Deep-UV light sources, 112-115 
deuterium lamps, 114 
excimer lasers, 114 
microwave-powered Hg discharge lamps, 

114 
pulsed Xe lamps, 114 

Deep-UV lithography 
correction of chromatic aberration, 213 
definition, 109 
dissolution inhibitor system, 128 
effective wavelengths, 110 
future directions, 213-215 
historical development, 111-112 
improved exposure systems for vacuum 

UV, 215 
light sources, 112-115 
need for improvement in mask making, 

213 
printer systems, 115-119 
ring-field projection systems, 214 

Deep-UV lithography—Continued 
step-and-scan systems, 214/ 
trend toward higher resolution and larger 

chips, 214 
use of fluoride optical elements, 213 

Deep-UV lithography exposure equipment 
developments, 112 
essential requirements, 111 
mirror-lens-based projection systems, 

111 
Deep-UV positive resists 

class based on poly(isopropenyl ketone) 
polymers, 137 

polyiisopropenyl ketones), 138* 
poly(olefin sulfones), 138* 

Deep-UV printer systems 
contact/proximity printers, 115 
projection printers, 115 

Deep-UV projection printers 
band-pass niters, 117 
flexibility, 117 
illumination and projection systems, 119/ 
illumination source, 117 
optical and scanning configuration, 117/ 
optical output at wafer plane, 120/ 
optics system, 118/ 
principle, 115, 117 
projection optics, 118/ 

Deep-UV resist materials 
diazoketones, 87 
dry-developable resists, 158-172 
dual-tone resists, 152-157 
improvement, 85 
inorganic negative resists, 172-177 
lipophilic carboxylic acid o-nitrobenzyl 

esters, 85 
methyl methacrylate copolymers, 136* 
negative resists, 140-152 
o-nitrobenzylcholate system, 88/ 
PMMA, 111 
positive resists, 119-140 

Deep-UV resist systems, improvement of 
dry etch resistance, 139 

Deep-UV resists, 85, 87 
outputs at various wavelengths, 90/ 
systems based on chemical amplification, 

88 
Degenerate four-wave mixing, 59 

principle, 59/ 
Design criteria for dye and polymer 

materials for optical recording, 343-
344 

absorption coefficients, 344 
dye concentration, 344 
film thickness, 344 
light stability, 345 
optical efficiency, 343 

Device fabrication, consideration in 
molecular electronics, 39 

Diacetylenic acids, for Langmuir-Blodgett 
films, 230 

Diazoketones, use in DUV resists, 87 
5-Diazo-Meldrum's acid 

photochemical decomposition, 132/ 
photolysis, 130, 132/ 
structure, 129/ 
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5-Diazo-Meldrum's acid-based resists 
absorbance spectra, 132/ 
drawbacks, 130 

Diazonaphthoquinone, dissolution inhibitor 
in positive photoresists, 119 

Diazonaphthoquinone-novolac resist(s) 
images photoetched with excimer laser, 

209 
use in DUV lithography, 128 

Diazonaphthoquinone 
photochemical transformations, 121/ 
structure, 121/ 

Diazonaphthoquinone sensitizer, 
photochemical transformation, 121/ 

Diazoquinone-novolac materials, 
manipulation of exposure wavelength, 
85 

Diazoquinone-novolac resin, composition, 
79/ 

Diazoquinone-novolac resists, 75-80 
characteristics, 77 
for mid-UV application, 125-126 
nonlinear dissolution kinetics, 77 
outstanding characteristics, 121 
resolving ability, 77 

Diazoquinone-novolac systems 
changes in dissolution rate, 80 
image reversal, 80-82 
mechanism for dissolution, 79-80 
productivity loss, 88 
resist contrast, 79 
sensitivity limit, 87 

Differential solubility, 9 
Differential solubility by altered polarity of 

side-chain groups, 153 
3,4-Dimethoxybenzoic acid, improvement of 

PMIPK, 137 
4,4' -A^N-Dimethylaminonitrostilbene 

hyperpolarizability tensor values, 305/ 
poling profile, 316/ 

A^N'-Dioctadecylthiacyanine, use in 
fluorescence studies, 239, 240/ 

DIP (dual in-line package), 15/ 19 
Direct-write laser techniques, problems, 

200 
Direct-read-after-write feature, 332 
Disk fabrication 

2P replication process, 336 
control of birefringence, 335-336 
injection molding, 336-338 
technical problems, 335 

Disk intrinsic defect level, 333 
Disk mass production 

injection molding, 68 
photopolymerization replication, 68, 69/ 

Dissolution inhibitor resists, 119-131 
for DUV application, 128-131 
for mid-UV application, 122-128 

Dissolution kinetics, linear versus nonlinear 
system, 80/ 

Dithiolene, structure, 342/ 
Divalent ions, effect on Langmuir trough, 

241 
Doped conjugated polymers 

conductivity, 32* 
structures, 32* 

Doped polyacetylene, energy levels of 
defect structure, 34/ 

Doping in polymers, 30 
DRAM (dynamic random access memory), 

chip, 78/ 
DRAW (direct read after write), feature, 332 
Dry-developable resists 

plasma-developable resists, 158-166 
properties, 158-172 
self-developing resists, 166-171 
thermally developable resists, 171-172 

Dry-film photoresist 
application to substrate, 22 
process, 23/ 
structure, 22 

Dry process for multilevel resists, 101/ 
Dual-tone resists, poly(p-formyloxystyrene), 

153 
Dual in-line package, 15/ 19 
DUV, See Deep UV 
Dye-polymer-based nondeformation 

concept, 348 
Dye-polymer layer, effect of recording layer 

thickness on performance, 344/ 
Dye-polymer media, sensitivity, 343 
Dye-polymer solutions 

absorption efficiency, 346 
effect of polymer properties on sensitivity 

and performance, 345 
sensitivity, 346 
threshold energies, 346 

Dyed resists, 94 
exposure doses for imaging, 95 

Dynamic-random-access-memory chip, 78/ 

E 

Effect of polymer binder on threshold 
recording energy, 345* 

Effect of x(2) on conversion efficiencies, 324 
Electric susceptibility functions for various 

types of interacting field components, 
300* 

Electrical conductivity, 26 
Electrical energy at high frequencies, 26 
Electromagnetic radiation, interaction with 

molecules, 53, 55 
Electron beam lithography 

applications, 110 
electron beam system and exposure 

process, 6/ 
limitations, 110 
resolution, 110 
a)-tricosenoic acid, 253 

Electron behavior in an electromagnetic 
field 

dipolar contribution to current density, 
303 

perturbation to Hamiltonian, 303 
Electron spectroscopy for chemical analysis, 

spectra of organometallic polymer 
films, 98-99/ 

Electron tunneling, evidence, 239 
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Electronic applications of polymers 
circuit board, 2, 4, 
historical development, 2 

