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Abstract

As-deposited bismuth sulfide thin films prepared by means of a chemical bath deposition
were treated with argon AC plasma. In this paper, we present the results on the physical
modifications which were observed when a pre-treatment, containing a solution of 1 M
sodium hydroxide, was applied to the glass substrates before depositing the bismuth
sulfide. The bismuth sulfide thin films were characterized by X-ray diffraction, energy
dispersive X-ray spectroscopy, scanning electron microscopy, atomic force microscopy,
UV-VIS, and electrical measurements. The XRD analysis demonstrated an enhancement in
the crystalline properties, as well as an increment in the crystal size. The energy band gap
value was calculated as 1.60 eV. Changes in photoconductivity (cp) values were also
observed due to the pre-treatment in NaOH. A value of o, = 6.2x10"° (Q-cm) " was found
for samples grown on substrates without pre-treatment, and a value of o, = 0.28 (Q-cm)™
for samples grown on substrates with pre-treatment. Such o, values are optimal for the

improvement of solar cells based on Bi,S3 thin films as absorber material.
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1. Introduction

Bismuth sulfide (Bi,Ss) is part of the semiconductor compound group V—VI. Bi,S;3
is a typical lamellar-structured semiconductor with a bulk direct band gap of 1.3 eV [1]. In
thin-film form, its band gap varies from 1.52 eV to 1.9 eV, depending on the deposition
technique. Bi,S; is an n-type semiconductor with remarkable applications in thermoelectric
[2, 3], optoelectronic [4-6], photo electrochemical [7], and photocatalytic [8] devices.
Methods to improve the physical properties of Bi,S3 thin films have been previously
conducted by several groups: Rincon et al. [9] reported the annealing of Bi,S3 thin films in
argon (Ar) or hydrogen at 180°C to 400°C and oxygen at 100°C to 250°C; Ahire et al. [10]
achieved the modifications of the structural, optical, and electrical properties of
nanocrystalline bismuth sulfide using swift heavy ions; and recently, we used the post-
deposition Ar plasma treatment to enhance the physical properties of the chemically
deposited Bi,S; thin films [11].

Another way for improving the physical properties of the thin films is through the

incorporation of Na in the absorber layer; such as the case of CIGS-based solar cells [12].
The addition of Na produces an enhancement in the efficiency of the solar cell because of
the increase of hole concentration and electrical conductivity of the absorber [13-15], Na

also improves the morphology of the material [16, 17] and the grain size [17, 18].
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The main objective of this paper is to demonstrate that the physical and chemical properties
of the Bi,S3 films are improved by using a pre-treatment of the substrates in NaOH before
the Bi,S; deposition and post deposition treatment by Ar plasma irradiation in order to use

such films in the development of optoelectronic devices and solar cells.

2. Experimental details
Pre-treatment substrates

Glass substrates were pre-treated by an immersion in a 1 M NaOH (J.T. Baker) solution for
18 h at room temperature. Afterwards, they were rinsed with water and dried with hot air.
Subsequently, they were placed into a beaker containing the reaction solution of the Bi,S;

chemical bath.

Bi,S; thin films

The reaction solution and deposition conditions were performed by following the method
disclosed by Nair et al. [19]. A solution containing 10 ml of 0.5 M bismuth nitrate
dissolved in triethanolamine (TEA) was used for the deposition of the Bi,S3 films; de-
ionized water was added to 8 ml of 1 M thioacetamide to obtain a total volume of 100 ml
[20]. The Bi,S; film thickness reached approximately 96 nm after a deposition time of 75

minutes.
Plasma treatment

The system is comprised of two circular, copper electrodes that are 80 mm in diameter and
have a gap spacing of 3 mm. Electrodes were settled horizontally along the center of the
reaction chamber. The samples were placed over the bottom electrode. The plasma chamber

was evacuated at a gas pressure of 2 x 1072 Torr and purged several times using Ar at a
3
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pressure of 1.0 Torr in order to remove the background gases. Ar gas was injected into the
chamber at a pressure of 3 Torr in order to generate the plasma. The AC discharge power
supply was maintained at 290 V and with a current of 64 mA. The samples were treated for

75 min.

