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Summary

Photopoluymers play an important role in technical
imaging systems. Several basic principles of
photopolymer crosslinking and photoinduced radical
poluymerization systems will be reviewed.

Photopolumers are amorphous solids and the photo
crosslinking reaction (e.g. increase in molecular
weight) takes place in the glassy state. Their
ultimate photographic speed may be calculated from
basic physical properties of the irradiated areas. A
continuous decrease of quantum yield during
irradiation is characteristic for the photoreaction.
The response to light is made possible by built in or
added chromophores that can undergo different
reactions depending upon their nature.

In a photoinduced polyumerization the photo initiator
decays into a radical pair when exposed to radiation.
The photochemical reaction is amplified by a
subsequent polumerization with multi functional
reactive monomers to form an insoluble network. The
photographic speed is governed by several factors
including the quantum yield of cleavage and the
rates of initiator decay, propagation and termination
of the growing chain. The extent of conversion is
dif fusion controlled and therefore temperature
dependent.
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I. INTRODUCTION D

Photoimaging, especially imaging with photopolymers,is
the most important industrial use of photochemical
processes in the solid state. Some basic princirles of
Polymer imaging systems and their relevance to solid
state chemistry will be reviewed. This paper is
confined to photo crosslinkable polymers and radical
photopolymerization systems leading to relief images.
These systems cover about 98% of the applications
of photopolumers for relief imaging.

Although the field of polymer imaging is large and
more thana thousand papers and patents have been
published in the last ten years, all of the known
systems still fit the scheme (Fig. 1) suggested by

JLR. Williams et al. in 1976 2. This scheme classifies
polymer imaging systems according to their chemistry
as well as to their imaging applications

PHOTOSENSITIVE
IMAGING SYSTEMS

POLYMER SYSTEMS
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WORKING Photomodification

- Diazoketones

Photocleavage
; Poly(phthaldehyde]

Imaged only polymer
differential dyeing
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differential thermal transfer
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crosslinkers
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NEGATIVE P o is transfer agent
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Ne discriminate between positive and negative working
systems. The tuypical applications of a photopolymer,
as shown in Fig. 2, involve irradiation through a
mask followed by a development step. If the
resulting pattern is a positve image of the mask (e.g
if the irradiated parts are rendered soluble) the
process is called positive. Ef the resulting pattern is
the reverse,the process is considered negative, having
rendered the irradiated areas insocluble.

= o Resist

L Jbase

Exposure

Develop [

! !
(o o = I
{or other

processing)
! |

Strip — C——7
Fig. 2. Lithographic Process

At each stage of the lithographic process imaging
applications may be found for a variety of different
purposes as indicated in Fig. 1.

1. Positive Sustems

Most of the presently availyble commercial positive
systems are based on mixtures of naphthodiazo -
quinone derivatives and novolack resins, these
mixtures being insocluble in alkaline developers. Upon
irradiation the diazoquinones undergo a Wolff

rearrangement to the alkaline soluble indene
carboxylic acid. This polarity change renders the
3

exposed areas of the mixture soluble
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Besides photomodification by a rearrangement reaction,
polumer solubilty may be achieved by cleaving polymer
bound ester groups with photogenerated Bronsted

acids. A series of such systems have been described

recently 4).

A third process is the photoinduced depolymerization
of polymers with low ceiling temperatures to the
monoemers, The most prominent example is the photo
depolumerization of poly(phthalaldehyde> (PPR) S
e. Negative Systems

Negative systems can be divided into three basic
groups:

1. Crosslinking of polumers via addenda crosslinkers

2. Crosslinking of polumers with covalently bound
chromophores

3. Photo induced polymerization

s

Addenda Crosslinker

Photocrossiinking Polymers

- Step reacti (242 Cy dition)

