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An aqueous method for the deposition of silver indium sulfide ternary semiconductor thin films is presented.
According to grazing-incidence X-ray diffraction studies, a single phase of AgInS2 with orthorhombic structure
or a single phase of AgIn5S8 with cubic spinel structure can be selectively grown on 3-mercaptopropyl-
trimethoxysilane-modified glass substrates. As-deposited thin films were annealed for 1 h in an argon
environment at 400 °C in a tube furnace. It was found that when [Ag]/[In] ) 1 in the precursor solution,
AgInS2 was obtained. On the other hand, AgIn5S8 resulted from [Ag]/[In] e 0.33 in the precursor solution.
The energy gap, determined from transmission and reflection spectra, is located between 1.8 and 2.0 eV. The
thickness of the thin films was in the range of 500-700 nm. Electrical resistivity was on the order of 104

Ω-cm. In addition, silver indium sulfide crystals were grown on octadecyltrichlorosilane-modified glass
substrates without any post-thermal treatment. Powder X-ray diffraction and scanning electron microscope
images indicated that crystalline AgIn5S8 aggregates were obtained. Detailed crystal structures, examined with
a transmission electron microscope, electron diffraction, and high-resolution transmission electron microscope,
further indicated that single crystals were prepared. According to these experimental findings, we were able
to control compositions of silver indium sulfide thin films from aqueous solutions by suitable control of
concentrations in the precursor solutions and surface functionalities. This technique provides an easy and
cost-efficient way to deposit multicomponent semiconductor thin films.

Introduction

The I-III-VI ternary semiconductors with the chalcopy-
rite structure have useful applications in solar cells and
optical devices.1–9 Both AgInS2

8,10–15 and AgIn5S8
9,16–25 are

promising materials, with the energy band gap in the range

of 1.7-2.0 eV.8–25 These two semiconductor materials can
be prepared to have either n- or p-type conductivity and
possess a resistivity between 102 and 106 Ω-cm, depending
on the deposition methods.8–25 AgInS2 has two major phases
of tetragonal and orthorhombic structures. The tetragonal
structure is presented below 620 °C, and it changes to the
orthorhombic form above 620 °C.26 On the other hand,
AgIn5S8 has only the cubic spinel-type structure.26 AgInS2

or AgIn5S8 films on various substrates can be prepared by
pulse laser vaporization,9 chemical spray pyrolysis,10–15

chemical bath deposition,16,17 vacuum evaporation,8,18–20

sulfurization of Ag-In alloy films,21 and aerosol-assisted
chemicalvapordepositionfromasingleprecursorsolution.22–25

Among these, evaporation and sulfurization methods have
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better control over the compositions of the films compared
to solution-based techniques, such as spray pyrolysis and
chemical bath deposition. However, the convenient experi-
mental apparatus and the ability to grow larger films at a
lower temperature make the solution growth processes
attractive for industrial applications. Nevertheless, there are
few reports in the literature which selectively prepare a single
phase of AgInS2 as well as a single phase of AgIn5S8 film
from an aqueous solution by adjusting preparative param-
eters.10

In this report, chemical bath deposition was employed to
deposit silver indium sulfide thin films on self-assembled
monolayer (SAM)-modified glass substrates. The growth
mechanism of binary compounds by chemical bath deposition
has been studied extensively.27–30 The type and the concen-
tration of complex agents and the degree of supersaturation
play important roles in the heterogeneous nucleation on
substrate surfaces from aqueous solutions. In our previous
report,17 we studied the growth process of AgIn5S8 thin films
on glass substrates by changing the pH, silver to indium
concentration ratios [Ag]/[In] of the precursor solutions, and
post-thermal treatments. We found that, under our experi-
mental conditions, a two-step growth mechanism was
revealed: First, Ag2S particles attached to the substrates. This
seeding layer promoted the growth of In2S3. After suitable
thermal treatment, a uniform ternary semiconductor thin film
was obtained. In addition, the surface property was also found
to be another dominating factor. 3-Mercaptopropyl-tri-
methoxysilane (MPS)-modified glass substrates, having thiol
functional groups exposed to the substrate surface, enhanced
the adhesion and homogeneity of AgIn5S8 thin films. This
prompted us to investigate the effects of surface function-
alities on the thin film growth process, resulting in the
controlled formation of uniform multicomponent thin films
that have unique physical properties.

