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bstract

The AgIn5S8 polycrystalline films were grown on indium–tin-oxide-coated glass substrates by using chemical bath deposition. New procedures
or the growth of AgIn5S8 films are presented. The solutions containing silver nitrate, indium nitrate, triethanolamine, ammonium nitrate and
hioacetamide in acidic solution were used for the growth of AgIn5S8 film electrodes. The influences of various deposition parameters on structural,
ptical, and electrical performances of films have been investigated. The X-ray diffraction patterns of the samples demonstrate the presence of
olycrystalline structures of AgIn5S8 phase in these films and show AgIn5S8 phase is the major crystal structure. With different substrates, the
ifferent crystal structures were obtained. The thickness, band gaps and carrier densities of these samples determined from transmittance spectra and
lectrochemical analysis are in the range of 647–1123 nm, 1.70–1.73 eV and 4.02 × l014–6.36 × l014 cm−3, respectively. The flat band potentials of

hese samples are located between −0.293 and −0.403 V versus normal hydrogen electrode with the Mott-Schottky measurements. The conduction
ands and valance bands of films determined from flat band potentials are in the range of −0.517 to −0.618 V, and +1.213 to +1.082 V versus
ormal hydrogen electrode. The maximum photocurrent density of samples prepared in this study with external potential kept at 3.5 V was found
o be 6.0 mA/cm2 under the illumination with white light intensity kept at 100 mW/cm2.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The clean energy has been attracted more and more atten-
ions due to the energy and environmental problems. In recent
ears, the production of hydrogen from water with solar energy
ecomes one of new interesting research fields because of the
equirements of clean energy. Water splitting with photoelectro-
hemical process has been extensively studied for a long time

ince the Fujishima-Honda effect, which involved an n-TiO2
hotoelectrode, was reported [1]. However, the photocatalytic
ctivity of n-TiO2 has been limited to ultraviolet light due to its
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arge band gap, 3.0–3.2 eV. To improve the efficiency of water
plitting, many approaches have been carried out to develop the
isible-light-active photocatalysts through doping of transition
etal ions such as Cr3+, Cu2+, Ni2+ or Ag+ [2–5]. However,

he number of reported photocatalysts that were able to decom-
ose water into hydrogen and oxygen with reasonable activity
as been limited. Another research direction is the development
f superior photocatalysts for photoelectrochemical applica-
ions. In recent years, the I–III–VI2 ternary semiconductors have
een receiving considerable research and production interests.
he band gap lies between 0.8 and 2.0 eV, which is a good
bsorber for photoelectrochemical devices [6]. Cu(In,Ga)Se2

CIGS) solar cells have been entered the industrial applications
fter a few decades of research and development [7]. Alter-
atively, other types of ternary semiconductors, AgInS2 and
gInSe2 have attracted increasing attentions recently because of

mailto:kwcheng@mail.cgu.edu.tw
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Table 1
The reaction parameters of chemical bath deposition for the growth of AgIn5S8 polycrystalline films in this study

Samples Solution A Solution B Mixture of solutions A and B

0.4 M AgNO3

(mL)
0.4 M In(NO3)3

(mL)
7.4 M TEA
(mL)

0.4 M NH4NO3

(mL)
18 M H2SO4

(mL)
0.4 M TAA
(mL)

Mole ratios of
Ag/In/S

Dipping
numbers

a 2.00 2.00 1.00 1.00 2.00 12.0 1:1:6 1
b 2.00 2.00 1.00 1.00 2.00 12.0 1:1:6 2
c 2.00 2.00 1.00 1.00 2.00 12.0 1:1:6 3
d 2.00 2.00 1.00 1.00 2.00 12.0 1:1:6 4
e 1.43 1.43 0.71 0.72 1.43 14.3 1:1:10 4
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heir better lattices match with heterojunction CdS and CuInSe2
emiconductors [8]. Another representative phase in the ternary
ystem I–III–VI semiconductors is In-rich compounds with
he general formula I–III5–VI8 [9]. Both Cu- and Ag-ternary
emiconductors can be grown either n- or p-type, since the con-
uction type depends on their intrinsic defects. Recently, Kudo
nd co-workers [10,11] demonstrated that CuInS2, AgInS2 and
gInS2/CuInS2/ZnS solid solutions in powder form showed

pparent activity for hydrogen evolution from aqueous solutions
ontaining sacrificial reagents SO3

2− and S2− under visible
ight irradiation. The H2 evolution rate was reported as high as
.2 L/h-m2. However, the photocatalyst in powder form poses
ome limitations associated with the filtration to recycle the par-
icles in engineering applications after use. From the viewpoint
f industrial applications, a thin film reactor is the convenient
ay to collect hydrogen in the water splitting without further

eparation process. In order to fabricate a thin film device with a
uperior efficiency, it is necessary to understand the properties on
hese I–III–VI films. Preparations with low cost fabrication tech-
ique for I–III–VI semiconductor thin films are also important
or industrial applications.

