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a  b  s  t  r  a  c  t

As-deposited  bismuth  sulfide  (Bi2S3)  thin  films  prepared  by  chemical  bath  deposition  technique  were
treated  with  thermal  annealed  in  air atmosphere  and  argon  AC  plasma.  The  as-deposited,  thermally
annealing  and  plasma  treatment  Bi2S3 thin  films  have  been  characterized  by X-ray  diffraction  (XRD)
analysis,  atomic  force  microscopy  analysis  (AFM),  transmission,  specular  reflectance  and  electrical  mea-
surements.  The  structural,  morphological,  optical  and electrical  properties  of  the  films  are  compared.  The
XRD  analysis  showed  that  both  post-deposition  treatments,  transform  the  thin  films  from  amorphous
to  a crystalline  phase.  The  atomic  force  microscopy  (AFM)  measurement  showed  a  reduction  of rough-
hin films
hemical deposition
lasma treatment

ness for  the  films  treated  in plasma.  The  energy  band  gap  value  of  the  as-prepared  film  was  Eg =  1.61  eV,
while  for  the  film  thermally  annealed  was Eg =  1.60  eV  and  Eg =  1.56 eV for  film treated  with  Plasma.  The
electrical  conductivity  under  illumination  of  the  as-prepared  films  was  3.6  × 10−5 (�  cm)−1,  whereas  the
conductivity  value  for the thermally  annealed  films  was  2.0  ×  10−3 (� cm)−1 and  for  the  plasma  treated
films  the  electrical  conductivity  increases  up to 7.7 ×  10−2 (�  cm)−1.

© 2014  Published  by  Elsevier  B.V.
. Introduction

Research in semiconductor thin film materials for application in
olar cells have increased in recent decades due to the need to find
ew abundant and low-toxicity materials, in order to complement
urrent thin film solar cells technologies [1].

One of the features that make a semiconductor material suitable
or solar cells applications is its value of the energy band gap (Eg),
hich must be in the range of 1.1–1.6 eV, as suggested by some

heoretical studies about the conversion efficiency for ideal solar
ells [2].

Bismuth sulfide (Bi2S3) is a semiconductor material with an
nergy band gap value reported of 1.3 eV (bulk), this feature makes
t a good candidate to be used as an absorber material in thin film
olar cells [3]. The synthesis of Bi2S3 thin films has been reported
y many authors, such as: spray pyrolysis [4], electrodeposition

5], vacuum thermal evaporation and chemical bath deposition
6,7], ionic layer adsorption and reaction (SILAR) [8]. Bismuth sul-
de thin films obtained by the above mentioned techniques have

∗ Corresponding author. Tel.: +52 55 5622 7759; fax: +52 55 56 227775.
E-mail addresses: hamog@ier.unam.mx, psishes@gmail.com (H. Moreno-García).

ttp://dx.doi.org/10.1016/j.apsusc.2014.05.147
169-4332/© 2014 Published by Elsevier B.V.
reported Eg values between 1.9 and 1.52 eV, depending on the depo-
sition method. The electrical conductivity values for Bi2S3 thin films
are in the range of 8.5 × 10−5 (� cm)−1 to 0.2 (� cm)−1. Further-
more, Bi2S3 is used for the development of the ternary compound
Cu3BiS3 which offers excellent properties as a potential photo-
voltaic absorber material with high optical efficiency [9]. There are
several reports about the application of Bi2S3 thin films in photo-
voltaic devices [10–13]. One of the most prominent photovoltaic
devices is composed by Bi2S3 nanocrystals and p-type PbS quan-
tum dots with a conversion efficiency of 5.0% [13]. It demonstrates
the feasibility of using this material in solar cells application.

The chemical deposition technique is widely known for being
a simple and low cost method to obtain uniform thin films, with
the advantage of easy scale-up. However, the films produced by
this method have very poor crystallinity; so that, post-deposition
heat treatments are required in order to improve their structural
characteristics. Nair et al. reported that the chemically deposited
Bi2S3 thin films with a heat treatment in air at 250 ◦C produces a
change of the Bi2S3 thin films from amorphous phase to crystalline

phase. However, that process yields a significant loss of thickness
(about 40%) [10].

