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Highly oriented polycrystalline Bi2S3 thin films with crystal-
linities superior to those obtained in chemically deposited Bi2S3

thin films were prepared by direct evaporation of bismuth sulfide
precipitate. The XRD patterns of these films show preferential
growth of bismuth and bismuthinite planes, and this growth could
be correlated to substrate temperature and substrate type. For
films deposited on glass substrates at room temperature, the
XRD pattern shows an incipient growth of Bi2S3 (bismuthinite)
along the [020], [220], and [021] directions. At these angles, Bi
planes also diffract and might be the major component of this
alloy. XRD spectra of films deposited on bare glass in the
substrate temperature range 150–300°C show that the film
growth evolves from an oriented to a more random pattern. At
a substrate temperature of 250°C, the crystallization of bismuth
and bismuthinite is accelerated on glass substrates with a Cr
coating and inhibited on glass substrates with a SnO2 coating.
The reflectance spectra of the films deposited at 250°C on
uncoated and SnO2-coated glass substrates show that the crystal-
linity is dominated by Bi2S3, whereas in films deposited on a Cr
grid Bi is a strong component. The optoelectronic properties
of the deposited films indicate very conductive layered struc-
tures with Eg values in the range 1.2–1.6 eV. Compared with
the above, chemically deposited thin films were less crystalline
and more stoichiometric, with a lower conductivity and higher
optical band gap (1.5–2.0 eV). The possible application of these
films in heterojunction and photoelectrochemical devices is sug-
gested. ( 1998 Academic Press

1. INTRODUCTION

Bismuth sulfide thin films have been obtained by a variety
of techniques (1—9) due to their importance as a semicon-
ductor material for application in optoelectronic, ther-
moelectric, and photoelectrochemical devices. The optical
band gap (E

'
) of Bi

2
S
3
reported by different authors is in the

range of 1.2—1.84 eV, but the variation in the values does
not seem to be correlated to the amorphous or polycrystal-
line nature of the deposited film. In our laboratory,
1Author to whom correspondence should be addressed.
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specularly reflective bismuth sulfide thin films have been
obtained by chemical bath deposition (10—13) and, more
recently, by low-temperature—low-vacuum vapor phase de-
position (14). We have reported that chemical bath depos-
ition renders bismuth sulfide films that are amorphous in
the as-deposited form and that these films undergo an
irreversible amorphous to crystalline transformation during
postdeposition thermal treatments at or above 200°C (11).
On the other hand, the films obtained by the low-temper-
ature—low-vacuum vapor phase deposition from bismuth
sulfide precipitate are highly polycrystalline (14). Such films
show a trend of decreasing E

'
with increasing substrate

temperature (¹
46"

). Furthermore, in this vapor phase depos-
ition technique substrate temperatures were found to gov-
ern the stoichiometry of the deposited films more strongly
than the source composition.

To investigate the effect of source temperature and pres-
sure on the properties of bismuth sulfide films deposited by
thermal evaporation, in this article we report the results of
direct evaporation of the nearly stoichiometric bismuth
sulfide precipitate as used in the low-temperature studies
(14). In the present case evaporation takes place in a vacuum
chamber under substantially higher temperature (900 vs
500°C) and higher vacuum (10~6 vs 30 mbar) than in pre-
vious studies (14). The source temperature is important in
determining the E

'
values of metal chalcogenides deposited

by direct evaporation (15). The E
'

of Sb
2
Se

3
, for example,

was reported to decrease monotonically with increasing
source temperature. The reason given was that below the
melting point of Sb

2
Se

3
, the Se/Sb ratio is higher than

stoichiometric, and the E
'
of the alloy is in between the E

'
of

Se and Sb
2
Se

3
. Similarly, above the melting point, the Se/Sb

ratio is lower than stoichiometric; thus the deposited films
have band gaps lower than that of stoichiometric Sb

2
Se

3
.