Based on the study carried out by Nair et al., which suggests that the use of Ar in heat
treatment improves the physical properties of the Bi,S; film [9], we decided to employ an
Ar plasma for this research.

The Bi,S3 thin films presented in this work were labeled as follows: (A) as-prepared films,
(B) as-prepared samples with a pre-treatment in NaOH, (C) samples treated with Ar
plasma, and (D) samples deposited on glass substrates with a pre-treatment in NaOH and

post-deposition treatment in Ar plasma.

3. Characterization

The X-ray diffraction (XRD) patterns of the resulting Bi,S3 thin films were measured using
a Rigaku Ultima IV diffractometer in grazing incident mode (Q = 1°). The crystal size was
calculated using the computer software PDXL. Film thickness was recorded using an
Ambios Technology XP-200. An atomic force microscope (Dimension Icon model DS100)
was employed for morphology analyses. The NanoScope Analysis software version 1.4 was
used for calculating the root mean square roughness. The elemental analysis of the films
was conducted with a Hitachi SU1510 scanning electron microscope attached to an Oxford
energy dispersive, and Inductively Coupled Plasma Optical Emission Spectral (ICP-OES)
HORIBA spectrometer to determine the presence of the elements Na, Bi, and S. The
transmission (T) and specular reflection (R) spectra of the samples were measured in the
UV-VIS-NIR region (200-1100 nm) using a Shimadzu UV1800 spectrophotometer. The

optical absorption coefficient (o) was calculated from the T and R spectra and film



thickness. The semiconductor energy band gap (Eg) was determined by measuring the
absorption coefficient as a function of the photon energy [20]. For the electrical
characterization of the samples, two silver electrodes were painted on the surface of the
films (5 mm long and 5 mm apart). The films were stabilized in a dark environment before
taking the photo response measurements. Thereafter, a bias voltage of 5 V was applied to
the films and the electrical current was measured for 30 s in the dark, 30 s under
illumination with an intensity of 850 W/m? (tungsten—halogen radiation; temperature of
3300 K), and again for 30 s in the dark. Electrical current data was acquired for each
second utilizing a measurement system comprised a Kiethley 230 programmable voltage
source and Keithley 619 digital multimeter connected to a computer. The electrical
conductivity in the dark and light was determined using the photo response data from each
film [21]. The hot point probe technique was used to define the conductivity type of the
Bi,S3 thin films,

4. Results and discussion

The thickness measurements of the films are as follows: 96 nm for the as-prepared film
(sample A), 100 nm for the as-prepared film on glass substrates with a pre-treatment in
NaOH (sample B), 94 nm for the film treated in Ar plasma (sample C), and 98 nm for the
film deposited on glass substrates with a pre-treatment in NaOH and post-deposition
treatment in Ar plasma (sample D); as shown in Table 1.

4.1 Structural and morphological characterization

Figure 1 displays the XRD patterns for the Bi,S3 ultra-thin films. In our previous
work [11], we reported that as-prepared Bi,S3 thin films do not exhibit XRD peaks, and for

that reason, the XRD measurements for sample A are not included in Fig. 1. Sample B does
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not reveal any XRD peak or any crystalline structure (amorphous, Fig. 1a). The post-
deposition treatment in Ar plasma of the Bi,S3 thin films changes the structure from
amorphous to crystalline, similar to bismuthinite, with orthorhombic (PDF # 17-0320)
crystal structure (Fig. 1b). Figures 1 b) and c¢) show that the diffraction planes (020), (120),
(220), (310), (211), and (221) exhibit a higher intensity for sample D compared with the
XRD peaks of sample C. Additional peaks are detected in the diffraction pattern of sample
D in planes (141), (430), (440), and (431).

The estimated values for the crystal size, calculated from the main XRD peak
(corresponding to the diffraction plane (310)), for samples C and D are 16.4 nm and 30 nm,
respectively. The crystal size for sample D is bigger than that for sample C, therefore
indicating a superior crystallization (it occurs when a pre-treatment in NaOH solution is

used).