Semiconductor thin films have been prepared by a vari-
ty of deposition techniques such as thermal evaporation [12],
pray pyrolysis [8], plasma sputtering deposition [13,14] and
olution growth techniques [15–17]. Among these deposition
echniques, chemical bath deposition (CBD) is the most viable
rocess to obtain large area and high quality semiconductor
hin films with the advantages of simple, low cost and low con-
umption of energy [18]. For the applications of solar energy,
g–In–S systems have suitable band gaps to be absorbers

or artificial photosynthesis, however, there are few reports
bout the synthesis, characterization and photoresponse with
g–In–S systems films prepared by chemical bath deposition.

n this study, the synthesis of AgIn5S8 film electrodes on ITO-
oated glass substrates using chemical bath deposition were
eveloped under acidic solutions. The AgIn5S8 film characteri-
ations such as structural, optical, and electrical properties have
een carried out by using X-ray diffraction (XRD), scanning
lectron microscopy (SEM), X-ray photoelectron spectroscopy

XPS), UV–vis-NIR spectrophotometer and a scanning poten-
iostat. The performances of photoelectrochemical response
sing AgIn5S8 film electrodes were also carried out in this
tudy.

m
b
i
6

1.43 15.6 1:1:14 4

. Experimental

.1. Materials

Analytical grade of silver nitrate (AgNO3), indium nitrate
In(NO3)3·5H2O), thioacetamide (CH3CSNH2, TAA), tri-
thanolamine (C6H15NO3, TEA) and ammonium nitrate
NH4NO3) with the purity better than 99% were purchased
rom Merck Co. and Simga–Aldrich Co. Sulfuric acid (H2SO4)
nd acetone ((CH3)2CO) with the purity better than 96% were
urchased from Merck Co. No further purification of these
hemicals was made. Aqueous cationic and anionic solutions
ere prepared separately before the growth of films. Indium

in oxide (ITO)-coated glass substrates were carefully cleaned
ltrasonically in acetone, deionized water and ethanol subse-
uently for 30 min each. Finally, the ITO-coated glass substrates
ere washed carefully using deionized water and blown dry with
ltra-pure nitrogen gas.

.2. Fabrication of AgIn5S8 films

In this study, the same concentration (0.4 M) of solutions
or AgNO3 and In(NO3)3 were mixed together in appropriate
olumes to obtain Ag:In molar ratio as 1:1. The concentration
f triethanolamine solution kept at 7.4 M with appropriate vol-
mes was mixed with the solution containing Ag+ and In3+ to
orm the silver and indium complex agents (solution A). Sul-
uric acid with appropriate volumes was used to adjust the pH
alue of solution A in the acidic conditions. The concentration of
hioacetamide solution was kept at 0.4 M to provide S2− for film
eposition (solution B). Then, desired amount of thioacetamide
olution was added into the solution A for the growth of the films.
he details of the deposition parameters are given in Table 1.
re-clean ITO-coated glass substrates were placed vertically into

he beaker containing the reaction solution. The reaction solu-
ion was put on a hot plate with magnetic stirring. In order to
ncrease the reaction rate, the temperature of solution was kept at
0 ◦C. A brownish colored homogeneous layer was obtained on
he ITO-coated substrate. In order to increase the film thickness,
ultiple dipping was carried out in a freshly prepared solution
ath after a period of 30 min. The films were annealed for 1 h
n tube furnace purged with Ar gas at temperatures from 500 to
00 ◦C after final deposition.
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.3. Characterization of AgIn5S8 films

The phase formation and crystallographic study of films were
easured using an X-ray diffractometer, Model Rigaku RINT

000, Cu K� radiation in the 2θ-range from 20◦ to 70◦. Scan
ate was set at 3◦ min−1 in order to increase signal-to-noise
atio. The surface morphology of the films was studied using
scanning electron microscope, Model JEOL JSM 6700F. The

ompositions of the film surface were examined using X-ray
hotoelectron spectroscopy (XPS), Model VG ESCALAB 250
ith Al K� exciting the X-ray source (hv = 1486.7 eV) at 15 kV

nd 100 W. All binding energies were calibrated to C 1s at
85 eV, as the hydrocarbon content present on the sample. Stan-
ard curve fitting procedure was carried out for quantitative
nalysis. Convolution of Gaussian and Lorentzian functions with
hirley background was utilized. The quantitative analyzes of
g 3d, In 3d and S 2p spectra were carried out using X-ray pho-

oelectron peak fitting program, XPSPEAK version 4.1 created
y Raymund Kwok’s group [19].