It has been reported for some materials, such as: CuS, SnS and
Sb2S3, that a post-deposition treatment with plasma produces a

dx.doi.org/10.1016/j.apsusc.2014.05.147
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.05.147&domain=pdf
mailto:hamog@ier.unam.mx
mailto:psishes@gmail.com
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7  Surface Science 311 (2014) 729–733

s
p
p
o
c

t
p
t
c

2

2

d
i

t
t
w
a

2

t
t
f

2

8
p
p
a
s
p
7

3

m
m
c
r
t
f
N
m
m
c
t
w
T
R
g
a
t
t
r
o

30 H. Moreno-García et al. / Applied

ignificant enhancement in their optical, electrical and structural
roperties [14–16]. The plasma treatment represents an alternative
ost-deposition process in order to modify the physical properties
f the films, which could result in photovoltaic devices with better
onversion efficiencies.

For this work, we have used chemical bath deposition technique
o obtain thin films of Bi2S3 [17]. The modification on physical
roperties of the films, caused by the effect of post-deposition
reatments (air annealing at 250 ◦C for 30 min  and Ar plasma) are
ompared and discussed.

. Experimental details

.1. Bi2S3 thin films

The reaction solution as well as the deposition conditions were
one following the method reported by Nair et al. in Ref. [17], and

t is cited below.
For the deposition of the Bi2S3 films a reaction solution con-

aining 10 ml  of 0.5 M bismuth nitrate dissolved in TEA; 8 ml  1 M
hioacetamide and de-ionized water to complete 100 ml  volume
as prepared [6]. After 105 min  of deposition a thin film of Bi2S3

bout 145 nm in thickness was obtained.

.2. Air annealing

The as-prepared samples were placed in a Petri dish sealed with
eflon tape, in order to prevent the loss of sulfur during the thermal
reatment. Subsequently, the films were annealed in air at 250 ◦C
or 30 min.

.3. Plasma treatment

The system consisted of two circular copper electrodes with
0 mm in diameter and a gap spacing of 3 mm.  Electrodes were
laced horizontally at the center of the reaction chamber. The sam-
les were placed on bottom electrode. To generate the plasma,
rgon gas was injected into the chamber. The AC discharge power
upply was maintained at 290 V and a current of 64 mA.  The sam-
les were treated with the Ar plasma at a pressure of 3 Torr, for
5 min.

. Characterization

The X-ray diffraction (XRD) patterns of the thin films were
easured using a JASCO-670 diffractometer in grazing incident
ode (  ̋ = 1◦). The crystal size (D) was calculated by using the

omputer software of the equipment. The film thickness (d) was
ecorded using an Ambios Technology measured on an XP-200
hickness measurement unit. For morphology analysis an atomic
orce microscopy (AFM) Dimension Icon DS100 was  used. The
anoScope Analysis software version 1.4 for calculating the root
ean square (RMS) roughness was used. The optical transmission
easurements are used to determine optical absorption coeffi-

ients. Transmission (T) and specular reflectance (R) spectra of
he films were measured in the UV–vis–NIR region (200–1100 nm
avelength range), using a spectrophotometer Shimadzu UV1800.

he optical absorption coefficient (˛) was estimated from the T and
 spectra and film thickness (d). The semiconductor energy band
ap was determined by measuring the absorption coefficient as

 function of the photon energy [20]. For electrical characteriza-

ion of the samples, two silver paint electrodes were painted on
he films surfaces (5 mm long and 5 mm separation). The photo-
esponse measurements were carried out by maintaining the films
n dark, in order to stabilize them in darkness, once, the current was
Fig. 1. X-ray diffraction patterns of Bi2S3 thin films: (a) as-deposited, (b) annealed
in  air and (c) treated by Ar plasma.

measured in the dark for 30 s with a bias voltage of 5 V, then
30 s under illumination conditions with an intensity of 850 W/m2

(tungsten – halogen radiation, temperature 3300 K), finally 30 s in
the dark. Current data were acquired every second using a mea-
surement system constituted by a programmable voltage source
Kiethley 230 and a digital multimeter Keithley 619, linked to a
computer. The electrical conductivity in the dark and under illu-
mination, and the conductivity type were determined using the
photo-response data of each film [17].