- Chain reactions
Fig. 3. Negative Photopolymer Systems

2.1 Addenda Crosslinkers

Addenda photocrosslinkers are added low molecular
weight photosensitive molecules reacting chemically
with polumer chains. Tuprical examples are bisazide
crosslinkers for cuclisized poluisoprenes) a system
mainly used in microlithography. Upon irradiation, the
azide group liberates nitrogen and the formed
nitrene inserts itself either into a carbon double
bond or a carbon huydrogen bond. Because of the
generation of gaseous nitrogen this system may only
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find applications in very thin filmss).
2.2 Crosslinking of Poluymers
Polymer crosslinking systems involve systems working
stepwise by crosslinking via covalently bound

chromophores. The most prominent polymers are based
on unsaturated esters or ketones crosslinking via
C2+2J)-cycloaddition upon irradiation. The chromophores
may be pendant or linearly built into the polumer
backbone. Typical examples are shown in Fig. 4.
Another <class of polumers undergoing crosslinking
reactions by a step-wise mechanism is based upon
photo reduction of the benzophenone chromophore

followed by crosslinking S)A Rll these materials are
amorphous poymers with Tg’s far above room

temperature.
TYPICAL PHOTOPOLYMERS WITH BACKBONE CHROMOPHORES
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C..} a,8 - UNSATURATED ESTERS i1
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Fig. 4. Formulas of typical industrial photopolymers.

2.3 Photoinduced Poluymerization
Photoinduced poluymerization converts a reactive
highly wviscous liquid into a gel and finally a solid.

Radical photoinitiators generate radicals, upon
irradiation, for the polymerization of olefins. Cationic
photoinitiators produce Lewis or Bronsted acids

which mau induce polymerization of epoxides or
vinylethers.

I
MONOMER MOLECULES »{jx H{ b J\}Hl

I 4

BRANCHED MOLECULES

NETWORK MOLECULES

Fig. S. Network formation from small molecules

3. Properties: Sensitivity, Resolution, Contrast.
Among the most important properties of any imaging
system are sensitivity (minimum exposure energy’,
wavelength range and resglution.

Photopolymers exhibit relatively low sensitivities (Fig.
6). The theoretical limit 18 for crosslinking polymers
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is about 0.1 chm'z. (see II.1>. This actual value is,
however, two orders of magnitude lower than the
minimum exposure energy calculated for an ideal

mone photonic photochromic process 15>

Photospeed, though, is not the only parameter of
imaging material’s performance. When high resolution
is required only materials low sensitivity are
applicable. Evidently resolution and sensitivity are
inversely proportional.

Every high speed imaging process needs some
amplification step. In electronic imaging the photon is
amplified electronically by the photomultiplier, the
resolution being limited by the size of the pixel.
Silver halide systems are based upon the chemical
amplification of a photolutically generated cluster of
at least four silver atoms at the surface of a
silver halide crystal. The larger the crystal size the
higher the sensitivity but the lower the resolution.
In photopoluymer imaging the amplification step is an
increase in molecular weight either by a chain
reaction or crosslinking of high molecular weight
polymer chains.

100 |
B go VIDEO
100 4 o)) S5 HUMAN EYE
o0 : ; & . (] aex
4 // '// ELECTROPHOTOGRAPHY

108 4

Sensitivity / cm? J=

100 ] ' ) Il rrotoroLYMERS

10 102 10° 104
Resolution / lines per mm

Fig. 6. Resolution and photographic sensitivities for
typical imaging systems.
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The imaging resolution is limited only by the wave
length of irradiation. The limits of resolution may
only be reached with ’molecular’ homogeneous
systems like photopolymers. In heterogeneous silver
halide or electrophotographic materials the
resolution is limited by the grain size of the
crystals or the toner particles, respectively.

Yeotlow light Red light working area

Semiconductors

ArF 193 nm
KrF 249 nm
VIS-Ar 488 nm
NdYAG (FD) 532 nm
HeNe 633 nm

E
5
®
©
©
N
n
©
-
<
!
>
>

POWER (arb. units)

Wave length (nm)

Fig. 7. Emission spectrum of a high pressure mercury lamp
and typical high intensity Laser wavelengths.