.4. Electrical property measurements

Photocurrent measurements were carried out in a Pyrex elec-
rolytic cell. The semiconductor film of AgIn5S8, a Pt plate
lectrode (both with an average area of 1.0 cm2) and an Ag/AgCl
lectrode were employed as working, counter and reference
lectrodes, respectively. A Cu wire was attached to the conduct-
ng layer of working electrode with silver paste, and the back
ontact and edges of the working electrode were sealed with
poxy resin. The electrolyte, aqueous K2SO3 (0.25 M) and Na2S
0.35 M) solution, was freshly prepared using double deion-
zed water and degassed by purging with Argon gas (99.99%
urity) before each experiment. Another electrolyte, Ar-purged
queous K2SO4 (0.5 M) solution with different pH values was
lso employed for the measurement of Mott-Schottky plot in
his study. The pH values of electrolytes were adjusted with
odium hydroxide (NaOH) and sulfuric acid (H2SO4). Finally,
he electrolytes were put into the ultrasonic bath for 30 min
efore each experiment in order to decrease the gas solutes in
lectrolytes. Photocurrent measurements with two electrodes,
hich were working and counter electrodes, as a function of

pplied potential in the range of −1.0 to 3.5 V were carried
ut using a computer-controlled potentiostat (Autolab Model
GSTAT 30) for all photoelectrochemical experiments, both in
ark and under illumination. The sweep rate of applied potential
as set at 5 mV/s. A 300 W Xe short arc lamp (Perkin-Elmer
odel PE300UV) with light intensity kept at 100 mW/cm2

as employed to simulate the solar light in this study. The
uantum efficiency under monochromatic light illumination
as carried out using a monochromator (Sciencetech Model
030) assisted by an automatic filter wheel, placed between
he photoelectrochemical cell and the light source. The Mott-
chottky plot of the AgIn5S8 films was measured with standard
hree electrodes setup by using computer-controlled poten-
iostat (Autolab Model PGSTAT 30) equipped a frequency
esponse analyzer (Autolab FRA2 modules). The mobility
nd carrier concentrations of the samples were also measured

m
s
b
m
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y room temperature Hall measurements (Model Accent
L5500PC).

.5. Optical property measurements

The spectral transmittances of the films were measured by the
ormal incident double beam UV–vis-NIR spectrophotometer
Perkin-Elmer Lambda 900) in the wavelength range from 300 to
000 nm at room temperature. The transmittance spectra of the
lms were measured with air as the reference. The absorptions
f films were measured by placing an identical ITO-coated glass
ubstrate as the reference. The optical properties of samples in
his study were obtained using transmittance spectra and data
egression.

. Results and discussion

The films of Ag–In–S semiconductors were grown on ITO-
oated glass substrates by chemical bath deposition. While the
olar ratio of Ag:In:S as 1:1:2 in reaction solution, no appar-

nt film was obtained on the ITO-coated glass substrates. The
rowth mechanism of Ag–In–S ternary system films can be
escribed from the following reactions:

H3CSNH2 + H+ → H2S + CH3CNH+

2S + H2O → HS− + H3O+

S− + H2O → S2− + H3O+

The overall reaction was given by

g+ + (5−4x)In3+ + (8 − 6x)S2−

→ xAgInS2/(1− x)AgIn5S8, x = 0–1

The colors of the semiconductor films were darker with more
ipping in a fresh-prepared reaction solution. These semicon-
uctor films with various deposition parameters were analyzed
uch as structural, optical, and electrical properties in this study.

.1. Crystal structure analysis

Since the ITO-coated glass substrates were damaged during
igh temperature thermal treatment (>600 ◦C), the maximum
emperature of thermal treatment for Ag–In–S films was
et to 600 ◦C. The detailed analysis of thermal treatments
n the crystal structure of films was investigated in this
ork. Fig. 1 shows the X-ray diffraction patterns of sam-
le f under various thermal treatment temperatures, from 500
o 600 ◦C. The standard diffraction peaks of AgInS2 [20],
gIn5S8 [21] reported in JCPDS cards are also shown in
ig. 1. The sample f deposited on ITO-coated glass substrate
as found to contain the AgIn5S8 phase. The intensities of
gIn5S8 phase increase with increasing of temperature for ther-

al treatments. However, the resistance of ITO-coated glass

ubstrates with high temperature thermal treatment (600 ◦C)
ecomes three times higher than those with thermal treat-
ent less than 550 ◦C using a four probe measurement.
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films deposited on ITO-coated glass substrates for four times,
ig. 1. X-ray diffraction patterns of sample f under various thermal treatment
emperatures for 1 h.

rom these experimental results, a better temperature of thermal
reatment was set at 550 ◦C for 1 h in this study.