Electronic states in crystals, 28 
Electronic states of conducting polymers, 

273-278 
one-electron model for electronic states in 

organic polymers, 273-276 
Electronic transmission versus optical 

transmission, 44 
Electrooptic effect, See Pockels effect 
Encapsulated chip prior to transfer molding, 

17/ 
Encapsulation 

for ablative recording, 339 
requirements, 339 

Encapsulation techniques, 278-279 
effective barriers, 278 
epoxy matrix, 278 
poly(p-xylylene), 278 

Energy states for insulator, semiconductor, 
and metal, 30/ 

Energy transfer 
effect of barrier thickness on rate, 239 
sensitizing molecule to acceptor molecule, 

238, 239/ 240/ 
Environmental factors affecting chips, 16 
Environmental stability of conducting 

polymers 
effect of chemical transformation of doping 

sites, 276-277 
effect of matrix stability, 277 
effect of pressure on polyacetylene films, 

276 
Epoxy polymers, use in transfer moldings, 

18 
Epoxy resins, 14, 16 
Erasable dye-polymer recording scheme, 

67/ 
Erasable media, See Reversible media 
Erasable optical-recording materials, 65-66 
Erasure techniques, 66, 68 
ESCA, See Electron spectroscopy for 

chemical analysis 
Ethylene 

band formation, 28 
band formation by mixing of electronic 

states, 29/ 
Excimer laser lithography 

contact printing, 200-202 
in vacuum-UV region, 201 
photoetching of organic materials, 207/ 
projection printing, 202-207 

Excimer laser photoetching organic 
materials 

basis of etching, 207 
etching with ArF laser, 207 
experimental setups, 208/ 
image quality, 209/ 
polyimide etching with XeCl laser, 207 

Excimer lasers 
applications, 114-115 
comparison with UV lasers, 114 
drawbacks, 115 

Exotic solvents for conducting polymers, 293 
Exposing radiation in imaging systems, 110 

Exposure tools, all-reflecting optics, 85 
Expressions for <cos 8>, 314 
Expressions for estimating values of xSx and 

xfxx in various environments, 313, 
314* 

F 

Factors affecting x ( 2 ), 308-309 
Fermi level, 28 
Fiber-drawing apparatus, 45/ 
Field-effect transistor, 257/ 
Field-effect transistors, use of Langmuir-

Blodgett films as gate insulators, 43/ 
Figures of merit, 246* 
Flexible circuitry, application, 21/ 
Flexible polymers 

conversion to conducting polymers, 277 
conversion to rigid conducting materials, 

277/ 
Focused-UV-laser techniques, 200 
Free space image at wafer plane, 128/ 
Frequency mixing, principle, 301 
Full-wafer excimer laser projection 

exposure, 206/ 

G 

GaAs-o)-tricosenoic acid MISS device, 256/ 
GeSe bilayer system, resolution, 193/ 
GezSei.x resist 

anisotropic wet chemical etching, 177/ 
DUV sensitivity, 177* 

Graft and block copolymers, 285-289 
comb-like copolymers, 286 
formation by doping, 286/ 
formation from multiple catalytic sites of 

soluble substrate polymer, 286 
introduction of solubilizing groups, 285-

286 
synthesis of polyacetylene-containing 

polymers, 287/ 
Guided-wave optics, 50 

H 

Harmonic conversion efficiency in 
waveguide under phase-matched 
conditions, 325/ 

Heat-shrinkable tubing for protection of 
spliced fibers, 49/ 

Hemicyanine-nitrostilbene, nonlinear 
response, 250-251 

Hemicyanine, structure, 249/ 
Hexamethyldisilazane, 163 

energy level diagram, 114/ 
energy levels, 112-113 

Hg discharge lamp 
doping with Zn or Cd, 114 
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Hg discharge lamp—Continued 
improvement of efficiency, 114 
output inefficiency, 117 

High-aspect-ratio images from aliphatic 
polysilane-hard-baked photoresist, 
197/ 

High-aspect-ratio images from oxygen RIE 
pattern transfer, 194/ 

High-quality thin films in photoresist 
applications, requirements, 298 

High-resolution exposure equipment, 100 
HMDS (hexamethyldisilazane), 163 
HPR204 resist, dynamic bleaching 

absorption spectra, 124/ 
HCickel molecular orbital theory, 28 
Hyperpolarizability 

associated molecular properties, 248 
contributions to value of second-order 

term, 56 
molecular properties affecting values, 56 
nonlinear response to radiation, 53 

Hyperpolarizability tensor factors 
acceptor electronegativity, 306 
charge density, 306 
conjugation length, 306 
donor electron-donating ability, 306 
resonance interaction, 306 

Hyperpolarizability tensor values for single 
molecules, 307* 

Hyperpolarizability tensor(s), 304-306 
components for a single molecule, 304 
ensemble of molecules, 299 
for free frequency interchange in lossless 

media, 310 
for molecule with intense intramolecular 

charge-transfer transitions, 304 
model with nonpolar ground state and 

polar lowest excited state, 305-306 
perturbation, 303-304, 305 
single molecule, 299, 303-304, 305 

I 

Image-reversal process 
addition of base for decarboxylation, 81 
base catalysis, 81/ 
flood exposure, 81 
patterned exposure, 80-81 

Image transfer by oxygen RIE, 96 
Image transformation in resists, 8/ 
Imaging process 

early methods, 75 
materials for early methods, 76 
microlithographic trends, 38/ 
resolution of early methods, 76 
resolution of modern methods, 77 

Imines, use in built-on mask process, 85 
In situ polymerization 

block copolymers, 283 
polybutadiene, 283 
terpolymers, 283 

Indenone, improvement of PMMA 
structure, 137 

Induced asymmetry in polymers, 299 

Induced polar alignment 
in anisotropic medium, 313 
order parameter, 313 

Induced polarization 
in a single molecule, 298-299, 303 
in an ensemble of molecules, 299 

