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The application of silicon integrated circuits has become pervasive in almost all human
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scribed. The strong interdisciplinary nature of these evolving technologies is readily apparent and will be more
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Viewpoints

lC Process Technology: VLSI and Beyond
by Frederic N. Schweftmann and John L. Moll

HE VLSI ERA is here. Integrated circuits containing over
100,000 devices with 1-to-2-micrometer feature sizes have
become a manufacturing reality. A prime example of the

power ofthis technology is the demonstration ofa 450,000-device,
32-bit microcomputer operating at a clock rate of 18 MHz.l This
remarkable accomplishment is the result of the congruence of
advances in design automation, process technology, packaging
and test ing. In the f ield of process technology, signif icant
achievements have been demonstrated in lithography, etching,
interconnections, materials and low-temperature processing. Now
that VLSI has become a reality, where and how far the technology
can be extended are key questions facing researchers the world
over,
Device Scaling

The presently available processing capability of defining dimen-
sions as small as 1 to 1.5 micrometers will be driven down to even
smaller sizes. The general device perforrnance guidel ine of
constant-f ield scal ing* has been fol lowed as metal-oxide-
semiconductor (MOSI device dimensions are reduced, but with
significant violations. The average voltage drop per micrometer
along the device channel has increased somewhat, and the
maximum electric field in the gate dielectric has increased. In
addition, the channel length has decreased faster than the junction
depths for the source and drain regions. The result is that from time
to time new physical phenomena need to be included in describing
device operation and electrical characteristics, and in determining
the sensitivity of circuit operation to process variations.

Up to this time, scaling of both lateral and vertical dimensions
has been advantageous, both to functional integration and to cir-
cuit performance. As the dimensions become less than one mi-
crometer the performance advantage will become more difficult to
maintain. Parasitic resistance will increase, and as chips become
more complex, parasitic capacitance will be more difficult to con-
trol. A lower operating voltage tends to reduce noise margin and
places greater demands on process control. There is in fact a proba-
bility that at some minimal dimension, performance will peak,
limited by parasitic effects and unscalable parameters such as
operating temperature and subthreshold conduction.

An often asked question is "What are the minimum usable line
and space sizes for silicon VLSI?" A proposed answer for the
minimum feature, both in an MOS device and in interconnect lines,
is approximately 0.25 micrometer. Thermodynamic and
quanfum-mechanical effects begin to limit device and circuit per-
formance at sufficiently small dimensions. There are more pragmat-
ic considerations, such as the previously mentioned parasitic ef-
fect on performance, and limitations in the perfection and control
of fabrication processes. The cost of building and maintaining a
facility to achieve the necessary degree of control for submicrome-
ter VLSI will certainly far exceed present-day factory costs.

There are still a number of "aces in the hole" that make the
ultimate scaling and performance of silicon VLSI a moving target.
The discussion to this point has centered around MOS switches
built in the self-aligned silicon gate configuration. There are possi-
ble process inventions that could, for example, significantly reduce
the parasitic and interconnect Iimits (see article on page 31 and box
on page 33). Device inventions such as multilevel films of active
*Constant-field scallng means that if, when the physical dimensions ot a devtce are reduced,
the operating voltages and currenls are also reduced so that the electric f ields wlthin the
device remain constant, performance should remain the same. In practice this is diff icult
to do because of the need for a standard operating voltage.

devices could also affect system architecture. There is so much
activity in both new processes and new device configurations that
any attempt to report all of the efforts would fall far short of the
mark.

Lithography
The dominant lithographic technology currently used in IC

manufacturing is the 1:1 optical projection printer. This tool allows
geomehies as small as two micrometers and affords high wafer
throughput. Below two micrometers, the trend has been to step-
and-repeat exposure systems. In addition to better resolution, these
tools provide greater alignment accuracy. As a general guideline,
the layer-to-layer registration is targeted to be no worse than 0.25
times the minimum resolvable feature size, Therefore, for a 1-rl,m
technology, the layer-to-layer registration should be better than
+O.25 pm, a value well within the capability of a state-of-the-art
step-and-repeat system. It is expected that as the numerical aper-
ture of the lenses used in the optical system is increased and the
wavelength of the exposing light is decreased, a real Iimit of 0.5 pm
for refractive optics will be approached. Crucial to the success of
optical systems in the submicrometer regime is the use of a mul-
tilayer resist technology (see article on page 5). Much effort is being
expended in this area to extend the usable range of optical systems.
Higher contrast resists such as those using inorganic materials may
ultimately replace the organic photoresists now in common use.

At 0.5 micrometer and smaller, X-ray and electron beam lithog-
raphy are the contenders. Electron beam has demonstrated fine-
line capability and possesses excellent alignment potential. How-
ever, throughput is currently lower than for optical systems and the
cost is considerably higher. X-ray, on the other hand, has excellent
resolution capability and the potential for higher throughput (see
article on page 14). For dimensions less than 0.5 micrometer, step-
and-repeat systems would be required to achieve the desired over-
lay accuracy. This eases the mask fabrication problems, but re-
quires that a more intense source of X-rays be used and/or a more
sensitive resist developed. Clearly, much technological progress is
required.

Etching
Once a pattern has been defined in the resist, it must be faithfully

reproduced in the underlying layer. Before the advent of VLSI,
etching was usually done with wet chemistry. This technology
almost always has the virtue of nearly infinite selectivity (ability to
etch one material without affecting another materiall, but is iso-
tropic. For geometries greater than two micrometers, this is not a
significant problem. However, when etching a 1-pcm-wide pattern
in a layer that is 0.5-pm thick, the lateral portion of isotropic
etching completely destroys the pattern. For most VLSI applica-
tions and all future submicrometer work, anisotropic etching will
be essential. The use of dry plasma processes has emerged as the
primary etch technology (see article on page 19).

The transition from wet to dry etching has been difficult. The
required equipment fsee box on page 22) is more complex, more
expensive and has lower wafer throughput when compared to wet
etching. In addition to anisotropy and good selectivity, sloped
sidewalls are required to provide conformal step coverage for sub-
sequent layers. The task is to find the right combination of gases
and process conditions to match the requirements. An enduring
significant problem is the lack of understanding of the mechanisms
associated with anisotropy, etch rate and selectivity. Much work is
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required in this area.

Interconnections

As the speed of individual devices increases, the time delays
associated with the interconnections begins to play a significant
role in circuit performance. As the minimum feature size is de-
creased, the area of the interconnect and the contact area become
smaller. The time delay is dependent on the resistance of the
interconnections and the capacitance controlled primarily by the
dielectric layer. The dielectric rnaterial in most cases is either
silicon dioxide or silicon nitride.

For the device interconnections, a variety of materials are availa-
ble. Refractory metal silicides on top of polysilicon are gradually
replacing polysilicon as a first-level interconnect material. An
order-of-magnitude decrease in resistivity is gained by this ap-
proach. More emphasis is now being placed on two levels of metal-
lization on top of the polysilicon or polycide layer. This provides
greater flexibility for the circuit designer, but adds to the manufac-
turing difficulty. Three or more levels of metallization are expected
to become more common as experience is gained. Aluminum alloy
metallization is currently used in almost all VLSI applications. As
contacts to diffused areas with shallower iunctions are required,
barrier layers such as tungsten will be added to prevent spiking*
through the iunctions. To decrease the contact resistance (contact
area decreases, and hence resistance increases as the square of the
scaling factor), silicide layers such as platinum silicide may be
required.

An additional factor, electromigration fsee article on page ZB),
becomes important for circuit reliability as the conductor cross-
sectional area decreases and current density increases. This re-
quirement may result in the replacement of aluminum alloys with
materials such as tungsten. However, the higher resistivity of
tungsten, about four times higher, results in another tradeoff be-
tween performance and reliability.

Materials

Another area expected to be of great concern in the submicro-
meterregion is the silicon material itself. Already great care is being
given to tighter control on the specifications of substrates. The
amount, distribution and chemical bonding of silicon impurities
such as oxygen and carbon are being carefully monitored and their
effect on device performance evaluated. The coupling of these
species to the defects generated during processing is a major con-
cern. A variety of gettering schemes are being studied and im-
plemented where needed. The tools for characterizing defects on a
near-atomic level, such as scanning transmission electron micro-
scopy (STEM), are now available and are being brought to bear on
the problems with remarkable results. There is much optimism on
being able to understand and control the location of defects in
s i l i con .

One novel approach to forming a substrate, discussed in the
article on page 10, is the use of an intense laser or electron beam to
melt a polysilicon layer and then let it cool and recrystallize into
Iarge-grain polysilicon suitable for device fabrication.

Low-Temperature Processin g
The requirements of shallow junctions in scaling and the need

for the minimum lateral motion of dopants requires that processing
temperatures be kept as low as possible. Instead of applying energy
to deposition and growth processes by thermal means alone,
plasma excitation will be used [see article on page 24). Already,
deposi t ion of  s i l icon dioxide and s i l icon ni t r ide by plasma
techniques is available for manufacturing processes. Films depos-
ited using plasma excitation tend to exhibit better step coverage
than purely thermally deposited films. Interest is now hieh in

'Enhanced drf fus on ol  the conlacl  metal  In a ocaltzed area ol  lhe Llnderly ng semrcon

d u c t o r  m a t e r a l  r e s u l t i n g  n  a n  e e c t r c a l  s h o r t  a c r o s s  a  d e v r c e  j u n c t o n
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being able to deposit conducting materials such as aluminum and
tungsten using plasma techniques.

The growth of  th in f i lms in a p lasma as opposed to deposi t ion is  a
new and exciting area. Gate dielectrics of silicon nitride and ni-
trided silicon dioxide show promise for scaled devices requiring
dielectric layers less than 10 nm thick (see box on page 26). They
exhibit better physical durability, lower etch rates and lower defect
densities. Much work needs to be done to understand the growth
mechanisms and implement these films in the manufacturing
environment.
' Another approach that will be useful in lowering processing

temperatures is high-pressure oxidation (see article on page 34).
This could be a useful tool in the submicrometer regime.

In summary, while design tools are still lagging the available
process technology, the march toward smaller devices and circuits
continues at a furious pace. It is expected that by the turn of the
century, the ultimate limits in silicon will have been clearly dem-
onstrated and maybe attained. Many challenges remain and oppor-
tunity exists for contribution and innovations in almost all en-
gineer ing disc ip l ines in reaching th is goal .
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Optical lC Lithography Using Trilayer
Resist
A composite photoresist layer reduces exposure effects
that degrade pattern definition and reduce resolution in
optical lC lithography.

by Michael M. O'Toole, E. David Liu, and Gary W. Ray

HE DENSITY AND PERF ORMANCE of devices con-
tained in today's VLSI circuits are primari ly deter-
mined by  the  reso lu t ion  capab i l i t y  o f  the  l i tho-

graphic technique used for the circuits '  manufacture. The
dominant technology uses an optical project ion system to
form an image of the desired pattern on the photoresist-
covered surface of a si l icon wafer. The theoretical image
resolut ion l imit of the lens systems in modern project ion
al igners is in the submicrometer range. Flowever, the reso-
lut ion obtainable in normal IC production is much poorer
because of various resist and substrate surface effects.

To achieve dimensional control closer to the theoretical
resolut ion l imit of the project ion system, a tr i layer resist
process has been developed. Before describing this process,
i t  is useful to discuss the effects that degrade image resolu-
t i o n  i n  c o n v e n t i o n a l  p r o c e s s i n g .

In an ideal si tuation, the image projected on a planar,
nonreflect ive surface covered with posit ive resist wi l l  con-
sist of perfect ly dark l ines, corresponding to the desired
features, surrounded by evenly i l luminated areas where the
resist is exposed and later developed away. In typical IC
fabrication, however, the image is projected onto a nonpla-
nar ref lect ive surface that is unevenly covered with resist.
The nonplanar ref lect ive surface provides the condit ions
for two effects that l imit the usable resolut ion of a project ion
al igner. The bulk effect is caused by large thickness varia-
t ions of the resist near abrupt changes (steps) in the surface
topography. The standing-wave effect is caused by mult iple
ref lect ions of the exposure i l lumination from the substrate
surface. l

The bulk variat ion in the resist thickness as i t  covers a
step is shown in Fig. 1 .  The resist layer on top of the step is
thinner than i t  is next to the step and, in general,  requires
less exposure to be developed to the desired l inewidth. As a
result of the standing-wave effect, variations in the thickness
of the resist or any thin semitransparent layers under
the  res is t  can  cause la rge  var ia t ions  in  the  exposure
energy coupled into the resist,  This effect is periodic within
the thickness of a layer, The period is \ /2n, where tr.  is
the wavelength of the i l lumination and n is the index of re-
fract ion of the layer material.  Even a small  thickness varia-
tion of 0.65 micrometer can cause a major exposure variation.
Both effects are most evident for resist feature dimensions

*Some oi the dala presenled Ln th s art  c le has been prev o!sly d scussed by the authors

a t  t h e  1 9 8 1  S y m p o s  u m  o n  V L S  T e c h n o l o g y  l n  M a u ,  H a w a r  a n d  I  a r t r c l e s  p u b l  s h e d  I n  t h e
N o v e m b e r .  l 9 8 l  s s u e  o f  t h e  E E E  T r a n s a c t r o n s  o n  E  e c t r o n  D e v i c e s  a n d  t h e  M a v .  1 9 8 2
rss!e ol  So id State Techno oov

approaching the resolut ion l imit of the project ion lens.
The standing-wave and bulk effects may be studied by

using a computer program for the simulat ion of optical
project ion print ing.2 The program assumes dif fract ion-
l imited optics, considers the numerical aperture of the im-
aging lens, the imaging wavelength, the part ial  coherence
factor of the illumination system, and the focus error, and
calculates the image intensity pattern for a specified feature
on the surface ofthe resist.  The exposure and development
of the resist are calculated by using the model described by
Dil l ,  et al.3 This model considers the substrate's topography
and the characterist ics and thickness ofthe resist.  The f inal
output is a simulated l ine edge profi le in posit ive resist.