For the films deposited by the method described here,
high-temperature—high-vacuum deposition, the correlation
of the optical band gap, stoichiometry, and orientation of
the films with substrate temperature and substrate type was
examined. As in the case of the low-temperature—low-vac-
uum vapor phase deposition (14), the substrate temperature
7
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TABLE 1
Deposition Conditions and Thickness of Bismuth Sulfide Thin

Films Obtained by Thermal Evaporation of a Bismuth Sulfide
Precipitatea

Substrate ¹
46"

(°C) t
$%1

(min)
Thickness (As )

$200
Deposition rate

(As /min)

Glass 25 4 700 175$50
Glass 150 4 900 225$10
Glass 200 4 1200 300$10
Glass 250 4 900 225$10
Glass 300 4 600 150$10
Glass 250 8 1128 141$20
Glass/SnO

2
250 8 1128 141$20

Glass/Cr 250 8 1128 141$20
Glass 25 1320 2000 1.5$0.2

aData for the films obtained by chemical bath deposition are given in
italics for comparison.
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was found to be an important control parameter to ensure
proper composition of bismuth sulfide films. The structure
and composition of the films obtained by thermal evapor-
ation (both high temperature—high vacuum, and low tem-
perature—low vacuum) were compared to those obtained by
chemical deposition. The role of varying amorphicity and
stoichiometry in determining the properties of the films is
also discussed, along with potential applications of the de-
veloped material.

2. EXPERIMENTAL

Chemically Deposited Precipitate and Films

The source utilized in thermal evaporation was a bismuth
sulfide precipitate obtained as a byproduct in chemical bath
deposition of thin films. Details of the preparation of the
chemical bath are given elsewhere (10). The deposition bath
had a basic pH and contained 0.05 M Bi3`, 0.6 M triethanol-
amine, and 0.04 M thioacetamide as the source of S2~. After
24 h at 25°C, the precipitate was filtered and dried at room
temperature, while the deposited films (&0.2 lm) were rin-
sed and subjected to thermal treatments in inert environ-
ments. About 100 mg of the chemically precipitated powder
was transferred into a closed tungsten crucible attached to
copper feedthroughs inside a commercial thermal evapor-
ator. A vacuum of 2]10~6 mbar was established before the
source temperature was raised to 800—900°C. Three kinds of
glass substrates were investigated: microscope glass, com-
mercially coated SnO

2
glass, and glass/Cr grids. They were

placed 12 cm above the source and were kept at a prefixed
temperature during the 4—8-min evaporation time.

Film Characterization

The X-ray diffraction (XRD) patterns of the films were
recorded using a Siemens D 5000 system with CuKa radi-
ation. Coplanar silver print electrodes with a square geo-
metry (5 mm long at 5-mm separation) were applied on the
film surface to measure the photocurrent response. Meas-
urements were made at a bias of 10 V with a computerized
system (16) and with a halogen—tungsten lamp that pro-
vided illumination intensities of 200 W/m2 over the plane of
the sample. The optical transmittance and near-normal
specular reflectance spectra were recorded on a Shimadzu
UV 3101 near-infrared UV—vis spectrophotometer for film-
side and substrate-side incidence.

The thicknesses of the chemically deposited and evapor-
ated thin films were determined using an Alpha Step 100 unit.

3. RESULTS AND DISCUSSION

Structural Characterization of Evaporated Films

The conditions of deposition and the thicknesses of the
deposited films are given in Table 1. In cold substrates the
thickness of the deposited film is &0.07 lm and goes
through a maximum as the substrate temperature increases.
The maximum thickness obtained was 0.12 lm at 200°C.
The structural features of films deposited at various substra-
te temperatures by thermal evaporation are shown in Fig. 1.
The peaks observed in all patterns can be matched with
diffractions due to Bi (JCPDS 5-0519) and Bi

2
S
3

(JCPDS
17-0320). In the XRD pattern of the film deposited at 25°C,
the relative intensities of the peaks are weak. For substrate
temperatures of 200°C and above, XRD peaks correspond-
ing to several planes of Bi