Induced voltage, 245-246 
change with number of layers deposited, 

246 
Injection molding 

injection-compression versus straight 
injection, 337 

need for high levels of cleanliness, 337 
orientation distribution in molded disks, 

337 
techniques to reduce birefringence and 

improve stability, 337 
Inorganic negative resists 

AgCl-As 2S 3, 172 
Ag-GeSe systems, 172 
Ag 2Se-G ISe 1 I, 174 
drawbacks, 176 
GeSe chalcogenide glass, 172 
properties, 172 

Inorganic resists, reciprocity failure, 211 
Integrated circuit(s) 

fabrication, 14 
packaging, 14 
size of circuit elements, 109 

Integrated optics, 50 
Intractable polymers, preparation of soluble 

derivatives, 283-284 
IPPhK (isopropenyl phenyl ketone), 138 
Isopropenyl phenyl ketone, 138 

K 

Kodak 809 resist 
top imaging resist for DUV blanket 

exposure-PCM systems, 183 
UV transmission characteristics, 184* 
UV transmission characteristics in mid-UV 

exposure-PCM scheme, 187/ 
KrF excimer laser projection printing 

images printed, 205/ 
setup, 204/ 

L 

Langmuir-Blodgett alternate multilayers, 
318/ 

Langmuir-Blodgett film(s) 
applications, 42, 44, 243 
applied research areas, 242-243 
as biosensors, 258 
as insulators, 258 
characteristics, 41 
characterization, 234, 236-238 
control of orientation, 243-244 
definition, 236 
deposition with hydrophilic substrate, 

226, 229/ 230 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

a-
19

88
-0

21
8.

ix
00

2

In Electronic and Photonic Applications of Polymers; Bowden, M., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1988. 



364 E L E C T R O N I C A N D P H O T O N I C A P P L I C A T I O N S O F P O L Y M E R S 

Langmuir-Blodgett film(s)—Continued 
deposition with hydrophobic substrate, 

230 
design of monolayer assemblies, 230-231 
early applications, 236 
effect of subphase composition, 226 
electron beam lithography, 253 
enhanced device processing, 252, 255 
example in nonlinear optics, 249-252 
for studies of energy transfer in complex 

monolayers, 238-239 
impetus for study, 225 
in acoustoelectric devices, 259-260 
in molecular electronics, 40-44 
in nonlinear optics and physics, 243-244, 

248, 313 
in optical sensors, 258-259 
in pyroelectric devices, 244 
in semiconductor devices, 257-258 
industrial applications, 243 
investigation of intermolecular 

interactions, 238 
limitations, 42 
metal ion incorporation, 241 
minimal scattering, 328 
model for energy transfer between 

molecules, 239/ 
model of cooperating molecules on 

substrate, 238 
modern developments, 230-233 
modification of effective barrier height at 

semiconductor surface, 253, 255 
molecular designs, 41-42 
monolayer isotherm, 42/ 
nonlinear applications, 248-249 
passive layer in enhanced devices, 252-

253 
patternwise delineation, 328 
phthalocyanines for monolayer assemblies, 

231 
porphyrins for monolayer assemblies, 231 
preparation, 226-230 
properties, 230 
prospects for molecular and 

supermolecular electronics, 266-267 
quartz oscillator, 260 
requirements for use in optical 

technologies, 328 
resemblance to biological membranes, 241 
sensors and transducers, 257-260 
stability requirement of monolayer 

assemblies, 231 
suitable materials, 40 
superconducting quantum interference 

devices, 255 
surface acoustic wave oscillator, 260 
surface pressure, 40-44 
thickness control, 328 
transfer to substrate, 41 
types of deposition, 230 
unique features, 242-243 
use in field-effect transistors, 42, 43/ 
use in fundamental research, 238 
use in physical studies of biological 

molecules, 241 

Langmuir-Blodgett film(s)—Continued 
with C , symmetry, 310, 311f 
Y-type deposition, 226, 229/ 230 
Y-type dipping sequence, 232/ 
Y-type film with noncentrosymmetric 

character, 233/ 
Langmuir-Blodgett technique, 40 

application to hemicyanine dye and 
nitrostilbene derivative, 317-319 

for assembly of films with 
noncentrosymmetric ordering and 
symmetry, 317-318 

for preparation of polydiacetylene crystals, 
59-60 

sequence, 41/ 
Langmuir troughs 

recent developments in design, 231, 233 
rotating-substrate arrangement, 233 
technique for damage-free deposition, 

255 
Laser marking process, 341/ 

ablative recording, 341-347, 349-351 
bubble recording, 347 
recording based on optical property 

change, 347-349 
Laser microchemical processing, practical 

applications, 200 
Laser projection system, print quality, 203/ 
Lasers 

ArF, 201 
F 2 , 201 
in maskless patterning technology, 198, 

200 
KrF, 201, 202, 203 
spatial coherence, 198 
XeCl, 206 

LB film(s), See Langmuir-Blodgett film(s) 
Lens systems, improvement of resolution, 

85 
Limitations imposed by phase-matching 

requirements on interaction length, 
323-324 

Line width control, 92, 94 
use of antireflection coating, 95 
use of dyes, 94 

Line width variation caused by overcut 
resist profiles, 149/ 

Linearly responsive resist, image 
reproduction, 129/ 

Lipophilic carboxylic acid o-nitrobenzyl 
esters, use in DUV resists, 85-87 

Liquid crystalline polyesters, characteristics, 
25 

Lithium niobate 
damage threshold, 57 
use in integrated optics, 51 

Lithographic process, overview 4-5 
Lithography, 109 

with traditional lasers, 198 
LMR, See Low-molecular-weight resist 
Low-cost packaging methods, 19 
Low-molecular-weight resist 

developer, 157 
dissolution differentiation, 157 
structure, 158/ 
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M 