A sample output of the simulat ion program is given in
Fig. 2, which shows the nominal exposure required for a
periodic 1-prm-wide l ine-and-space pattern as a function of
posit ive resist thickness on (a) a si l icon substrate, and [b) an
aluminum substrate. The nominal dose is defined as the
exposure energy density required to repl icate the mask
l inewidth in the resist.  The bulk effect causes the gradual
r ise of the curve, and the standing-wave effect causes the
periodic variat ion. The period ), /2n is 128 nm for an expo-
sure wavelength of +a0 nm and a resist refract ive index of
1.69. To compensate the standing-wave effect caused by a
64-nm thickness variat ion in a 1-pm-thick layer of posit ive
resist on a si l icon substrate, a 25lo exposure dif ference is
required. A similar exposure difference is required to cor-

Fig. 1. Reslsl step coverage: 1-pnlhick resist pattern over
0.5-ptn-high step.
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Fig. 2. The exposwe energy density (dose) required at a
wavelength of 436 nmto achieve 7-pn-wide /lnes andspaces
in HPR 204 positive resist on (a) silicon and (b) aluminum
surfaces for numerical aperture NA:0.28, peiect focus, and
partial coherence factor o=0.7.

rect for the bulk effect caused by a 250-nm resist thickness
variation. From curve b ofFig. 2, a bulk thickness variation
of about 420 nm is equal to a standing-wave thickness
variation of 64 nm. Both effects can combine near a step to
produce a significant variation in the nominal exposure
dose required, causing severe linewidth control problems.
Fig. 3 shows a microphotograph of 1-pm-wide lines and
spaces patterned in a 1-pm-thick layer of positive resist over
two 0.5-pm-high polysi l icon l ines. The resist l inewidth is
very unstable near the edge ofthe steps and narrower on top
of the polysilicon lines than in the lower field areas around
them.

Fig.3. 1-pm-wide lines and spaces in 1 pm of resist over
0.5- pm-high polysilicon steps.

Patterned Positive-Resist Top Layer

Substrate

Fig. 4. Trilayer reslst sysfern.

Trilayer Resist Process
To realize the maximum resolution from a projection

aligner, the surface of a wafer must behave as if it were
planar and nonreflecting. In an attempt to achieve this
condition, several multilayer resist processes have been
recently proposed and demonstrated.4-e In a multilayer sys-
tem, the substrate's topography is planarized by a thick
bottom polymer layer. Optical reflections from the underly-
ing surface topography can be eliminated by choosing an
absorptive material for the bottom layer.

Fig.   i l lustrates the tri layer structure studied by
Hewlett-Packard Laboratories. An absorbing polymer, one
to three micrometers thick, is used to planarize the substrate
topography. The planarized surface can be coated uniformly
by the top resist layer, thus suppressing the bulk effect. The
absorption of the exposure illumination by the bottom
polymer layer eliminates reflections from the substrate to-
pography and reduces the standing-wave effect. An inter-
mediate inorganic layer serves as a mask during reactive-
ion-etching to transfer the top resist layer pattern to the
bottom layer. The intermediate layer also prevents mixing
of the top and bottom layer polymers.

Suitable materials for the bottom layer are polymers that
planarize well. Transparent polymers may be made absorb-
ing by adding dye. The dye must dissolve in the polymer
and absorb strongly at the exposure wavelength. To
simplify processing, the dye should be transparent at the
alignment wavelength, allowing easy detection of the
alignment mark through the thick bottom polymer layer.

Several materials have been used for the intermediate
layer .  PIasma-enhanced chemical -vapor deposi t ion
(PECVD) of silicon nitride done at room temperature is
suitable (see article on page 24). Spin-on glass (SOG) has
also been used as a suitable intermediate layer.ro Because
SOG can be applied by IC production equipment very simi-
lar to that used to apply resist, the use of SOG for the
intermediate layer makes it easier to incorporate the trilayer
process into an IC production facility. Both PECVD nitride
and SOG permit rework of the top resist layer without
having to strip the intermediate and bottom polymer layers.

Pattern transfer from the top resist layer to the inter-

0.1 pm--r--
I
I
I

1.0 pm
to

3.0 pm

V

Intermediate Layer (Si02,Si3Na or

Bottom Layer Polymer (Dye Added)

6 gEwrerr,pncrARD JOuBNAL AUGUST 1982



mediate layer is achieved by plasma etching. If SOG is used
for the intermediate layer, a CHF:/COz gas mixture is used.
The SOG pattern is transferred to the bottom polymer layer
using an anisotropic oxygen plasma etch process.

The trilayer process was analyzed and optimized using
simulations generated by the computer program mentioned
earlier. Positive resist was used for the top and bottom
layers and was developed using a conventional batch pro-
cess. The exposure and development parameters for the
pos i t i ve  res i s t  we re  measu red  a t  Hew le t t -Packa rd
Laboratoriesll using equipment similar to Dil l 's for the ex-
posure parameters and to Meyerhofer's12 for the develop-
ment parameters.

In addition to the optical parameters of the aligner and
the exposure and development parameters of the resist, the
computer simulation of the trilayer system considers the
refractive indexes of the materials and thicknesses of the
various layers. Fig. 5 shows the calculated nominal dose
required to print l-g.m-wide lines and spaces as a function
of the thickness of the bottom polymer for the trilayer sys-
tem of Fig. 4 on an aluminum substrate. Curve a assumes the
absorption of HPR 204 positive resist and curve b assumes
the absorption of this resist with dye added.

I f  the bot tom polymer Iayer  does not  suf f ic ient ly
planarize the substrate surface, the top layer of resist will
disperse nonuniformly. Curves a and b of Fig. 6 show the
calculated linewidth as a function of top resist thickness for
two bottom polymer thicknesses of t.oe pm and 0.95 pm.
These two thicknesses represent the two extremes near 1
pm of curve a in Fig. 5. In both cases, the simulated expo-
sure dose has been adjusted to produce a 1-prm-r,r'ide line for
a  0 .S -pm- th i ck  t op  res i s t  l aye r .  Bo th  t he  bu l k  and
standing-wave effects are clearly seen. If the top resist layer
is uniformly 0.5-prm thick, the nominal exposure required
to maintain a one-micrometer dimension changes from 16
mJ/cm2 for a 0.9S-pm-thick bottom layer to 25 mJ/cm2 for a
1.03-g,m-thick bottom layer. This exposure variation is too
great to achieve sufficient linewidth control over the entire
wafer surface.

Adding dye to the bottom polymer of the trilayer process
suppresses the standing-wave effect. Curve c of Fig. 0
shows the Iinewidth variation versus top resist layer thick-
ness for a 1-g.m-thick bottom resist layer with dye added.
The linewidth variation is caused entirelv bv the bulk ef-

Bottom Layer Polymer Thickness (pm)

Fig.5. Nominal dose yersus bottom potymer thickness for the
trilayer system of Fig. 4 on an aluminum substrate using (a)
HPR 204 positive resist and (b) HPR 204 containing 1 .5% dye
for the bottom polymer. Simulations are for 1-gn-wide lines
and spaces under pertect focus conditions.

Top Layer Resist Thickness (rrm)

Fig, 6, Slmu/ated linewidth versus lop resist layer thlckness
for 1 - pn-wide Iines and spaces for (a) a 0.95- ptn-thick bottom
layer of HPR 204 positive resist and an exposure dose of 16
mJlcm2 for the top layer of resist. (b) A 1.03-Wn-thick bottom
layer ot HPR 204 and a 21-mJlcmz dose for the top layer. (c)
When dye is added to a 1.j-w-thick bottom layet, the
standing-wave effect on the linewidth in the top resist layer is
eliminated.

fect. Because positive resist used for the bottom polymer
has been shown to planarize well ,13 the top resist thickness
can be held to close tolerance, and good Iinewidth control is
expected.

Experimental Results
A resolution test mask was used to print lines and spaces

over topography using the trilayer system and a direct-

Fig.7. 1-pm-wide lines and spaces in trilayer reslst oyer
0.5-gn-high aluminum steps after reactive ion etch. 2 0-pm-
thick HPR 204 positive resist containing 1.5o/o dye is used for
the bottom polymer layer.

o
a
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step-on-wafer (DSW) 10:1 optical project ion al igner with a
numerical aperture of 0.zg and an imaging wavelength of
436 nm. Fig. 7 shows a scanning-electron-microscope
(SEM) microphotograph of 1-pm-wide l ines and spaces pat-
terned with a trilayer process over 0.S-g.m aluminized to-
pography. Because the 2.O-prm-thick bottom resist layer
planarizes the topography well, the thickness of the top
resist layer is control led to about +0.03 pm. The bulk effect
is minimized and the standing-wave effect is eliminated.
Because the wafer surface appears planar and nonreflective,
excellent linewidth control of 1-pm-wide fearures over
0.s-pm-high steps is achieved.

Fig. B shows the straight sidewalls that are possible with
this process. The bottom and intermediate layers in Fig. B
were etched in a single pumpdown using a reactive-ion-
etch system.

Future ot Optical Lithography
Optical l i thographic technology continues to evolve,

both in equipment and in resist materials and techniques.
Projection aligners with large numerical apertures, shorter
imaging wavelengths, and better alignment capability are
being designed. Future alignersla should have a theoreti-
cal resolut ion l imit well  into the submicrometer range and
use sophist icated site-by-site autoal ignment systems. In
addit ion, new materials such as the inorganic resistso,7,15
may be used in a multilayer resist system to further enhance
the practical resolut ion of optical l i thography.

'.,...,.aat:..1.

0.0 0.5 1.0 1.5 2.0 2.5

Linewidth (pm)

Fig. 9. Ihe nominal exposure dose as a f unction of linewidth
in micrometerc for (a) X:436 nm, NA:0.28; (b) L: 405 nn,
NA :0.35; and (c) )\: 240 nm, NA:0.25 (o:0.7, a// cases).
Simulation parameters (see reference 11): A:0 57 pm 1,

B:O.OB , rn - l  ,  C :0 .01  cm2lmJ,  F t :0 .179,  F , : -0 .346.
Fs :0 '168

In an ideal multilayer resist system, one where planariza-
tion is complete and substrate reflections are completely
suppressed,  the  l im i ts  o f  op t ica l  l i thography  can be
explored through computer simulation. The nominal expo-
sure dose as a function of linewidth under perfect focus
conditions for three combinations of numerical aperture
and exposure wavelength is shown in Fig. 9. Curves a and b
use parameters that roughly correspond to existing projec-
tion equipment. Curve c simulates a ficticious projection
aligner that has an imaging lens with a numerical aperture
of 0.25 and an imaging wavelength of 240 nm. The sudden
rise in exposure dose for the smaller l inewidths indicates a
regime where IC process latitude degrades sharply. Opera-
t ion in the crook of this regime is possible i f  a set of l ine-
width compensation rules for the larger l inewidths is used.

A more expl ici t  view of process lat i tude is given by Fig.
10 and Fig. 11, which give the fract ional l inewidth varia-
tion as a function of linewidth for a +5% and a -r10%

variat ion in exposure energy. Curves a, b, and c in Fig. 10
and Fig. 11 correspond to curves a, b, and c in Fig. 9. The
calculated nominal dose for each linewidth in Fig. 9 was
used to generate Fig. 10 and Fig. 11. The curves in Fig. 10
and 11 were calculated assuming a focus error equal to
one-half of a "depth of f ield."

Current optical systems in conjunction with multilayer
processing can probably achieve an effective exposure sta-
bi l i ty in this range. From curve b in both Fig. 10 and Fig. 11,

0.35

0.25
J

)
0 .15

1 .0  1 .5

Linewidth (r.m)

E
o
a

qr
o
o
o

I

.

Fig. 8, Edge profile of trilayerprocess using spin-onglass for
the intermediate layer covering 1.0-ym-high aluminum steps.
Protile is shown after reactive ion etching of bottom potymer
layer,
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Fig. 10. The fractional linewidth variation ( trLlD as a functjon
of tinewidth in micrometers for a *5o/o variatiotn in exposure
energy for the curves of Fig. 9. Each opticat syslern ,vas
degraded Oy xlfa{Ayl of focus error.
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Ffg. 11. The fractional linewidth variation as a function ol
linewidth for a +10o/o variation in exposure energy for the
curves of Fig. 9.

a proiection aligner with a numerical aperture of 0.35 and
an imaging wavelength of 405 nm should be able to print a
0.8-pm linewidth with 8% to 1,2Vo variation in size, using
current microfabrication processes. Such an imaging sys-
tem is commercially available today. As the imaging and
alignment systems of optical lithographic equipment im-
prove during the 1980s, production of VLSI circuits with
submicrometer design rules should become a reality.
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Silicon Integrated Circuits Using Beam-
Recrystallized Polysilicon
Melting a polysilicon layer by using an intense laser or
electron beam can significantly improve the properties of
the layer for semiconductor device fabrication. Novel
vertical device structures can also be formed with this
technique.

by Theodore l. Kamins

HE RECENT FABRICATION of metal-oxide-semi-
conductor (MOS) devices in layers of laser- or elec-
tron-beam-recrystallized polysiliconl,2'3 offers the

possibility of freeing integrated circuit structures from
the constraints of conventional, single-crystal sil icon
technology.