Fig. 2 shows the X-ray diffraction patterns of samples
repared with various reaction parameters of chemical bath
eposition in this study. The X-ray diffraction patterns of sam-
les prepared in this work show the polycrystalline structures
n these films. Cubic structure of AgIn5S8 was clearly seen in
amples deposited in chemical bath for one to four times. The
ntensities of cubic AgIn5S8 phase increase with the increasing
f the dipping numbers for the films. It is interesting that the
ntensities of AgInS2 phase appeared when the samples were
mmersed in a freshly prepared reaction solution for three times.

he properties of substrates and solubility products for the Ag2S
nd In2S3 compounds give the answer of these results. The solu-
ility products of Ag2S and In2S3 equals to 10−36.3 and 10−44.3,

ig. 2. X-ray diffraction patterns of the films deposited on ITO-coated glass
ith various reaction parameters using chemical bath deposition.
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espectively [22]. Because the solubility product data of Ag2S
nd In2S3 are very small, most of Ag+ and In3+ cations in solu-
ion form the Ag2S and In2S3 compounds. The solid Ag2S and
n2S3 compounds could be formed in powders suspended in
olution or the deposited on ITO-coated glass substrates. The
olar ratios of In2S3 compounds deposited on ITO-coated glass

ubstrates for one and two times are higher than Ag2S because
f the interactions between ITO-coated glass substrates and the
eposited compounds. Since the indium is one of the elements of
TO-coated glass substrates, the attracting force between In2S3
nd ITO-coated glass substrates is much higher than that of
g2S compounds. After thermal treatment of semiconductor
lms, the major crystal structure of AgIn5S8 was observed in
-ray diffraction patterns. Because the molar ratio of In2S3 in
lm deposited for two times (sample b) was higher than that of
g2S in the films, the growth rate of In2S3 compounds in the film
ecomes a little more slower than that of Ag2S compounds (sam-
le c). After thermal treatment of the film on ITO-coated glass
ubstrates, the crystal structure of AgInS2 phase was observed
n XRD patterns. From XRD diffraction patterns of samples pre-
ared with the same molar ratio of S/Ag in reaction solutions
samples a–d), the intensities of cubic AgIn5S8 phase in sample
are in the highest value. Because there are more Ag2S com-

ounds formed in the films deposited for three times, the growth
ate of In2S3 in the films (sample d) become faster than that
eposited for three times (sample c). After thermal treatment
f the film on ITO-coated glass substrates, the rearrangements
f molecules and formation of more stable chemical structure,
gIn5S8 phase. With the higher molar ratio of S2− species in

olutions, the growth rate of Ag2S and In2S3 will become faster.
ince the interaction between ITO-coated glass substrates and
n2S3 is much stronger than Ag2S, after thermal treatment of
he higher intensities of AgIn5S8 phase appeared in the XRD
atterns. Fig. 3 shows the XRD patterns of samples with various
eaction parameters deposited on glass substrates in this work.

ig. 3. X-ray diffraction patterns of films deposited on glass substrates with
arious reaction parameters using chemical bath deposition.
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ig. 4. Transmittance spectra of the films deposited on ITO-coated glass sub-
trates with various reaction parameters using chemical bath deposition.

he intensities of crystal structure are much smaller than the
amples deposited on ITO-coated glass substrates. The exper-
mental results show the major crystal structures of films on
lass substrates turned into tetragonal and orthorhombic AgInS2
fter 550 ◦C thermal treatment for 1 h. Because the interactions
etween glass substrates and Ag2S or In2S3 are weaker than
hose between ITO-coated glass and In2S3, the growth rate of
g2S and In2S3 are almost the same. The AgInS2 crystal struc-

ures of films on glass substrates were observed. These results
onfirm our explanation and indicate the interaction between
lms and substrates is an important factor for the formation of
rystal structures.

.2. Optical properties

The transmittance spectra of semiconductor films obtained by
hemical bath deposition are shown in Fig. 4. Sample a shows
ransmission ca. 75%. The transmittance of sample prepared in
his study decreases with the increasing dipping numbers (sam-
les a–d). The transmittances of films on ITO-coated glass are
lmost the same with the increasing of molar ratio of thioac-
tamide (samples d–f). Energy gaps and thickness of the films
eposited on substrates are two of important properties for the
pplications of photoelectrochemical reaction. For films hav-
ng complex refractive index, N = n − ik, on a thick substrate
N = ns), thickness and optical constants of films can be cal-
ulated from transmittance spectra with data regression. Many
ormulas have been proposed to describe the transmittance spec-
ra of film on the transparent substrates [23–25]. In this study,
he transmittance spectra of films grown on ITO-coated glass
ere fitted using the following formula [25]:

= 64n2
0n

2
s (n2 + k2)

a1 exp (b) + a2 exp (−b)
(1)
1 = 2{(n0 + n)2 + k2}{(n2
s + n2

0)(n2
s + n2 + k2) + (4nn0n

2
s )}
(2)

o

w
s
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2 = 2{(n0 − n)2 + k2}{(n2
s + n2

0)(n2
s + n2 + k2) − (4nn0n

2
s )}
(3)

= 4πkd

λ
= αd (4)

here n, k, α and d are the refractive index, extinction coefficient,
bsorption coefficient and thickness of film, respectively. n0 and
s are the refractive indices of air and substrate. For simplicity, it
as been assumed that optical losses due to scattering and effect
f back surface reflections from substrate are negligible.