Macroscopic nonlinearities by intramolecular 
processes, 308-309 

Macroscopic polarization, expression, 248 
Magneto-optical recording, 66 
Main-chain scission resists, 131-140 
Maskless patterning technology, ceramic 

substrate, 200 
Meander patterns, electrical probe yield 

versus size and wavelength, 122/ 
Melt-shear technique, 60 
Metal-insulator-semiconductor devices 

diode, 257/ 
use in field-effect transistor, 257 

Metal-insulator-double semiconductor 
devices, 255, 256/ 

Metal-ion-containing multilayer, 
applications, 241-242 

Methacrylonitrile, improvement of PMMA 
structure, 137 

2-Methyl-4-nitroaniline, nonlinear optical 
properties, 57 

MIBK (methyl isobutyl ketone), use in 
uncapped process, 180, 183 

Micro resist for snorter wavelengths, 142 
cause of solubility decrease, 146, 148 
effect of development time, 147/ 
mask in RIE, 150/ 
overcut profile, 146, 149f 
quality of print by broad-band exposure, 

149/ 
scanning exposure times required, 146 
simulated profiles, 148/ 
simultaneous exposure to mid-UV and 

DUV radiation, 146 
undercut profile, 146, 149/ 

Microbending loss, 46 
Microelectronics revolution, influence on 

modern society, 44 
Microlithographic patterning, generation of 

third dimension, 100 
Microlithographic processes 

influence of topographic features on 
layers, 90, 91/ 

resolution limits, 90 
topographic features of devices, 91/ 

Minimum device feature size, 
microlithographic trends, 38/ 

MIS, See Metal-insulator-semiconductor 
MISS, See Metal-insulator-double 

semiconductor 
Molecular and crystal frames of reference for 

a noncentrosymmetric crystal, 309/ 
Molecular electronics 

definition, 40 
in integrated circuit fabrication, 39 
use of polymers, 38 

Molecular interconnects, 39 
Molecular switch, requirements, 39 
Molecularly doped polymer, requirements 

for use in optical technologies, 327 
Molecules for Langmuir-Blodgett films 

diacetylenic acids, 230 

Molecules for Langmuir-Blodgett films— 
Continued 

phthalocyanines, 231 
porphyrins, 231 
(o-tricosenoic acid, 230 

Monolayer assemblies, reproducibility of 
physical parameters, 237/ 238 

Monolayer parameters, reproducibility, 237-
238 

Monomolecular assemblies, support matrices 
for dye molecules, 225-226 

MRS, See Micro resist for shorter 
wavelengths 

Multilayer resist systems 
components, 178 
DUV blanket exposure-PCM systems, 17, 

178-190 
principle, 178 
processes, 179/ 
R I E - P C M systems, 190-198 

Multilayer resist(s) 
DUV applications, 178-198 
processes, 179/ 

Multilevel resist process(es), 90-100, 95/ 
dry process, 100, 101/ 
image transfer by oxygen RIE 
trilayer process, 96, 97/ 98 

Multilevel resist technology 
applications, 95 
solution to topography problem, 95 

N 

N-channel metal oxide semiconductor, 
manufacture, 183 

N doping, 33 
Near-IR absorbing dyes for diode laser 

recording, 342/ 
Negative photoresists, 140 
Negative plasma development by selective 

silylation, 165/ 
dry-developed images, 165/ 

Negative resists 
azide sensitizer systems, 140-148 
polystryene-based systems, 148-152 

Negative-top resist-PCM system 
advantages, 188 
AgzSe-GeSe-PMMA, 188 
MRS-PMMA, 188, 
PSTTF as imaging layer, 188 

Negative-tone resists, 76/ 
Neutral solitons, origin of free spins, 35-36 
Nitrene reactions, 140, 141/ 
o-Nitrobenzylcholate(s) 

photochemical decomposition, 130, 133/ 
structure, 131/ 

o-Nitrobenzylcholate-based resists, 
characteristics, 131 

o-Nitrobenzyl ester, photochemical 
decomposition, 133/ 

Nitrostilbene, structure, 249/ 
Noncentrosymmetric molecules 

design techniques, 57 
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Noncentrosymmetric molecules—Continued 
polarization, 55 

Noncentrosymmetric structures, generation, 
231 

Nonlinear applications, requirement, 249 
Nonlinear coefficients 

molecularly doped poled polymers, 312 
single crystalline materials, 312 

Nonlinear optical effects occurring through 
X(2)> 300/ 

frequency mixing, 301 
Pockels effect, 301 
second harmonic generation, 299-301 

Nonlinear optical eiects occurring through 
X ( 3 ), 302/ 

optical bistability, 301-302 
optical phase conjugation, 302-303 
third harmonic generation, 301 

Nonlinear optical properties 
effect of fluids caused by neighboring 

molecules, 306 
effect of molecular orientation, 306 

Nonlinear optics 
explanation of effects, 53 
fundamental concepts, 297 
interaction of electromagnetic fields with 

materials, 53 
origin of effects, 53 
origin of nonlinear effects, 299-303 

Novolac resists, planarizing layers for 
trilevel R I E - P C M system, 190 

O 

Onium salt cationic photoinitiators, 
photochemistry, 156/ 

Onsager expression, 308 
Optical-recording disk substrates 

oisdiallylpolycarbonates, 63 
PMMA, 63 
poly(4-methyl-l-pentene), 63 
requirements, 63 
suitable polymers, 63 

Optical audio disk 
analysis of electrical output, 62 
digital format, 62 

Optical digital recording 
device options, 65 
laser-induced ablation, 65 
suitable materials, 65 
thin-film decomposition, 65 
use of polymers, 65 

Optical disk 
protective coatings, 68 
protection schemes, 340/ 

Optical disk media 
air-sandwich structure, 338 
encapsulation, 338-339 
protection schemes, 338-340 

Optical disk substrates 
contaminant removal, 334 
material requirements, 333-334 
polyacrylics, 334-335 
polycarbonates, 334 

Optical disk substrates—Continued 
selected physical properties, 334* 
suitable polymers, 334-335 

Optical efficiency, 343 
Optical fibers 

attenuation losses, 47 
cabling, 47 
coating procedure, 45 
connections for spliced fibers, 47, 49/ 
fusion splicing, 47 
packaging for cables, 47, 48/ 
packaging of spliced fibers, 47, 49/ 
unsuitabflity for long-distance 

transmissions, 47 
Optical film 

coating design, 46, 47 
coating technique, 45-46 
function of coating, 46 

Optical information storage, video disk, 60 
Optical multiplexer, 51/ 
Optical projection printing, advantages and 

disadvantages, 180 
Optical recording systems 

materials for transparent disks, 333 
techniques for disk manufacture, 333 

Optical transmissions 
advantage, 45 
capacity, 45 
driving force, 44-45 
light sources, 44 

