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PHOTOLITHOGRAPHIC PROCESSES IN AMORPHOUS SEMICONDUCTORS 

M. Janai 

Dept. o f  Physics, Technion, Haifa 32000, Israel .  

Abstract. - Various photolithographic processes in a wide class of amorphous 
semiconductor films have been proposed and demonstrated in the past decade. The 
special features of the photosensitive amorphous semiconductor materials - non 
graininess, inorganic chemistry, deposition from the vapor phase and durability in 
dry and wet etchants - make them attractive photoresists for sub-micron fabrication 
of integrated circuits and integrated optics devices. The photolithographic processes 
in amorphous semiconductors can be classified according to four photosensitive effe- 
cts: [l] light enhanced chemical reactivity, [Z] photodissolution of metals, [ 3 ]  
light enhanced vaporization and [4] light induced crystallization. For each of these 
processes the mechanism, the sensitivity and the resolution are described with refe- 
rence to published data, and its merit for the fabrication process of integrated 
circuits is discussed. Applications in which the photosensitive materials can serve 
as the final micro-component are emphasized. 

1. Introduction. - In the process of photolithography a photosensitive mate- 
rial changes its solubility in certain etchants according to the amount of irradia- 
tion incident upon it. Relief patterns formed in thin layers of high resolution 
photolithographic materials can be used ascomponentsin integrated optics or integ- 
rated electronic devices, or may serve as protective masks in the processing of the 
substrate on which they are deposited. The latter process has received much atten- 
tion in recent years, since it is the basis of the microfabrication technology for 
integrated electronic circuits (1). The ever-increasingdemands of the microelectronic 
industry require photolithographic materials (photoresists) with sub-micron resolu- 
tion, high sensitivity, good adhesion to the common substrates used in microelectro- 
nics, and high resistance to a wide class of dry (plasma) and wet (chemical) etchants. 
Other important requirements include uniform photoresist thickness over areas up to 
5" in diameter, consistency of etch rate, high differential solubility of the expo- 
sed and unexposed portions of the film, good step coverage, low pinhole density and 
minimum undercut. The photosensitive material should be non-contaminating, hard (non 
sticky), and should not change dimensions after exposure. For applications such as 
ion implantation, the material should have high aspect ratio and high stopping power; 
for use with e-beam or with x-ray lithography the material should have high atomic 
number, and to all these are added, of course, the requirements for process simpli- 
city and low cost. 

Thin films of certain amorphous semiconductors have many of the properties wan- 
ted for microelectronic photoresists, as well as those useful for integrated-optics 
components. Amorphous chalcogenide films, for example, dissolve easily in alkaline 
solutions but are very resistant to aqueous solution of H,SO,,, HF, H,PO, and HC1 
which are used for SiO,, Si,N, and Si patterning, and thus they can serve as etching 
masks. Amorphous chalcogenide semiconductors are also useful for integrated optics 
applications, since they have low transmission losses in the infrared and high acou- 
sto-optic coefficients (2,3). 

In this paper we describe the mechanisms and the performance of four different 
photolithographic processes in amorphous semiconductor films. The processes are [l] 
light enhanced chemical reactivity, [ 2 ]  photodissolution of metals, [3] light enhan- 
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ced vaporization, and [4] photocrystallization. These processes may be sub-classif ied 
into positive or negative processes. In a positive process the irradiated portion of 
the material becomes dissolvable, while in a negative process the irradiated part 
becomes etch-resistant. Two important parameters in the characterization of a photo- 
lithographic process are the resolution and the sensitivity. The resolution is some- 
times determined by projecting an image of a test pattern and examining the smallest 
resolvable etched line width (4,s). Another way to determine the resolution is to 
measure the modulation amplitude of a sinosoidal relief pattern as a function of line 
pair density (MTF) (6,7). The other parameter - the sensitivity - is usually derived 
from the y curve. The y curve is the fractional etched thickness (for a positive 
process) or the fractional remaining thickness (for a negative process) of the photo- 
sensitive material, as a function of the exposure 1.t (I = irradiated intensity, t = 
exposure time). The sensitivity is defined as the reciprocal exposure (in (J/cm2)" ) 
which corresponds to the midpoint on the y curve. The particular MTF and Y 
curve of a given photolithographic process depend not only on the properties of the 
photosensitive material, but also on its initial thickness, on its development pro- 
cedure and on other process parameters. Nevertheless, these two curves are useful in 
the evaluation of photolithographic systems,as will be seen below. 