For technical imaging systems daylight sensitive
materials are not desired because they can only be
handled in a darkroom. Most photopolumer systems
used in industry are sensitive to UU/VIS light of 360
to 440 nm and can be handled under yellow light.
Typical exposure equipment uses mercury arcs, Their
emission spectrum is shown in Fig. 7 together with
the emission lines of some powerful lasers.

lLasers are now available for a large number of
different wave lengths. The interest in using lasers
in photopolymer imaging stems from two advantages;

c.o.hgr_em:g_nf_t.hg_um_hm the possibility of
imaging without a photomask by computer driven

scanning devices like laser printers 16>
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Monochromaticity of Laser Light: high intensity
monochromatic deep UU irradiation for high resoclution
projection printers (wafer steppers’ in micro-

electronics 17>

High power lasers at a reasonable cost are only
available for certain wavelengths outside the
emission lines of mercury lamps. Photoresists for

use with laser equipment have to be tailored
specifically to the laser wavelength. At present
there are only a few photopolymer systems available
which are sensitive enough for high scanning speeds.

II CHEMISTRY AND PHOTOPHYSICS OF NEGATIVE
SYSTEMS

1. The Gelpoint Exposure and Crosslinking
Theory

The theoretical photosensitivity of a photo -

crosslinkable polymer may be calculated from the

kinetics of the photo reaction as well as from the

crosslinking theory of polymers.

According to Reiser and Pitts 14 the gel point
exposure energy Egal 0f a photopolymer is given by

(9} E =d 7 2383 e.- m-M_,," (Einstein cm—e)
Gel w’ YGel

where ¢Gel is the quantum uyield of the crosslinking
reaction defined as

@) + Gel= number of crosslinked monomer units
number of absorbed quanta of radiation

d is the density, e is the decadic molar extinction
coefficient of the chromophore and m its molarity in
the solid film. This formula is independent of the
chemical structure and wvalid for all crosslinking
rolymers. Three important conclusions can be drawn
from equation 1i:

1> There is a linear relationship between Eg and M,.
Fig. 8 shows tupical experimental proof.
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Fig. 8. Linear relation between gel point esposure Eg © and
molecular weight M. For comparison. the relative

sensitivity § () is also shown. Data from 123

2) The quantum yield for gelation considers only
reactions contributing to gel formation. A comparision
between the quantum uyield for gelation calculated
from gel points and quantum yield for conversion
determined by other methods should yield information
about the amount of chromophores actually consumed
in non gel forming reactions.

39 From this equation, which is valid for all
photopolymers, an absolute speed limit may be

calculated Assuming M, = 185, molarity m of the

chromophore m=4 mol-sl, extinction coefficient 2568
l1-mol cm, density d=115 grcm and quantum yield 6=2

2

we obtain Ege1= 8.25'16—9 Einstein cm © corresponding

to 81 mJ cm™2 at 368 nm !9

According to eqn. 1 the photo speed may be increased
by three ways ;
- chain reactions with quantum yields higher than 2.
- higher molecular weights,

- larger extinction coefficients.

Mowever, there are several severe drawbacks. High
extinction coefficients limit the systems to very thin
films, high molecular weights will cause problems of
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swelling and reduced solubility and chain reactions of
pendant monomers will lose efficiency due to
trapping of reactive sites by vitrification.

Gel points are determined from gel curves <{(amount
of crosslinked material at a given irradiation dose).
They can be measured by a simple experiment (Fig. 9).

mask

monochromatic
—_—

light

QUARTZ PLATE

-
v
(%2}
w
04
O
[t
[}
a

N

—

X

[

Fig. 8. Gel point eaperiment

A photopolymer composition is coated on a glass
plate and irradiated through the back increasing the
doses of light for each trial. After development in a
suitable solvent the thickness of the remaining
gelled layer is measured and plotted. From such a
curve the gel point may be extrapolated Typical
experimental data together with the calculated curve
are shown in Fig. 18. The intercept with the x-axis is
a function of equation |, but the slope and the
shape of the curve are a function of the molecular
weight distribution of the polumer as well.