The dispersion of optical constants for various materials
as been studied by many authors. Different dispersion equa-
ions of n(�) and k(�) have been proposed to characterize
he optical properties of films. Forouhi and Bloomer [26]
roposed the dispersion equations for n and k that satisfy
ramers–Kronig relation. The quantum theory for electron tran-

itions was employed to drive dispersion equations and applied
hem to fit the data for a wide class of amorphous dielectrics and
emiconductors. The Forouhi dispersion equations are:

(E) = n(∞) +
q∑

i=1

B0,iE + C0,j

E2 − BiE + Ci

(5)

k(E) =
q∑

i=1

Ai(E − Eg)2

E2 − BiE + Ci

for E > Eg

k(E) = 0 for E < Eg

(6)

here E is the photon energy, Eg the optical energy bandgap,
–C and n(∞) are the independent parameters. B0 and C0 are

elated to the independent parameters as follows:

0,i = Ai

Qi

(
−B2

i

2
+ EgBi − E2

g + Ci

)
(7)

0,i = Ai

Qi

[
(E2

g + Ci)

(
Bi

2

)
− 2EgCi

]
(8)

i = 1

2
(4Ci − B2

i )
1/2

(9)

here 4Ci − B2
i > 0. The ns takes as a function of wavelength

ith the power series wavelength-dependent form and was
btained by fitting the transmittance spectrum of ITO-coated
lass substrate. The dispersion equation of Forouhi and Bloomer
as employed for the calculation of optical constants for the
lms. In this study, it is assumed that it is possible to regress
xperimental transmittance data by using one term (q = 1) of
orouhi and Bloomer equation. The refractive index, n, extinc-

ion coefficient, k, and thickness of film d can be obtained by
tting experimental transmittance spectra with iterative meth-
ds. The object function is minimized:

100 L∑ |Tcal,i − Texp,i|
bj =
L

i=1
Texp,i

(9 )

here L is the number of transmittance spectra data. Table 2
hows the values of dispersion equations parameters obtained
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Table 2
Calculated results of transmittance spectra for the AgIn5S8 polycrystalline films using Forouhi-Bloomer dispersion equation.

Samples Forouhi-Bloomer dispersion equation

A B (eV) C(eV2) n(∞) Eg (eV) d (nm) AAD (%)a

a 6.27 1.67 0.64 1.37 1.73 647 2.52
b 6.34 1.86 0.38 1.04 1.72 723 2.62
c 6.46 1.92 0.24 0.84 1.72 788 2.54
d 6.52 1.95 0.18 0.81 1.71 792 2.43
e 6.69 1.97 0.15 0.75 1.71 811 2.18
f
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6.87 2.03 0.09

a AAD(%) = 100/L
∑L

i=1|Tcal,i − Texp,i|/Texp,i.

rom the regression of transmittance spectra and absolute aver-
ge deviations (AAD) of transmittance spectra for AgIn5S8
olycrystalline films on ITO-coated glass substrates. Fig. 4
hows the calculated results using Forouhi and Bloomer dis-
ersion equation and formula of transmittance spectra for Eq.
1). The calculated results agreed well with experimental data
f transmittance spectra for these films. It is observed that
orouhi and Bloomer dispersion equation give the good cal-
ulating results with the AAD less than 2.62% in the range
rom 300 to 2000 nm. The thicknesses of films at various reac-
ion parameters obtained from Forouhi and Bloomer dispersion
quations are listed in Table 2. The thicknesses of films deposited
n ITO-coated glass substrates lied between 647 and 1123 nm,
hich increase with the increasing of dipping number and the
olar ratio of thioacetamide. The thickness of film growth is

ot linearly dependent on the dipping number and molar ratios
f thioacetamide. It could be attributed to the different growth
echanism in each step of deposition. Figs. 5 and 6 show the

elations between refractive index n, extinction coefficient k and

avelength using Forouhi and Bloomer dispersion equation and

ormula of transmittance spectra in Eq. (1), respectively. The
efractive index of samples was in the order a > b > c > d > e > f,
hile the extinction coefficient of samples was in the same trend.

ig. 5. The relations between refractive index n and wavelength of incident light
or AgIn5S8 polycrystalline films in this study.

a

3

m

F
l

0.72 1.70 1123 2.04

oth refractive index and extinction coefficient decrease with the
ncreasing of wavelength of incident light and approach to zero
ith the incident light wavelength greater than 800 nm. Table 2

hows the values of band gap with different deposition param-
ters obtained from Forouhi and Bloomer dispersion equation
nd formula of transmittance spectra in Eq. (1). The band gap
f AgInS2 is in the range of 1.8–2.1 eV [27]. There are some
eports have been published about the band gap of AgIn5S8 films.
heir results show the band gap of AgIn5S8 film in the range
f 1.7–1.8 eV [28–30]. The optical energy band gaps approach
o 1.7 eV with the increasing of dipping numbers and the molar
atios of S/Ag. It is indicated that the major crystal structures
f films approach to the AgIn5S8 phase, which agreed with the
esults obtained from XRD patterns. Fig. 7 shows the UV–vis-
IR absorption spectra for samples prepared in this study. The

pectrum of sample a showed the absorption edge at 710 nm
nd the absorption shifted towards higher wavelength side with
he increasing of dipping number and the molar ratios of S/Ag.
he absorption edge of sample f approached to 760 nm, which
greed with the results obtained from Table 2.
.3. Microstructure and compositional studies