2. Mechanisms of photolithographic processes in amorphous semiconducta~-S. - 
2.1 L ~ g ~ r - ~ n e ~ n z ~ ~ _ C ~ ~ g i ~ a ; - R e a g t ~ y i t r r ( L E C R ) _ .  - The effect of LECR appears in thin 
films oz chalcogenide~emicondu~t~r glasses. Upon irradiation, the solubility rate of 
the chalcogenide film in its natural solvent (usually an alkaline solution) is chan- 
ged. Keneman (8) has reported that films of As,S,, approximately 1 pm thick, which 
were exposed to the 5145A line of an Ar+ laser,dissolved in 0.01N NaOH solution at a 
rate of ~A/sec, while a freshly evaporated film has an etch rate of 8 x/sec (a nega- 
tive photolithographic process). Shirakawa et al. (9) studied As,S, and other As- 
based amorphous chalcogenide compounds. The films were exposed to 3 J/cm2 radiation 
from a mercury arc lamp, and they observed a subsequent increase of up to 25% in the 
etch rate by 1N NaOH (a positive photolithographic process). Chang et al. /6.10.111 
confirmed Keneman's results, and showed that the effect i s  exhibited also in 
CFI, plasma etching with an etching-rate ratio or 1:1.8 between the exposed and un- 
exposed portions of the film (12). Utsugi and Zembutsu (13) studied various compo- 
sitions of the As-S-Ge-Se system. They report etch-rate ratios of 1:0.52, 1:0.38 and 
1:1.6 in l.5 p thick films with exposure 15.3 ~ / c m ~ .  Both negative and positive photo- 
lithographic processes are obtained, depending on the material composition. 

Another group ofchalcogenides -Ge,Se,-, was studied by Yashikawa et al. (4,14, 
15) and by Singh et al. (16). The first found that photoexposed Ge,,Se,, dissolves 
1.18 times faster than a heat-treated film. Heat treatment was performed just below 
the glass temperature, for 5 min. The second groupseported that the etching rate 
difference can be increased by up to 30% if the film is obliquely deposited at 800. 

Some insight into the mechanism of the LECR process is obtained from the work 
of Gurevich et al. (17). They pointed out that the etching rate varies with the 
variation of the refractive index of the film, and that record-and-erase cycles 
produced by irradiation and heat-treatment are observed in the dehaviour of both the 
refractive index and the etch rate. Hou and Chang (6) have shown that the difference 
in the LECR of As,S, is proportional to the absolute value of the photoinduced change 
of the refractive index. Similar results were obtained by Zembutsu et al. for other 
chalcogenide compositions (18). 

The experimental evidence suggests that the LECR is closely related to the 
reversible and irreversible variations of the values of the optical constants of 
amorphous chalcogenide se~iconductors. The irreversible variations of the optical 
constants of thin evaporated chalcogenide films have been attributed to cross link- 
ing and polymerization of the evaporated molecules, a similar effect to that of 
post-deposition heat-treatment (19). A cross-linking process is the basis of most 
common negative polimeric photoresists and can explain the increased etch resistance 
of exposed or heat-treated films relative to freshly-evaporated films (6,lO-12,16). 
The effect of irradiation on heat-treated (annealed) films, however, is not so clear. 
Tanaka has shown (20) that reversible structural transformations also accompany the 



reversible photodarkening and bleaching caused respectively by irradiation and heat- 
treatment. He suggested a bi-stable structural model to explain this behavior (21, 
22). As implied above, structuraltransformationsmay also cause changes in chemical 
solubility. Street and Mott (23) proposed the charged defect states (D'D') model 
which was further developed by Kastner et al. (24) (the VAP model). Recently this has 
been specifically applied to the optical transformations and thermal bleaching of 
amorphous chalcogenide thin films (25). This model, of electronic nature, is not 
likely to explain the LECR phenomenon nor the optical transformations themselves. 
The DID- model was originally proposed in order to solve problems associated with 
ESR and the photoluminescence behavior in amorphouschalcogenides. As pointed out by 
Tanaka (22), it is unlikely that one model with a single spectrum of energy states 
can explain two phenomena (e.g. light induced ESR and reversible photodarkening) 
which have such different kinetics and temperature dependence. Yet it is not clear 
that the model proposed by Tanaka himselfof the origin of the optical transforma- 
tions can be applied to the LECR, since no clear correlation was found between 
the optical transformations and LECR. For example, it was reported that two slightly 
different material compositions result in opposite-sign LECR lithographic processes, 
while thevaluesof the optical constants of both materials vary in the same way upon 
exposure (13,lS). More experimental and theoretical work may be needed to resolve 
this problem. 