Optical waveguide fabrication, 50-51 
ion-exchange process, 51-52 
photolocking technique, 52-53, 52/ 54/ 
refraction index requirement, 52 

Optical waveguides, 51 
Optimum harmonic conversion efficiency, 

323 
Optoelectronic devices, 247-252 
Organic resist materials, inadequate etching 

durability, 192 
Organic superlattice with unique polar axis, 

244/ 
Organosilicon resists for bilayer multilevel 

resist systems, 12-13* 
Orientational distribution function 

anisotropic medium, 313 
isotropic medium, 313 

Orientation zones in disks, 337-338 
Oxidation-reduction process, 274 
3-Oximino-2-butanone methacrylate, 

improvement of PMMA structure, 
135, 137 

Oxindolizinium, structure, 342/ 
l-Oxo-2-diazonaphthoquinone-4-

arylsulfonate, structure, 125/ 
l-Oxo-2-diazonaphthoquinone-5-

arylsulfonate, structure, 121/ 
Oxygen etch barrier, use of silicon or tin, 

194 

P 

P doping, 33 
PCM, See Portable conformable mask 
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Perhalohydrocarbons, use in built-on mask 
process, 85 

PGMA [poly(glycidyl methacrylate)], 134, 
135* 

Phase-change recording 
principle, 347-348 
suitable organic media, 347-348 

Phase-matched and non-phase-matched 
harmonic generation, 322/ 

Phase-matched interaction of polar point 
groups, 309* 

i Phase matching, for large harmonic 
| conversion efficiencies, 326 
I Phase mismatch factor versus degree of 

phase mismatch, 323, 324/ 
Photo-Fries degradation, 153/ 
Photochemical acid generators, 156/ 

properties, 156 
Photochemical hole burning, 66 
Photochemical induction of differential 

solubility, 119, 120 
Photolithography, 109-110 

basic steps, 5/ 
conventional light source, 112 
extension of resolution by short-

wavelength UV radiation, 110 
Photonic applications of polymers 

integrated optics, 50-53 
nonlinear optics, 53-60 
optical fiber coating, 45-50 
optical recording media, 60-70 
photonic circuits, 50 
regeneration of light intensity during 

long-haul transmission, 50 
Photopolymerizartion process for replication 

of video disks, 69/ 
Photoresist, bleaching at different laser peak 

powers, 210/ 
Photosensitive polyimides, chemistry, 11/ 
Phthalocyanine, modification of effective 

barrier height at semiconductor 
surface, 253, 255 

Pierls transition, 30 
PIPTBK, See Poly(isopropenyl *er*-butyl 

ketone) 
Pit formation in dye-polymer by 

superheating, 342/ 
Pit recording in dye-polymer film through 

ceramic overcoat, 351 
Planar waveguide, main features, 319 
Planarization 

effect on resolution, 91 
global, 91 
local, 91 

Plasma-developable negative resists 
cationic polymerization, 166 
ion implantation, 163/ 
postirradiation radical grafting reactions, 

166 
Plasma-developable photoresist, X-ray resist 

system, 158 
Plasma-developable photoresist process, 

159/ 
Plasma-developable resists 

bisazide-polyisoprene, 162-163 
design types, 162 

Plasma-developable resists—Continued 
ion implantation, 162 
resists based on acrylic copolymer 

containing silicon side groups, 162 
system based on bisarylazide and aliphatic 

matrix resin, 15 
Plasma-developable UV-sensitive resists, use 

of positive-negative working resist 
system, 163 

Plasma development process, 160/ 
Plasma electrons, energy, 113, 114 
PMGI, See Poly(dimetnyl glutarimide) 
PMIPK, See Poly(methyl isopropenyl 

ketone) 
PMMA, See Poly(methyl methacrylate) 
Pockels effect, 56 

Srinciple, 301 
ir alignment, 309-311 

factor favoring high second-order 
tensor(s), 310 

induced polar alignment, 313 
order parameter, 313 
orientational distribution function, 313 

Polar crystal, 56 
Polar order, effect on x<2) 

Polarization, 53 
in centrosymmetric crystals, 55-56, 
in noncentrosymmetric and 

centrosymmetric media, 55/ 
in noncentrosymmetric molecules, 55 
induction by external electric field, 57 
nonlinear effect, 56 

Polarizing effect, expression, 248 
Polaron, 274 

energy levels, 34/ 
Poled polymer film applications, waveguide 

nonlinear optics, 319 
Poling a polymer film, 310/ 
Poling profile for Disperse Red I in PMMA, 

315/ 
*rans-Polyacetylene 

doping, 275/ 
soliton, 35 
structure, 274/ 
unique characteristics, 33 

Polyacetylene(s) 
as semiconductors, 29 
block copolymers 

anion to Ziegler-Natta transformation, 
288 

metathesis polymerization of 
cyclooctatetraene with tungsten 
catalysts, 289 

polymerization with epoxide- or 
carbonyl-functionalized polymer, 288 

preparation, 288 
stabilization by encapsulation, 278 

conductivity, 30 
defect structures arising from 

isomerization, 35-36 
energy diagram of ground-state geometric 

isomers, 35f 
energy levels of geometric isomers, 35 
geometric isomers, 35 
latexes, 281 
preparation by Feast technique, 37 
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Polyacetylene(s)—Continued 
stabilization by encapsulation, 278 
suspensions, 281 
synthesis by Durham route, 291/, 292/ 

Polyacetylene-polyethylene composites, 
preparation, 282 

Polyacrylics, 334-335 
Polyaldehyde, acid-catalyzed 

depolymerization, 169/ 
Poly(alkylthiophene)s 

polythiophenes, 284 
preparation of soluble derivatives, 284 

Poiy(3-alkylthiophene)s, conductivities, 285/ 
Poly(arylene vinylenejs, 292 

synthesis, 292/ 
7-Polybenzyl-L-glutamate, enhanced polar 

alignment, 317/ 
Poly [bis( p-toluenesultonate)diacetylene], 

structure, 299/ 
Polyfoutene-l-sulfone), 138 
Poly(*er*-butoxycarbonyloxystyrene) as 

protective agent, 100/ 101/ 
Polycarbonate-onium salt resist, positive 

images by thermal development, 173/ 
Polycarbonates, for injection molding of 

optical disks, 334 
Polydiacetylene(s) 

cubic-nonlinearity-related effects, 57, 59 
cubic susceptibility, 251/ 
polymerization, 58/ 
techniques of crystal preparation, 59-60 

