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Abstract Uniform, smooth and densely packed Bi,S;
thin films were prepared at room temperature by an in situ
solution chemical reaction using bismuth nitrate as pre-
cursor in a form of thin solid film which was reacted with
ammonium sulfide ethanol solution. Bi,S3 thin films both
as-deposited and annealed at different temperatures were
characterized by XRD, SEM, EDS, AFM, UV-Vis—NIR
and LSV measurements. The thin films growth with
deposition cycle numbers was investigated. The results
showed that the as-deposited Bi,S5 thin films were almost
amorphous and near to chemical stoichiometry. The
annealing promoted crystallization to orthorhombic struc-
ture as well as crystal growth from very small particles to
short-rod shaped nanocrystals. The optical band-gap
energy was in the range of 1.34-1.69 eV depended on
crystal size on films. The eight dip-cycles Bi,S; films
annealed at 300 °C had a better photoelectrochemical
performance with photocurrent density of 5.03 mA/cm?®
bias 0.5 V vs. Ag/AgCl reference electrode. This in situ
deposition had an average deposited rate of 40 nm per
cycle and a self-perfect function to grow smooth with
increase of dip-cycle numbers.
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1 Introduction

In the past few years, semiconductor nanomaterials have
been focus of scientific research due to their potential
applications as active absorbers in photovoltaic, thermo-
electric, photoelectro-chemical and sensing techniques [1—
4]. For this purpose, many research works have been
directed toward synthesis of semiconducting nanomaterials
through comparatively facile, low cost and eco-friendly
methods, in which solution chemical methods have shown
great promise in high feasibility, low energy consumption
and large-scale preparation [5, 6].

Bismuth sulfide, as a metal chalcogenide compound, has
varied and unique semiconductor properties, such as direct
band gap energy of 1.2-1.7 eV [7-9], high absorption
coefficient of 10™* cm™" in the visible wavelength range
[10], low-toxicity [11] and good chemical stability [12].
All these have been related to its potential applications in
visible-wavelength photodetectors [13, 14], photoelectro-
chemical solar cells [15, 16], thermoelectric devices [17,
18] and electrochemical hydrogen storage [19, 20]. Par-
ticularly, Bi,S;, as n-type semiconductor sensitizer, had
been used in the sensitized oxide nanocrystalline photo-
electrochemical cells (NPC) [14, 21, 22]. However, the
previous studies showed that relatively low photoelectric
conversion efficiency, typically less than 1 %, needed to be
improved. So, new film preparation methods for uniform
deposition of sensitizer layer on the oxide anodes and close
contact at interface layers is still desired [23, 24].

Up to now, Bi,S; thin films have been deposited by
various solution chemical methods, mainly including
chemical bath deposition (CBD) [25, 26], successive ion
layer adsorption and reaction method (SILAR) [27, 28],
electrochemical method [29, 30] and spray pyrolysis [31,
32]. CBD is a common solution chemical growth technique
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for many metal chalcogenide compounds [33-35], which
is, generally, easy to prepare thin films with high quality.
However, it is known that in a CBD process, a heteroge-
neous growth of thin films on the substrate surface and a
homogeneous growth of precipitates in the bulk solution
took place simultaneously as the ionic product (IP)
exceeded the solubility product (SP) in the CBD solution.
The homogeneous growth of precipitates in the bulk
solution was useless to thin film growth and only led to loss
of the precursor sources and then additional environmental
pollution [36] In addition, there is an up-limit on film
thickness, which means there is no significant increase in
film thickness even by longer deposition time due to the
equilibrium of adsorption growth and desorption dissolu-
tion [37]. SILAR deposition is a solution growth technique
based on alternate immersion of a deposited substrate into
separate cationic and anionic precursor solutions. It only
utilized synthetic reaction of the ion-absorbed layers on the
deposited substrate to grow thin films by layer by layer
deposition cycles repeatedly. The loss of precursor sources
is lower when compared with that of CBD process. Several
SILAR methods had been used to grow Bi,S; thin films.
The studies reported showed that high quality of the
deposited thin films is still desired by SILAR process [27,
38]. In addition, relatively low deposition rate of SILAR
process, typically about 0.34 nm/cycle [38], is a disad-
vantage for high time-efficiency process.