4. Results and discussion

The thickness (d) measurements of Bi2S3 samples were: 145 nm
for the as-prepared films; 94 nm for films annealed in air at 250 ◦C
for 30 min  and 140 nm for films treated in argon plasma. The
annealed in air process produced a loss in thickness of 35% while
the film treated in Ar plasma has a loss in thickness of 3%.

4.1. Structural and morphological characterization

The XRD measurements of the Bi2S3 thin films as-prepared,
annealed in air and treated in Ar plasma are shown in Fig. 1. The XRD
patterns of samples subjected to post-deposition treatments were
compared with the standard pattern of the orthorhombic crys-
talline phase for the mineral bismuthinite, PDF  # 17-0320. In both
cases (annealed in air and treated in plasma), it was  observed that
the main peak of the XRD spectra corresponds to (3 1 0) diffraction
plane, another XRD peaks of both samples match well with those
for the crystalline planes (2 0 0), (2 2 0), (2 1 1), (2 2 1) and (2 4 0).
Also, the peaks of the sample annealed in air have more intensity
than the sample treated in plasma. Furthermore, it can be observed
in both cases a better definition of the XRD peaks in the 2� region of
40–52◦. The as-prepared films give an amorphous phase, but their
XRD patterns is displayed in Fig. 1 for comparison. The calculated
crystal size value (D) for the sample annealed in air is 15.6 nm and
16.5 nm for the sample treated in plasma.

The AFM analysis of the morphology and 3D surface of the Bi2S3
as-prepared thin films, thermally annealed in air and treated by
Ar plasma are shown in Fig. 2. Through AFM analysis the rough-
ness values were estimated. The as-prepared film has a roughness
of 15.6 nm,  the film of Bi2S3 annealed in air of 24.9 nm and the
film treated in plasma of 42.0 nm.  A higher impact on the surface
is observed for the sample treated by Ar (Fig. 2(e) and (f)) com-
pared with the as-prepared film (Fig. 2(a) and (b)) and annealed

in air (Fig. 2(c) and (d)). From literature is known that the appli-
cation of thin films of Bi2S3 with smoother surface morphology
improves the device performance in optoelectronic devices like
photodiodes [18]. Hence, as the film surface obtained after plasma
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ig. 2. AFM micrographs for the: as-prepared Bi2S3 thin films (a) 3D and (b) surface;

reatment is smoother than the thermally treated film, the plasma
reatment would be better to this purpose. The different morpholo-
ies exhibited on the treated films can be understood considering
he different temperatures of the treatment, in annealed in air was
f 250 ◦C, while that for the plasma treatment was  of 500 ◦C [19],
hen the carrier gas employed in plasma treatment have enough
nergy involved in the process to produce a higher impact on
he surface, which it is observed in the sample treated in plasma
Fig. 2(e) and (f)).

.2. Optical characterization
Fig. 3 displays the measurement of optical transmittance (T) and
pecular reflectance (R) of the samples: as-deposited, annealed in
ir at 250 ◦C and treated by Ar plasma. For the as-prepared films
s found T = 40% at � = 1100 nm and the absorption edge occurs
aled in air (c) 3D and (d) surface; and treated by argon plasma (e) 3D and (f) surface.

at � ≈ 735 nm (see Fig. 3). It is clear from Fig. 3 that for samples
annealed in air the value of T decreases up to 30% at � = 1100 nm,
due to the change of the amorphous phase into the crystalline
phase, as it has been observed by XRD analysis. For the samples
treated by Ar plasma, it found T = 21% at � = 1100, this value is still
lower than the above two  cases, due to the combination of the
change of the phase from amorphous to crystalline and its greater
thickness compared with the obtained in air annealed film.

Plots presented in Fig. 4 correspond to (a) the absorption coef-
ficient as a function of the photon energy (  ̨ vs. h�) and in the
inset (b) (˛h�)2/3 is plotted against h�. The energy band gap val-
ues of samples were determined from the plots of (˛h�)2/3 vs. h�,

by the extrapolated intercept on the h� axis yields, which give the
energy band gap value [20]. The values of the optical absorption
coefficient of films in the visible region of the electromagnetic spec-
trum give to result higher than 1 × 104 cm−1, which would allow
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Fig. 5. Photoconductivity response plots for Bi2S3 thin films: (a) as-deposited, (b)
ig. 3. Optical transmittance (T) and reflectance (R) spectra as a function of the
avelength in the range of 200–1100 nm for Bi2S3 thin film: (a) as-prepared, (b)

nnealed in air and (c) treated by Ar plasma.