While transistors fabricated in fine-grain polysilicon
have marginally useful characteristics,a the behavior of de-
vices in recrystallized polysilicon can approach that of
transistors in single-crystal silicon. The new technology
offers the promise of high-performance integrated circuits
(ICs) fabricated on potentially inexpensive or insulating
substrates,s as well as the possibility of additional levels
of devices on monolithic silicon ICs. Combining levels of
recrystallized polysilicon with single-crystal silicon can
lead to novel vertical structures,6 as well as increased com-
ponent density.

This paper describes the characteristics of recrystallized
polysilicon that make it useful for transistor fabrication and
the behavior of the resulting devices. A recently fabricated
complementary metal-oxide-semiconductor (CMOS) struc-
ture that incorporates these transistors is discussed along
with potential future applications in three-dimensional in-
tegrated circuits and other uses.

Transistors in Recrystallized Polysilicon
During the past decade sporadic efforts have been made

to fabricate MOS transistors with their active channels in

Fig. 1. As an intense laser or electron bearn scans across
fine-grain polysilicon, the material melts, and then, as ll cools,
recrystallizes into large-grain polysilicon.
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layers of polysilicona'7 to allow additional flexibility in IC
design and fabrication. However, transistors in fine-grain
p o l y s i l i c o n  h a v e  l i m i t e d  a p p l i c a t i o n  b e c a u s e  t h e i r
threshold voltages are high and their carrier mobilities are
low.a The transistor characteristics are limited by defect
states primarily associated with the many polysilicon grain
boundaries. If the number of grain boundaries and as-
sociated defect states can be greatly reduced, the transistor
properties also improve. To reduce the number of bound-
aries, the grain size can be increased by melting the fine-
grain polysilicon with a scanning, continuous-wave (CW)
laser or electron beam (Fig. 1) so that it recrystallizes into
large-grain material upon cooling.8 The transistors fabri-
cated in such material have characteristics approaching
those of transistors in single-crystal silicon.

Hewlett-Packard's transistor-fabrication efforts in beam-
recrystallized polysilicon have used techniques compatible
with high-density, high-performance, MOS IC technology.
Consequently, the transistors are fabricated with a state-of-
the-art isolation process using local oxidation of silicon
(LOCOS) suitably modif ied to account for the large-
grain structure of the polysi l icon.2,3

In the most straightforward demonstration of the transis-
tor characteristics, devices are fabricated in polysilicon
films deposited on silicon wafers uniformly covered with

Fig. 2. By oxidizing through the entire thickness of the ex-
posed polysilicon areas, the recrystallized polysilicon is sepa-
rated into isolated device regions surrounded by insulating
fi lms.



insulat ing layers. The polysi l icon is melted using an
argon-ion CW laser to convert the initial fine-grain polysili-

con to large-grain material (Fig. 1). A layer of silicon nitride
is deposited over a thin stress-relief oxide layer and pat-

terned to retain the nitride in the active device regions. The

exposed polysilicon areas are oxidized until the growing
oxide reaches the insulating layer beneath the polysilicon.
Each device island of polysi l icon is thus completely iso-
lated from adiacent islands and from the substrate by in-
sulat ing layers (Fig. 2). Alternatively, the polysi l icon be-

tween device islands could be removed by etching.
The remaining steps of the transistor-fabrication process

are similar to those used to form silicon-gate transistors in
single-crystal si l icon. A schematic cross section of d
f inished transistor is shown in Fig.3. In some cases, the
threshold voltage is adjusted by implanting boron or phos-
phorus through the gate oxide before the gate polysilicon is
deposited. Ion-implanted source and drain regions are used
and the heat treatment after these implantations is limited
to avoid excessive dif fusion.

Fig. 4 shows the source-drain characteristics of large- and
smal l -geomet ry ,  n -channe l ,  recrys ta l l i zed  po lys i l i con
transistors, as well as single-crystal-silicon and fine-grain
polysilicon devices. The kink in the current-versus-voltage
characteristic arising from the presence of the insulator
under the channel region is clearly seen for the large-
geometry transistor. Some p-channel transistors have also
been fabricated, and transistors with effective channel
lengths as short as 1 pm have been obtained. Transistors in
polysi l icon recrystal l ized using an electron beam have
characterist ics similar to those in laser-recrvstal l ized
polysi l icon.3

Use of Beam-Recrystallized Devices in Silicon lCs
The characteristics of recrystallized polysilicon transis-

tors can be useful in many IC applications that normally use
single-crystal-silicon transistors. The carrier mobilities are
generally about half those of single-crystal transistors, but
about five to twenty times larger than those of transistors in
fine-grain polysilicon (Table I). The threshold voltages of
the recrystallized transistors are only slightly greater than
those of single-crystal transistors, rather than being 10 or

Aluminum

Fig. 3. Schematlc cross section of a translstor fabricated in
rec ry stal I i zed poly si li co n.

Table I
Characteristics of MOS Transistors Fabricated in

Single-Crystal Silicon and Polysilicon

n-Channel p-Channel

Mobility Vr Mobility
(cm2/V-sJ (V) (cm,/V-s)

v T

(v)

Single-crystal silicon 670 1 1 8 0  - 1 . 5

Laser-recrystallized
polysilicon

300 7 to 2 72O -2

Fine-grain polysi l icon -10 to 20 :10

to 20

=2O - -10
to -20

20V higher, as in f ine-grain polysi l icon transistors. In addi-
t ion, the source-to-drain leakage current of transistors
with short (1 to 2 pm) channels is in the range of 10-13 am-
peres per micrometer of channel width, not very different
from that of single-crystal transistors.

Once discrete transistors and simple ring oscillators had
been fabricated in recrystal l ized polysi l icon on si l icon wa-
fers uniformly covered with insulating layers, we wanted to
combine the polysilicon transistors with those fabricated in
adjacent regions ofsingle-crystal si l icon. In one potential ly

beneficial application, p-channel transistors can be fabri-
cated in recrystal l ized polysi l icon and combined with
high-performance, n-channel transistors in adjacent re-
gions of the single-crystal silicon substrate to form a CMOS
integrated circuit.

CMOS ICs are becoming increasingly important for the
real izat ion of low-power, high-speed functions. While

CMOS is general ly easy to use, the possibi l i ty of latch-up
(undesirable large lateral current flow between adjacent
complementary devices triggered by some circuit condi-
tions), and the resulting loss of circuit control, may restrict
its use. The various techniques that have been used to
minimize latch-up may significantly increase the chip size
and are, consequently, Iess than ideal.

Completely separating the two polarities of devices by
use of oxide layers totally avoids latch-up, but such com-
plete oxide isolat ion previously required very dif f icult
processing. Using the new, recrystal l ized-polysi l icon ap-
proach, both process simplification and control can be ob-
tained. One type of transistor is fabricated in the single-
crystal substrate, and the other type is formed in a layer of
recrystallized polysilicon separated from the single-crystal
substrate by an insulating oxide layer.

Placing one type of device in the single-crystal substrate
and the other in the polysilicon layer provides the addi-
tional advantage of optimizing the characteristics of the
most critical transistor. For optimum circuit performance
p-channel transistors are fabricated in a layer of laser-
recrystallized polysilicon while n-channel transistors are
constructed in adjacent regions of the underlying single-
crystal substrate. To simplify the processing and allow the
use of existing masks, the transistors are separated laterally,
rather than being stacked with a common gate. Fig. 5
schematically shows the cross section of such a transistor
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Fig' 4' Source-drain characterlstics of (a) large-geometry and (b) smatl-geomefry translstors
fabricated in recrystallized polysilicon, along with the characteristics of (c) single-crystal-silicon

and (d) fine-grain-polysilicon transistors (see reference 2).

parr.
Both n-channel and p-channel, large-geometry transis-

tors exhibit  wel l  behaved saturation regions with square-
law characterist ics. Threshold voltages are approximately
1V for the single-crystal,  n-channel transistors and -2V for
the recrystal l ized-polysi l icon, p-channel transistors. Car-
r ier mobil i t ies are 620 and 120 cm2/V-s, as expected for the
two types of transistors.

Several different, fifteen-stage ring oscillators were fabri-
cated. Their osci l lat ion periods agree well  with the t imes
ca lcu la ted  to  charge the  capac i tance assoc ia ted  w i th
switching a stage. These switching t imes were calculated
from the transistor geometries of each dif ferent r ing osci l-
Iator and the characterist ics of discrete transistors. Some of
the capacitances that must be charged are markedly lower
than in single-crystal circuits because the oxide under the
p-channel transistors has a dielectr ic constant one-third
that of si l icon.

Future Trends
Future ef for ts can be di rected along several  paths.  Dem-
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onstration of integrated circuits with transistors in the
single-crystal si l icon substrate and in layers of recrystal-
l ized polysi l icon opens the possibi l i ty of signif icantly in-
creased component density, as well as removing some cir-
cuit  performance l imitat ions (e.g., el iminating the possibi l-
i ty of latch-up in CMOS structures). In addit ion to improved
density, novel structures can be obtained by using interac-
t ions in the vert ical direct ion. For example, CMOS gates
have been fabricated with a single gate electrode control-
l ing a transistor of one type in the underlying single-crystal
substrate and a transistor of the opposite type in recrystal-
l ized polysi l icon above the gate electrode.6 The extension
to other novel, vertical IC structures offers exciting pos-
sibi l i t ies for "vert ical integration."

Although the transistors in recrystal l ized polysi l icon
have characterist ics approaching those of single-crystal
transistors, the few remaining grain boundaries can l imit
device performance. Removing these grain boundaries by
seeding the regrowth of the si l icon layer through periodic
contact between the polysi l icon and the underlying single-



p-Channel Transistor Recrystallized Polysillcon

n-Channel Transistor
Flg.5. Schemaflc cross secflon of
a CMOS transistor pair used in an
integrated circuit. Any possibility
of latch-up is avoided by com-
pletely surrounding one type ot
transistor by insulat ing si l icon
dioxide.

crystal substrate (Fig. 6) can enhance the transistor per-
formance.9'10

Fabricating MOS transistors with their channels in re-
crystallized polysilicon offers the most exciting and poten-
tially useful application of beam-recrystallization technol-
ogy. However, seVeral more-straightforward applications
should be mentioned. The ease of implementing these
would lead to a more immediate impact on IC technology.
For example, recrystallization of polysilicon may make the
resistivity of high-valued resistors used in static RAMs less
sensitive to slight variations in dopant concentration.ll
Melting only the top region of a polysilicon layer may
smooth its surface, allowing the formation of higher-quality
thermal oxides for double-level polysil icon-gate MOS
ICs.12 Finally, the use of other heat sources to melt the
polysil icon, such as black-body radiation,l3'14 may sim-
plify recrystallization.
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X-Ray Lithography
The shorter wavelengths
definition of even smaller
possib/e.

of soft X-ray radiation make the
dimensions /or VLS/ circuits

by Garrett A. Garrettson and Armand P. Neukermans

\t 
-RAY LITHOGRAPHY is proximity printing using
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tem are illustrated in Fig. 1. X-rays are generated in an
evacuated area by electron bombardment and penetrate a
thin (25 to 50 pm) beryllium window. They are shadowed
by a mask consisting of an absorber pattern supported on a
flat membrane (5 to 10 pm thick) that is relatively transpar-
ent to the radiation. The mask is accurately positioned
parallel to the wafer and in close proximity (typically 10 to
100 g.m) with it. The wafer is coated with an X-ray-sensitive
resist. The space between the X-ray source and the mask
(working distance D) is evacuated or filled with helium to
reduce attenuation of the radiation.

X-Ray Source
High-energy (10 to 30 keV) e lect ron bombardment

sources are commonly used to generate the required soft
X-ray radiation. Other sources such as synchrotron radia-
tion, plasma pinch, and laser plasmas are being considered,
but presently their application to integrated circuit lithog-
raphy is either prohibitively expensive or needs further
development.

A typical measured spectrum from 2O-keV electron
bombardment of palladium (Pd) is i l lustrated in Fig. 2. The
desired characteristic radiation under the peak (2.8a keV) is
caused by electronic transitions in the Lo shell of a pal-
lad ium atom. The remain ing cont inuum spectrum is
caused by the deceleration of electrons interacting with the
Pd target atoms. Although the continuum spectrum does
provide some additional exposure energy, its predomi-
nantly higher-energy X-rays are weakly absorbed, tending to
produce an undesirable reduction of exposure contrast.
Maximum source br ightness (maximum power and
minimum spot size) are factors determined by the electron
optics, the characteristics of the anode (melting point,
vapor pressure, elastic strength), and the performance ofthe
cooling system.

Mask and Resist
The X-ray mask is the most critical structure in the sys-

tem, The membrane [pellicle) supporting the absorber pat-
tern must be made of a thin, low-atomic-number material
to minimize X-ray attenuation, and yet must remain stable
to minimize distortions caused by stresses in the absorber
pattern. Typically the pellicle is stretched across a stiff, flat
ring whose expansion coefficient matches that of silicon.
This is essential to achieve good gap control between the
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mask and the wafer and to alleviate the requirement for
absolute temperature control. To first order, the absorber
pattern and the wafer should expand and contract at the
same rate.