Scanning electron microscope was employed to analyze the
icrostructure of films in this study. In general, the formation of

ig. 6. The relations between extinction coefficient k and wavelength of incident
ight for AgIn5S8 polycrystalline films in this study.
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ig. 7. UV–vis-NIR absorption spectra of AgIn5S8 polycrystalline films pre-
ared in this study.

lms using chemical bath deposition can be characterized into
hree schemes: (a) ion-by-ion deposition, (b) cluster-by clus-
er deposition and (c) mixed process. Mechanism (a) leads to
mooth films, (b) appears particulate films and (c) shows colloids
ncluded in the films [31]. Most of films prepared by using chem-
cal bath deposition are following the mixing process. Figs. 8–10
resent the SEM images of samples a, d and f at 40 K (X). The
iamond-like microstructures are observed for these film sur-
aces. The SEM image of sample d shows much more uniform
orphology compared to other samples. The cracks and holes

re observed on the film surface of samples a and f. From SEM
mages of samples a and d, it is clearly seen that grains on the
lm at lower reaction time are smaller in size than that of longer

ime. It is well known that in chemical bath deposition, thickness
nd grain size increase with longer deposition time. Zhai et al.
32] presented the same results for the growth of Sb2S3 film.
rom the SEM pictures of samples d and f, it is clearly seen that

rains on the film at lower molar ratio of S/Ag are more uniform
han that of higher molar ratio of S/Ag. In general, there are two

echanisms, which are the instantaneous (site-saturated) nucle-
tion and constant nucleation rate for the growth of film during

Fig. 8. The SEM image of AgIn5S8 polycrystalline films for sample a.

a
t
i

Fig. 9. The SEM image of AgIn5S8 polycrystalline films for sample d.

he reaction period [33]. For instantaneous nucleation, the sub-
trate area is allocated the existing number of nuclei. There is no
ew nuclei generated on the films during the reaction period. The
articles on the substrates will grow during the reaction period.
or constant nucleation rate, the surface particles generation and
rowth occur simultaneously leading to the size distribution of
articles on the films. The experimental results show three situ-
tions for the growth of films in this study. When the molar ratio
f Ag:S is less than 1:6, there are not enough nuclei on the sub-
trates. No apparent film was obtained on the ITO-coated glass
ubstrates. The instantaneous nucleation appears when the molar
atio of Ag:S achieves 1:6. When the ratio of S/Ag is higher than
/1, the mechanism of constant nucleation rate appears because
here are a lot of nuclei formation during the reaction period. It
s observed the grain size distribution on the films.

Surface compositions of samples d–f were analyzed by using

n X-ray photoelectron spectrometer. The elemental composi-
ions for the films surface of samples d–f are listed in Table 3. It
s shown that the ratios of elemental compositions for samples

Fig. 10. The SEM image of AgIn5S8 polycrystalline films for sample f.
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Table 3
The molar ratios of elements for the surface of AgIn5S8 polycrystalline films
using chemical bath deposition

Sample Mole ratios of elements for films

Ag In S

d
e
f

d
t
s
T
p
i
c
X

3

t
o
i
o
M
e

w
a
E
t
c
c
t
p
w

E

d

F
c

p
T
i
o
K
a
r
m
e
f
c
(
t
M
S
C
i
i
H
n

T
T

S

a
b
c
d
e
f

1.0 4.0 5.6
1.0 4.1 5.4
1.0 4.2 5.3

–f are almost the same in this study. It indicates that the elemen-
al compositions of the film surface of samples will achieve the
table compositions after reaction time of film growth for 2 h.
he atomic ratio of [Ag]:[In]:[S] for the film surface of sam-
les are in the range of 1:4.0–4.2:5.3–5.6. These atomic ratios
ndicate the AgInS2 compounds formed in these films on ITO-
oated glass substrates, which agreed well with the results of
RD diffraction patterns for these samples.

.4. The electrical properties of films

The study of semiconductor/metal and semiconduc-
or/electrolyte Schottky barrier is important in the applications
f solar energy and rectification. Several methods for study-
ng Schottky barrier have been proposed. One method based
n the capacitance versus applied potential measurement is the
ott-Schottky relationship for the barrier. The Mott-Schottky

quation is shown as follows:

1

C2 = B
2

εε0eNDA2

(
E − EFB − kT

e

)
(10)

here ε is the dielectric constant of semiconductor, A the surface
rea of the interface, ND the carrier density of semiconductor,
FB the flat-band potential of semiconductor, which close to

he potential of Fermi level for semiconductor, e the electronic
harge and ε0 is the permittivity of vacuum. For n-type semi-
onductor, B equal to 1, while for p-type semiconductor, B equal
o −1. From this relationship, EFB can be obtained from E0, the
oint of intersection of a C−2 versus applied potential (E) plot
ith the E-axis:
0 = EFB + kT

e
(11)