2
S
3

appear while the peak of the
combined diffraction of Bi and Bi

2
S
3

at 2h&27° decreases.
At ¹

46"
"300°C, the presence of Bi in the film is indicated

by the XRD peak due to the (104) planes of bismuth. The
contribution of Bi to the XRD peaks common to Bi and
Bi

2
S
3

seems to decrease. At high substrate temperatures the
reaction of bismuth and sulfur to produce Bi

2
S
3
seems to be

fast enough to promote growth in several directions and the
XRD pattern of Bi

2
S
3

is well resolved at all angles, resem-
bling the pattern of the powder. The thickness reduction of
the films deposited at 300°C can account for the lower
intensity of the XRD pattern.

Figure 1 indicates that some Bi planes determine the
preferential growth of the Bi

2
S
3

crystallites, since the XRD
peaks due to the (220) and (021) planes of Bi

2
S
3

have
unusually high intensities compared to the diffraction pat-
tern of the powder. The preferential growth of the Bi

2
S
3

crystallites has also been observed in films prepared by
other gas-phase deposition techniques in XRD peaks
located at 2h(25°. Films obtained by reactive evaporation
(9) and films grown from a sulfur-rich vapor phase (14) have
XRD patterns in which the strongest bismuthinite diffrac-
tions correspond to the (130) and (310) planes. Other impor-
tant diffracting planes were the (020) (14) and (220) (9), all
located at 2h(25°. This could be indicative of the lack of
long-range order in the films.



FIG. 1. CuKa XRD patterns of films deposited on glass substrates by
thermal evaporation of a chemically deposited bismuth sulfide precipitate.
Substrate temperatures (¹

46"
): (a) 25, (b) 150, (c) 200, (d) 250, and (e) 300°C.

Duration of deposition: 4 min.

FIG. 2. CuKa XRD patterns of films deposited on glass substrates
from a chemical bath: (a) as-deposited film; (b) vacuum-annealed film at
200°C in an Ar atmosphere for 5 min.
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Comparison of the patterns shown in Fig. 1 indicates
that, regardless of the high source temperature, sulfur and
bismuth atoms or molecules are effectively quenched on the
cold substrate. The chemical reaction giving bismuthinite
(17) is very inefficient below 150°C. Sulfur remains as a com-
ponent in a low-order bismuth sulfide in the amorphous
phase. The presence of a maximum in film thickness vs
¹

46"
(Table 1) can be explained in terms of the competition

between the rate of sulfur evaporation and the rate of
chemical reaction.

Structural Characterization of Chemically Deposited Films

The XRD patterns of as-deposited and vacuum-annealed
films obtained from a chemical bath (24-h deposition at
25°C) are shown in Fig. 2. Figure 2a indicates the amorph-
ous nature of the 0.2-lm-thick chemically deposited films.
They become crystalline after annealing at around 200°C in
several environments (Ar, H , O , air, vacuum, and atmo-
2 2
spheric pressure) (12, 13). The pattern shown in Fig. 2b is
representative of the crystallinity induced by postdeposition
thermal treatments around 200°C. The thickness of the
annealed films is &0.13 lm. According to this figure, the
preferential orientation of Bi

2
S
3

planes is minimal. The
XRD pattern of the film resembles the standard powder
XRD pattern (JCPDS 17-0320) remarkably well.

Comparison of Figs. 1c (¹
46"

"200°C) and 2b (¹
!//%!-*/'

"200°C) indicates that, regardless of the thickness of the
evaporated films, the films obtained by thermal evaporation
are more crystalline and more highly oriented than the
chemically deposited films. Comparison of Figs. 1a
(¹