Poly(2,3-dichloropropyl acrylate), 158 
Poly(dimethyl-diphenylvinylsiloxane)-hard-

baked AZ1350J system, 194/ 
Poly(dimethyl glutarimide) 

pattern obtained by DUV exposure, 188/ 
planarizing layer for DUV blanket 

exposure-PCM systems, 186 
properties, 186 
structure, 137/ 
thermal stability of pattern, 189/ 
use in aqueous-base-developable bilayer 

PCM system, 186 
Poly(p-disilanylenephenylene), structure, 

196/ 
Poly(p-formyloxystyrene) resists, positive 

and negative images, 154/ 
Poly(glycidyl methacrylate), 134, 135* 
Poly(5-hexen-2-one sulfone), 138 
Polyimides, 14, 16 

as adhesives, 14, 16 
as substrates in printed wiring boards, 20 
in packaging, 19 
planarizing layers for trilevel R I E - P C M 

system, 190 
protection against alpha particles, 18 
use in resists, 11 
useful characteristics, 11 

ds-l,4-Polyisoprene, structure, 140/ 
PolWisopropenyl tert-butyl ketone) 

cleavage, 139/ 
Norrish type I cleavage, 139/ 

Polymer(s) 
application-dependent properties, 311 
applications, 47 
as insulating materials, 26 

Polymer(s)—Continued 
as optical disk substrates, 63 
in electronic packaging, 14-20 
in optical recording media 

imaging layers, 63-68 
optical coating, 68-70 
substrates, 63 

in recording media, 340-351 
minimal scattering, 328 
passive applications, 53 
patternwise delineation, 328 
photonic applications, 44-45 
relative conductivities, 272/ 
requirements for use in optical 

technologies, 328 
thickness control, 328 
use for optical core, 47 

Polymer applications 
active versus passive, 1 
disk packaging, 332 
disk substrates, 332 
erasable materials, 66, 67/ 
interconnection of chips, 14 
optical digital recording, 65 
protection of chips, 14 
protective configurations, 332 
waveguides, 52 

Polymer-based recording materials in write-
once systems, 331 

Polymer design and lithographic 
characteristics 

chemical modifications for solubility, 7, 
9 

matrix polarity and differential solubility, 
9 

Polymer physical characteristics 
effect of molecular weight on reflectivity 

contrast, 346 
effect on final pit dimensions, 346 

Polymethacrylate polymers, lithographic 
properties, 135* 

Polymethacrylate positive DUV resists, 135* 
Poly(methyl acetylene), stabilization by free-

radical scavengers, 279 
Poly(methyl isopropenyl ketone) 

cleavage, 138 
effect of *er*-butyl substitution, 138 
in plasma-developable resists, 159 
planarizing layer for DUV blanket 

exposure-PCM systems, 183, 186 
UV transmission characteristics in mid-UV 

exposure-PCM scheme, 187/ 
Poly(metnyl isopropenyl ketone)-azide 

resist, plasma development 161/ 
Poly(methyl methacrylate) 

advantages, 133 
as DUV resist, 111 
as planarizing layer for resists, 95 
as positive resists, 77 
bottom planarizing layer for DUV blanket 

exposure-PCM system, 180 
direct photoengraving, 169 
dissolution kinetics, 133 
drawbacks, 134 
exposure to excimer laser, 201 
photolysis, 135/ 
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Poly(methyl methacrylate)—Continued 
planarizing layer for DUV blanket 

exposure PCM systems, 183, 186 
printing of Y - I bars, 134/ 
radiation-induced chain scission, 135/ 
transmission spectra, 49 
use as isotropic host medium, 57 
use as optical disk substrates, 63 

Poly(methyl methacrylate-co-methacrylic 
acia), exposure to excimer laser, 201 

Poly(methyl methacrylate) image, capped or 
uncapped structures, 179/ 180 

Poly(methyl methacrylate) resist, UV 
transmission characteristics, 184/ 

Poly(4-methyl-l-pentene), use as optical disk 
substrates, 63 

Poly(olefin sulfones) 
polyflbutene-l-sulfone), 138 
poly(5-hexen-2-one sulfone), 138 

Poly(p-phenylene), structure, 274/ 
Polyphthalaldehyde-onium salt resist, 168-

169 
positive image with KrF excimer laser, 

171/ 
self-developed images, 170/ 

Polyphthalaldehyde sensitivity to radiation, 
169 

Poly(pyrrole) 
effect of counterion on stability, 280 
suspensions, 282 

Poly(pyrrole) benzenesulfonate, effect of 
sodium hydroxide on stability, 280 

Poly(pyrrole) perchlorate, 280 
Poly(pyrrole) phthalocyanine, 280 
Polysilanes 

aliphatic repeating unit, 196/ 
backbone scission, 195 
lithographic properties, 195 
photobleaching and blue shift of aliphatic 

polymers, 196 
Polysiloxanes 

for ablative recording, 340 
imaging layer in bilevel R I E - P C M 

scheme, 192 
structure, 192/ 

Polystyrene-based cross-linking negative 
DUV resists, 150* 

Polystyrene-based negative resists, 148-
152 

chloromethylated polystyrene, 151 
limitations, 151 
new materials, 152 

Polystyrene, 151 
Polystyrene-tetrathiofulvalene 

differential solubility by change in polarity 
of pendant groups, 152 

properties, 152 
structure, 152/ 

Polystyrene-tetrathiofulvalene-PMMA 
system, advantages, 188 

Polystyrene-tetrathiofulvene resist, imaging 
mechanism, 152/ 

Poly(sulfur nitride), source of conducting 
property, 29 

Polythiophenes, preparation of soluble 
derivatives, 284 

Polytrimethylsilylstyrene, spectra after 
electron spectroscopy for chemical 
analysis, 195/ 

Poly( p-vinylphenol), 146 
matrix resin for DUV blanket exposure-

PCM systems, 183 
structure, 142/ 

Portable conformable mask process, 178 
Portable conformable mask systems 

negative-top resist, 188, 191* 
with DUV blanket exposure, 17, 178-190 
with RIE, 190* 

Positive photoresists, 9 
composition of conventional materials, 

119 
diazoquinone-novolac systems, 121 
dissolution-inhibitor systems, 119-131 
reduced sensitivity in the mid-UV region, 