Recently, an in situ solution chemical reaction deposi-
tion had been suggested by our laboratory for preparation
of CdS thin films [36, 39, 40]. Here, we developed the new

Fig. 1 Flow chart of deposition
of Bi,S; thin films by in situ
solution chemical process M
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deposition method to deposit Bi,S3 thin films. It used
separate cationic and anionic precursor solutions similarly
as SILAR but the deposition reaction took place on cationic
precursor solid films instead of the ion-absorbed layers.
The deposited Bi,S; thin films had an average growth rate
of 40 nm per deposition cycle, far higher than that of SI-
LAR method. The thin film samples including the as-
deposited and annealed were characterized by XRD, FE-
SEM, EDS, AFM, UV-Vis-NIR and LSV measurements.
The thin film growth with deposition cycle numbers was
investigated.

2 Experimental
2.1 Chemicals

For the in situ solution chemical deposition of Bi,S; thin
films, the following chemicals were used: bismuth nitrate
[Bi(NO3)5-5H,0; 99.5 %], ammonium sulfide ((NH4),S;
40-48 %), ethylene glycol monomethylether (C;HgO»;
EGME; 99.0 %) and 1-butanol (C4H;¢0; 99.5 %), absolute
ethanol (C,H¢O; 99.7 %). All chemicals were purchased
commercially and were directly used as received.

2.2 In situ solution chemical deposition

In situ solution chemical reaction process for preparing
Bi,S; thin films is shown in Fig. 1. Cationic solution for
the pre-formed Bi>" precursor films: an amount of

Immersing for 10 s

J i

Drying

ﬁ
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Bi(NO3);-5H,0 was dissolved into a mixed solvent con-
taining 9 ml EGME, 1 ml butanol at room temperature to
gain 0.15 M Bi*" precursor solution. Sulfur anionic reac-
tion solutions: An amount of (NH,4),S was dissolved into
10 ml ethanol at room temperature to gain 0.21 M (NHy),S
solution. The ITO glass slides, as deposited substrates,
were ultrasonically cleaned with acetone, deionized water,
and absolute alcohol in sequence for the following depo-
sition. One cycle of the in situ solution chemical reaction
deposition contained three steps, as shown in Fig. la the
cleaned ITO substrates were immersed into the Bi(NO3);
EGME/butanol solution at room temperature for 10 s and
then the Bi’-coated substrates were dried in an oven at
80 °C for 5 min. (b) the dried substrates with the pre-
formed Bi precursor films were immersed into the (NHy4),S
ethanol solution for 10 s, where Bi*" reacted with S*>~ to

Table 1 Processing condition for deposition of Bi,S3 thin films

Parameters Cationic precursor Anionic precursor
(mol/L) (mol/L)

Sources Bi(NO3)3 (NH4)»S

Volume of EGME (ml) 9 -

Volume of 1-butanol (ml) 1 -

Concentration (M) 0.15 0.21

Immersion time (s) 10 10

Immersion cycles (n) 2/4/6/8 2/4/6/8

Annealing temperature (°C) 200/300/400 200/300/400

Fig. 2 a Plan and cross-section
FESEM morphologies of
6-cycle deposited Bi,S3 thin
film, b XRD patterns of (1) bare
ITO glass, (2) the 20-cycle
deposited Bi,S; thin film,

¢ SAED pattern and d EDX
spectrum of 6-cycle deposited
Bi,S; thin film

@ Springer

form Bi,S3. (c) the as-deposited substrates were washed
with ethanol to remove soluble ions. The one-cycle oper-
ation above was repeated to obtain certain film thickness.
The as-deposited films were annealed at temperatures of
200, 300 and 400 °C for 30 min in argon atmosphere,
respectively. The processing condition used in the experi-
ment is listed in Table 1. The chemical reaction formulae
involved in the in situ reaction process are given as
follows:

Bi(NO;), — Bi*" + 3NO3~ (1)
(NH,),S — 2NHj + S*~ (2)
2Bi*" 4 3S8*" — Bi,S; (3)

2.3 Characterization

The crystalline structure of the as-deposited and annealed
Bi,S; thin films were analyzed by X-ray diffraction (XRD,
D8 advanced, Bruker, German) with CuKo radiation
(L = 154178 A) at a scanning rate of 8°/min ranging from
20 = 10°-70°. Surface morphology and cross-section of
the films was observed by field emission scanning electron
microscope (FE-SEM, S-4800, Hitachi, Japan). Chemical
constituent of Bi,S; thin film was detected by energy dis-
persive X-Ray fluorescence (EDX) attached TEM (JEM-
2100F, JEOL, Japan). Three points on each film surface
were selected to probe the chemical constituents of the
films, and the given atomic percentage of element Bi and S
was the average value of the three measured points.
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£
<
&
4
2
=
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26 (degrees)
(d) C Element Wit% At%
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Fig. 3 XRD patterns of a bare ITO glass, and the 20-cycle deposited
Bi,S; thin films: b as-deposited, ¢ annealed at 200 °C, d annealed at
300 °C and e annealed at 400 °C

Surface roughness and film thickness was characterized by
a multimode nano scope IV atomic force microscope
(AFM, 5500, Agilent, America). UV—vis—NIR spectra of
the films at wavelength from 400 to 1,200 nm were col-
lected with a UV-vis—NIR spectrophotometer (UV-3600,
shimadzu, Japan). The linear sweep voltammetry charac-
teristics of the samples were measured in a three-electrode
photoelectrochemical cell (PEC) under dark and light
illumination with AM 1.5, using a computer-controlled
potentiostat (versaSTAT 3, Princeton Applied Research,
America).

3 Results and discussion
3.1 As-deposited Bi,S; thin films

Figure 2a shows plan and cross-section FESEM morphol-
ogies of the Bi,S3 thin films prepared with six dip-cycles at

Table 2 Structural parameters

. h Annealing Average crystal  Calculated lattice constants A) Dislocation density &
of Bi,S; thin films calculated by temperature (°C)  size (nm) (lines/m?)
XRD analyses Standard values
a=11.149 b=11.304 ¢ =3.981
As-deposited 12.8 - - - 6.10 x 10
200 254 11.141 11.289 3.984 1.55 x 10"
300 37.1 11.137 11.258 3.969 0.73 x 10"
400 38.5 11.127 11.263 3.969 0.67 x 10”

Fig. 4 FESEM plan views of
6-cycle deposited Bi,S3 films
annealed at a 200 °C, b 300 °C,
¢ 400 °C and d EDS spectrum
of films annealed at 300 °C

Energy KeV
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Fig. 5 Optical absorption spectra of the 6-cycle Bi,S; thin films of
a as-deposited, b annealed at 200 °C, ¢ annealed at 300 °C and
d annealed at 400 °C in Ar, and the insets are corresponding (cthv)’—
hv curves and samples pictures

room temperature. It is seen that the as-deposited film is
much smooth and the deposited particles on thin film are so
small that they could not be seen clearly by high amplifi-
cation SEM picture. The film thickness calculated by the
cross-section image is about 245 nm. Figure 2b is XRD
pattern of the as-deposited thin films with 20 dip-cycles,

showing only a weak characteristic diffraction peak at
28.6° which can be indexed to plane (211) of orthorhombic
Bi,S; (JCPDS 17-0320) except of the diffraction peaks of
ITO glass. The SAED pattern also verifies that the as-
deposited thin film has non-crystalline electronic diffrac-
tion characteristics (Fig. 2c). Both results indicate that the
as-deposited thin film is almost of amorphous phase.
Energy dispersive X-Ray fluorescence spectrum is shown
in Fig. 2d. The Bi:S atomic ratio is 40.88:59.12, slightly
Bi-rich compared with Bi,S; chemical stoichiometry. In
addition, elements C, O and Cu were also detected by
EDX. Cu and C are mainly from the copper grid, and O is
due to exposure to the atmosphere.