Recently, SAM-mediated depositions of biomineral
materials,31–35 metal oxide,36–40 and metal sulfide41–46 have

been reported. The density of crystal nuclei differs from the
types of the functional groups exposed to the surface, such
as methyl (-CH3), amine (-NH2), carboxyl (-COOH), and
mercaptan (-SH) terminated SAMs. These well-defined
ω-functionalized SAMs can serve as a model system for
studying the effects of surface properties on polymorph and
nucleation faces of the crystals grown on the surface.47 In
this paper, we report the growth of silver indium sulfide thin
films on SAM-modified glass substrates from aqueous
precursor solutions. MPS and octadecyltrichlorosilane (OTS)
were used to functionalize the glass surfaces. The main focus
of this study is to show the controlled deposition of
polycrystalline AgInS2 and AgIn5S8 thin films. Furthermore,
single-crystal AgIn5S8 aggregates can be grown also on
SAMs generated from OTS without post-thermal treatment.
Grazing-incidence X-ray diffraction (GIXRD), scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM) were employed to study the crystal phase,
surface morphology, and atomic-scale crystal organization
of thin films and crystals obtained from various preparative
factors.

Experimental Section

Materials. Analytical-grade silver nitrate (Ag(NO3)), indium
nitrate (In(NO3)3 ·5H2O), thioacetamide (CH3CSNH2, TAA), tri-
ethanolamine ((HOC2H4)3N, TEA), sodium citrate (C6H5O7Na3 ·
2H2O), citric acid (C6H8O7), sulfuric acid (H2SO4), and ammonium
nitrate (NH4NO3) were purchased commercially and used as-
received. Aqueous cationic and anionic solutions were prepared
separately before deposition. Glass substrates of 1 mm thick were
cut into slides (1 cm × 2 cm) and used immediately after cleaning
to prevent further contamination on the surface. First, glass
substrates were immersed in Piranha solution (H2O2:H2SO4 ) 3:7)
for 30 min and then rinsed thoroughly with deionized water.
Substrates were then cleaned by subsequently soaking them in an
ultrasonic bath in methanol, deionized water, and acetone for 10
min each, followed by thoroughly rinsing them with deionized water
and blowing them dry with ultrapure nitrogen. Finally, the substrates
were dried in an oven. The average roughness on either side of the
glass substrate was 1.8 ( 0.3 nm after the cleaning process.

Surface Modification. Two types of SAMs were generated on
glass substrates with different surface functionalities. The first type
of self-assembled monolayer was derived from MPS (97%, Fluka)
on the precleaned glass substrate. A previous report provides a
detailed preparation procedure, but a brief summary is given in
this report.48 The cleaned glass substrates were boiled in the solution
(30% H2O2:NH4OH:DI water ) 1:1:5) at 80 °C for 30 min. The
glass slides were rinsed with DI water and refluxed in a solution
of 5 g of MPS in 30 mL of 25% isopropyl alcohol at 90 °C for 10
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min. Finally, the SAM-coated glass substrates were removed from
the solution, rinsed with DI water, and dried with a stream of
nitrogen.

The second type of self-assembled monolayer, OTS (90%,
Aldrich), was prepared on the precleaned glass substrate. Anhydrate
iso-octane was used as the solvent. The substrates were dipped in
1 mM OTS for at least 6 h in a glove box. Finally, the SAM-
coated glass substrates were removed from the solution, rinsed with
iso-octane solvent, and dried with a stream of nitrogen.

Deposition of Silver Indium Sulfide Thin Films. The Ag-In-S
thin films were prepared by chemical bath deposition. In this study,
silver to indium concentration ratios [Ag]/[In] in precursor solutions
were varied. The silver precursor (Ag(NO3) + TEA) and the indium
precursor (In(NO3)3 + citric acid) were prepared separately.
Prescribed concentrations of silver, indium, TEA, and citric acid
were listed in Table 1. We also changed the concentration of TEA
to investigate the impact of the amount of complex agent on the
compositions of the final films. The acidity of the chemical bath
was further adjusted by adding concentrated sulfuric acid. The two
cationic solutions were stirred separately for 15 min; they were
then mixed together and stirred for another 15 min, and finally
thioacetamide (0.154 M) was added. The pH of the chemical bath
was kept at pH 0.6 throughout this study. Precleaned glass substrates
were mounted vertically into the precursor solution with a separation
between each slide of 1 mm. The bath was placed on a hot plate
with magnetic stirring. The reaction was carried out at 80 °C. After
1 h of deposition, the coated substrates were removed and cleaned.
Following our previous report, postdeposition thermal treatment
was performed in a vacuum tube furnace at 400 °C in an argon
environment for 1 h after deposition on MPS-modified glass
substrates. The thickness of the film was determined by SEM of a
cross section. It is in the 500-700 nm range.