Resolution as high as 5400 %/mm has been demonstrated for LECR of As,S, by MTF 
measurements (6). Figure 1 shows a relief pattern formed in thermally grown SiOl by 

LECR of Ge,,Se,, (4). As seen from the figure, 1 pm reso- 
lution is obtained. Curves (j) and (k) of figure 2 demonst- 
rate the y of the LECR process in as-evaporated As,S, 
and in heat-treated Ge25Se ,5  , respectively. The etch- 
rate contrast is poor, and so is the sensitivity 
(1 / (6 J/cm2)). LECR was used by Keneman to intensify 
phase holograms (8), and by Sakai and Utsugi (26) to 

L 

Fig. l .-Pattern etched in " 
Si4 through a Gear Se,, 
protective mask formed by 
positive LECR(4). EXPOSURE (~/cm') 

Fig. 2.-Exposure characteristics of some amorphous semiconductor photoresists. (a) 
O.lpm silver halide over 0.5pm As2Ss(with photographic developement) (29). (b) 0.01 
pm silver (AgN03) over 0.27pm Ge25Sezs(plasma etching) (28). (c)O.Olum silver(AgN03) 
over 0.28pm Gejs Se, (e-beam exposureY5kV) (27). (d) 5000A AszSj (LEV, latm. 02, 180 
'C, 0.1 mW/cm: microscope slide substrate)(38). (e) CVD amorphous silicon (photo- 
crystallization, estimated) (45). (f) 0.01pm silver (AgN03) over Gefo Se,,(4). (g) 
silver (evaporated) over l. lpm Asj3 SF9Te4 (9) . (h) 0.01pm silver (AgN03) over 0.46~m 
Ge SeFB (15). (i) 0.02pm AgCl (evaporated) over 0.3pm AszSI (x-ray exposure) (11). 
(j) 0.3pm as-evaporated As,S3 (LECR, negative process) (11). (k) 0.77pm heat-treated 
GezsSev5 (LECR, positive process) (15). The y curve of a common polimeric photo- 
resist (AZ 1350) lies between curves (b) and (c). 
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copy holograms. However, the present low contrast and S E - ~ e  film 

low sensitivity of the LECR process in amorphous chal- deposition 

cogenides seem to prohibit its use in practical systems. SiQz 

2.2 Photodissolution of Metals (PD). - The photolitho- 
graphiE-pF6EGii-Iii-~6F~ii~UG-Jei~c6iiductors which has 
received most attention so far is the one based on the 
drastic reduction of chemical solubility of amorphous 
chalcogenide thin films in alkaline solutions upon 
photodissolution of metals in them. The photosensitive 
system in the PD process, schematically depicted in 
fig. 3, comprises of a thin silver layer (O.Ol'~0.05 um) 
deposited over (or underneath) a somewhat thicker layer 
(O.l'~o.5 pm) of evaporated or sputtered amorphous chal- 
cogenide semiconductor such as As,S3 or GeZl Se7*. Light 
irradiation (26), X ray (11) or e-bean1 exposure (27) 
cause the silver to dissolve in the chalcogenide, and 
render it insoluble in alkaline solutions. The silver 
of the unexposed regions can be removed by an acid solu- 
tion such as HN03-HC1-H,O, and the unexposed chalcoge- 
nide is removed by an alkaline solution. The remaining 
film has an excellent protection ability against most 
chemical etchants (4). After the etching of the subst- 
rate it can be removed by hot H,S04. Following exposure, 
the relief pattern can be developed also by CF4 plasma. 
High etch-rate ratios of 1:210 for As,SJ (12) and 1:370 
for Ge2,Se,, (28) have been reported. 