Figure 2 shows atomic force microscopy (AFM) measurements for a) corning glass,
b) corning glass with a pre-treatment in NaOH, c) sample A, d) sample B, e) sample C and
f) sample D. The NanoScope Analysis software version 1.4 was used for calculating the
root mean square roughness on corning glass and the samples. The roughness of the
corning glass was estimated to be 1.1 nm. Surface analysis showed particles with a
maximum and minimum diameter value of 27.5 nm and 441.9 nm, respectively. The
roughness value of the substrate with NaOH pre-treatment was estimated to be 47.6 nm.
Surface analysis showed particles with maximum and minimum diameter values of 1655
nm and 2.29 nm, respectively, and a maximum height of 127 nm. The considerable increase
in the roughness is due to the presence of multiple NaOH particles adhered to the glass
substrate (Fig. B). Sample A displays multiple peaks of less than 6 nm. The roughness
value was estimated to be 1.5 nm. The particles in Fig. 2 ¢) have an average diameter of 35
nm, a minimum diameter of 33 nm, and a maximum diameter of 386 + 68 nm. Sample B
has a roughness value of 20.4 nm and minimum and maximum diameters of 110 nm and
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1500 £ 190 nm. Sample C has a roughness value of 18.5 nm, minimum and maximum
diameters of 56.2 and 443 nm, respectively, and a standard deviation of 63.5 nm. Sample D
has a roughness value of 21 nm and minimum and maximum diameters of 112 nm and
1600 £ 163.5 nm. Samples pre-treated with NaOH presents a slight increase in roughness
values compared to samples without pre-treatment, as well as the presence of larger
diameter particles. The formation of a non-uniform Na coating on the substrate surface is
likely to occur due to the pre-treatment with a NaOH solution, and thus, the Bi,S; thin film
has an epitaxially growth. However, studies on semiconductor thin films state that the
adhesion of Na particles on the substrate produces an augmentation of the physical
properties of the films. [22, 23].

The fact that the thickness of the films remained unchanged after the Ar plasma
treatment (as shown in Fig. 2), indicates that the plasma treatment has minimal impact on
the surface of the film, meaning that there is no erosion. Likewise, samples pre-treated with
NaOH and subsequently treated by Ar plasma after the Bi,S3 deposition (sample D) have a
minor roughness compared with the thermal treatment [11]. In applications such as
photovoltaic device development, an absorber material with a uniform and homogeneous
surface is desirable in order to ensure the creation of a continuous internal electric field.
Thus, sample D displays to be the best candidate for the development of thin film solar

cells based on Bi,S3 as absorber material.

The EDS measurements corresponding to corning glass substrate, as-prepared Bi,S; thin
films, and Bi,S; thin films treated by Ar plasma as well as the EDS measurements of such
samples pre-treated with NaOH are displayed in Fig. 3. The atomic percentage values of
elemental Na, Bi, and S, corresponding to the samples shown in Figure 3 are given in Table
1. The results indicate that the atomic percentage of Na in the control substrate (corning
glass without pre-treatment in NaOH) is 8.3 + 0.3 % whereas for the substrate pre-treated in
NaOH, Na atomic percentage is 13.1 = 0.2%. The increase in EDS peak corresponding to
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atomic Na in the glass substrate treated in NaOH is remarkable compared to the atomic Na
present in the control substrate, as demonstrated in Figures 3 a) and b). Also, in Figure 3 a),
the presence of elements constituting the glass is observed, particularly Si and O; lesser
extent Ca, Mg, and Al are present. The values of Na atomic percentage for the as-prepared
Bi,S3 thin films deposited on corning glass substrates without (figure 3 c) and with NaOH
pre-treatment (figure 3 d) are 8.4 + 0.3 and 9.6 + 0.2, respectively (samples A and B). For
both samples, the difference between the values of the atomic percentage of Na is only 1%
as most of the Na content is removed from the substrate surface during the immersion in the
reaction solution for chemical deposition of Bi,S;. The atomic percentage values of Na,
corresponding to Bi,S3 thin films treated by Ar plasma, grown on corning glass substrates
without (Figure 3e) and with NaOH pre-treatment (Figure 3 f) were 8.6 £ 0.3 and 9.7 £ 0.2,

respectively (samples C and D).