Unlike the example shown in Fig. 18, in most cases
only few points in the vicinity of the gel point are
obtained. Therefore the gel point may onluy be
extrapolated by comparison with the calculated curve

14> A numerical method is given in ref. 18)

The gel curve may be calculated by a combination of
the photochemical balance with the Flory equation
for the crosslink density distribution of any given

molecular weight distribution M). Considering several
molecular weight distributions we get a series of

curves, as shown in Fig. 11 in dimensionless form for a
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THICKNESS (um )

EXPOSURE (10" Einstein/cm’)

Fig10. Gel curve 180 Asterics: esperimental points.
=== Calculated curves for three different
dispersities of the molecular weight.

Photochemical balance
1.00

X 0.75
Eao= 224
L 0.50

0.25

GEL FRACTION

Flory - Equation
0.00

- y
1w 3y fly) [1-pW]

_ 1
Txy ey

Fig 11 Dimensionless calculated gel curves obtained by
combination of the photochemical balance with
the Flory equation relating the weight fraction
of gel w with the molecular weight distribution
y and the crosslink density p.
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polymer with lognormal distribution. ﬂ is the
halfwidth of the molecular weight distribution. The
broader the molecular weight distribution the smaller
is the slope of the gel curve At wvery broad
distributions a fully crosslinked layer may not be
obtained within finite exposure.

Photopolymers show striking similarities to silver
halide photography insofar as the sensitivity,

determined by M,,scorresponds to the the grain size

of the silver halide and the contrast or shape of
the characteristic curve determined by the molecular
weight distribution corresponds to the particle size
distribution of the grains.

2. Distribution of Chromophore Site
Reactivities

A pPhotopolymer is a glass with the chromophores

statistically distributed. A certain amount is in a

favourable position to execute a crosslinking

reaction. The first photons entering the matrix will

cause photoreactions and produce a gel.

Table 1. Comparison between quantum yield of gelation and
quantum yield of conversion.

/C=C ﬂsel Ref.
Polyfvinylcinnamate) 0.25 0.26 19
Poly(DMD 0.18 018 12}
Poly{cyclopropene) 1.20 120 103
Polyl{chalcone-ester) 0.28 0.28 19)

Table 1 compares the quantum uields derived from
the chromophore conversion with the quantum uyields
obtained from the gel point exposure measurements.
This allows discrimination between reactions leading
to intermolecular and intramolecular crosslinks. It is
quite surprising that both quantum yields coincide at
the gel point. Thus, only interchain crosslinks but no
loops are formed.

Prolonged irradiation leads to decrease in quantum
yields. Fig. 12 shows the change of qgquantum yield
during irradiation for a typical photopolymer,
polyl{vinylcinnamate) and crystalline cinnamic acid.
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Fig. 12. Quantum yield change during irradiation for
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Crystalline cinnamic acid exhibits a constant,
quantum uyield of chromophore consumption during

high
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irradiation up to high conversions. In contrast, the
quantum vyield of chromophore consumption for the
glassy polymer decreases continuously with exposure
time and only partial conversion is achieved, a
behavior typical of amorphous photopolymers (see
also Fig. 13).

The decrease of quantum yield is interpreted
generally by different site reactivities . There may
be some highly reactive and many unreactive
chromophores, or there may be some sterically
hindered chromophores whose reaction probability
increases in the course of the reaction. Mathematical
modeling of the quantum yield curve may serve as a
basis for interpretation of the most probable case
for each photopolumer. Based wupon photophysical

data, Reiser and Pitts 2e> performed model
calculations on several industrial poluymers. A good
match between calculated and experimental quantum
yield curves was obtained.