3.2 Annealed Bi,S; thin films

The 6 cycle deposited Bi,S; thin films were annealed in
argon atmosphere at different temperatures. Figure 3 is XRD
patterns of the Bi,S3 films as-deposited and annealed at 200
300and 400 °C, respectively. The standard diffraction pat-
tern of JCPDS 17-0320 for orthorhombic Bi,S5 is also shown
in Fig. 3. It is seen that characteristic diffraction peaks of
orthorhombic Bi,S; have appeared after annealing at
200 °C. These diffraction peaks become strong and sharp
after annealing 300 and 400 °C. Furthermore, crystallite size
calculated by the Scherrer’s relation using plane (211)
broadening, lattice constants and dislocation density by

Fig. 6 Dark and light current—

S . a b
voltage characteristics of BiS3 E\) — Dark (,\) — Dark
thin films (a) as-deposited, "g 40 4 ——Light g 40 1 —Light
b annealed at 200 °C, 2 <
¢ annealed at 300 °C and E 5 g 20
d annealed at 400 °C i ;’ '
a 01 a 04
g g
E 0 5
o S 27
-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0I.5 010 0:5 1I.0 1.5
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(c) (d)
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“g 404 —Light “g 409 —Light
B) L2
: :
= 204 ~ 20 4
& =
& -
= =
D D
a 0 A 04
= =
S 204 S 20+
-1.0 -0I.5 0:0 0:5 1I.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Voltage Vs Ag/AgCl (V) Voltage Vs Ag/AgCl (V)

@ Springer



J Mater Sci: Mater Electron (2015) 26:1474—-1484

1479

XRD analysis are listed Table 2. It is seen that the crystallite
size calculated is 12.8, 25.4, 37.1 and 38.5 nm, respectively,
for the as-deposited Bi,S; thin films and those annealed at
200, 300 and 400 °C. The lattice constants calculated are
well agreement with the standard values of orthorhombic
Bi,S; structure. The dislocation density is decreased with
increasing annealing temperature. All these XRD analyses
indicate that the low temperature annealing in Ar atmosphere
promote crystallization and crystal growth of the as-depos-
ited Bi,S;3 thin films.

Figure 4a—c show FESEM images of the annealed Bi,S;
thin films. It is seen that the annealed Bi,S; thin films are
still uniform, smooth and densely packed. With increase of
annealing temperature, the deposited crystallites grew
gradually into irregularly short-rod shaped morphology and
crystal size became large, which should be attributed to
secondary crystal growth induced by annealing. Figure 4d
is EDS spectrum of the Bi,S; thin films annealed at
300 °C. The Bi:S atomic ratio is 40.91:59.09, still slightly

Fig. 7 Plan and cross-section
FESEM morphologies of Bi,S;
thin films with deposition cycle
numbersofa2,b4,c6andd 8,
and then annealed at 300 °C,

e film thickness versus cycle
number as determined by
FESEM

Thickness (nm)

Bi-rich similarly to that of the as-deposited Bi,S; thin
films. The result indicates that the annealing in argon
atmosphere changed the deposited morphology and crystal
size but not chemical constituent of Bi,S3 thin films.

Figure 5 shows absorption spectra of the as-deposited
and annealed Bi,S; thin films at different temperatures. It is
seen that the as-deposited Bi,S; thin film has special
absorption spectrum which is different from that of the
annealed thin films. It shows an enhanced absorption
started about at 850 nm and an absorption peak at 550 nm
in wavelength. The annealed thin films at 300 and 400 °C
show slow shoulder absorption started at 1,150 nm and
then enhanced successively toward high and broad
absorption in the visible light region. The annealed thin
film at 200 °C shows a transitional feature of absorption
between both above. The band gap energies were evaluated
by the Tauc’ equation based on direct band-gap Bi,S3:

(ahv)® = k(v — Ey) (4)

2 3 4 5 6 71 8
Number of cycle (n)

@ Springer



1480

J Mater Sci: Mater Electron (2015) 26:1474—-1484

Fig. 8 Plan view and cross-
sectional AFM images of Bi,S;
thin films deposited with
different cycles a, a’ 2, b, b’ 4,
¢, ¢ 6,and d, d’ 8, the
horizontal lines in the plan view
images are scanning traces
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Fig. 9 Three-dimensional AFM
images of Bi,S3 thin films with
deposition cycle numbers of a 2,
b 4, ¢ 6 and d 8 and then
annealed at 300 °C, and e film
roughness versus cycle numbers
determined by AFM

0 50 100 nm

0 50 100 nm

(e)

nm

2000

20 -

— —
N =)
! I

RMS roughness (nm)
=

12

where i is optical transition dependent constant, E, is
optical energy band gap, v is frequency of incident beam,
h is Planck’s constant. The plot of (ochv)2 versus hv is
shown in the inset of Fig. 5. The calculated values are 1.69,
1.47, 1.36 and 1.34 eV, respectively, for the as-deposited
thin film and those annealed at 200, 300 and 400 °C, which
lie within the reported values [13, 41, 42]. The decrease of
band gap with increase of annealing temperature is well
consisted with the red shift of absorption spectra of Bi,S;
thin films. It is directly associated with crystal growth to
large crystal size by annealing as well as increase of
annealing temperature. So, it could be concluded that the
as-deposited Bi,S; thin films behaved a strong quantum
confinement effect and direct band-gap energy of 1.69 eV
when compared with that of bulk Bi,S; [43], which were

-
N
o -

Number of cycle (n)

weakened by crystal growth. Moreover, the intensity of the
absorption peaks decreased after annealing, which may be
responsible for high reflectivity of the annealed thin films
that had a bright surface as same as metals, as seen in the
insert of Fig. 5.

Figure 6 shows dark and light current-voltage charac-
teristics of 6-cycle deposited Bi,S; thin films before and
after annealing at 200, 300, 400 °C in a photoelectro-
chemical cell using 0.25 M Na,S/0.25 M Na,SO; as
electrolytes, platinum plate as counter electrode and Ag/
AgCl as reference electrode. The LSV curves of both dark
and illumination show that forward bias current density
increases with increase of annealing temperature, and
current density onset takes place at lower voltages after
annealing. The result should be attributed to the increase of
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Fig. 10 Optical absorption spectra of the Bi,S; thin films with dip-
cycle numbers of a 2, b 4, ¢ 6, d 8 and then annealed at 300 °C, and
the inset is corresponding (othv)*~hv curves

recombination in depletion region with the increase of
grain size caused by annealing [44]. All the samples
exhibited the photo-enhancement effect for the positive
potentials under illumination, and the photocurrent density
(Iph = Litumination — ldarkness) values rose with increase of
annealing temperature. The as-deposited thin film has

photocurrent density of 2.24 mA/cm? at bias of 0.5 V vs.
Ag/AgCl, and the thin film annealed at 300 °C showed the
highest photocurrent density, about 4.23 mA/cm? at bias of
0.5 V, which was higher than that of the previous report
[14, 44]. The result indicates that annealing can further
improve photo-response of the Bi,S; thin films, which may
be attributed to decrease of defects in film structure, and
then suppression to recombination of the photon-generated
electron—hole pairs, thus leading to a higher photocurrent
by annealing. At 400 °C, the behavior of photocurrent
response is similar to that at 300 °C.