If, further, ε and A are known, ND can be determined. These
ata then allow the determination of Es

c or Es
V, which are the

v
p
i
m

able 4
he physical properties of AgIn5S8 polycrystalline films on ITO-coated glass substra

amples Carrier density
(cm−3)a

Carrier density
(cm−3)b

Mobility
(cm2/V s)b

Eg (eV) ENH
FB

4.02 × 1014 4.05 × 1014 0.839 1.73 −0.2
4.93 × 1014 4.34 × 1014 0.783 1.72 −0.3
4.54 × 1014 4.52 × 1014 0.751 1.72 −0.3
5.31 × 1014 5.29 × 1014 0.642 1.71 −0.3
6.36 × 1014 6.33 × 1014 0.537 1.71 −0.4
5.75 × 1014 5.76 × 1014 0.589 1.70 −0.4

a Calculated from Mott-Schottky plot.
b Obtained from Hall measurements.
ig. 11. Mott-Schottky plot for the samples of various reaction parameters using
hemical bath deposition.

ositions of conduction and valance band for semiconductors.
he dielectric constant of AgIn5S8 is 10.3 [34] and the area of

nterface was kept at 1 cm2 in this work. The Mott-Schottky plots
f samples at various parameters were carried out in a 0.5 M
2SO4 solution with pH values at 6, 8 and 10. Impendence

nalysis was performed on the cell by developing a physically
easonable equivalent circuit for the cell, and then fitted the
easuring impendence data to this expression. For non-ideal

lectrode, the equivalent circuit can be complicated. Generally,
or the frequency approaching to infinite, the equivalent cir-
uit can be simplified into a series of resistance–capacitance
RC) circuit, i.e. the frequency higher than 1 kHz. In this study,
he frequency of impendence was set at 1 kHz to measure

ott-Schottky plots for various samples. Fig. 11 shows the Mott-
chottky plot for the different samples. It was observed that
−2 versus applied potential V produces the straight lines and

s almost independent on the pH of the electrolyte solution. It
s known that sulfur species semiconductors do not react with

+ or OH− ion in solution. The band edges at the interface do
ot shift with the pH values of the solution. Table 4 shows the
alues of flat band potentials of samples at various deposition

arameters. The flat band potentials of these samples prepared
n this study lie in the range of −0.29 to −0.40 V versus nor-
al hydrogen electrode (NHE). The flat band potential can also

tes using chemical bath depositions

E (V) ENHE
CB (V) ENHE

VB (V) EVacuum
CB (V) EVacuum

VB (V) Conduction
type

93 −0.517 1.213 −3.983 −5.713 n
13 −0.532 1.188 −3.968 −5.688 n
33 −0.554 1.166 −3.946 −5.666 n
73 −0.590 1.120 −3.910 −5.620 n
03 −0.616 1.094 −3.884 −5.594 n
03 −0.618 1.082 −3.882 −5.582 n
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were in the order e > f > d > c > b > a, while the carrier densities
ig. 12. The flat band potential of sample e obtained from photocurrent
ensity2–applied voltage plot at wavelength of incident light λ = 700 nm.

e determined from the relationship between monochromatic
hotocurrent density Ip(λ) and the applied voltage E using the
elation derived for small band bending [35]:

− EFB = BI2
p (λ) (12)

Fig. 12 shows a plot of Ip(λ)2 measured at incident light
avelength kept at 700 nm versus applied voltages E for sam-
le e. Straight lines were obtained for sample e at different
H values of 0.5 M K2SO4 electrolytes with the same inter-
ept around −0.61 V versus an Ag/AgCl reference electrode
−0.403 V versus NHE), which agreed with the experimental
esult from Table 4. The positions of flat band potential are more
egative with the increasing of dipping numbers and the molar
atio of thioacetamide. The values of carrier density of samples
n this study are also present in Table 4. The values of car-
ier density of AgIn5S8 polycrystalline films are in the range of
× l014–6.4 × l014 cm−3, which are agreed well with those from

he Hall measurement. The conduction types of these samples
rown from chemical bath deposition show the n-type semicon-
uctor. The mobility of these samples deposited on ITO-coated
lass substrates lie in the range of 0.537–0.839 cm2/V s, which
gree well with the literature [36]. The positions of conduction
and and valance band for semiconductor can be obtained from
at band potentials and some physical properties such as the
arrier effective mass and acceptor or donor impurity concen-
ration for semiconductor. The carrier effective mass of AgIn5S8
s 0.2m0 [34], where m0 is the mass of electron. The positions of
alance band and conduction band for the samples determined
y the measurement of transmittance spectra and electrochemi-
al analysis in this study are shown in Table 4. The relationship
etween the absolute electron potential of an electrode (Evacuum)
nd the normal hydrogen electrode potential (ENHE) is expressed

s follows:

vacuum = −ENHE − 4.5 (at 298 K) (13)

o
t
t

ig. 13. Band positions of samples determined by electrochemical measure-
ents and transmittance spectra in this study.

here the electron is 0 eV in a vacuum. Fig. 13 illustrates the
and positions of samples determined by electrochemical mea-
urement.