Characterization. Crystallographic study was carried out on a
grazing-incidence X-ray diffractometer (GIXRD), Rigaku D/Max
2500, equipped with an 18 kW rotating anode X-ray generator.
The incidence beam made an angle of 6° with the sample surface.
The system includes focusing and parallel-beam optics, which
provides alignment of the sample to the X-ray beams. The
microstructure of the samples was studied by using an Hitachi
S4800 field-emission scanning electron microscope (FE-SEM) and
by using an Hitachi HF-2000 field-emission transmission electron
microscope (TEM). EDX attached to FE-SEM was used to analyze
the composition of the thin films qualitatively and electron
diffraction (ED) of the crystals was conducted on TEM. Optical
transmission and reflection spectra were recorded by a Shimadzu
UV-2450 UV-vis spectrometer in the wavelength range from 300
to 900 nm. The electrical resistivity was measured by the four-
probe method using an Elchema CM-308 conductometer. The
samples were cut into a square of 1 cm × 1 cm and the experiment

was conducted in a black box. The resistivity was obtained by
averaging over three measurements for each sample and two
samples for each experimental parameter.

Results

Thin Film Deposition on MPS-Modified Glass Sub-
strate. The nucleation density and growth mechanism of
I-III-VI ternary compounds are affected by the degree of
supersaturation in the chemical bath. In addition, a self-
assembled monolayer grown on the substrates provides
another way to engineer surface properties for the preparation
of various inorganic thin films. It has been shown that
appropriate functionalities on the solid surface can promote
heterogeneous nucleation on the substrate.49 Our previous
and preliminary work showed a two-step mechanism of
AgIn5S8 thin film formation on glass substrates, in which
Ag2S particles attached to the surface first, followed by a
uniform In2S3 deposition. The AgIn5S8 film grown on the
MPS-modified substrate has a higher nucleation density and
a better adhesion compared to that grown on a bare glass
substrate.17 Based on these experimental findings, here in
this study we investigate the AgInS2 and AgIn5S8 thin film
preparation by changing silver to indium concentration ratios
[Ag]/[In] and concentrations of the complex agent, trietha-
nolamine (TEA).

Grazing-incidence X-ray diffraction patterns shown in
Figure 1 illustrate the silver indium sulfide ternary semicon-
ductor thin film formation from an acidic solution (pH 0.6)
with different silver to indium ratios. Concentrations of silver
and thioacetamide (TAA) in the precursor solutions were
kept the same (Table 1). The reaction was finished in 1 h.
Under this experimental condition, a single phase of AgInS2

thin film was obtained from solution A ([Ag]/[In] ) 1), while
the Ag2S crystal phase appeared in addition to that of AgInS2

with an increase in [Ag]/[In] from 2 to 5, corresponding to
samples grown from solution B to solution E, respectively.
The peaks marked with solid triangles are associated with
reflections of the orthorhombic structure of AgInS2 (JCPDS

(49) Gao, Y.; Koumoto, K. Cryst. Growth Des. 2005, 5, 1983–2017.

Table 1. Recipe of the Chemical Bath to Prepare Silver Indium
Sulfide Thin Films on the Glass Substrate

concentrations of the cationic chemical bath [M]

solution silver indium TEA citric acid [Ag]/[In]

A 0.026 0.026 0.37 0.064 1
B 0.026 0.013 0.37 0.064 2
C 0.026 0.0087 0.37 0.064 3
D 0.026 0.0065 0.37 0.064 4
E 0.026 0.0052 0.37 0.064 5
F 0.013 0.026 0.37 0.064 0.50
G 0.0087 0.026 0.37 0.064 0.33
H 0.0065 0.026 0.37 0.064 0.25
I 0.0052 0.026 0.37 0.064 0.20
J 0.026 0.026 0.185 0.064 1
K 0.026 0.026 0 0.064 1
L 0.0013 0.026 0.37 0.064 0.05