Dipping into 
AgN03 solution 

- 
Exposure 

Etching by 
acid solution 

Etching by 
alkaline solution 

Substrate SIINI. ... (SiOz. l aching 

Fig. ?.-Schematic illus- 
tration of the PD litho- 

The necessary silver layer can be applied by vacuum graphic process (l5). 

evaporation, by dipping the chalcogenide film in AgN03 
solution (15) or by evaporation of a silver-halide film 
such as AgBr,.,,I,,,on the chalcogenide film (29). In the later case the silver-halide 
is exposed, and the latent image is photographically developed. Photodissolution is 
then performed by flood-illumination. The use of silver halide and subsequent photo- 
graphic development greatly enhances the sensitivity of the process, as can be seen 
from curve (a) in figure 2. The sensitivity of other silver-chalcogenide combina- 
tions under light, x-ray and e-beam exposure is demonstrated by curves (b), (c), (f), 
(g), (h) and (i) of fig. 2. It should be noted that a process which uses silver as 
part of the photosensitive system may be particularly attractive for x-ray or e-beam 
lithography due to the high stopping power of silver for these radiations. The use 
of AgN03 or, even better, a silver-halide film as the source of silver has an advan- 
tage over an evaporated silver layer, since the evaporated silver may start the 
reaction with the chalcogenide during evaporation due to the kinetic energy of the 
evaporated silver atoms (thermal-doping) or due to the light irradiation from the 
evaporation f illament (photo-doping) . 

Fig. 4 demonstrates the results of the etching of thermally grown Si02 through 
a protective mask of silver-photodoped Ge,,Se,,. Resolution of 0.3 pm has been 
demonstrated by e-beam exppsure (27,29). However, the ultimate resolution of the 
process may be at the 50 range, as recently demonstrated by Yoshikawa et al. (30). 

The steep y curves of the photodissolution process (Fig. 2 (b), (c), (f), (g)) 
suggest that a kind of a threshold effect is associated with this process. Indeed, 
Kolwicz and Chang (11) observed that only a very thin (% 800 A) photodoped layer on 
top of an undoped (% 5000 if chalcogenide layer is sufficient to give etch protection 
to the undoped chalcogenide as well as to the SiO, underneath. This observation is 
also confirmed by the results of Yoshikawa et al. (28) for plasma etching. It app- 
ears that the excellent performance of this photoresist in the anisotropic plasma 
etchant is partially because a "cup" is formed under the thin photodoped layer, 
which then protects the underlying substrate (11). The critical exposure needed to 
form the top photodoped layer of this cup is the threshold exposure which is derived 
from the mid-points of the various y curves of fig. 2. 



In the following we shall concentrate on the 
Ag / As2S, system which has been studied more than 
most other systems. The similarity of the PD effect in 
all the chalcogenide amorphous thin films suggests that 
the results ought to be applicable also to other com- 
positions. Recent models (32,33) of the PD phenomenon 
have been based on the DID- (23) or on the VAP (24) 
models of electronic energy states in amorphous chal- 
cogenides, and on the results of photovoltage measur- 
ments. Ishikawa (32) suggested that the light deion- 
nizes the charged defect states (D' + D- + h3 + 2 ~ ~ ) .  
The neutralized defect states DO trap electrons which 
are thermally released by the silver atoms, and become 

a 
stable D' states. The D- states then electro- 
statically attract the Ag+ ions into the amorphous C 
chalcogenide film. Tanaka (22) has tied the PD pheno- 

which are observed in pure amorphous chalcogenide 
E menon together with the photostructural transformations 

films. According to him, neither of these phenomena ! 
can be explained by the D'D- model. i 