.5. Photocurrent density and quantum efficiency
easurement

The photoelectrode, with an active area of 1.0 cm2 was
nstalled in the two electrodes photoelectrochemical cell for the

easurement of photocurrent. The applied potential between
he working and counter electrodes was varied from −1.0 to
.5 V. The K2SO3 (0.25 M) + Na2S (0.35 M) aqueous solution
as used as the electrolyte. For the K2SO3 (0.25 M) + Na2S

0.35 M) solution as electrolyte, the following reactions may
ccur [2]:

O3
2− + H2O → SO4

2− + H+ + e− (14)

S2− → S2
2− + 2e− (15)

2
2− + SO3

2− → S2O3
2− + S2− (16)

H2O + 2e− → H2 + 2OH− (17)

The photocurrent densities with applied potential in the range
etween −0.5 and +0.5 V versus a Pt electrode for samples
sing K2SO3 (0.25 M) + Na2S (0.35 M) aqueous solution as
lectrolyte are shown in Fig. 14. It is observed that the photocur-
ent densities of samples were in the range between 0.002 and
.01 mA/cm2 with external bias is zero. Fig. 15 shows the pho-
ocurrent densities for the samples prepared in this work with the
pplied potentials in the range between −1.0 and 3.5 V versus a
t electrode. All of these samples have the photo-enhancement
ffect. It is observed that the photocurrent densities of samples
and f reach to 6.0 and 5.94 mA/cm2 at the external potential
.5 V, respectively. The photocurrent densities of these samples
f semiconductors were in the same trends. This may be due
o the higher carrier density of samples, the more free electrons
aking part in the photochemical process. The carrier density of
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ig. 14. Photocurrent density–applied voltage plot in the range from −0.5 to
.5 V for samples at K2SO3 (0.25 M) + Na2S (0.35M) aqueous solution.

gIn5S8 polycrystalline film seems to be an important factor for
hotocurrent of the photoelectrodes. The calculation of quantum
fficiency under monochromatic light illumination, η(λ), can be
arried out using the following equation [35]:

(λ) = jp(λ)

eI((λ)
(18)

here jp(λ) is monochromatic photocurrent density (in
A/cm2), e the electronic charge, I(λ) the flux of incident

hotons at wavelength λ and λ is the wavelength (in nm), respec-
ively.
A two-electrode system with working electrode and counter
lectrode was employed for the determination of quantum effi-
iency of samples e and f prepared in this study. The K2SO3
0.25 M) + Na2S (0.35 M) aqueous solution was used as elec-

ig. 15. Photocurrent density–applied voltage plot in th range from −1 to 3.5 V
or samples at K2SO3 (0.25M) + Na2S (0.35 M) aqueous solution.
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ig. 16. Plot of quantum efficiency vs. wavelength of incident light for samples
and f at K2SO3 (0.25 M) + Na2S (0.35 M) aqueous solution.

rolyte. Fig. 16 shows the quantum efficiency versus wavelength
or samples e and f, ranging from 380 to 900 nm. The quantum
fficiency of samples e and f were found out to be 2.2% and
.7% with the wavelength of incident light at 400 nm and unbi-
sed condition. The onset of the photoelectrochemical response
f samples e and f located around 750 nm, corresponding to
and-gaps around 1.65 eV, which is closely consistent with the
alue of band-gaps presented in Table 2 and absorption spectra
f samples shown in Fig. 7.

. Conclusions

In this study, the AgIn5S8 films were successfully deposited
n ITO-coated glass substrates. Metal precursor including Ag+,
n3+ was kept at the molar ratio of 1:1. Thioacetamide provide
2− in the acidic solution. The structures, electrical and opti-
al properties of AgIn5S8 films using chemical bath deposition
ere investigated to evaluate the possibility of AgIn5S8 pho-

oelectrodes for photoelectrochemical applications. The XRD
atterns show AgIn5S8 phase is the major crystal structure in
his study. With different substrates, the different crystal struc-
ures were observed on these films. The maximum photocurrent
ensity of samples in this study was found to be 6.0 mA/cm2

nder the illumination using a 300 Xe lamp system with light
ntensity set at 100 mW/cm2. The maximum quantum efficiency
f films was found to be 2.2% with wavelength at 400 nm. The
and gaps and carrier densities of these samples are lied in the
ange 1.73 to 1.70 eV, and 4.02 to 6.36 × l014 cm−3, respec-
ively. The flat band potentials of these samples are in the range

f −0.293 to −0.403 V versus normal hydrogen electrode. For
he information of these results, the AgIn5S8 polycrystalline film
eposited on ITO-coated glass using chemical bath deposition is
uitable for the applications of hydrogen production with solar
ight.
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