<
2001
o o
S —_
"_é o CH, H,
] ¢—CH- —CH,
2 100 ¢=o ¢=o
i ° g
(C‘\ (CH’)z H,

-1
Eg10
|
QO
00
=
X
o

Xpmi
Fig. 14. Sensitivity (reciprocal gel point esposure} as a

function of molar fraction of DMI - chromophore
in DMI-MMA copolymers.
The reactivity in a solid matrix is also influenced by
the chromophore concentration. The few systematic
studies in the literature show that in general, the
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quantum yield of photocrosslinking and the sensitivity
drop significantly when chromophore content is
lowered. In the case of poly (DMI-MMA> (Fig. 14) a
straight line results indicating linear behavior
between molar fraction of DMI and reciprocal gel

point exposure (sensitivitw 12). Similiar behavior
was observed for polumers with pendant chalcone

groups 21). Assuming a bimolecular [2+42] reaction of
the chromophore, the experimental points should lie
on a parabola stemming from second order kinetics.
However, for a reaction in the solid state the second
order mechanism is highly unprobable. Since only
those chromophore pairs forming a reactive site can
react, and the concentration of these sites is fairly
low, the crosslinking reaction should follow pseudo
first order kinetics.

30 (o] [

204 o

107

1 25 5 7.5 10 125

c in(w)%

Fig. 15. Sensitivity as function of thiosanthone sensitizer
concentration. Arrow: unsensitized polymer.

3. Sensitization

Most crosslinkable chromophores are not sensitive at
368 - 440 nm, the emission maxima of conventional
exposure equipment. The addition of triplet
sensitizers increases the sensitivity significantly <Fig.

15 ey General rules for sensitization are:



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:46 19 February 2013

PHOTOPOLYMER SYSTEMS FOR LITHOGRAPHY 247

- the triplet state energy must be higher than
that of the unsaturated ester group (58 - 355
kCalsmol)

- the phosphoresence to fluorescence quantum vuyield
must be higher than one

- the lifetime of the triplet state must be longer
than 10 ms

- the absorption spectrum should match the emission
spectrum of the lamp

I111. Photoinduced polumerization

Photo induced polumerization is completely different
from photopolumer crosslinking where one starts with
glassy polumers and increases the molecular weight
by a solid state reaction. Photopolumerization,
however, converts a reactive liquid to a gel and
finally to a solid.

1. Photoinitiators 23’

1.1 Unimolecular Cleavage

The most widely used initiator systems producing free
radicals involve benzoul derivatives, e.g. substituted
benzoin ethers, acetophenones or, one of the most
recent developments, acul-phosphine oxides. Upon
irradiation the benzoyl radical is formed. All these
initiators have been studied in detail 2% Besides
purely organic initiators metallo organic compounds
were also studied and have been reported as

initiators 25).

0

o g
M oF AL

BENZ OIN DERIVATIVES ACETOPHENUNES ACYLPHOSPHINE OXIDES

Fig. 16. Radical photoinitiators (benioyl derivatives)
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All sensitizers are sensitive to the spectrum of
conventional UV-mercury lamps. In some cases
sensitization with dyes is also possible.

Benzoyl derivatives show Norrish I unimolecular
cleavage (or alpha cleavage) resulting in the creation
of two radicals (see Fig. 17)>. The most reactive

radical is the methyl radical g4y

Ce Poly-
— .
0 0OCH; 0 0OCHs merisation
I ho 1 +
OO i |04 O~ &
ioN Norrish | | *g
0CH3 0CH3

Fig. 17. Generation of radicals by photofragmentation (Norrish
I cleavage)

e.2 Photoreduction Systems
a CHa OH CH3
S S
ho Poly-
+ e +

merisation

CH3 'CHz\
)NOcnnczns SN £O0CHs
CH3 CHy

Fig. 18. Generation of radicals by intermolecular photoreduction

Another important type of photoinitiating system is

combination of aromatic ketones with donor
molecules which produce radicals by a photoreduction
mechanism. A typical example is shown in Fig. 18 Upon
irradiation the ketone undergoes photoreduction from
its exited triplet state with a donor molecule
abstracting a hydrogen. Two radicals are produced.
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The donor radical is the more reactive.