b 

-- - 
We have recently pointed out (36) that according 

I ,  
to published spectral data (34,35) the photoexcitation 
in the PD phenomenon must take place inside the silver, %Lk--Patterns etched in 
below the silver-chalcogenide interface. To mention Si02 through a silver- 
three of the reasons for this conclusion, let us first photodoped GelsSe,,mask, 
note that Inoue et al. (35) and Kolwicz et al. (11) formed by PD (4) . 
reported that the front of the photodissolved silver 
stops propagating once the elemental silver on the 
surface has been consumed. Secondly, the first authors obtained a higher sensitivity 
of the PD phenomenon in As2S, for photon energies below the optical band gap when 
the light came from the silver side than when the light came from the chalcogenide 
side of the sandwich junction. This is hardly possible if the light which comes from 
the silver side has to pass the highly reflecting silver-air and silver-chalcogenide 
barriers, whereas the light which comes from the chalcogenide side has to pass only 
one low reflection chalcogenide-air barrier. Thirdly, while the spectral sensitivity 
for illumination from the chalcogenide side does show similarity to the optical 
absorption spectra of the semiconductor (34,35), the spectral sensitivity for illu- 
mination from the silver side over the same spectral range is almost flat. We have 
shown that in the case of illumination from the chalcogenide side the similarity of 
the PD sensitivity to the chalcogenide absorptance is not because more photons are 
observed in the chalcogenide, but because more photons are coupled into the silver 
following optical matching of the extinction coefficients of the silver and the 
chalcogenide. If, indeed, the active light is absorbed entirely in the silver, there 
should not be any correlation between the PD process and other light enhanced pheno- 
mena in amorphous chalcogenide semiconductors. 

After consideration of the atomic percentages of photodissolved silvervs. chal- 
cogenide film (11, 31, 37) we concluded (36) that a new glassy phase of composition 
nearly that of As4AggS6 is formed by a light enhanced solid-state reaction. The 
action of the light is to reduce the kinetic barrier of this reaction, which is 
thermodynamically favorable. There are indications that a material of the composition 
As-Ag-S should be insoluble in alkaline solusions, and hardly etchable in most acids 
(36). The formation of such an etch-resistant compound on top of the exposed metal- 
chalcogenide film is probably the clue to the action of this photoresist. 

Optimization of the relative silver-chalcogenide film thicknesses for chalco- 
genide compositions other than As,S, should be made according to thermodynamics and 
chemical considerations which take into account the stability and the relative 
atomic density of the newly formed phases. Better understanding of the PD mechanism 
and correct choice of the composition of the photoreacting layers might make this 
inorganic system the next generation photoresist in sub-micron lithography. 
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2.3 Light Enhanced Vaporization (LEV). - The effect of LEV has been observed in the 
As-S Z~SfZi-~3~;~9]-Z~a-ij~ss~~~a?~aa~6stly in amorphous As2S, thin films. It is, in 
fact, a light enhanced oxidation reaction followed by the thermal evaporation of the 
volatile reaction products : 

This reaction results in a positive photolithographic process (Fig. 5). The vapori- 
zation rate is generally constant with time, and almost independent of film thick- 
ness (40). Thus the thicker the film, the longer the exposure needed to evaporate it. 
Curve (d) of fig. 2 shows the exposure required to remove a 5000 A AslS3 film from 
a microscope slide substrate by LEV under 1 atm OZ , 0.1 mW irradiation at wave- 
length X = 4350 A, and a temperature of 180°C. The sensitivity of the process at low 
light levels is relatively high, but it degrades with increasing light levels because 
of sub-linear dependence of the process on light intensity. LEV rates up to 40 x/sec 
have been demonstrated. The dark vaporization rate is usually 2%3 orders of magni- 
tude lower than the LEV rate, so that high contrast relief profiles can be obtained. 

In experiments to measure the MTF of the LEV process in As,S, the resolution 
limit was found to be in the 1 um range (7). However, this seems to have resulted 
from limitations in the method of measurment, and it will be shown below that the 
ultimate resolution of the LEV process might be in the range of 200 ft. Fig. 6 shows 
a fused silica slide which was etched through an As2S, protective mask produced by 
LEV (5). The photograph was taken with an interference objective, which demonstrates 
an etch depth of 1.2 pm. No attempt was made to minimize pinholes or ensure uniform 
and complete LEV exposure for this particular demonstration. 

The LEV process in amorphous As2S, films seems particularly promising (2) in 
those applications such as integrated optics, where 3-dimensional micro-features are 
required. Using this process, a two dimensional multitone picture can be transformed 
to a 3-dimensional relief pattern by projecting its image onto As,S,. Since LEV is a 
real time photolithographic process with no subsequent development, it can be moni- 
tored and controlled interferometrically to a high precision. We have used it to 

form 3D optical waveguides and grating 
couplers, and it can be used easily to form 
3D microlenses. A particularly interesting 
application is the production of tapered 
couplers from single mode waveguides to 
single mode optical fibers (41). By precise 

PHOTORESIST IN UNCOVERED 

Fig. 6.-White light interferogram of a 
test pattern etched in a fused silica 

Fig. 5.-Schematic illustration of the substrate through an As2S3 mask formed 
LEV lithographic process. by LEV. 