A typical mask structure is shown in Fig. 3. Factors im-
portant to mask fabrication are pattern accuracy, absorber
line-edge profile, and defect density.

Whereas for optical masks the transmission through clear
and opaque areas may differ by orders of magnitude, for
X-ray masks the transmission may only differ by approxi-
mately a factor of ten. For good contrast the absorber mate-
rial is made as thick as possible (typically 0.1 to 1.0 pm of
gold). Hence submicrometer linewidths result in absorber
pattern aspect ratios (thickness divided by lateral dimen-
sion) approaching unity, which require considerable exper-
tise in fabrication. A careful tradeoff must be made among
the source energy spectrum, mask transmission and con-
trast, and absorption in the X-ray resist.

Presently, for state-of-the-art integrated circuit lithog-
raphy (minimum feature size of 0. s to 1 .0 ptm), the combina-
tion of Pd-Lo radiation, a boron-nitride mask pellicle, a gold
absorber pattern, and a resist containing chlorine appears
most effective. The fortuitous position of the Pd-Lo peak
with respect to the chlorine absorption edge (Fig. 4) and the
symbiotic effect of this halogen, which increases both ab-
sorption and resist speed, make a powerful combination.l
For higher-resolution Iithography, characteristic radiation
softer than Pd-Lo can be used to reduce the required ab-
sorber thickness and increase absorption in the resist at the
expense of reduced X-ray energy at the wafer.

Alignment
Given an accurate mask pattern there must be a consistent

mechanical means for positioning it with respect to the
wafer to insure level-to-level alignment accuracy. This re-
quires position references on the mask and on the wafer, as
well as an alignment scheme. As illustrated in Fig, 1b, the
mask-to-wafer gap can be adjusted to compensate for linear
distortion of the wafer or the mask caused by process-
induced strain. This is a significant advantage that allows
good layer-to-layer alignment over larger fields than would
be possible otherwise. Reproducible mask-to-wafer gap
control is essential for accurate alignment. For this reason
the mask plane must be flat to better than a micrometer and
the wafer topography must be kept consistent each time the
wafer is pulled down on the vacuum chuck. Dirt between
the chuck and the wafer can result in surface bumps unless
the chuck is designed to minimize the contact area. For this



(a) Magnification

Y-Driver
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reason a "bed-of-nails" design using many small contact
areas is preferred.2

Tradeoffs
The perceived advantages ofX-ray lithography have been

its extreme fine-line capability (because of the absence of
diffraction and proximity effects3), uniform resist exposure
that allows high resist aspect ratios, good Iinewidth control,
and insensitivity to dirt. As the field develops the percep-
tion of the strengths of X-ray lithography relative to other
microlithographic technologies is evolving.

There have been dramatic improvements in the last five
years in the performance of optical lithography, principally
through the use of projection/reduction steppers and mul-

Coolant

Palladium Anode
(Projected Source Diameter S)

Electron Gun

High Voltage

Electron Beam

Beryllium Window

(b) Penumbral Shadow

Z-Driver

X-Drivel

tilevel resist technologies. This performance comes, how-
ever, at considerable capital expense, reduced throughput,
and increased processing complexity. The investment for
an X-ray system is projected to be a fraction of that required
for an optical stepper. Although many of the technologies
involved are not easy to master, they are not necessarily
expensive in their execution. High throughput is projected
(20 to 100 wafer levels an hour), because of large subfields
and relatively short exposure times (down to 20 seconds
using a 4-kW souice).4 Less stringent environmental re-
quirements and the potential for using single-level resists
are additional advantages.

In a recent study, Lepselter computed a figure of merit for
various lithographic systems, which included such factors

4=R(g/d) P=S(g/D)

Fig. 1, BaslcX-raylithography system. Close-upviewsof mask-lo-wafercrosssectionshowing
(a) magnification and (b) penumbral shadow errors
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Enorgy (1.8.3 kev/dtv)

Fig.2. X-ray spectrum for palladium target excited by 20-keV
electrons.

as useful resolution, throughput, cost, and clean room foot-
print (floorspace required). He concluded that X-ray lithog-
raphy's potential merit is at least ten times that of any other
submicrometer lithographic technology.s His study, how-
ever, does not take into account the various difficulties in
making appropriate masks, which are crucial. Fabrication
of accurate, defect-free 5 x and 10 x recticles is easier than
fabrication of the 1 x masks required for X-ray lithography.
The physical barriers inherent in pushing optical systems
to their limits are traded for the technological problems of
X-ray-mask fabrication. Many steps in X-ray-mask fabrica-
tion are similar to those used in wafer processing, but the
inherent defect densities of these processes must be de-
creased. On the other hand, considerable progress is being
made in improving mask stability, formerly the principal
concern.6

X-ray lithography also requires new sensitive resist sys-
tems that are just beginning to become available. Source
brightness and resist sensitivity will determine the system
throughput capability.

Initially, X-ray lithography will complete with optical
projection direct-step-on-wafer (DSW) technology. Optical
DSW performance is limited by cost, throughput, suscepti-
bility to the environment, and by tradeoffs among resolu-

0.5 to 1.0-pm Au
2-pm Polyimide

2.5-rrm Polyimide 3-to-6-pm

0.5-mm Si Water (Etched)

s-mm Pyrex Ring

Fig, 3. Cross section of typical X-ray mask structure
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tion, field size, and depth of focus. Registration for X-ray
lithography appears easier to do than for optical lithog-
raphy because ofthe magnification correction and the close
proximity of the mask to the wafer.

As linewidths continue to shrink a regime will be reached
where only X-ray stepper and electron beam technologies
are viable. X-ray lithography can be considered a com-
plementary extension of the electron beam pattern
generator. It can accurately replicate submicrometer pat-
terns with good linewidth control, which is necessarv for
consistent MOS device thresholds.

Hewlett-Packard X-Ray Program
The objective of the present Hewlett-packard Labora-

tories program is to demonstrate a complete X-ray lithog-
raphy technology that will be simple, high-performance,
and cost-effective for submicrometer devices in VLSI cir-
cuit production. The current goal is to establish a state-of-
the-art capability at HP Laboratories for mask technology
and process development so that X-ray lithography can
mature to a level suitable for use in HP's production
facilities.

In order of priority, HP has been developing an X-ray-
mask fabrication and precision mask-to-wafer alignment

Energy (kov)

Flg. 4. Absorption coefficient yersus X-ray wavelength
several materials.
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Fig.5. Photo of boron-nitride pellicles.

capability, fast resist systems, a bright X-ray source, and

laboratory exposure tools. The f irst-generation mask

technology uses a pel l icle of chemical-vapor-deposited
boron nitride and polyimide supporting a sputter-etched
gold absorber pattern (Fig. 3 and Fig. 5J. This is bonded to

a PyrexTM ring for mechanical and thermal stability. Initial

tests indicate that presently the stability is adequate for

design rules down to one micrometer. Other materials such

as silicon carbide and boron carbide have been investigated

for the mask pellicle and they show considerable promise

for future applications.
Defect density remains a critical problem. With careful

process control, defects have been reduced around two

orders of magnitude in the past year. Two orders of mag-

nitude more will be required for VLSI.
A number of fast, chlorinated, negative resists have been

evaluated. Fig. 6 (page 18) shows submicrometer features

in 0.6 to 0.8 pm of remaining resist material that has been

exposed about 4 minutes using a 4-kW source at a working

distance of 35 centimeters. A fixed anode source of a modi-

f ied Gaines designT has been bui l t  (Fig. 1). With a propri-

etary cooling technology it appears that power densities
greater than 40 kW/cm2 may be accommodated.

Several laboratory exposure systems have been built for

evaluating resists, for mask development, and ultimately

for IC applications. The latest is a very compact automatic-

alignment exposure system employing a novel mask-to-

wafer positioning system with six degrees of freedom. A

proprietary alignment scheme can resolve misalignments
as small as 20 nanometers consistently, but the level-to-

level alignment accuracy of the system has yet to be deter-

mined under realistic operating conditions.
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Dry Etching: An Overview
Plasma etching technology has several advantages for lC
processing compared to wet-chemical etching methods.
Anisotropic etching and automatic endpoint detection are
two of the advanfages discussed in this article.

by Paul J. Marcoux

NE OF THE BASIC TRENDS in silicon integrated
circuit process technology is the shrinking of de-
vice geometries. Recent advances in lithography

allow the patterning of feature sizes sufficiently small that
conventional methods of etching are inadequate. During
the past several years dry etching has evolved to the point
where this etch process can transfer the lithographic pat-
tern to the device structure with high fidelity.

The process technique of dry etching has many varia-
tions. This technology ranges from processes in which the
etching proceeds by a purely physical mechanism to cases
in which chemical interactions dominate the etch. The
most versatile dry etch processes for pattern replication are
those in which chemical etching is enhanced by the physi-
cal component of the process. Ion milling and sputter etch-
ing techniques use momentum transfer from inert-gas ion
bombardment as the physical etch mechanism. Reactive ion
beam etching (RIBE, also reactive ion milling), reactive ion
etching (RIE, also reactive sputter etching) and plasma etch-
ing all use reactive ions to transfer momentum to the sample
and add a chemical component to the etching process.
Table I provides a qualitative comparison of the dry etch
technologies and conventional wet etch processing.

The key process characteristics associated with the
plasma etch process are anisotropy and etch selectivity
with respect to the photoresist mask and the underlying
materials (etch stop). Fig. 1 shows a representation of a
typical cross section of an etched sample.

The after-etch profile of a feature is the critical result of
the plasma etch process. This profile indicates whether or
not a particular etch process gives an isotropic (uniform in
all directions) or anisotropic (direction-dependent) etch. In

L2

il e*t u""r

/ et"n"d Firr \

Substrate

Fig. 1, A ty pical cross secllon of an integrated ci rcuit teature.
For an anisotropic etch Lr :Lz and Lz is not altercd by the etch
process. ln most processes the ratlo of the film etch rate to the
etch-stop-material etch rate varies f rom 5:1 to 1 0:1 . The ratio of
the film etch rate to the mask etch rate is similar.

Table I

A Qualitative Comparison of Etching Methods for Silicon
Integrated Circuit Fabrication

Physical
Etching

Plasma-Assisted Wet
Etching Etching

hocess: Ion milling, RIBE, RIE, plasma Wet
sputter chemical
etching

Mechanism: Momentum Ion-assisted Chemical
transfer chemical reaction reaction

Selectivity: Poor Fair (-5'1;1o Bxcellent
(-2 to 3:1) excel lent [>30:1]

Directionality: Anisotropic Anisotropic/isotropic Isotropic

Fig. 2 isotropic and anisotropic etch profiles are compared.
For processes that produce an isotropic etch profile the
reduction of linewidth is at least twice the film thickness.
Since the linewidths of minimum-size features are typically
two to four times the film thickness it is obvious why an
isotropic etch is not useful. The only way to reproduce
fine-line lithography is to use an anisotropic etch. Another
important feature of an anisotropic etch is that generally
there is no increased loss of linewidth control with over-
etching. This is important because overetching is required
in routine processing to ensure that all wafers in a load have
been completely cleared during the etch process.

In ionmilling and sputter etching, inert gas ions bombard
the surface of the wafer and sputter away the surface atoms
via momentum transfer. In ion milling, ions are extracted
from an ion source, accelerated, and deionized before im-
pacting the surface being milled. In sputter etching, ions
that bombard the surface are extracted from the gas glow
discharge in which the wafers are immersed. In both of
these methods the etching is quite anisotropic because the
motion of the ions follows electric field lines that are per-
pendicular to the substrate. The etch selectivity for these
processes is generally poor because the sputter yields for
materials used in integrated circuit fabrication are similar.
In addition, there is often redeposition of the sputtered
material along the sidewalls of the lithographically defined
pattern. In spite of these disadvantages these technologies
are useful, particularly in the laboratory, because they can
be used to pattern fine lines in a wide range of materials.

Reactive ion beam etching is an emerging technology that

AUGUST 1982 HEWLETT-pAcKARo rounnnr 1 9
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is similar to ion milling except that the ions responsible for
the sputtering action are also reactive. This approach has
the advantage that the material being etched can be con-
verted to a volatile compound as well as sputtered. At this
time this technology is mainly a laboratory tool. However, if
the numerous equipment problems can be overcome it may
see broader application.

The techniques of reactive ion etching and plasma etch-
ing have the widest range of commercial and laboratory
applications. Both etching methods make use of a glow
discharge to create the reactive etch species and the ions
responsible for the etch process from the input gases. These
reactive species and ions diffuse to the substrate surface
where they react with the thin film to be etched. This etch
reaction must produce a compound that is volatile; other-
wise the etch process will be quenched by a residue coating
on the surface. It is also very important that the etch reaction
be selective with respect to the mask material and the mate-
rials under the layer being etched. The principal hardware
differences between these two technologies are that in reac-
tive ion etching the substrates are placed on the cathode and
the gas pressure is low, while in plasma etching the wafers
are placed on the anode and the gas pressure is somewhat
higher. In most cases this results in higher ion energies and
hence more momentum transferred to the surface in reac-
tive ion etching. Table tr lists materials that have been
etched using p lasma etching at  Hewlet t -Packard
Laboratories. It shows the versatility of this technology and
indicates the possible reactive etch species and correspond-
ing volatile etch product for each material.