The broad variety of ketonesdonor pairs allows us to

tailor the absorption of a photopolumerization
system from the deep UV to the visible region of the
spectrum. The reactivity of these systems is

influenced by the ketone as well by the donor 22)7
3. Monomer Systems
Olefins are suitable monomers for radical

poluymerization. Acrylic esters are preferred for their
high propagation rates. Typical monomer systems
include highly wviscous mixtures of multi functional

acrylates together with unsaturated oligomers 26).
Adhesion, thermal stability , softening temperature
(Tg>and chemical stability of the crosslinked image

depend on the proper composition of monomers,
reactive oligomers and binders, which are often added
to socak up the liquid components. To prevent the
quenching of the radical polymerization by oxygen, the
irradiation is usually performed either under a
nitrogen blanket or wnder an oxuygen barrier laver
closely adhering to the photosensitive layer, be it a
transparent poluester foil or a polulvinylalcohol)
overcoat.

4. Network Formation

In photopolymerization it is very difficult to predict
gel point exposures and sensitivities from monomer data.
Up till now, no complete quantitative description of the
photo polymerization reaction, including minimal energy
requirements to reach the gel point, can be given. The
systems are too highly complex for complete mathematical
modeling.

Scheme 1 shows typical values for the quantum uyield
and the overall rate of polymerization of typical
photopolymerization suystems. From standard solution
or bulk radical photopolymerization kinetics, the
overall rate of polumerization Rp and the degree of

polymerization DP, are defined (for the case of low
optical densities> by eqns. 3 and 4.

kp
@ Rp =—————cm[a.393-xo-on-¢i‘

[ev
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9> DP, =—~——CM3/\2.363- Io-0.D.-B;

The rate of polumerization Rp should be proportional

to the square root of the light intensity. In bulk
polymerization, however, this behavior is observed
only for the monofunctional monomers whereas
multifunctional monomers show a nearily linear
dependence between intensity and polumerization rate.

as first observed by Decker 27>, This fact may be
explained by the absence of termination reactions in
the polumerization of multifunctional monomers , e.g.
the growing radical that does not find a reaction
partner is trapped in the matrix of the network.

There are several experimental proofs for trapped
radicals. Free radicals may be detected in the
crosslinked networks even days later or
postpolymerization may be induced by thermal
activation.

¢ double bonds reacted
P

photons absorbed

600 < @gp < 2'000 in air
3000 < @#p < 10°000 in nitrogen

Conventional Photopolymerization

~r 0-5
Rp I
monofunctional monomers Rp ~ 105
multifunctional monomers Rp ~ 10.85

Scheme 1: Characteristic parameters of photopolymerization

The kinetics of polumerization in solution and
polumerization in the solid state are quite different.
In solution polymerization proceeds according to

d6 = dH ~ TdS
There is a constant heat of polumerization, an
entropy that decreases to a constant value after
several polumerization steps and a negative free
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energy of polymerization dG. Normally the reaction
does not proceed under equilibrium conditions because
the heat of polumerization is usually much higher
than the term TdS. The reaction stops when the
monomer is consumed.

In the polymerization of monomer single crystals to
polymer single crystals there exist only very few
examples like diacetylenes or polu(oxymethylena). In
this case a complete conversion via a topochemical
reaction may also be achieved because there is no
great dif ference in entropy going from one
crystalline state to another.

\\
\\
N\ Elostomer
Sol/gel N

rubber N,
P\ ~

3

90 \\\\ w \x

N A d

) %’vimncmior\\\\\\\\\
e

%

’% e glass /////// %

Log time

Fig. 18. TTT - (Time, Temperature. Transition} - Diagram

Temperature (7., )

In the polymerization of liquid multifunctional olefins
the viscosity increases with conversion until the gel
point is reached Further conversion increases the
crosslink density which raises the glass transition
temperature Tg. The polumerization stops before

completion, at the onset of vitrification. The onset of
vitrification agccurs when the glass transition
temperature of the material coincides with the
reaction temperature.
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This complex behavior is best pictured in the TTT -
(Time, Temperature, Transition) - diagrams introduced

by Gillham 27> (Fig. 19). The x-axis shows the reaction
time, the y - axis the temperature. ke have to deal
with a), the T4 of the unreacted material, b); the T4

of the completely crosslinked material and c.); the
reaction temperature. The reaction goes from the
liquid to the solid state , the reaction stops at the
vitrification sinodal. Therefore materials with high Tg

are not accessible by reaction at room
temperature.
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