46"
"25°C) and 2a (chemically deposited film without

thermal treatment) is difficult because of the lack of evidence
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for any structure in the chemically deposited film. From
past work (11—13) we know that chemically deposited films
are highly stoichiometric (as-deposited), whereas XRD
spectra of films deposited at 25°C by thermal evaporation
(Fig. 1a) indicate a nonstoichiometric crystalline alloy, rich
in bismuth. Similar conclusions regarding intensity,
stoichiometry, and orientation hold when the evaporated
films are compared with chemically deposited films ob-
tained at pH&1—3. It was observed that the as-deposited
crystallinity of the films obtained from the chemical bath
depends strongly on the pH of the solution (4—5, 7—8, and
11). Amorphous material (films and precipitate) is obtained
with basic baths and polycrystalline material with acidic
baths. As in the case of the films obtained from basic
solutions and subjected to argon annealing (Fig. 2b), the
XRD patterns of the as-deposited polycrystalline material
obtained in acidic formulations have low intensity and suffi-
ciently strong (130), (310), and (211) bismuthinite planes to
keep a close resemblance to the XRD pattern of the powder.
Therefore, when compared with chemically deposited films,
FIG. 3. Photocurrent response of films obtained by (a) thermal evapor
deposition with and without argon annealing (10~2 torr) at 200°C for 5 min
the evaporated films are more crystalline but non-
stoichiometric and highly oriented.

Electrical Characterization: The Role of Stoichiometry
and Amorphicity

The photocurrent response of the films deposited by
thermal evaporation at various substrate temperatures is
given in Fig. 3 along with those of as-deposited and vac-
uum-annealed films obtained from a chemical bath. High
conductivity and zero photoresponse are observed in the
films obtained by thermal evaporation at ¹

46"
below 250°C.

Lower conductivity and some photosensitivity are observed
in films deposited at 250 and 300°C. The photocurrent
response of the films obtained from the chemical bath (after
postdeposition thermal treatments at 200°C) given in
Fig. 3 can be compared with the one obtained by thermal
evaporation at ¹

46"
"300°C. The high conductivity of these

films, along with the XRD patterns (Figs. 1 and 2), indicates
the strong role of the bismuth component, either as a second
ation for 4 min at various substrate temperatures and (b) chemical bath
.
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crystalline phase or as a strong dopant/modifier in the
crystalline/amorphous Bi

2
S
3

phase.

Stoichiometry. For the films obtained by thermal evap-
oration and deposited on substrates at temperatures below
200°C, it is reasonable to assume that an important contri-
bution to the diffraction observed at 2h&28° comes from
the (012) plane of Bi. As the deposition temperature in-
creases, the Bi/Bi

2
S
3

ratio decreases, causing the dark con-
ductivity to decrease and the I

1)
/I

$
ratio (photocurrent vs

dark current) to increase.
On the other hand, the presence of bismuth is indicated

by minor peaks in the XRD spectrum of chemically depos-
ited films after thermal treatments in inert environments
[bismuth planes (012), (104), and (006) in Fig. 2b]. Even
though some of the bismuth and bismuthinite planes over-
lap, the intensities of the combined diffractions are low.
Among the Bi planes that do not overlap is the (104) plane.
This diffraction at 2h&38° suggests that the Bi/Bi

2
S
3

ratio
is comparable in the argon-annealed chemically deposited
film and the evaporated film deposited at 300°C. In other
words, the S/Bi ratio goes up in Figs. 3a and 3b from top to
bottom.

With the exception of the as-deposited and highly
stoichiometric amorphous film obtained from the chemical
bath at basic pH, the conductivities of the argon-annealed
and evaporated films are high, in the 1—100 )~1 cm~1

range. Additionally, the as-deposited stoichiometric poly-
crystalline material obtained from acidic baths have con-
ductivities on the order of 10~5 )~1 cm~1 (8). This indicates
that charge transport is dramatically affected by the non-
stoichiometry of the films. We have reported before (12) that
even very low concentrations of bismuth can trigger high
conductivity in a two-phase system through percolation
mechanisms.