Reactors
Commercially available plasma etch reactors range from

laboratory apparatus to highly automated reactors suitable
for use in integrated circuit manufacturing. These reactors

20 rewlen-pecKARD JoURNAL AUGUST 1982
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Fig. 2. Comparison of the etch
profiles for isotropic and aniso-
tropic etching. (a) Diagram of iso-
tropic etch profile. (b) SEM photo-
graph of actual isotropic profile.
(c) Diagram of anisotropic etch
profile. (d) SEM photograph of ac-
tual anisotropic profile.

are available in two basic configurations: barrel or parallel
plate. The selection ofthe configuration depends upon the
user's application. All reactors have the following basic
components: reaction chamber, vacuum system, gas flow
control, an RF power supply, and in most cases, automatic
gas pressure control. In the more sophisticated reactors a
microprocessor controls the gas flows, total pressure, and
the vacuum values associated with the reactor. In many
systems the wafer handling is also automated. An increas-
ing number of reactors have automatic process endpoint
detection to determine when the etch process is complete
(see box on page 22).

Table ll

Summary of Plasma Etch Processes

Material
Etched

Resist

Si

SiOz

Si:M
W

Mo

Etch Gas
Composition

Oz

CF+tOz
CCI++ He

CzFo-|He

CF+iOu
CF+fOz

CFalOz
CCIr+Oz

CFr*Oz

Oz
CCI+*Oz
CCIr/He

Reactive
Species

o
F

CI

CF:, F

F

F

F

cl, o
F

o
cl, o
CI

Principal
Etch Products

Oz, HzO, COz

SiFr
SiCI+

SiF+, CO, COz

SiFa, Nz

WFo

MoFe
MoOClr

TiF+

CrO:
CrOzClz
AlCls

Ti*

Cr*

AI

*Proceeds at elevated temperatures (T >100"C).
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A typical barrel reactor (Fig. 3) has the advantage that
large wafer loads are possible in a quite small reactor vol-
ume. Plasma etch processes in these reactors generally re-
sult in an isotropic etch. Hence the main application for
these reactors is noncritical etching.

Two principal configurations for parallel plate reactors
are shown in Fig. 4. In the plasma etch mode the wafers are
placed on the anode. Plasma reactors typically operate in
the gas pressure range of 100 to 1 b00 millitorr, the total gas
flow rates are on the order of 3B to 1520 torr-liter/s and the
RF power densities range up to 0.7 watts/cm2. The vacuum
system required by these reactors has a rather high base
pressure of approximately 10 millitorr.

In the reactive-ion-etch mode the wafers are placed on the
cathode and the power densities range up to 2 watts/cm2.
These reactors generally use low total gas flow rates of 0. ZO
to 7.6 torr-liter/s and the operating pressures are in the range
of 10 to 50 millitorr. The vacuum system used by these
reactors generally is capable of reaching an ultimate vac-
uum of 0.001 mill i ton.

Fig. 4 shows parallel plate reactors in the batch configura-
tion. It is obvious that, as the wafer size increases, the
throughput (wafers/hour) will decrease, and the total wafer
€rea per load will decrease slightly. In response to this
negative effect on throughput, a relatively new type of
parallel plate reactor has become available-the single-
wafer cassette-to-cassette reactor. This reactor has the ad-
vantage that wafer throughput is independent of wafer size,
and hence there is an increasing wafer area throughput as
the wafer size increases. To achieve adequate wafer
throughput, however, the etch rates for materials must be
quite high. This demands that the etch selectivity and
anisotropy be higher in this single-wafer design than in a
batch reactor to achieve comparable process performance.
Thus the overall process control must be tighter in a
single-wafer reactor than in a batch machine.

To Vacuum
Pumps

Fig.3. Diagram of barrel plasma
reactor. (a) End view. (b) Side
view.

Processing Parameters
Plasma etching is in general a very complex process. One

main reason is that there is a large parameter space that
must be well controlled. Furthermore, despite an intense
research effort by many laboratories, the interaction among
different parameters is not well understood. However, one
can make some generalizations about the effects of these
parameters.

In a typical plasma etch system the parameters include
gas mixture composition, RF power, total flow rate, gas
pressure, and substrate temperature. The most important
parameter is the composition of the etch gas. This parame-
ter determines whether a process will etch a given material,
etch the material with the desired selectivity, and etch
anisotropically. It is true that the other parameters can have
a substantial effect on the particular process characteristics,
but without the correct etch gas these properties cannot be
achieved.

The RF power level has a strong influence on the etch
rate. It is often observed that the etch rate increases with a
linear to quadratic dependence on RF power. Increasing the
RF power tends to result in an increased ionization of the
etch gas and increases the sheath voltage. This increases the
average energy of ions bombarding the wafer surface and
thereby increases the anisotropy of the etch. The RF power
level also controls the particular chemistry of an etch gas.
This occurs because the RF power strongly influences the
distribution of energy of the electrons and this determines
what particular atoms, ions, and free radicals will be pro-
duced from a given etch gas.

The total gas flow rate and pressure determine the resi-
dence time of an ion or reactive species in the discharge.
The residence time t is approximately given by the follow-
ing equation;

t : (v/F)[P/760)

Fig. 4. Diagram of side view of
parallel plate reactors in (a) the
plasma mode and (b) the
reactive-ion-etch mode. The gas
flows radially inward over the wa-
fers that are in intimate contact
with the plasma.
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An Automated Plasma Reactor

With the advent of computers having a higher performanceJo-
cost rat io and the need for more complex, t ightly control led lC
processing steps there has been an increase In the use of auto-
mated processing equipment. Several years ago, a team of
engineers in Hewlett-Packard's Integrated Circuits Processing
Labora tory  ( ICPL)  in i t ia ted  a  p ro jec t  to  deve lop  an  au to-
mated plasma reactor to be integrated into the process control
system (PCS). PCS is a network of computers involved in process
control and wafer tracking.l  The project has bui l t  two reactors for
use  in  ICPL,

Functional control for these systems is provided by memory-
based HP 1000 Computers interfaced to the plasma reactors
th rough d ig i ta l - to -ana log  cont ro l le rs ,  Opera t iona l  command
sequences are downloaded from a central user-created data
base and then sequential ly executed by the local control comput-
er. Five major software routines (wafer handling, pressure, gas
flow, RF power, and temperature) provide closed-loop control of
wafer loading and the necessary plasma processing parameters.
Throughout the processing sequence, system performance is
monitored and can be displayed in either a text or g raphic format
at intervals of 5 to 60 seconds. Also avai lable is a rnecr function
that al lows sequential sampling of up to 16 of the monitored
parameters and storage of this information in central data { i les.
The data accumulated by rn,rce can then be recovered in l ist or
graphical form. In addit ion, an automatic endpoint detection sys-
tem has been instal led which uses either laser interferometry or
optical emission spectroscopy to determine etch completion. The
system then calculates and executes the desired overetch before
extinguishing the plasma.

The design phi losophy behind these reactors has been to bui ld
systems that provide a simple-to-operate, repeatable production
tool f lexible enough to be used for new process development. For
routine processing, standard operations are automatical ly down-
loaded from the PCS central data base to the local control ler when
wafers are tracked into the reactor. The etch sequence is ini t iated
by simply pressing the sranr button. Al l  process gases are au-
tomatical ly purged from the reactor upon etch completion for user
safety. Wafer handling by personnel is minimized by the system's
automated cassette-to-cassette wafer loading capabil i ty. A load-
lock chamber houses the loading mechanism. This isolates the
main reactor chamber and thus minimizes process variat ions
caused by atmospheric contamination. Operating sequences
and parametric setpoints can be edited through the display
keyboard to provide the f lexibi l i ty required for development pur-
poses.
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where V is the reactor volume, F is the flow rate and P is the
pressure in torr. The residence time determines the flat zone
of a reactor, that is, the region over which the concentration
of reactive species is nearly constant. The magnitude of this
distance will determine the etch uniformity for a particular
etch condition. The chemistry of the discharge is altered by
the total gas pressure because pressure changes alter the gas
phase chemistry. It is in the gas phase that the reactive etch
species are produced, hence the inf luence of pressure on
the chemistry of the etch process.

The substrate temperature has an influence on etch rate
and selectivi ty, and i f  al lowed to go as high as 150'C, wi l l
cause photoresist degradation. The etch rate R can be de-
scribed by the fol lowing expression:

R : A exp(-ElkT)

where A is a constant, E is activation energy, k is the
Boltzman constant and T is the absolute temperature (K).
The activation energy in this expression represents an aver-
age over the important kinetic process and typically lies in
the range ofo.os to 0.5 eV. I t  is clear from the above expres-
sion that temperature should be well  control led because of
the exponential dependence.

Endpoint Detection
Besides the large number of parameters discussed above

that must be well controlled, there are other parameters that
are difficult to control in a routine processing environment
(e.g., condit ion of the reactor walls). The variat ions in both
the well controlled and poorly controlled variables lead to
variations in the performance of the process, particularly in
the reproducibi l i ty of the etch rate. The use of endpoint
detection to determine when the etch process is complete
eliminates the effects of these variations on the process
performance. In addition, there is an increase in throughput
because the tedious procedure of calibrating etch times can
be el iminated.

Many different techniques have been used for endpoint
detection. A summary of the methods, principles of opera-
tion, and measured values that have been investigated by
Hewlett-Packard Laboratories is presented in Table III. Ob-

Fig. 5. A plot of the emission intensity of the 396-nm-
wavelength line of aluminum in normalized units versus time.
The period of time before etching begins (inhibition period) is
about one minute and the endpoint occurs at 5.2 minutes.
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Table lll

Summary of Methods for Endpoint Detection in
or Reactive lon Etching

Plasma

Method

Emission
speclroscopy

Optical
reflection

Mass
specuoscopy

Impedance
monitoring

Langmuir
probe

Gas
pressure

*Dependent on optics

Measuring

Light emitted
from discharge

Interference

phenomena or
changes in

reflectivity

Gas

composition

Impedance

nismatch

Changes in

electron density
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Changes in film
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Endpoint
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For one

wafer only

Average for

all wafers

Average for

all wafers

Average for

all wafers

Average for

all wafers

viously from the endpoint data, all of the techniques pro-
vide an average etch rate. The optical reflection method,
which monitors the change in film thickness, also serves as
an in-situ etch-rate monitor for dielectric films.

Emission spectroscopy has the longest history of the
methods described in Table IIL There are many variations of
the experimental apparatus using emission spectroscopy
for endpoint detection. The essential feature of such an
appara tus  is  tha t  i t  be  ab le  to  de tec t  the  par t i cu la r
wavelength of light emitted by either a reactive etch species
or a volat i le etch product. For purposes of endpoint detec-
tion, it can be assumed that the intensity of the emission
line is proportional to the concentration ofthe reactive etch
species or volat i le etch product in the plasma. I f  one
monitors a reactive etch species the intensity of the emis-
sion from the species should be less in the presence of the
film to be etched than in its absence. Hence at endpoint
there is an increase in the signal when monitoring a reactive
etch species. Conversely there is a decrease in the signal
when monitoring etch products. In most cases monitoring
of an etch product is preferred, because one need only
determine the presence or absence of the material responsi-
ble for the signal.

To demonstrate the usefulness of endpoint detection,
consider the use of emission spectroscopy for endpoint
detection and process monitoring of aluminum etching.
The optical emission wavelength monitored is that of ele-
mental aluminum at 3gO nm. The intensity of this line is
proportional to the amount of aluminum being etched. A
typical endpoint trace is given in Fig. 5. The rise of the
aluminum signal indicates the start of the etch process. It
does not occur at t :0 because there is an inhibit ion period
with this process. The inhibition period occurs because of

Table lV

Summary of Emission Wavelengths and the Emitting
Species Monitored for Endpoint Detection

Film Etched

Resist

Polysilicon

Silicon nitride
Aluminum

Tungsten

SpeciesMonitored Wavelengths(nm)

CO

F

F

A1
AICI

F

4 8 3 . 5 , 5 1 9 . 8

704

704

396
267

704

residual moisture and oxygen in the reactor, photoresist
scum, and the presence of a native oxide layer on the
aluminum fi lm. One cause of irreproducibi l i ty in an
aluminum etch process is variation in the inhibition period
from run to run. The magnitude of the emission signal is
proportional to the etch rate of aluminum. The length of the
plateau region is determined by the etch rate and the thick-
ness of the aluminum layer. The decrease in the signal is a
result of clearing the wafer; the steeper the descent the more
uniform the etch process. The arrow indicates the endpoint
of the etch process. As is typically the case some overetch-
ing is done to insure a complete etch. From this example it
is clear that, in addition to endpoint data, detailed informa-
tion on the performance of the process is obtained. This
type of information is invaluable in a routine processing
environment. A summary of emission wavelengths that
have been found useful for endpoint detection is presented
in Table IV.
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Thin Films Formed by Plasma
Enhanced Chemical Vapor Deposition
Electrically exciting fhe gases used in a chemical vapor
deposition process can reduce the sensitivity to
temperature variations and allow deposition at lower
temperatures. Some films produced by this technique are
discussed.

by Dragan B. llic

LASMA ENHANCED (PE) deposition of thin films
has important advantages over conventional tech-
niques used in silicon integrated circuit process-

ing. Conventional atmospheric- or low-pressure (AP or LP)
chemical vapor deposition (CVD) techniques form thin
films by using the nucleation of atoms and molecules from
the gas phase at the substrate (wafer) surface. This nuclea-
tion reaction is thermally driven, and thus is a very sensi-
tive function of the wafer temperature, By contrast, in a
gaseous plasma the chemical reactions are no longer ther-
mally controlled so that effective film deposition can take
place at temperatures far below those needed for APCVD or
LPCVD.