The atomic percentage values of Na, for samples without pre-treatment in NaOH
(corning glass substrate, as-deposited Bi,S3 and Bi,S; thin films treated by Ar-plasma) were
8.3 t0 8.6 £ 0.3. This slight variation in the atomic percentage value of Na might be related
to the variation in the composition of the glass substrate itself. However, for the same
samples subjected to the pre-treatment in NaOH, the values of the atomic percentage of Na
have presented a variation of more than 1% compared to the respective untreated samples
in NaOH. Finally, it can be assumed that Na particles adhered to the surface of the glass
substrate can interact with the nucleation of the film and therefore contribute in the re-
crystallization of the material when Ar plasma treatment is applied.

The analysis uses the atomic percentages of Bi and S to display the stoichiometric
ratios. Samples A and B have a Bi atomic percentage of 53.4% and 54.6%, respectively.
Samples C and D have a Bi atomic percentage of 56.0% and 56.1%. The values in Table 1
indicate that Ar plasma treatment does not affect the thickness of ultra-thin films since they
have a variation of less than 5%. The lower increment in the atomic percentage of Bi
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explains the increase in electrical conductivity of the films. The incident energy penetrates
the Bi,S; films and glass substrates, therefore the glass constituents can be seen in the

measurements (Figures 3 b) and 3 f)).

For the ICP-OES measurements, samples C and D were dissolved in a solution of
5% nitric acid (HNO3). The ICP was calibrated using an aqueous analytical solution
containing 5% nitric acid and 1000 pg/ml for each element (Bi, S, and Na). A solution of
5% HNO3; was used as a blank. The presence of the elements was analyzed based on the
emission peak intensity; which occurs at 588.99 nm for Na, 223 nm for Bi and 181.97 nm
for S. The results are as follow: for sample (C) 5.51 pug/ml from S and 9.24 pg/ml from Bi
were determined and for sample (D) 6.48 ug/ml from Na, 2.45 pug/ml from S and 9.54
pg/ml from Bi were found. These values corroborate the presence of Na in sample D, also
identified by EDS measurements. However, since EDS and ICP-OES have different
sensitivity values, the presence of Si, O, Al and Na were also detected by EDS, as a
consequence of a greater penetration into the glass substrate. The contribution of Na, Bi and
S belonging only to samples was possible by measuring ICP-OES, as demonstrated in this

work.

4.2 Optical characterization

The optical properties of samples A, B, C, and D are shown in Fig. 4. T, R, and film
thickness data were used to calculate the optical absorption coefficient (a). Fig. 4a shows
that the samples treated with Ar plasma have a decreased transmittance of approximately
10% (at A=1100 nm) compared to samples without plasma treatment. Figure 4b shows the
plot of a as a function of energy (hv), which reaches values of o > 10* cm™ in the visible

region, as expected for solar energy applications. Fig. 4c exhibits the plot of (ahv)??

vs. hv,
which is employed to calculate E, values by adjusting the linear part of the curve to a
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straight line when it approaches zero. The calculated Eq values for films in this work are:
1.68 eV and 1.67 eV for samples A and B, respectively; and 1.61 eV and 1.60 eV for
samples C and D, respectively. A linear correlation (R = 0.999) was obtained for these
calculations. The lower E4 value measured in sample D (1.60 eV) indicates that the
Na/plasma treatments produce the most suitable E4 value for the Bi,S3 absorber layer. In a
previous study [24], equation (1) was proposed for the calculation of photo-generated
current density (J.) using the spectral distribution of photon flux (Np;, stm?2nm™) for the

values of a, as well as their wavelengths corresponding to Eq (g = 1240/Ey).

Ag

J.(mA/cm?) = 0.1x1.6027°[X

Ny (1 —e™%)AA] (1)

We calculated the expected values of J_ and the estimated E4 values for samples A, B, C,
and D by applying equation (1). The calculated values of J_ are as follows: 22.2 mA/cm?,
22.3 mA/cm?, 24.74 mA/cm?, and 25.24 mA/cm?, for samples A, B, C, and D, respectively.
These results indicate that pre-treatment in NaOH improves the adhesion and quality of the
sample, whereas the post-deposition treatment by Ar plasma results in the improvement of
crystallization. Both treatments must be done in order to achieve an improved photon

absorption and thus an increase in the photocurrent density generation.