I I I I I I I I I " I " ' ~ I " ' I  control of the shape, slope 
and thickness of a- tipereh 
As,S, buffer layer between a 
waveguide (e.g. LiNbO,) and a 
silica fiber the light can be 
coupled out of the waveguide 
and into the fiber. Prelimi- 
nary tests of these'ideas re- - 
veaied a few problems. One of 

~1 them was that during the LEV 
5 process the As,S, surface de- 
e veloped roughness on the scale 

z of 0.1-0.3 pm. This causes 
-1 1 - light scattering and rapid 

T.180'~ 
attenuation of the guided 
light wave. The mechanism by 

0% OC l aim. 
1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 :  which this roughness develops 

o am YO m IOW na mo W fro8 is not yet clear to us. 
FILM THICKNESS ( A )  

The model for LEV of 
As,S3 that has evolved (40,42, 

Fig. 7.-LEV rate vs thickness of thin-ning films 43) is based on the correlation 
of As2S3 for four light levels. The extreem between photoconductivity and 
points to the right on each curve represent the LEV behaviour. As we have shown 
initial film thickness(about 15008). The osci- elsewhere (42,43), both the 
lations of the data at low light levels are due temperature and the time (kine- 
to multiple-reflections interference. tics) dependences of these two 

phenomena are similar. Thus is 
has been suggested that the LEV 

rate is controlled by the flow of photocarriers to the As,S,-0, interface. The active 
photocarriers are produced within a layer of width @T)"' below the As,S3-0, inter- 
face, where D is the diffusion coefficient of the charge carriers and r its decay 
time constant. Fig. 7 shows the thickness dependence of the LEV rate of As,S, for 
four different light levels. As can be seen, the LEV rate is almost constant until 
a layer of only 175 A of As,S, has remained. Only then the LEV rate drops down. This 
indicates that photons absorbed deeper than 175 below the As,S,-0, interface do 
not reach the surface and do not contribute to the LEV oxidation reaction. Indeed, 
from the known values of the charge decay time and the mobility, the value of (DT)"' 
was estimated to be -200A (42). 

Figure 7 indicates another interesting feature of the LEV process. If one cal- 
culates the number of photons absorbed in the active layer of 175 for X = 4358 W 
(a(X=4358l() = 7.10~cm'' ) and compares it with the number of molecules evaporated 
from the surface, one gets an amplification factor of 40 (e.g. 40 vaporizing mole- 
cules per one surface photocarrier). To date we have not resolved the exact chain of 
surfacereactionswhich result in the LEV process, and it it not yet clear which is 
the rate limiting step at which the surface photocarrier is required. 