Hence, one important advantage of PECVD is a relative
insensitivity to wafer temperature. Depositions can take
place in a wide temperature range from 2OoC to the tempera-
tures used in conventional CVD processes. However,
PECVD films often are not stoichiometric, and have been
found to contain large quantities of hydrogen incorporated
from the process gases (usually hydrogen-based com-
pounds ofsilicon, nitrogen, and carbon). These characteris-
tics are manifested by Iarge residual stresses built into these
films as they are deposited. It is not unusual to have com-
pressive or tensile stresses as large as 1000 atmospheres
(10e dynes/cm2), depending on plasma characteristics, pro-
cess gas mixture, and wafer temperature. For good adhesion
and crack resistance, a compressive stress is desirable.

There are numerous PECVD systems available commer-
cially that produce good quality films suitable for IC passi-
vation (silicon nitride) or dielectric intermediate levels
(silicon oxide or nitride) in multilevel interconnection
schemes. For VLSI production applications, a high wafer
throughput, good uniformity, and low particle density are
all important requirements. Reported here are the results of
initial applications of films developed in a modern PECVD
reactor, whose design is an outgrowth of the standard
LPCVD systems. Uniformity of the deposited film thickness
and the refractive index of the film material were checked
by ellipsometry and spectrophotometry. The stress built
into each deposited film was deduced by comparing the
wafer curvature before and after f i lm deposition (see
box, next page).1'2 All of the deposited fi lms studied were
*Some ol the data presented here has been previously discussed by the author in the April
1982 issue of Sold State Technolog,.
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found to have compressive stresses.

PECVD System
The PECVD system used at Hewlett-Packard Laboratories

(HPL) was made by a commercial vendor of semiconductor
manufacturing equipment. This system has been operating
since fuly 1980, and proven to be sufficiently flexible to
accommodate a wide range of  d i f ferent  th in- f i lm-
deposition experiments. The system contains two com-
pletely independent thin-film-deposition systems, housed
in a single frame.3

1 2 3 4
Process Gas Pressure (torr)

Fig, 1, Ihe variation o/stress measured in standard silicon-
nitride films as a function of process gas pressure.

a Parallel to Wafer Flat
A Perpendicular to Wafer



The plasma-enhanced deposition processes operate in
the pressure range of 2 torr or less, using an RF power
density on the order of one watt per wafer, given a full
reactor load of 108 75-mm-diameter wafers.l The process
gas flow rates are controlled separately by using mass flow
controllers. An automatic throttle valve with a closed-loop
control maintains the desired pumping speed or system
pressure. This allows a wide range of pressures for a given
gas flow. Furnace tubes are made of quartz, and the boats
carrying the wafers are made of graphite plates connected
by stainless steel and quartz pieces, A cleaning cycle to etch
off accumulated deposits is available by running an intense
discharge in a CzFo/Oz plasma at a pressure of 1 torr.

Deposition and plasma-etch-clean experiments have
been performed in this machine on a variety of different
deposited films (Table I), using process recipes supplied by
the manufacturer (standard films) or internally developed
by HPL (developmental films).

Standard Films
Several standard films were deposited using process

parameters recommended by the PECVD system manufac-
turer. The simplest and most reliable process is the deposi-
tion of silicon-nitride films.

These films are deposited at a rate of about 3 b nm/minute
using a mixture of ammonia (NHs) and silane (SiHr), at a
pressure of 2 torr. The film thickness and refractive index
are uniform'within tSolo over a whole load of wafers and
over any single wafer. This process is not sensitive to wafer
temperature variations as mentioned earlier, an advanta_
geous characteristic compared to nonplasma CVD processes.3

Pinhole densities were measured using an electrolytic

a Nitride

lOxide
r Oxynitride

: f
/l

0.4 0.6
Mole Fractlon ot Oxygen

F1g. 2. The etch rate of standard silicon-nitride, silicon-
oxynitride, and silicon-dioxide films in CzFelOe plasma.

(bubble) tester. Less than 0.3 defects/cm2 were observed in
600-nm-thick silicon-nitride films, provided care was taken
to clean the wafers adequately before the deposition. Auger
surface scans have shown a film composition of a0% sili-
con, 54o/o nitrogen and 6% oxygen. A large percentage of
hydrogen is also present in these films.a The silicon-nitride
films have large compressive stresses that decrease with
pressure (Fig. 1) and increase with RF power, but do not
seem to change predictably with changes in the process gas
mixture. Plasma etch tests, Fig. 2, show a change in etch rate
as the ratio ofthe oxygen gas flow to the total etch process
gas flow (oxygen plus CzFo) is varied from 0 to L at a gas
pressure of one torr (Fig. 2). A maximum etch rate of 110
nm/minute was observed for an oxygen mole fraction of
0 .35 .

The silicon-nitride films exhibited excellent resistance to
cracking, even over metal pads after a 4b0o C alloy tempera-
ture cycle. Film coverage over 1-g,m-high aluminum steps
was very conformal as observed through the use of a scan-
ning electron microscope.

Silicon oxynitride films were deposited at a rate of 55
nm/minute using a gas mixture of silane, nitrous oxide
(NzO), and oxygen at a pressure of 1.1 torr. The refractive
index of these films is about 1.52. Auger surface scans show
the composition to be 260/o silicon, 66/o oxygen and B%

- -+'
t^

A

a ' i _
A

Determining Thin-Film Shess
The stress in thin f i lms deposited on circular si l icon wafers can

be determined by measuring the change d in surface curvature,
assuming a parabolic shape, before and after deposition as
shown in Fig. 1. Then the stress can be calculated accorotno to
the formula:

S:ABdwr/f

where S is the stress in dynes/cm2, A and B are constants as listed
in Table I for different crystal orientations and measuring aper-
tures, w is the wafer thickness in prm, f  is the f i lm thickness in pm,
and d is also in pm. For example, a <100> wafer, 450-ptm thick,
changes its curvature by 19 pm after deposition of a 0.63-pm-
thick film. The measuring aperture on the wafer flatness tester is
63.5 mm in diameter. Thus the stress in the deposited film is
3.65x10e dynes/cmz.

Wafer
orientation

Table I
Wafur Stress Constants

A B versus measuring aperture (mm)

75 63.5 57.2 51
<100> 6.03x1011 415.4 598.2 738.5 994.7
<111> 7 ,68x1011 529.4  762.A 941 .1  1191

Fig. 1. Deposltion of a film at an elevated temperature on a
wafer causes a small change d in surtace curvature because
of stresses induced by cooling to room temperature.
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Thin Gate Dielectric Films for VLSI MOS ICs: Thermal Silicon
Oxvnitride

In scal ing down the lateral feature sizes of integrated circuit
devices to VLSI dimensions, the scal ing o{ the vert ical ' features

must also be considered. ln part icular, the gate dielectr ic thick-
ness in MOS devices must be reduced substantial ly to maintain
constant power density and increase circult  speed. As the chan-
nel length of an MOS transistor is reduced to less than one
micrometer, the appropriate gate dielectr ic thickness becomes
as thin as 10 nanometers (approximately 30 to 40 atomic layers of
material).

Severe demands wil l  be placed on this very thin gate dielectr ic
f i lm. l t  must demonstrate a high degree of uniformity and consis-
tency in i ts chemical, physical and electr ical propert ies among
devices, wafers and production runs. l t  must remain electr ical ly
stable and relat ively nonconductive even when stressed with high
electr ic f ields. l t  must act as a strong dif f  usion barrier to contami-
nants that would otherwise dif f  use from the gate electrode into the
active channel region and degrade transrstor performance. Fi-
nal ly, the f i lm must be intr insical ly defect-free (on a per-area
basis) and remain defect-free during the r igors of lC processing
so that a high device yield can be maintained.

Tradit ional ly, thermally grown si l icon dioxide has been used as
a viable gate dielectr ic material at thicknesses down to about 25
to 30 nanometers. There is evidence, however, that when scaled
down to 10 nanometers, thermal oxide wil l  not meet the requrre-
ments of a good gate dielectr ic material,  part icularly in the areas
of intr insic defect density, durabi l i ty during processing, and resis-
tance to contaminant dif fusion. Therefore, other potential gate
dielectr ic materials have been investigated as replacements for
thermal  ox ide  in  sca ied  dev ices .

The most promising new gate dielectr ic material is thermally
grown si l icon oxynitr ide, which is typical ly produced by reacting
ammonia and oxygen with the si l icon substrate. A variety of chem-
ical composit ions can be produced, primari ly dependent on the
ratio of ammonia to oxygen. ( lJote: The oxygen is often uninten-
t ional ly added because of a f ini te background level of Oz in the
reaction chamber. Oxygen is always observed in the grown f i lms.)
Thermal oxynitr ides have been produced in the thickness range
f rom 5.0 to 7.5 nanometers that do not show the shortcomings of
thin thermal oxides. The primary drawback of thermal oxynitr ides
is the extreme lhermal cycle required to produce even the ex-
tremely thin f i lms mentioned above. Typical ly the f i lms are grown
at temperatures above 1100'C for durations o{ several hours.
Such harsh condit ions are not appropriate for VLSI processing.

Auger Composit ion-Depth Prof i le
Low temperoture silicon oxynitride film

1(x)
slLlcoN

NTTROGEN 
si

. HAIff*
OXYGEN

20 ,+O 60 EO 100

Approximote Depth (A')

Fig.1 . Prof ile of oxynitride ftlm composition yersus depth ob-
tained by Auger analysis. Film was grown by plasma-enhanced
nitridation at 400"C using NHa gas at 0.5 torr and a power level
of 400 W for 2 hours.

To reduce the temperature and t ime required for the prooucrron
of oxynitr ides, two approaches are being studied. The f irst in-
volves plasma activation of the growth ambient by coupJing RF
energy Into the reaction chamber to induce a discharge at the
wafer sites. A composit ion-versus-depth profi le of a f  i lm grown at
400"C using this technique is shown in Fig. 1 ,  demonstrat ing that a
nitr ide-l ike composit ion was achieved. The second approach per-
forms a relat ively mild nitr idation on an already exist ing thin (10
nm)thermal oxide f i lm, thereby creating a very thin oxynitr ide cap
on the oxide. Substantial improvement in dif fusion resistance
agajnst impurit ies has been observed in f i lms produced in this
manner. Further investigation is required to ascertain which of
these low-temperature oxynitr ide schemes wil l  produce the most
nearly optimal gate dielectr ic material.

-Tom Ekstedt
-Hugh Grinolds
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nitrogen (again probably containing a considerable quan-
t i ty of hydrogen). The f i lm thickness uniformity is t10%,
somewhat worse than that observed for the silicon-nitride
films. Stress measurements indicate a compressive stress of
10e dynes/cm2. Cracking, pinhole density, and step cover-
age measurements show values similar to those observed
for the si l icon-nitr ide f i lms. Plasma-etch tests show a
maximum etch rate of 51 nm/minute using an oxygen-
CzFz gas mixture where the mole fraction of oxygen is 0.6
(F ig .  2 ) .

A process for depositing a silicon-dioxide film with a
refractive index of 1.46 was developed using a mixture of
silane, oxygen, and argon at a pressure of about 0.85 torr.
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The film thickness varies more than +10olo, and careful
process control must be maintained to avoid particle gener-
ation. The equipment vendor offers an increased pumping
speed option on the system for improving the quality of this
film, but it has not been evaluated. Stress data is similar to
that for oxynitride, as are cracking resistance, deposition
rate, and plasma-etch data [Fig. 2).

Development Films
PECVD processes have been developed for deposit ing a

variety of films needed to meet different IC fabrication re-
quirements. Among these films are:
r Room-temperature silicon-nitride films



Standard films:
Nitride
Oxynitride
Oxide

Development films:
Room temp. nitr ide
Very thin nitride
Sil icon carbide
Amorphous silicon
Polycrystalline

si l icon

Table I
Thin Films Deposited by HPL PECVD System

deposited over a range of temperatures from 20 to 450.C,
using si lane and methane (CH+) as process gases.

Using a gas mixture of silane diluted by argon, silicon
fi lms were deposited on si l icon-dioxide, si l icon, and sap-
phire substrates at various temperatures up to 630.C. Below
500'C the deposited films were amorphous. Above 600.C
the films exhibited a polycrystalline structure as derived
from measurements of the light absorption edge by an ul-
traviolet (UV) spectrophotometer. The typical uniformity of
these films is equal to that of the standard silicon-nitride
fi lms. I t  was also observed that the adherence of the si l icon
film to a sapphire substrate was much improved if an etch
clean was performed just before deposition.
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Deposition
Temp.erature ('C)

300-400
300-400
300-400

20
300-400
300-450
20-500
>600

Refractive
Index

1 . 9
1 . .52
1 . 4 6

1 . 7 - 2 . 2
1 . 9
2 . 5 - 2 . 7

r Very thin silicon-nitride films
r Si l icon-carbide f i lms
r Amorphous and polycrystalline silicon films

The silicon-nitride film deposited at room temperature
has been used successfully in the HPL trilayer resist pro-
cesss described in the art icle on page b. Because i t  has a
faster wet etch rate this film appears to be more porous than
the standard si l icon-nitr ide f i lm deposited at a higher
temperature. Although the thickness uniformity is not as
good, step coverage was very conformal, like all the other
PECVD films tested. The deposition rate for this film is
about 30 nm/minute.