122 
undesirable optical characteristics, 123/ 

124/ 
Positive resists 

linear dissolution kinetics, 77 
main-chain scission, 131-140 
PMMA, 77 

Potassium dihydrogen phosphate, damage 
threshold, 57 

Precision-molded plastic connector, 49/ 
Precursor polymer preparation, 289-293 

dehydrohalogenation of po lyv iny l 
chloride), 289-290 

Durham route to polyacetylene, 290, 291/ 
indirect synthesis of 

poly(phenylenevinylene), 290 
temperature-controlled retro-Diels-Alder 

reaction, 290 
Prepreg process, 20, 22/ 
Printed wiring boards 

direct molding, 25 
fully additive process, 25 
impact of high-speed electronics, 26 
partially additive process, 25 
prepreg process, 20, 22 
propagation delay, 26 
speed penalty, 26 
substrate materials, 20-26 
techniques for making conductor paths, 

23, 25, 24/ 
trends, 25 

Projection printing 
effect of exposure wavelength reduction, 

112 
positive resists, 77 
with excimer lasers, 202-207 
laser projection set up, 202, 204-205 
laser source coherence, 202 
print quality, 203/ 204 
scanning laser beam system, 202, 203/ 
use of commercial projection printer, 

205-206 
use of DUV and vacuum UV excimer 

lasers, 206-207 
use of modified full-field scanning 

projection system, 206 
Protected phenolic resin, IR spectra, 102 
Protection of optical fibers by coatings, 46/ 
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Protective coatings 
air-sandwich configuration, 68 
conformal coatings, 68 
cross-linked siloxane elastomers, 68 
polymeric encapsulated structures, 68 

Proximity printing 
effect of exposure wavelength reduction, 

112 
effect of wavelength on intensity function, 

112 
resolution, 112 

PSTTF, See Polystyrene-tetrathiofulvalene 
Pyridinium tetracyanoquinodimethane on 

quartz, 266 
Pyroelectric coefficient(s), 245, 246* 
Pyroelectric current, 245 
Pyroelectric devices, 244-247 

advantages, 245 
ferroelectric liquid crystals, 245 
Langmuir-Blodgett films, 246-247 
polyv iny l difluoride), 245 

Pyroelectric effect, 245 
Pyroelectric response, constraints, 246-247 
Pyrrole 

chemical polymerization, 283 
electropolymerization, 283, 287-288 
polymeric latex dispersion, 282 
polyacetylene electrodes, 280 

Pyrylium, structure, 342/ 

Q 

Quartz oscillator, 260, 261/ 
Langmuir-Blodgett films, 260-261 
response characteristics, 260, 262/ 

R 

Radiation-induced conversion of polymer, 
100 

Random access memory devices, time 
evolution, 38 

Random copolymers 
acetylene and methylacetylene, 284-285 
acetylene and phenylacetylene, 284-285 

RD2000N resist 
image formed with KrCl excimer laser, 

212/ 
resist thickness versus development time, 

144-145/ 
Reactive ion etching 

image transfer materials, 96 
image transfer process, 96 
in modern image processing, 76 
in multilevel resist processing, 96 
with MRS, 150/ 
with PCM systems, 190-198 

Reactive ion etching-PCM systems 
organometallic resists, 192 
use in DUV lithography, 190, 191* 

Reciprocity failure in inorganic resists, 211/ 

Recording media, properties, 331 
Reflection high-energy electron diffraction 

nitrostilbene, 235/ 
co-tricosenoic acidf, 236/ 

Reflective notching, 92 
Refractive index dispersion associated with 

optical transition, 322/ 
Refractive index of organic polymers, 

suitability for parametric processes, 
324 

Relationship between microscopic and 
macroscopic nonlinearities, 306-311 

Relationship of x(1) and x(3) to molecular 
quantities, 306, 308 

in centrosymmetric media, 308 
in isotropic media, 308 

Relationship of x{2) to molecular tensor 
components, 308-309, 310 

Resist images 
slopes of latent image, 82/ 
wall slopes, 82 

Resist materials, 4-14 
for high-resolution lithography, 153 
important characteristics, 5 
innovations, 95-96 
research focus, 77 
resolution, 7 
tone reversal, 156-157 
unique properties required, 7 

Resist performance factors 
exposure absorption, 211-212 
optical density, 212-213 
spectral characteristics, 213 

Resists 
absorption characteristics, 211-213 
behavior in excimer laser irradiation, 207-

213 
chemical modifications, 10 
definition of circuit pattern, 4 
effect of diazoquinone-novolac systems on 

contrast, 79 
passivation by silicon dioxide, 10 
reciprocity behavior in excimer laser 

exposure, 209, 210/ 211 
Resists allowing third dimension 

hardening process, 104 
image-reversal process, 104/ 
image of two-level structure, 105/ 
three-tone mask exposure, 104 

Resists, formation of three-dimensional relief 
structure, 4-5 

Resolution limit of imaging systems, 110 
Resolution loss in resist imaging, 91-92 
Reversible phase-change recording 

mechanism 349 
medium based on aggregation-

deaggregation 348-349 
preferreamaterials, 349 
system based on amorphous crystalline 

switching mechanism, 348 
Reversible ablative recording 

basis of erasure process, 349 
ceramics as overcoat materials, 350 
copper phthalocyanine-polystyrene film 

for marking, 349-350 
dome formation, 350 
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Reversible ablative recording—Continued 
dye-polymer medium overcoated with a 

thin restraining layer, 352/ 
erasure by difocused laser beam, 350 
erasure by heating, 350 
overcoat deformation during recording, 

351/ 
polymers as overcoat materials, 350 
principle, 349 
suitable materials, 349 
use of polystyrene thermoplastic 

oligomers, 349-350 
Reversible media, 348-351 

ablative recording, 348-351 
phase-change recording, 348-349 
requirements, 333 

R H E E D , See Reflection high-energy 
electron diffraction 

RIE, See Reactive ion etching 
Ring-field projection system, 215/ 

S 

SAW, See Surface acoustic wave 
Scanning point source system, 203/ 
Second-order nonlinearities, 303-306 

perturbation of hyperpolarizability tensor, 
303-304, 305 

Second harmonic generation, 53 
applications, 248 
coherence length, 323 
compounds with high coefficient, 249/ 
dependence on areal density of dye, 251-