Amorphicity. The degree of crystallinity varies between
deposition at 25°C and thermal treatments (or deposition)
at higher temperatures (Fig. 1a vs 1b—e, Fig. 2a vs 2b). It
also varies between chemically deposited films and evapor-
ated films (Fig. 1b vs 2b—e). It is well known that the
compositional or positional disorder increases from elemen-
tal to compound to alloy materials. Extensive work on
amorphous material indicates that, although the optical
properties are determined by the normal structural bonding
(NSB), the electrical properties are controlled by the deviant
electronic configurations (DECs) (19). These DECs are very
different in crystalline semiconductors and amorphous
solids. As a consequence, the presence of Bi can trigger
extrinsic conduction either as a segregated phase (percola-
tion), as a dopant in crystalline Bi

2
S
3

(n-type conductivity),
or as a modifier in amorphous Bi

2
S
3
(n-type conductivity by

overcoordination, charge compensation, etc.) (19).
The transition from amorphous to crystalline form en-

hances the long-range order dramatically and usually re-
sults in a large increase in dark conductivity. The effects of
the transition, or the transition itself, can be overtaken
by the presence of modifiers. Consequently, the non-
stoichiometric condition of the bismuth sulfide films seems
to be far more important in determining the electrical prop-
erties than their amorphous or crystalline states. This would
explain the large resistivity reported for stoichiometric
amorphous and polycrystalline films (8—10).

Optical Characterization

The films obtained by thermal evaporation at different
substrate temperatures appear significantly different when
observed from the substrate side (ss) or film side (fs). At
¹

46"
"25°C, the films appear dark from the ss but possess

a metallic luster from the fs. In the case of ¹
46"

"300°C, the
appearance is reversed. In chemically deposited film, the
appearance is nearly identical for ss and fs incidence. Figure
4 shows the near-normal specular reflectance spectra of the
films. The optical interference peaks are notable in the case
of ss incidence in the evaporated films. The difference in the
reflectance spectra in the two modes of incidence suggests
that there exists compositional changes in the film during
deposition. This arises due to nonstoichiometric dissocia-
tion (bismuth enrichment of the source) and/or variable
sticking coefficients for the incoming ions depending on the
composition of the film surface just formed.

As discussed in the previous section, the degree of amor-
phicity is not expected to have a strong role in determining
an overall displacement or large magnitude change in the
curves of optical constants vs photon energy (19, 20). The
NSB, determined by the atom itself and its coordination to
its nearest neighbors, controls the optical behavior. Since
the local order, the bond lengths, and the bond angles are
not expected to be very different in the amorphous and
crystalline compounds (they mainly differ at long range),
both states are expected to have similar optical behavior
(19). In contradiction with this, some authors have shown
that the dielectric constant can change strongly from one
phase to the other in some spectral regions (20). Further-
more, due to the capability of the majority of atoms to
incorporate as multivalent states, alloys can cause impor-
tant changes in the coordination to nearest neighbors, cre-
ating a whole new set of NSB and DECs.

In our work we found that some features observed in
Fig. 4 can be explained in terms of amorphous or crystalline
forms, but others in terms of compositional changes. At low
photon energies (below E

'
), we expect that the index of

refraction of bismuth will determine the reflectivity of the
film. At the low-energy end, the high fs reflectivity of the
evaporated samples deposited at the lowest temperatures
(Fig. 4a) can be explained in terms of higher Bi content
(inefficient chemical reaction below 200°C). On the other
hand, the difference in fs reflectance between the evaporated



FIG. 4. Reflectance spectra of films deposited at various substrate
temperatures (25—300°C) by thermal evaporation for 4 min recorded for
(a) film-side (fs) light incidence and (b) substrate-side (ss) light incidence.
Dotted lines refer to the reflectance spectra of films deposited from a chem-
ical bath for 22 hr at 25°C.

FIG. 5. Plots of (atE )2 vs photon energy E of the films in Fig. 4. The
band gap for direct transitions is the intercept obtained by extrapolation of
the linear portion of the curve to the energy axis.
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sample deposited at 300°C (Fig. 4a) and the as-deposited
amorphous film (dotted line in Fig. 4a) is more likely to be
due to the differences in crystallinity and thickness since
both samples are close to the stoichiometric S/Bi ratio.