The very thin nitride layer was used for capping polysili-
con films which are then laser-beam recrystallized (see
art icle on page 1O;.01h" f i lm propert ies are similar to those
of standard si l icon-nitr ide f i lms, except for a much reduced
deposition rate (about 10 nm/minute) to obtain better thick-
ness control.  Fig. 3 shows the f i lm thickness versus deposi-
tion time, and clearly shows the initial thin (roughly 3 nm)
native oxide layer as the y-intercept in the curve.

Very smooth, amorphous silicon-carbide films have been

o
o
o
v

F

0 0.5 1.0 1.5 2.0 2.5
Time (minutes)

Fig. 3. Ihe deposited thickness of a very thin silicon-nitride
film on a polycrystalline silicon surface versus deposition time.
The y-intercept ls caused by the very rapid formation of a
3-nm-thick native oxide layer before the deposition cycle.
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Electromigration: An Overview
The lifetime of the very thin and narrow conductors used in
VLSI circuits is largely determined by the operating current
density and metallic composition, The predicted lifetimes
for various alloys are discussed.

by Paul P. Merchant

HE SHRINKAGE OF IC DIMENSIONS places in-
creased loads on the current-carrying capability of
metallization systems. At large cunent densities

electromigration damage can be a major reliability problem
because this current-induced metal migration can lead to
open-circuit failures in interconnect lines. Because elec-
tromigration resistance is a material-dependent property,
the type of metallization system used in a particular IC
depends on interactions between processing, design and
reliability considerations.

Although electromigration phenomena in bulk metals
have been studied since the early part ofthis century, only
in the past 15 years has attention been focused on thin
polycrystalline metal films used for IC conductors.l Trans-
mission electron microscopy, radioactive tracer techniques
and marker motion experiments have demonstrated that
electromigration occurs because of a current-induced mi-
gration of metal atoms along a conductor. Models of the
phenomenon begin with a calculation of the average force
on a metal atom as the vector sum of an electrostatic force on
a screened ion and a carrier "wind" effect resulting from
carrier-atom scattering. In aluminum alloys the scattering
term dominates and material transport proceeds from
cathode to anode as shown in Fig. 1. Under conditions
typically encountered in IC metallization systems (103 to

106 AJcm2 current densities and temperatures much less
than the melting temperature of the conductor) most metal
atoms migrate along grain boundaries. If inhomogeneities
exist in the conductor, arising for example from tempera-
ture gradients or grain-size divergences along the conduc-
tor, then the current-induced atom flow is nonuniform and
material pile-up and voids occur in the conductor. As the
current stressing continues, voids can coalesce to form
cracks. This creates smaller cross-sectional areas of the
conductor and thus leads to higher local current densities
that accelerate the process. Eventually the cross-sectional
area becomes so small that the conducting region melts and
electrical continuity is lost. Regardless of whether the atom
acted on by the current is a lattice atom neighboring a
vacancy, or an interstitial or a solute impurity, this model
predicts the same behavior for the time to failure (t1):1

.  B A n + 1
tr : " ':: exp (E"/kT)

l "

where I is the current, A is the cross-sectional area of the
conductor, E" is an activation energy (typically close to that
of grain-boundary diffusion) and T is the absolute tempera-
ture. B is a material-dependent proportionality constant
which is a lumped parameter containing effects of other

Fig.'1. Electrcmigrction mecha-
nism showing an idealized con-
ductor (upper left) with directions
of electron flux Jp, electrostatic
force eE and resultant atomic flux
J1. Scanning electron microscope
photograph (lower lett) of void
tormation to the left of the break
and accumulation of mateilal in
the form of hil locks to the right. T he
right half of this figure outlines the
failure process.
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Median Time to Failure (years)

10s 106

Median Time to Failure (hours)

parameters not expl ici t ly included in the model. The
parameter n depends on the type of inhomogeneity respon-
sible for atom flux divergences. For example, n:3 for tem-
perature gradients and n:1 for diffusion barriers or grain-
size divergences. Typically, measured values for n are in
the range of 2 to 3. Thus ti is very sensitive to linewidth,
which is the principal problem when metallization dimen-
sions are scaled down.

While the more classical diffusion experiments are used
in modeling electromigration, most reliability data in the
semiconductor industry is obtained from accelerated life
testing. A group of about 1,5 Io ZO similar conductors is
subjected to constant-current stressing at an elevated tem-
perature and the failure time of each conductor link is re-
corded. Usually the failure distribution is log-normal and is
characterized by a median time to failure t50 (at which 50%
of the lines have failed) and a parameter o:log (t56/116) that
characterizes the spread of the distribution. When tests are
done at several temperatures, with care taken to include
corrections for joule heating at large current densities, Ar-
rhenius plots of tuo versus link temperature yield the activa-
tion energy E". Testing at a fixed temperature, using various
current densities, yields the exponent n. If tests are done
using links with different grain structures, geometries, and
substrate conditions, an empirical expression for B can be
obtained. The scaling parameters E", n, and B are then used
to predict the failure distribution for a similar group of
conductors under normal operating conditions. Given the
constraints of desired reliability, this data allows an IC
designer to set design rules for metallization systems with a
fair degree of confidence. An example of design rule con-
straints for sputtered Al-Si(2%)-Cu( /o) metallization is
given in Fig. 2.

Although gold is far superior to aluminum in its elec-
tromigration resistance, it is not compatible with silicon
MOS devices. Aluminum, typically containing 1. to 27o
silicon to prevent pitting of contact areas, is the industry
standard for such devices. However, circuit dimensions
have now reached the size where aluminum can no loneer

Fig.2, Design rules for sputtered
Al- Si (2 V")- Cu ( 4o/o) metal li zati on al-
loyed at 450"C and operating at
90'C. The axes give median time
to failure tro and current. Con-
stant-cu rrent-dens ity an d con d u c-
for cross-sectio nal-area contours
allow easy selection of desired
conductor size or current densitv.

meet the rel iabi l i ty constraints placed on ICs. Several
methods have been developed to extend the electromigra-
tion resistance of aluminum, such as passivating the surface
of the metal with a hard dielectric overcoat or lightly dop-
ing the material with impurity metals. The coatings prevent
material accumulation and cause stress-generated atom
fluxes that oppose the current-driven atom flux, resulting in
improvements in lifetime of about 10 times. Impurity dop-
ing with metals such as chromium, titanium, magnesium or
copper tends to "plug up" the grain boundaries and can
extend the lifetime of the metallization system by as much
as 200 times with only about a 20lo increase in the film's
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Fig. 3, Acceletated electromigration /ife-test plots (log-
normal paper) of Al-Si(2%) alloys for different copper concen-
trations; (a) 0%, ( ) 1 To, and ( L) 4% Cu. Test done at 220"C
and a current density of 106Alcm2. trois found from the inter-
section of the 50% cumulative failure line and the straight-line
fit of the data Doints.
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resistivity. Copper is a common dopant in production pro-
cesses where wet chemical etching is used to pattern the
metal. However, further development is still needed to ob-
tain a suitable dry etch process for narrow lines. At the
present time, such development has generated considera-
ble interest in determining the effect of copper concentra-
tion of the electromigration resistance of aluminum alloys
because dry etching processes can only successfully pattern
aluminum films with less than 1/o copper content. Com-
parative life-test data for sputtered Al-Si(2%) films having
Ol", 7o/o, and 4o/o Cu added are shown in Fig. 3.

Another approach uses layered structures of aluminum
with a transition element such as chromium or titanium, or
with oxygen, which after heat treatment can form a hard
layer within the metal that blocks crack propagation into
neighboring layers.2 However, the intermetallic formation
may in some cases {e.9., CrAlz) cause formation of voids and
large tensile stresses that lead to increases in resistivity and
lifting of narrow conductor lines,

Even more robust electromigration resistance can be ob-
tained by using refractory metals such as tungsten and
molybdenum which are compatible with silicon IC process-
ing and have fairly low resistivities and high melting tem-
peratures. The latter property results from a large activa-
tion energy for diffusion. Recent tests of sputtered tung-
sten films have yielded a t50 of 1200 hours under stress
at a current density of 4 x 106 A/cm2 and a link temperature
of 415'C. (If the Al-Si(2"/")-Ctt(4oh) film data is scaled to
these stress conditions, the extrapolated t56 is only 1.7
hours.) Sputtered molybdenum films have also shown high
electromigration resistance that is comparable to that of
tungsten. However, the use of tungsten metallization does
not allow a complete disregard of currbnt-limit design
rules, because at current densities of 1.3x107 A/cm2 the
same sputtered tungsten film glows yellow-white and fails

r 340 nm Oxide
. 34 nm Oxide
v Three 300-nm Oxide Steps

0.5  1  2  5  10  2030 50  7080 9095 99
Cumulative Failure f/o)

Flg. 4. Accelercted electromigration life-test plots of sput-
tered Al-Si (2/") 2-ym" conductors, 100 Wn /ong. Ihe stress
conditions are a current density of 1 xl06 Alcm2 and a tem-
perature of 220"C. The different underlying substrale surfaces
are (O) 34-nm-thick planar SiOz, (-) 340-nmlhick planar SiOz
and (f ) the same surface as () with three verticaLwalled,
3oo-nm-high SlO2 steps.
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in less than 10 minutes as a result of severe self-heating
effects.

Electromigration resistance is also affected by several
processing and design parameters. Steps in the underlying
topography can result in losses of cross-sectional area in
metal lines. Either poor step coverage during metal deposi-
tion or a loss of l inewidth control during subsequent
photomasking can lead to early failures at step edges. Pro-
cessing goals should include gradual wall slopes and
minimum step heights. Circuit layout should strive to
minimize metal crossovers at severe steps. Planarization
before metal deposition is desirable to prevent these effects.
A tradeoff to be considered, however, is that as the underly-
ing insulator thickness is increased, the thermal sinking to
the silicon substrate decreases, which leads to earlier fail-
ures as a result of the higher link temperature. Accelerated
life-test plots illustrating these effects are shown in Fig. 4 . If
a diffusion barrier is not used, impurity dopants in the
metal may also be driven into the substrate. This can result
in semiconductor junction poisoning. Another design con-
sideration is the duty cycle, because between pulses, film
stresses tend to relax electromigration effects. Obviously,
symmetrical ac conditions are desirable for maximizing the
lifetime of a given metallization system.

The final choice of a metallization system for a particular
type of IC depends on interactions between several con-
straints imposed by processing ease, and compatibility,
circuit design, layout and reliability requirements. Accu-
rate predictions of a metallization system's reliability can
only be made from accelerated test data on realistic simula-
tions of target vehicles. To achieve this goal it is important
that all persons involved in processing and design be aware
of the effects of their decisions on the reliabilitv of the
finished product.
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SWAMI: A Zero-Encroachment Local
Oxidation Process
Lateral oxidation limits density in oxide-isolated VLSI
circuits. This process remoyes fhis limit by using a novel
sequence of conventional processin g techniques.

by Kuang Yi Chiu

S DEVICE DIMENSIONS continue to shrink in the
drive toward productivity and performance im-
provements, processing technology improvements

will be of major importance in achieving these goals. Elec-
tron beam and X-ray lithography, dry etching, and ion im-
plantation processes make it possible to fabricate devices
with compatible interdependent requirements for image
resolution, edge definition, step coverage, and functional-
ity at geometries at or below the one-micrometer level.
However, the limits of certain aspects of the technology still
exist. Device isolation is one of the maior issues to consider
for achieving high device packing density for VLSI. Local
oxidation of silicon ILOCOS]1 has been widely used for the
isolation of active components of silicon LSI circuits be-
cause it offers several advantages over other isolation tech-
nologies, such as surface planarity, improvement in pack-
ing density, and compatibility with existing LSI processing
techniques. However, reducing LOCOS device dimensions
for VLSI aplications is limited by severe encroachment re-
sult ing from the lateral oxidation, or bird's beak (see Fig. 1),
under the edge of the isolation mask and diffusion of the
channel-stop doping into the active device area.

The channel narrowing resulting from the LOCOS pro-
cess, approximately two to three t imes the f ield oxide
thickness, has been small  enough that i t  has only a small
effect at minimum widths of 4 to 5 pm and is almost un-
noticeable for channel widths greater than 5 pm. When
devices are scaled down to micrometer and submicrometer
levels, the field oxide has to scale down in thickness to
control the lateral encroachment to an amount reasonable
for dense layout ground rules. However, because of the

SWAMI

Nitride | (150 nm)-- SiO2(45 nm)
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Fig. 1. Comparison of SWAMI process with conventional
LOCOS process. (a) After island patterning and etching. (b)
After nitride ll deposition (SWAMI only). (c) After nitride lt
etching (SWAMI only). (d) After field oxidation. (e) After nitride
removal and LPCVDoxide refillstep (SWAMI only). (f) Finished
isolation structure before gate oxidation.
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Table I
SWAMI Process (see Fig. 1)

1. Grow stress-relief oxide (SROI)
2. Deposit sil icon nitride (nitride I)
3. Pattern island region (masking)
4. Plasma etch SieNa and SiOz
5. Plasma etch silicon step
6. Grow stress-relief oxide (SROII)
7. Deposit silicon nitride (nitride II)
B. Plasma etch nitride II
9. Grow isolation field oxide

10. Strip nitride (wet etch)
11. Deposit and densify LPCVD SiOz
12. Etch back SiOz

reduced field oxide thickness, the interconnect capacitance
increases proportionately and VLSI circuit performance is
degraded. Experiments have been reported in which this
undesirable feature caused by the LOCOS approach is
minimized. However, either the bird's beak still exists (to a
reduced degree) or the approach requires the use of com-
plex or unconventional processing techniques.