Figure 1. GIXRD patterns of samples prepared from precursor solutions
on MPS-modified glass substrates after 1-h thermal treatment in an argon
environment at 400 °C. (A) Solution A ([Ag]/[In] ) 1), (B) solution B
([Ag]/[In] ) 2), (C) solution C ([Ag]/[In] ) 3), (D) solution D ([Ag]/[In]
) 4), and (E) solution E ([Ag]/[In] ) 5).
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25-1328), and those marked with open diamonds can be
ascribed to the monoclinic acantithe phase of Ag2S (JCPDS
24-0072). On the other hand, if we kept the concentrations
of indium and thioacetamide constant, a single-phase AgIn5S8

thin film of a cubic spinel structure (open circle, JCPDS 25-
1329) results from a lower [Ag]/[In], shown in Figure 2.
Throughout this paper, o-AgInS2 and c-AgIn5S8 denote the
orthorhombic phase of AgInS2 and cubic phase of AgIn5S8,
respectively. Note that when [Ag]/[In] ) 0.5, a mixture of
o-AgInS2 and c-AgIn5S8 can be clearly seen from the GIXRD
patterns. Further decreases in [Ag]/[In] (solutions G, H, and
I) eliminate the formation of the o-AgInS2 crystal phase after
thermal treatment, and only c-AgIn5S8 is presented. Next,
we investigated the effect of TEA concentration on the phase
change of the Ag-In-S system prepared from aqueous
solutions. In the previous experiments, 0.37 M TEA was used
as the complex agent for silver. It is observed that, in Figure
3, when the concentration of TEA was reduced to half
(solution J) and to zero (solution K), the thin film with
o-AgInS2 prepared from solution A changes to a mixture of
o-AgInS2 and c-AgIn5S8 and to a single phase of c-AgIn5S8,
respectively. The grain size was further estimated by the
Sherrer equation50 for the (1 2 0) peak (2θ ) 24.992°) and
(4 0 0) peak (2θ ) 33.064°) of AgInS2 and AgIn5S8,

respectively. The particle sizes are 12.3, 11.4, and 16.9 nm
for samples prepared from solution A, solution G, and
solution K, respectively. Note that, at the angle of incidence
in the GIXRD experiment, X-rays would probably penetrate
the entire depth of the samples (500-700 nm), which, on
the other hand, gives us enough information for phase
identification. Theoretical and experimental investigations of
the compositional depth profile were not sought in this study.

SEM images allow us to obtain information about the
microstructure of sample surfaces. These micrographs (Fig-
ures 4a-c) reveal that the thin films prepared from aqueous
solutions are rather dense and uniform. However, the surface
morphologies are slightly different from sample to sample
deposited under various conditions. Figure 4a shows the SEM
image of the sample prepared from the precursor solution
A. The crystal structure was determined to be o-AgInS2 by
GIXRD. The surface consists of a needle-like crystal
network. When the silver to indium concentration ratio is
reduced to 0.33 (solution G), the surface structure changes
to collections of platelike aggregate (Figure 4b). Furthermore,
a similar surface image is obtained for the sample prepared
from the precursor solution K (Figure 4c). Both samples are
of the c-AgIn5S8 crystal phase determined from GIXRD. It
is observed that surface morphologies vary with a change
in [Ag]/[In]. With higher silver to indium concentration ratio,
[Ag]/[In] g 3, these needle-like crystallites coalesce to form
granular clusters (Figure S1, Supporting Information), which
is similar to that of the Ag excess AgInS2 prepared from
spray pyrolysis.14 On the other hand, at a lower silver to
indium concentration ratio, [Ag]/[In] e 0.25, the film starts
to form cracks observed at a lower magnification (10000×),
as shown in Figure S2. The thicknesses of the films can
further be determined from cross-section SEM images, shown
in Figure 4d. This image corresponds to c-AgIn5S8 prepared
from the precursor solution K (no TEA). From this image,
the thickness is 615 nm. The thicknesses of the other two
samples, o-AgInS2 and c-AgIn5S8 deposited from precursor
solutions A and G, are of the order of 498 and 687 nm,
respectively.