3.3 Film deposition with dip-cycle numbers

Surface morphologies and cross sections of the Bi,S3 thin
films with different cycle numbers of 2, 4, 6 and 8,
respectively, and then annealed at 300 °C are shown in
Fig. 7a—d. It is seen that the four Bi,S; films have similar
uniform and densely packed surface morphologies but
crystal size becomes lager with different cycle numbers.
The film thickness measured by the cross sectional images
is about 85, 165, 240 and 320 nm, respectively for dip-
cycle number of 2, 4, 6 and 8. In addition, AFM probe
scanning was performed to measure the thickness of Bi,S;
thin films deposited on slide glass substrates. The thickness
of the Bi,S; thin films was examined by scratching dent

Fig. 11 Dark and light current— () 40 (b) 40
voltage characteristics of Bi,S; — — Dark _ — Dark
thin films deposited with g —Light g ——Light
different dip-cycles: a 2 cycles, i 20 + s 20
b 4 cycles, ¢ 6 cycles and d 8 g g
cycles & &
g 0 g 0
D D
=] [=]
- -
= =
E -20 é 220
] ]
-40 T T T -40 T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Voltage Vs Ag/AgCl (V) Voltage Vs Ag/AgCl (V)
© 4 @,
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lines on the film surfaces and then scanning film surfaces
cross the dent lines. The AFM results are shown Fig. 8.
The film thickness is about 78, 161, 232 and 313 nm,
respectively, for dip-cycle number of 2, 4, 6 and 8, which is
basically consistent with that of the cross sectional SEM
image observation above. So, it is concluded that the
average deposition rate of film thickness is about 40 nm
per deposition cycle. Furthermore, surface roughness of the
Bi,S; thin films deposited with 2, 4, 6 and 8 cycle numbers
and then annealed at 300 °C was measured by AFM, as
shown in Fig. 9. The three-dimensional AFM images show
that surface roughness becomes small with increase of
deposition cycle numbers. The calculated value of surface
roughness by AFM software is 19.8, 14.1, 13.2 and
12.1 nm, respectively, for 2, 4, 6 and 8 deposition cycles
(Fig. 9e), showing a self-perfect improvement to surface
roughness with increase of deposition cycle numbers. The
result is also consistent with the SEM observation above.

Figure 10 is absorption spectra of the Bi,S; thin films
deposited with dip-cycle numbers of 2, 4, 6 and 8, respec-
tively. A redshift of absorption edges is observed with increase
of cycle numbers. The optical band-gap energies calculated by
the Tauc’ equation are 1.44, 1.37, 1.36 and 1.33 eV, respec-
tively, for the Bi,S; thin films with 2, 4, 6 and 8 deposition
cycles, as shown in inset in Fig. 10. The band-gap values
increase slightly from 1.37 to 1.44 eV with decrease of film
thickness, which may be related with the small crystal size of
Bi,S; thin films with less deposition cycles.

Figure 11 shows the current—voltage (I-V) characteris-
tics in dark and under illumination for the Bi,S5 thin films
deposited with dip-cycle numbers of 2, 4, 6 and 8,
respectively. The LSV curves in dark shows that the for-
ward bias current density increases with increase of film
thickness. The photocurrent density are 0.75, 3.27, 4.23 and
5.03 mA/cm? under a bias of 0.5 V vs. Ag/AgCl, respec-
tively, for the Bi,S;3 films with 2, 4, 6 and 8 dip-cycles,
which may be due to high thickness decrease defect
structure of Bi,S5 films.

4 Conclusion

Uniform, smooth and densely packed Bi,S; thin films
could be prepared at room temperature by an in situ solu-
tion chemical reaction using bismuth nitrate as precursor in
a form of thin solid film which was reacted with ammo-
nium sulfide ethanol solution. The as-deposited Bi,S; thin
films were almost amorphous phase, and crystallized to
orthorhombic structure accompanying with crystal growth
by annealing at Ar atmosphere. The in situ solution
chemical deposition had a self-improvement to grow
smooth and uniform with increase of deposition cycle
numbers. The average deposition rate in film thickness was

about 40 nm per cycle, showing a high time-efficiency
process. The in situ deposited Bi,S; thin films had wide
light absorption in the visible region. The photocurrent
density were 2.24 and 5.03 mA/cm?, respectively for the 6
cycle deposited Bi,Ssthin films and the 8 cycle thin film
annealed at 300 °C.
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