The band gaps of the films were determined from the
equation describing optical absorption of direct transitions
in crystalline materials. Figure 5 shows a plot of (atE)2 vs E,
where a is the absorption coefficient, t the thickness of the
absorbing layer, and E the photon energy. The product at
was obtained from transmittance spectra after correcting for
front-surface reflection (21). It is clear from this figure that
the chemically deposited films (amorphous material) are the
most transparent (E

'
(band gap)'2 eV) whereas the films

deposited at the lowest temperatures are the most opaque
(E
'
"1 and 1.4 eV) with a pattern showing strong absorb-

ency at low energies (metallic behavior). The curves of the
films deposited at 200°C or above give E

'
values of 1.5 eV.

Since the equation described is not appropriate for
amorphous films, we also plotted (atE )n vs E with n"1, 1

2
,

and 1
3
(22) for the chemically deposited films. The linearity of

the curves obtained was very poor for n"1
2

and 1
3

and gave
values of E

'
below 1 eV. The plot of (atE) vs E gave two

linear regions with intercepts at 1.4 and 1.8 eV. The superior
linearity of the curves obtained when using the equation for
crystalline material (n"2) strongly suggests that the size of
the crystallites in the chemically deposited films is too small
to be resolved in XRD and that the shift to higher optical
band gap values (from 1.5 to 2 eV) might be due to quantiz-
ation effects, that is, the common blue shift observed in
nanoparticles (23).



FIG. 6. CuKa XRD patterns of films deposited by thermal evaporation
of the bismuth sulfide precipitate on different substrates at 250°C for 8 min:
(a) glass with Cr coating; (b) glass with SnO

2
coating; (c) uncoated glass.
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In summary, the optical band gaps (E
'
&1.5—1.6 eV) and

absorption coefficients (a&105 cm~1) of the films obtained
on substrates above 200°C by evaporation of bismuth sul-
fide precipitate at 900°C compare well with the ones ob-
tained by evaporation of the same precipitate at 500°C and
deposited in substrates held at 290—345°C (E

'
&1.2—1.4 eV;

a&105 cm~1) (14). In both cases the crystallinity of the
films was good, but the stoichiometry is superior in the
low-temperature deposition method. The expected effect of
lower E

'
due to higher source temperature was observed in

the films deposited with substrate temperatures below
200°C and gives rise to two linear regions in the (ahl)2 vs hl
curve, where the x intercept gives E

'
values of 1 and 1.4 eV.

Comparison of both deposition techniques at the same
substrate temperature suggests higher E

'
for the high-tem-

perature—high-vacuum method (contrary to what was ex-
pected).

Substrate Effects

To observe the effect of different substrates on the sticking
coefficient of S/Bi, the deposition was made on uncoated
glass substrates and on conductive SnO

2
-coated glass and

Cr-coated glass substrates. The source temperature was
800—900°C, the same as before (Table 1 and Fig. 1), but
instead of a closed tungsten crucible, we used open graphite
crucibles and longer evaporation times (8 vs 4 min).

With 8 min of deposition time at a substrate temperature
of 250°C, the thickness of the films deposited on the three
different substrates was about 0.1 lm. However, regardless
of the nearly identical thickness, the XRD patterns of the
films deposited on different substrates are very different.
Figure 6 shows the XRD patterns after elimination of the
background. As seen in Figs. 1 and 2, the background
accounts for (50 cps and is mainly due to the glass sub-
strate in the case of these films. Figure 6 indicates that if the
deposition takes place on glass substrates coated with Cr,
the crystallization of Bi is accelerated and the crystallites are
highly oriented along the c axis (strong peaks at 2h"22.5°
and 46°, the (003) and (006) planes of Bi). If the glass
substrate is coated with SnO

2
, the XRD pattern of the

deposited films shows that the bismuth and bismuthinite
peaks are smaller than the ones obtained from films depos-
ited on uncoated glass substrates and on substrates coated
with Cr. This indicates that either the crystallization of Bi or
the reaction between Bi and S is inhibited on an SnO

2
substrate. One reason for the preferred growth on the Cr
substrate might be the likely presence of Cr

2
O

3
in the

coated glass (a common problem in chromium coating at
low pressure). The crystalline structures of Cr