EDX was employed to qualitatively analyze the composi-
tions of the samples. The trend of the changes in composi-
tions was studied on various [Ag]/[In] concentration ratios.
Figure 5 plots the indium to silver atomic ratios presented
in the thin films as a function of silver to indium concentra-
tion ratios in the precursor solutions. This figure is enlarged
in the X-axis from 0 to 1 and Y-axis from 0 to 5 for a better
illustration of the compositional changes during phase
transformation from c-AgIn5S8 to o-AgInS2 under different
preparative conditions. According to the GIXRD investiga-
tion, thin films prepared from precursor solutions with [Ag]/
[In] ) 1 (solution A) and [Ag]/[In] ) 0.33 (solution G) show
a single phase of AgInS2 and AgIn5S8, respectively. In
addition, when the precursor solution was set at [Ag]/[In] )
0.5 (solution F), a mixed-phase thin film was then obtained.
The compositional analysis agrees well with the GIXRD
result. It is seen that there is a kink at [Ag]/[In] ) 0.5 on
the figure. There are two straight lines, as guides for the eyes,

(50) Cullity, B. D. Elements of X-ray Diffraction; Addison Wesley: Reading,
MA, 1978.

Figure 2. GIXRD patterns of samples prepared from precursor solutions
on MPS-modified glass substrates after 1-h thermal treatment in an argon
environment at 400 °C. (F) Solution F ([Ag]/[In] ) 0.50), (G) solution G
([Ag]/[In] ) 0.33), (H) solution H ([Ag]/[In] ) 0.25), and (I) solution I
([Ag]/[In] ) 0.20).

Figure 3. GIXRD patterns of samples prepared from precursor solutions
on MPS-modified glass substrates after 1-h thermal treatment in an argon
environment at 400 °C. (A) Solution A ([TEA] ) 0.37 M), (J) solution J
([TEA] ) 0.185 M), and (K) solution K ([TEA] ) 0 M).
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above and below this point with different slopes, which
suggests a different growth mechanism. More importantly,
this result provides a way to control the compositions of
silver indium sulfide ternary semiconductor thin films
deposited on MPS-modified glass substrate.

We further examine the possibility to control the thickness
of Ag-In-S ternary thin films by chemical bath deposition.
According to the literature (e.g., refs 42 and 43), multiple
dippings in the solution bath is one of the simple ways to
adjust the thickness of the films. Based on our aforemen-
tioned findings, the compositions of the thin films can be
controlled by suitable surface property and solution chem-
istry. AgIn5S8 prepared by CBD seems to have a wider
operating window. Therefore, the MPS-modified glass
substrate was dipped in solution G twice (GG) for 1 h each
to increase the film thickness. Surprisingly, the powder XRD
pattern (Figure S3a) shows that o-AgInS2 is the major crystal
phase, although the thickness increases to 1.20 µm deter-
mined by the SEM cross-section image. EDX analysis also
shows that a silver-rich ternary sulfide was obtained (Ag/
In/S ) 1:0.7:1.6). We decreased the [Ag]/[In] in the second
precursor solution to 1/20 (solution L). The XRD pattern
(Figure S3a) indicates that c-AgIn5S8 was obtained for the
sample (GL) dipped in solution G first and then solution L
for 1 h each. EDX analysis shows that Ag/In/S ) 1:5.2:8.7,
and the thickness of the thin film is averaged to be 1.75 µm
(Figure S3b). It demonstrates that the thickness is also
controllable by using chemical bath deposition.

Figure 4. SEM micrographs of samples prepared from (a) solution A ([TEA] ) 0.37 M), (b) solution G ([TEA] ) 0.37 M), (c) solution K ([TEA] ) 0 M),
and (d) the cross-section image of the sample prepared from solution K.

Figure 5. EDX elemental analysis of indium to silver atomic ratio presented
in the thin films as a function of silver to indium concentration ratios in the
precursor solutions.
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Optical transmission and reflection spectra were recorded
by a UV-vis spectrometer in the wavelength range from
300 to 800 nm. The absorption coefficient R can be obtained
from the following equation,51

T(λ)) [1-R(λ)]2 exp(-Rd) (1)

where T(λ) and R(λ) are transmittance and reflectance as a
function of wavelength, respectively. d is the thickness of
the film measured by SEM cross-section images. The
transmission and reflection spectra are provided in the
Supporting Information (Figure S4). Near the high-absorption
region (R g 104 cm-1), the absorption coefficient has the
following frequency dependence:51

(Rhν) ≈ (hν-Eg)
n (2)