252 
ideal structure, 250 
in waveguides versus bulk, 321-325 
lithium niobate, 248 
3-methyl-4-nitroaniline, 248 
non-phase-matched and phase-matched 

harmonic generation, 322/ 
optimum harmonic conversion efficiency, _ 

323 
principle, 299-301 
refractive index dispersion associated with 

optical transition, 322/ 
requirements of materials, 56 
structural requirements, 248 

Selective surface metallization, approaches, 
98, 100 

Self-developing resists, 166-171 
chemical basis, 169 
polyaldehyde based, 168-169 

Semiconductor barrier height modification, 
253, 255 

Semiconductor devices, 257-258 
Sensors and transducers 

acoustoelectric devices, 259-260 
optical sensors, 258-259 
quartz oscillator, 260 
semiconductor devices, 257-258 
surface acoustic wave oscillator, 260 

SHG, See Second harmonic generation 
Silicon 

effect on oxygen plasma etch rate, 195 

Silicon—C ontinued 
photochemical elimination for positive-

tone plasma development, 162/ 
semiconductor for integrated circuits, 42 
use in resists, 10 

Silylation 
tor negative resists, 163-164, 166 
for positive resists, 166 

Soliton, 33 
definition, 274 
distribution of spin and charge density, 36 
signature, 274 
spin-charge configuration, 34/ 35 

Speckle phenomenon, 114 
Spectral deflection of cold mirrors, 116/ 
Spinless conductivity, 32, 33 
Squarylium, structure, 342/ 
Standing wave(s), 92 

interference of transmitted light, 93/ 
Standing-wave effect, reduction, 94 
Stearic acid 

compression by barrier, 226, 228/ 
phase transformation during compression, 

226 
structure, 227/ 

Step-and-scan principle, 214/ 
Supermolecular structures, in studies of 

biological systems, 241 
Surface-layer-imaging process, 99/ 
Surface acoustic wave device 

comparison with single-crystal resonator, 
263 

Langmuir-Blodgett film, 263 
lithium niobate dual line, 265/ 
pyridinium tetracyanoquinodimethane, 

263 
quartz dual delay, 266/ 

Surface acoustic wave dual delay line 
oscillator, 264/ 

Surface acoustic wave oscillator 
common devices, 260, 262-266 
piezoelectric Langmuir-Blodgett films, 

260, 262-266 
principle, 263 

Surface details in a prepatterned optical 
disk, 336/ 

Surface passivation of silicon-containing 
resist, 10/ 

Surface plasmon resonance, principle, 258, 
259 

Surface potential, change with number of 
layers, 246, 247/ 

T 

Tape automated bonding, 19/ 
TE modes, 326 
Temperature-dependent polarization, 245 
Terpolymer resist, planarizing layer for 

DUV blanket exposure-PCM 
systems, 186 

Thermally developable resists 
development by heating, 171 
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Thermally developable resists—Continued 
polycarbonates sensitized with onium 

salts, 171-172 
poly(olefin sulfones) sensitized with 

pyridine N-oxides, 171 
Thin-film recording media, determination of 

energy absorption profile, 344 
Third-order susceptibility tensor 

fundamental properties of materials, 252 
value, 250/ 

Third harmonic generation 
applications, 248 
as function of wavelength, 251/ 
diacetylene-based Langmuir-Blodgett 

films, 252 
gallium arsenide, 248 
polyacetylene, 248 
structural requirements, 248 

Three-layer DUV flood exposure-PCM 
systems, 190* 

Three-laver PCM systems, 188, 190 
Threshold energy, 346 
TM-guided modes 

factors affecting refractive index, 320 
refractive index dispersion curves, 320/ 

TM modes, 320, 326 
conversion in a multilayer Langmuir-

Blodgett waveguide, 326/ 
electric field distributions in a symmetric 

waveguide, 319/ 
Topographic features 

effect on line width variations, 94/ 
effect on reflection from resist-substrate 

interface, 92 
effect on resolution, 92/ 
effect on thickness of resist coating, 92 

Tractable materials, design approaches, 
281 

Transfer molding 
epoxy polymers as molding compounds, 

18 
molding formulations, 18-19 
requirements of molding compounds, 

18 
Transport via structural defects, 32 
w-Tricosenoic acid 

electron beam lithography, 253 
molecules for Langmuir-Blodgett films, 

230 
properties, 230, 252 
structure, 227/ 

Trilayer process 
early versions, 96 
resist images, 97/ 
sequence, 95/ 
simplification and improvement, 96-98 

Trilevel R I E - P C M system 
elimination of intermediate layer, 192 
inorganic resist systems, 192 
principle, 190 
types of planarizing layers, 190 

Trimethylstannylstyrene-p-chlorostyrene 1:1 
copolymer, structure, 194/ 

Tunneling devices, 255-256 
Two-layer DUV flood exposure-PCM 

systems, 182*, 185* 

U 

Ultrafast signal processing technologies, 59 
UV hardening of photoresist, 199/ 

V 

Vacuum-UV excimer laser system, 202/ 
Valence band splitting, 31/ 
Vapor development, 166 
Very large scale integration 

microlithography, 174 
Video disk 

analog format, 60 
creation of imaging layer, 63 
double-sided design, 64/ 
electrical output, 60, 61/ 
information storage and conversion, 60 
relation between pit pattern and read-out 

signal, 62/ 
subbing layer, 65 
topography, 61/ 

Video disk imaging layer, need for defect-
free surface, 65 

VUV (vacuum UV) excimer laser system, 
202/ 

W 

Waveguide design 
coupling of modes, 325-326 
phase matching, 325-326 

Waveguides 
advantages, 319 
formation, 319 

Wavelength dispersion of phase-matching 
thickness, 321/ 

Wire bonding, 16 
Write-once media 

performance criteria, 332* 
threshold recording behavior, 333 

Write-once systems 
direct-reaa-after-write features, 332 
suitable materials, 331 

X 

X ( 2 ) values for second harmonic generation, 
312/ 

Xe-Hg lamp, spectral irradiance, 120/ 
X-ray lithography, resolution, 110 
X-ray photoemission for study of organic 

materials on surfaces, 241 
X-ray resist system 

components, 158 
principle, 158-159 

Z 

Ziegler-Natta polymerization, 76/ 
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