2
O

3
(hex-R,

R3c (No. 167)), Bi (hex-R, R3m (No. 166)), and S (hex-R, R3
(No. 148)) are very similar, and the chromium oxide could
be a better nucleation site for the initiation of the deposition
than SnO

2
(tetra, P4/mmm (No. 136)). The mismatch in
lattice structure between the elements and Bi
2
S
3

(orthor-
hombic, Pbnm (No. 62)) could be one reason for the strong
orientation of Bi

2
S
3

planes observed in the XRD patterns of
films obtained at 250°C. As in the case of Fig. 6a, the more
prominent diffractions in Figs. 6b and 6c correspond to
combined diffractions of Bi and Bi

2
S
3
.

Potential Applications of the Deposited Films

Due to the high crystallinity and orientation of the films,
we believe that the deposition parameters may be adjusted
to have layered structures like Bi/n-Bi

2
S
3

(bismuth rich)/i-
Bi

2
S
3

in a single evaporation. This might be accomplished
by having a decreasing ¹

46"
—time profile and by keeping the

evaporation time short. The optimization of deposition
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time, substrate material, and substrate temperature for the
specific application of these films in heterojunctions and
photoelectrochemical devices is currently under investiga-
tion. In photoelectrochemical cells, a layered structure like
Bi/n-Bi

2
S
3
/i-Bi

2
S
3

will enhance the I—» characteristics of
the cell by increasing the photosensitivity and width of the
absorbing layer (intrinsic material) and still provide enough
band bending (difference between the Fermi level of the
n-type material and the redox potential of the electrolyte) at
the semiconductor—electrolyte interface. Similarly, we ex-
pect that the preferential growth of the different planes in
bismuthinite may modify the chemical stability of the
semiconductor in contact with the electrolyte.

4. CONCLUSION

In this paper we have illustrated that bismuth sulfide thin
films of varying structure and composition can be prepared
by thermal evaporation using bismuth sulfide powder (ob-
tained from chemical precipitation) as the evaporation
source. The material obtained at substrate temperatures
below 200°C was a highly conductive Bi-rich Bi—Bi

2
S
3
alloy

with high reflectance below 1.4 eV and an optical band gap
of 1—1.4 eV. At higher substrate temperatures (250—300°C),
crystallization is enhanced and the formation of Bi

2
S
3

pro-
moted. The resulting films show lower dark conductivity
(still above 1 )~1 cm~1), have lower reflectance, and pro-
duce XRD patterns with diffractions at all Bi

2
S
3
planes. The

patterns, however, show strong orientation effects and/or
contribution of the (104), (012), and (003) planes of Bi. Films
obtained above 200°C had optical band gaps of 1.5—1.6 eV
and absorption coefficients on the order of 105 cm~1. These
values compare well with the 1.38 eV reported for films
obtained by reactive evaporation (9). Due to nonstoichio-
metric dissociation of the precipitate, the S/Bi ratio in the
source goes down with evaporation time, resulting in layers
of varying composition in the deposited material. The chan-
ges can be compensated or enhanced by proper selection of
evaporation time and substrate temperatures.

When compared with films obtained by chemical depos-
ition (either argon-annealed when deposited from basic
baths or as-prepared when deposited from acidic baths),
chemically deposited films were less crystalline and more
stoichiometric, with a lower conductivity and higher optical
band gap (1.5—2.0 eV) (5, 7, 8).

The layered material obtained by evaporating Bi
2
S
3

pre-
cipitate at 900°C and 10~6 mbar resembles the material
obained by evaporating the same precipitate at 500°C and
30 mbar reported before (14). The expected effect of lower
E
'

due to higher source temperature was observed at the
lowest substrate temperatures (25—150°C) in our studies.
Comparison of films obtained by both evaporation tech-
niques (high and low source temperature) at the same sub-
strate temperature did not show the mentioned effect. We
are currently working at optimizing the composition of the
layered structure in the developed material for use in photo-
electrochemical cells.
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