A side-wall-masked isolat ion (SWAMI) process using
anisotropic plasma etching of si l icon and si l icon nitr ide/
oxide was developed to form a zero-encroachment and fully
recessed isolation structure. The SWAMI process almost
completely eliminates the reduction in effective channel
width from defined mask dimensions. The process uses
only conventional LSI processing techniques and no addi-
tional masking step is required. Table I outlines the se-
quence of steps in the fabrication process to form the isola-
tion structure. The process is similar to the conventional
ful ly recessed oxidation process except that steps 6, 7 ,8,1,I,
and 12 are needed to form this encroachment-free isolation
scheme. Fig. 1 illustrates schematically the major process-

Flg. 2. Microphotog raph of (a) SW AM I structu re compared to
(b) LOCOS sttucture before gate oxidation.
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ing steps that deviate from the conventional LOCOS ap-
proach. The stress-relief oxide is thermally grown at 1000'C
in a dry ambient followed by nitrogen annealing for 20
minutes .  The s i l i con-n i t r ide  f i lms  are  low-pressure
chemical-vapor deposited (LPCVD) at 800'C in a4:1 volume
ratio of NHs:SiHzClz. Positive photoresist and direct-step-
on-wafer (DSW) projection were used throughout this study
for pattern definition. The nitride and oxide are etched by
CzFe plasma2 and the silicon step is etched by CCla/CzFe
plasma.3 A boron channel-stop implant is performed after
the silicon step etching. A second stress-relief oxide is
grown and the nitride II layer is then deposited.

A strongly unidirectional plasma nitride etch is then
used to remove the nitride II lying on the planar surface
such that the edge ofthe island is covered by nitride II and
the top island surface is protected by nitride I. The field
oxide is then grown in a wet environment and the nitride
films are stripped in boiling phosphoric acid. A layer of
5OO-nm-thick LPCVD oxide is deposited and etched back by
plasma oxide etching such that a thin layer, approximately
50 nm thick, of oxide is left  on the gate region. A short,  wet
oxide etch is then performed to remove the remaining thin
oxide to prevent possible contamination of the gate region
by the plasma and to avoid reformation of the notch at the
edge of the si l icon island. A comparison of conventional
LOCOS and SWAMI isolation structures before gate oxida-
t ion is i l lustrated in Fig. 2.

Experimental results and detailed analysis of MOSFET
devices fabricated using this newly developed SWAMI
process have been presented in other publ icat ions.a'5
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Trench Isolation Technology

In recent years, there has been increasing interest in com-
plementary metal-oxide-semiconductor (CMOS) technology for
i ts low power dissipation, large operating voltage margin and
superior noise immunity. As the density of integrated circuits
continues to grow, the power dissipation advantage makes i t
clear that CMOS wil l  be a major VLSI technology. However, there
is one factor working against CMOS in scal ing device dimensions
down, the latch-up problem.

Fig. 1 i l lustrates the cross section of a CMOS inverter with the
two-transistor (pnp and npn) equivalent circuit  superimposed.
Latch-up can be created in the parasitic pnpn path by the positive
feedback between two coupled bipolar transistors, producing a
regenerative switching and al lowing large currents to f low. Cer-
tain minimum spacing between n- and p-channel transistors is
required to prevent this latch-up. Therefore, the spacing cannot
be reduced as much as the transistor dimensions.

The trench isolat ion technology provides a possible solut ion to
this scal ing problem. As shown in Fig 2, when a deep and narrow
trench is etched into the si l icon substrate and ref i l led with dielec-
t r i c  mater ia l ,  the  spac ing  be tween two t rans is to rs  can be
minimized without increasing the potential for latch-up.

Besides the CMOS latch-up prevention, dielectr ic ref i l led
trenches can also be used for general device isolat ion in bipolar
and MOS integrated circuits.

For circuit  density, the trenches need to be as narrow as possi-
ble. The current optical l i thography technology l imits their width to
no less than 1 p,m. The trench depth is approximately 5 to B pm,
depending upon device structures and doping profi les.

To form such deep and narrow trenches, the etching must be
highly anisotropic, forming vert ical sidewalls with no lateral un-
dercuts. This characteristic has been demonstrated by reactive
ion etching. The cross section of a refr l led trench taken with a
scanning electron microscope (SEM) is shown in Fig 3. The ref i l l
technique depends upon two processes: conformal coating and
etching back anisotropical ly. The low-pressure chemical-vapor
deposit ion of the dielectr ic material results in equivalent deposi-
t ion  ra tes  on  the  t rench s idewal ls  and the  s i l i con  sur face .
Trenches 1 prm wide can be sealed with a 0,S-pm-thick deposi-
t ion, The deposit ion is fol lowed by an anisotropic etch of the
surface-deposited layer, Thus, a reasonably planar surface can
be obtained as shown by the SEM view.

Fig. 1. Cross sectlon of CMOS inverter structurc with the
twolransistor equival ent ci tcu it su peri mposed. This transistor
combination can act as a lateral SCR structure that will turn on
when large currents are passed, if the spacing between the
transistors is small enough to permit regenerative feedback.
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Fig.2. By etching a deep trench between lhe two lranslslors
in Fig. 1 and refilling the trench with a dielectric material, the
translslors can be spaced closer together, but the path for
regenerative feedback will still remain long enough to prcvent
latch-up.

Potential problems that may be introduced by trenches are
trench sidewall  inversron and surfacetopography. Theformercan
cause MOS transistors to be leaky or to short through the inversion
path. The latter can cause a nonplanar surface on the top of the
refi l led trench, creating the potential problem of breaks in any
conductive l ines that run across the trench.

Some MOS transistors surrounded by trenches have been suc-
cessful ly fabricated. These devices have electr ical behavior very
similar to devices without trenches, showing no residual leakage
currents above the 1-pA range. The yield was also about the same
as for the nontrench devices after a large number of devices were
tested.

-Shang-yi Chiang

Fig.3, Cross-sectional microphotograph of a refilled trench.
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High-Pressure Oxidation
Oxidation of silicon at atmospheric pressure requires
considerable time and high temperatures that can be
detrimental to the resu/fs of previous process steps.
lncreasing the oxidanf gas press ure allows reduction of time
andlor temperature for a desired oxide thickness.

by William A. Brown

HE TFIERMAL OXIDATION OF SILICON is the most
basic, and typically the most often performed pro-
cess in many of today's fabrication technologies

used to build integrated circuits and discrete devices. This
is confirmed by the presence of high-temperature furnace
systems and associated support equipment usually occupy-
ing between 30% and 4\o/o of the area in most clean rooms
dedicated to silicon IC manufacture. Until recently, the
various processes for the oxidation of silicon were ex-
clusively performed at atmospheric pressure. Starting in
19601 a number of investigators began to study the influ-
ence of pressure on the growth of thermal oxides on silicon.
Their studies were performed on R&D-size systems and
while their findings were technically significant, high-
pressure silicon oxidation was not seriously considered for
integrated circuit fabrication.

In 1,977, however. Tsubouchi and coworkers2 at Mit-
subishi in fapan reported on a production-size system de-
veloped jointly with an affiliate of an American equipment
vendor. Since then there has been a renewed interest in
high-pressure oxidation and the introduction of full-scale
production systems by two American equipment manufac-
turers. The new popularity of high-pressure oxidation as
applied to silicon processing is based on the influence of
pressure on the kinetics of the thermal oxidation of silicon,
allowing pressure to be substituted for temperature in
growing sil icon-dioxide fi lms. (A general lowering of
temperatures of most furnace operations is considered es-
sential to move from LSI to VLSI levels of device integra-

t ion.) To explore the application of high-pressure process-
ing to various integrated circuit development programs
under way at Hewlett-Packard, a commercial high-pressure
oxidation system was instal led (Fig. 1) in HP's Integrated
Circuit Laboratory (ICL).

Theory
In general, pressure oxidation kinetics can be explained

by a model developed in 1965.3 Equation (1) shows one
form of the so-called general relationship for the thermal
oxidation of si l icon.

x2-x1 x-x^
t :  B  * s / . A  ( 1 )

Here, the time t to grow a film of thickness x is related as
indicated, where xo is the oxide thickness at time zero. This
relationship describes the oxidation ofsilicon as occurring
in  two over lapp ing  reg imes- l inear  and parabo l ic -
characterized by rate constants B/A and B, respectively. B/A
is related to the chemical bonding that occurs at the oxide-
silicon interface during the growth of an SiOz film, whereas
B is related to the diffusion of the oxidant through the
growing oxide film. The key to pressure oxidation lies in
the relationship between B and C*, the equilibrium con-
centration of oxidant (Oz and HzO) in the SiOz layer. This
relation is

B:2DC* /N i

Fig.'1. Operator's view of HP's
high-pressure oxidation sysfem.
After the quartz carrier (center) is
loaded with wafers to be oxidized,
It is nserted into the chamber on
the right and the chamber is sealed
with the end cap shown on the
left.
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where D is the diffusivity of the oxidant and N1 is the
number of oxidant molecules per unit volume of the oxide.
C* is directly proportional to the partial pressure po* of
the oxidant in the surrounding ambient atmosphere; there-
fore as po* increases, so does C*.

An example of the effect of steam pressure on the
parabolic rate constant B is shown in Fig. 2. It is seen that B
can increase by 5 to 10 times its value at atmospheric pres-
sure, given a very moderate increase in the pressure of the
oxidation ambient gases. As shown in Fig. 3, B/Ais likewise
influenced by pressure. At 900"C, for example, B/A in-
creases by a factor of 20 when the pressure is increased from
1 atmosphere (1.033 kg/cm2) to 15 kg/cm2.

Applications
What does high-pressure oxidation offer for integrated

circuit fabrication? Some features of this technology are
itemized in Table I. An acceleration in the growth rate of the
thermal oxide film provides the process designer two op-
tions. First, one can retain the temperature and time of an
existing atmospheric-pressure process and take advantage
of the enhanced growth rate associated with high pressure.
It has been observed that, compared to atmospheric-oxida-
tion conditions, the growth rate at an elevated pressure P
increases nearly linearly with P. Second, one may choose
to lower the temperature of an existing oxidation process
by performing it at elevated pressure while retaining the
atmospheric pressure growth rate so as not to impact the
throughput of a given operation. Typically, for every one-

Steam Pressure (kg/cm2)

F19.2. Effect olsteam pressu re on the parabolic rate constant
B for <100> silicon surface orientation.

Table I
Features of High-Pressure Oxidation

1.. Accelerated oxidations
2. Low-temperatu-re processing:

Less warping of large-diameter wafers
Less effect on pn junction location

x; (vertical and lateral)
Fewer oxidation-induced stacking faults4
Denser oxides (higher refractive index)
Reduced dopant segregation at the Si/SiOz interface

3. Offers a new dimension in silicon processing

atmosphere increase in pressure it is possible to lower the
oxidation temperature by up to 30'C without changing an
established oxidation. It is this latter option that has
prompted the current interest in high-pressure oxidation.

Low-temperature oxidations provide the benefits out-
lined in item 2 of Table L Of particular significance to
circuit yields has been the reduction in various oxidation-
induced stresses and structural defects in the underlying
silicon that has been observed as a iesult of high-pressure
oxidation.a As device densities and chip size increase to-
ward VLSI levels of integration, structural perfection will
be required of both the oxide and the silicon. Lastly, adding
a third dimension to the oxidation process will permit the
development of new device structures in the future.

Equipment
The high-pressure oxidation system in HP's Integrated

Circuit Laboratory (Fig. 1) is capable ofestablishing operat-
ing pressures up to 25 atmospheres in a variety of ambients.
For oxidation, either dry oxygen or water-injected steam
environments may be established at any temperature be-
tween 500 and 1000'C. The system uses a quartz paddle for
wafer  t ransport  (shown supported by an e levator
mechanism in Fig. 1) attached to a quartz end cap inside a
movable sealing door. Wafer oxidation takes place inside a
quartz tube that resides within a heating element that is
enclosed within a water-cooled pressure vessel. During
processing the pressure in the quartz tube is always positive
with respect to the vessel (to minimize wafer contamina-
tion) and gases continuously flow through both vessel and
tube. A microcomputer is dedicated for control of all pro-
cess parameters as well as operation sequencing. Safety of
operation is assured through hardwired alarms that can
automatically abort a process and return the system to at-
mospheric pressure. The pressure vessel is outfitted with
rupture discs to relieve any unintended overpressurization.
The system is capable ofprocessing up to 250 75- or 100-
mm-diameter wafers.

Status
In the last few years an increasing number of reports

dealing with various aspects of high-pressure silicon oxida-
tion have appeared in the technical literature. At present
sufficient data on high-pressure oxides has been developed
to permit their use at most of the oxide growth steps found
in a typical integrated circuit process, In addition, some
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Fig.3. Effect of temperature and pressure on the linear rate
constant BIA f or <1 1 1 > and <100> silicon surtace orienta-
Itons.

investigators have observed improved device performance
when atmospheric-pressure-grown oxides are replaced by
films grown in a high-pressure oxidation system. Several
domestic semiconductor companies are already using a
high-pressure oxide growth operation as the basis for their
oxide-isolated bipolar IC products.

At ICL the focus of current work is aimed at improve-
ments in device structures and density that can be realized
by accelerated oxidations. Research into other applications
of high-pressure silicon processing, such as implant activa-
tion, electronic charge neutralization, and novel film form-
ing processes, is being planned. I t  is clear that high-
pressure oxidation will play a critical role in future inte-
grated circuit processing technology.
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