As to the performance of the LEV lithographic process, the resultant amplifi- 
cation factor together with the fact that (DT)"' = 175 8, suggest that this figure 
should represent the ultimate resolution of the process. One may reach an amplifi- 
cation factor of a few orders of magnitude when one photocarrier is sufficient to 
vaporize a volume containing about 1000 molecules, i.e, a (30.l)~. Besides its 
potential practical application, the LEV process seems to be an interesting tool in 
the study of electronic processes in amorphous As,S,. LEV is probably the only pro- 
cess discussed in this paper which is tied directly to electronic processes in amor- 
phous semiconductors, and is defjnitly controlled by excess charge carriers. It seems 
to be unrelated to the photostructural transformations or to the light induced ESR 
discussed in section 2.1 above, since the LEV rate reaches its maximum at tempera- 
tures (-195'~) beyond the annealing temperature of the other effects and beyond the 
glass temperature of As,S3. We also found strong evidence that the LEV rate may be 
controlled by contact potentials and internal electric fields in the As,S, films, a 
phenomenon which deserves further study (40). 
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2 . 4  - Photocrystal1ization.- - - - - - - - - We have recently initiated in our 
laboratory a study of photocrystallization lithography. This work is still in its 
infancy, but preliminary results have shown great promise. The process we study is 
the direct photolithography of amorphous silicon films, which are patterned (anneal- 
crystallized) by laser irradiation of a Q-switched ruby laser through a photo- 
graphic mask (44). Fig. 8 shows a direct negative print of an image produced by 
photocrystallization on a 46001-thick film. The bright regions of the photograph 
correspond to the amorphous silicon regions which are almost opaque to visible light 
The dark regions correspond to the polycrystalline laser annealed regions, which 
have a higher transmittance (44,45). Besides the interesting features of this photo- 
graphic process for holographic and digital optical data recording applications, it 
may find use in photolithography. A recent paper reports an etch rate ratio of 1:5 
of the polycrystalline (thermally annealed) versus amorphous silicon. The difference 
in etch rates seems to increase with a decrease in the deposition temperature of 
the amorphous silicon. So far we have demonstrated %l pm width lines in CVD amorphou 
silicon films on fused silica substrates, and we are currently studying the MTF and 
the y curves of this process. If the potential of this photolithographic process 
materializes, it will be possible to pattern directlytheCVD silicon and form the 
connecting circuity and the gates in MOS devices with no need for an additional 
oxidation and photoresist step. The amorphous silicon can also serve as an inor- 
ganic photoresist in the fabrication of other steps in the integrated circuit. CVD 
silicon has excellent step coverage features and its photolithographic use is clean 
and may have high merit for other processing-steps in the IC manufacturing techno- 
logy. 

The mechanism of pulsed laser annealing is still under intensive investigation 
by many groups (47), although not in relation to imaging. From our own preliminary 
results we can not yet determine whether the process takes place through a solid- 

state re-ordering reaction or a melting 
and crystallizine of the silicon film. 

Fig. 8'.-Image produced by Q-switched 
laser photocrystallization of amorphous 
silicon ( 4 4 ) .  The dark regions in the 
photograph correspond to the laser an- 
neal-crystallized portions of the film. 
The speckles are due to beam nonunifor- 
mity. 

~owevek, the high lateral resolution 
which we obtain seems to support the 
first possibility. 

3. Summary and Conclusions. - Four 
photolithographic processes' - LECR, PD, 
~ E V  and photo~ryst~llization were dis- 
cussed. Despite the natural tendency 
towards unified models, we come to the 
conclusion that each of these processes 
is controlled by a basically different 
mechanism. The LECR has the kinetics of 
the photostructural transformations and 
a similar temperature dependence, so 
that these two effects seem to be conne- 
cted. The PD effect does not seem to be 
related to the electronic excitations in 
amorphous semiconductors since the exci- 
tatibn takes place in the metal. The 
released photoexcited charge carriers, 
though, may be trapped temporarily on 
the photodissolved amorphous side of the 
metal-semiconductor junction. The LEV is 
due to photoexcitation in the semicon- 
ductor, but has no relation to the 

photostructural transformations. It is more associated with the effect of charge 
migration and surface recombination of the photoexcited charge carriers. The photo- 
crystallization in amorphous silicon seems to be a re-ordering solid-state transfor. 
mation, yet to be studied. 



From t h e  p r a c t i c a l  po in t  of view, PD l i thography seems t o  show g r e a t  promise 
f o r  plasma processing of sub-micron f e a t u r e s  produced by x-ray o r  e-beam a s  well a s  
deep UV rad ia t ion .  LEV i n  As,S, may f i n d  use i n  t h e  production o f  in tegra ted  o p t i c s  
devices. The pho tocrys ta l l i za t ion  of amorphous s i l i c o n  has s t i l l  t o  be s tud ied  
before  conclusions can be drawn. But, undoubtedly, t h e  success  o f  t h i s  process  may 
s implify and improve considerably t h e  manufacturing o f  in tegra ted  c i r c u i t s .  

The author  expresses h i s  g r a t i t u d e  t o  Prof .  S.G. Lipson f o r  c r i t i c a l  reading of 
t h e  t e x t ,  t o  D r .  A. Yoshikawa f o r  supplying f i g u r e s  1 and 4, and t o  Mrs. M. J ana i  f o r  
her  indispensable  he lp  throughout t h e  p repara t ion  o f  t h i s  manuscript. 
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