4.3 Electrical characterization

The hot-point probe technique indicates that Bi,S3 thin films in this work are n-type. Figure
5 shows the conductivity measurements (cp) of samples A, B, C, and D. Samples A and B
have photoconductivity values of 6.2 x 107° (2 cm) *and 1.2 x 10> (Q cm) *, respectively.
Samples C and D have values of 5.2 x 1072 (Q cm) * and 0.277 (Q cm) 2, respectively. The
variation in the conductivity values is probably due to the change in the crystal structure
from amorphous to crystalline (determined by XRD measurements), and an improvement
of the surface morphology (observed by AFM). These changes in the physical properties of
Bi,S; thin films allowed the augmentation of charge carrier transportation through the

material.
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5. Conclusions

Bi,S; films were obtained using the chemical bath deposition technique. XRD analysis
revealed the change from the amorphous to the crystalline phases caused by the post-
deposition treatment in Ar plasma. A crystalline orthorhombic structure similar to the
mineral bismuthinite was observed. XRD peaks match well with the standard pattern PDF
17-0320. A crystal size of 30.5 nm for sample D was determined. The EDS and ICP-OES
measurements proved the presence of Na in the sample D, which is associated to the
improvement in the crystal size of the film. This study demonstrates that Bi,S; films less
than 100 nm in thickness, pre-treated in NaOH, and post-treated in Ar plasma exhibit
improved stability and crystallinity as well as better morphological, optical, and electrical
properties in comparison to non-treated films. The AFM analysis revealed films with lower
roughness and less impact erosion when pre-treatment with NaOH and Ar plasma post-
treatment were applied. The best Eg value is 1.60 eV for samples pre-treated in NaOH and
post-treated in Ar plasma. The best photoconductivity value is 0.277 (Q cm)’ that
corresponds to sample D (pre-treated in NaOH and post-treated in Ar-plasma). The
combination of pre-treatment in NaOH and post-treatment in Ar plasma results in an
increment in photoconductivity of approximately four orders of magnitude compared to the
As-prepared films.

This study demonstrates that Bi,S3 thin films exhibit improved properties when both pre-
treatment in NaOH and post-treatment in Ar plasma are applied. In consequence, we
conclude that the use of plasma post-treatment as well as NaOH pre-treatment are viable
methods for the enhancement of the physical properties of semiconductor ultra-thin films of

Bi,S3 less than 100 nm in thickness.
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Figure captions

Fig. 1. X-Ray diffraction patterns of Bi,S; thin films: a) Na/as-deposited (sample B), b)
treated with Ar plasma (sample C), and c) treated with Na/Ar plasma (sample D).

Fig. 2. AFM 2D micrographs for Bi,S3 thin films: a) as-prepared (sample A) b) Na/as-
prepared (sample B), c) treated with Ar plasma (sample C), and d) treated with Na/Ar
plasma (sample D).

Fig. 3 EDS measurements of a) substrate corning without and b) substrate with NaOH
treatment. Measuring the Bi,S; as-deposited thin film c) without treatment and d) with
NaOH; the Bi,Ss thin film d) treated by Argon plasma and e) treated with NaOH and
Argon plasma.

Fig. 4. a) Optical transmittance (T), b) optical absorption coefficient () and c)

determination of the E4 values (ahv) 25

vs. hv) for: (A) as-prepared, (B) Na/as-prepared, (C)
treated with Ar plasma, and (D) treated with Na/Ar plasma.
Fig. 5. Photoconductivity response plots for Bi,S3 thin films: (A) as-prepared, (B) Na/as-

prepared, (C) treated with Ar plasma, and (D) treated with Na/Ar plasma.
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Table captions

Table 1. Atomic percentages of elemental Na, Bi and S calculated from the EDX

measurements.
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Sample Na atomic Bi atomic S atomic
percentage (%) percentage (%) percentage (%)
Substrate Corning 8.610.3 0.0 0.0
Substrate Corning treated 13.1+0.2 0.0 0.0
A 8.410.3 53.4 46.6
B 9.610.2 54.6 45.4
C 8.610.3 56.0 44.0
D 9.740.2 56.1 43.9
TABLE 1
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Highlights

We report our findings about Na incorporation and plasma treatment on Bi,S; thin

layers.

The Na pre-treatment improves the structural and electrical properties of Bi,S; films.

The Eq4 value was 1.60 eV for films with pre-treatment with NaOH and treatment in Ar

plasma.
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