o these films absorb about 95% of the incident radiation with a
hicknesses of the material with less than 200 nm,  according to
he Beer–Lambert law [21]. For the samples studied in this work, a
irect forbidden transition was observed, since it was  found m = 2/3

n all cases. The calculated value of Eg for the samples: as-deposited,
nnealed in air and treated by Ar plasma were: Eg = 1.61 eV (with

 linear correlation coefficient R = 0.999); Eg = 1.60 eV (R = 0.999)
nd Eg = 1.56 eV (R = 0.999) respectively. The Eg value obtained for
he plasma treated sample (1.56 eV) is better that the thermally
nnealed sample because its band gap is close to the optimal band
ap for absorbing materials (1.1–1.6 eV). The increase in direct band
ap may  be due to the high crystalline order and larger grain size
f films as revealed by XRD patterns, which it can produce a high
arrier concentration [22].

.3. Electrical characterization

Fig. 5 displays the photoconductivity response for the as-
repared Bi2S3 thin films, thermal annealing in air and treated

y Ar plasma. The electrical conductivity (�) under illumination is
.6 × 10−5 (� cm)−1, 2.0 × 10−3 (� cm)−1 and 7.70 × 10−2 (� cm)−1

espectively. From the hot point tests, an n-type conductivity for
hermally annealing in air and treated by Ar plasma thin films can

ig. 4. (a) Optical absorption coefficient (˛) as a function of the photon energy (h�)
or the Bi2S3 thin films: (A) as-prepared, (B) annealed in air at 250 ◦C and (C) post-
eposition treatment in argon plasma. Inset: (b) Determination of the Eg values for
hese films.
annealed in air at 250 ◦C and (c) post-deposition treatment in argon plasma.

be deduced. The electrical photoconductivity for the as-prepared
films was �p = 3.6 × 10−5 (� cm)−1; an increase of about two orders
of magnitude was observed for samples annealed in air at 250 ◦C
(�p = 2.0 × 10−3 (� cm)−1) compared with the as-prepared films.
The highest value of electrical photoconductivity was  obtained for
the samples treated by Ar plasma (�p = 7.7 × 10−2 (� cm)−1). The
increase in electrical conductivity of the films can be attributed to
an increase in electron density, percolation effects due to porosity,
surface degradation/etching, produced by the increase in surface
roughness (see AFM analysis), and where some structural changes
related to crystallinity occurs like a high grain size as revealed by
XRD patterns, which increment charge trapping in the bulk. Per-
haps some other reasons why the electrical resistivity decreases
need to be further investigated.

The proper conductivity is between 0.001 and 0.1 (� cm)−1

because it creates greater depletion region (W), so the conductivity
of the thin films treated by Ar plasma satisfy this requirement.

5. Conclusions

The results of this work show that the post-deposition treatment
by Ar plasma is a viable alternative to enhance the optical, electrical,
morphological and structural properties of Bi2S3 semiconductor
thin film. The main advantage of this type of post-deposition treat-
ment is the reduction of losses in thickness of the Bi2S3 films.
Through the XRD analysis the change of the amorphous phase to
crystalline phase was found for both post deposition treatments
(thermal and plasma), since in both cases XRD patterns match well
with the standard pattern of mineral bismuthinite (PDF # 17-0320).
The measurements of the surface morphology by AFM analysis have
shown that a significant improvement in lowering the roughness
of the samples subjected to a treatment by plasma. The Eg values
of the samples were 1.61 eV for the as-prepared films, 1.60 eV for
thermally annealing in air and 1.56 eV for the films treated by Ar
plasma. In the plasma treatment can be observed a substantially
improvement in the optical properties of the Bi2S3 thin films. The
Eg value obtained for the plasma treated sample is closer to the opti-
mal  band gap for absorbing materials. The conductivity of the films
treated by plasma allows the formation of a wider area in depletion

region, which involve a collection of charge carriers. We  hope that
the present work inspires further researches to combine the chem-
ical deposition of Bi2S3 thin films and the post-deposition plasma
treatment, to develop photovoltaic structures type TCO:CdS/Bi2S3-
(P)/PbS in order to improve these type solar cells.
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