The absorption coefficient, R, can be obtained from eq 1.
hν is the photon energy and n is a constant. Plot (Rhν)1/n

with respect to hν and extrapolate the straight line to (Rhν)1/n

) 0, and thus the optical band gap is obtained. Generally, n
is 2 for an indirect band gap and 1/2 for a direct band gap.
Figure 6 shows the linear dependence of (Rhν)1/n against hν
when n ) 1/2, which indicates a band to band transition. The
optical energy gaps determined from optical measurement
are in the range between 1.8 and 2.0 eV, where o-AgInS2

(from solution A, open diamond) has the optical energy gap
of 1.86 eV, and energy gaps of c-AgIn5S8 prepared from
the precursor solution G (open triangle) and from precursor
solution K (open circle) are 1.96 and 1.89 eV, respectively.
The decrease of energy gap of c-AgIn5S8 (G and K) can be
attributed to the increase of grain size, which was determined
from X-ray diffraction (11.4 nm for G and 16.9 nm for K).
In other semiconductor systems, the blue shift of the optical
absorption for the films consisted of smaller particles results
from the quantum confinement effects.52 Nevertheless, these
values of the band gaps are in good agreement with those
reported in the literature.9 Optical losses occurred at the
longer wavelength away from the fundamental absorption

(Figure S4) might be due to the scattering of light by the
grains and grain boundaries.53

The room-temperature resistivities for chemically depos-
ited films are on the order of 104 Ω-cm. o-AgInS2 (from
solution A) has a resistivity of 3.85 × 104 Ω-cm, whereas
c-AgIn5S8 (from solution G) and a mixture of AgInS2/
AgIn5S8 (from solution F) possess resistivities of 4.85 × 104

and 6.25 × 104 Ω-cm, respectively. These values also agree
with those reported in the literature.8–25

Crystal Growth on OTS-Modified Glass Substrate. The
growth of silver indium sulfide on self-assembled octade-
cyltrichlorosilane monolayer-modified glass substrates was
further investigated. An FT-IR spectrometer showed two
strong absorption peaks at positions of 2848 and 2918 cm-1

by taking a clean glass substrate as the reference. These two
values correspond to symmetric and asymmetric stretching
of CH2, respectively, which agree qualitatively with OTS
SAMs reported elsewhere.54 The average roughness of the
surface after OTS modification was determined to be 2.1
nm by AFM. A static contact angle of 98° was measured by
using water as the contact liquid. This value is lower than
that of uniform OTS SAMs prepared on clean native silica
substrates.55 This discrepancy implies a partial coverage of
OTS SAMs on glass substrate surfaces. However, the OTS-
modified surface in this study is hydrophobic in general. We
used this modified substrate to study the effects of a different
surface functionality in the silver indium sulfide growth
process.

The OTS-modified glass substrate was immersed in
precursor solution A for 1 h. The resulting film was
particulate and nonuniform judging by naked eye observa-
tion. The film was dried in a 100 °C oven for 30 min and
no further thermal treatment was performed. Parts a-e in
Figure 7 show a SEM micrograph, a powder X-ray diffrac-
tion pattern, a TEM image, an electron diffraction pattern,
and a HRTEM image of the as-deposited sample, respec-
tively. Surprisingly, although the film does not completely
cover the surface, it appears as a coalescence of diamond-
shaped crystallites as seen from the SEM image (Figure S5).
In a certain region, even an individual particle with bipyramid
morphology is observed (Figure 7a). The crystal structure
recorded by powder XRD indicates a single-phase polycrys-
talline AgIn5S8 with the cubic spinel structure (Figure 7b).
TEM, electron diffraction, and HRTEM were further em-
ployed to study the AgIn5S8 crystal structure on OTS SAMs.
The crystals were collected on the TEM grid after sonicating
the thin film samples in water for 1 h. The typical TEM
image exhibits the polyhedron of the AgIn5S8 crystal (Figure
7c). Figure 7d illustrates the electron diffraction pattern of
the whole crystal along the [1j11] zone axis. The distinct spots
are evidence of a single crystal of AgIn5S8. Moreover, a high-
resolution TEM image was taken from the upper part of the
AgIn5S8 crystal in Figure 7c along the same zone axis [1j11].
From the lattice image of the high-magnification HRTEM

(51) Pankove, J. I. Optical Processes in Semiconductors; Prentice-Hall,
Inc.: Englewood Cliffs, NJ, 1971.

(52) Todorov, T.; Cordoncillo, E.; Sanchez-Royo, J. F.; Carda, J.; Escribano,
P. Chem. Mater. 2006, 18, 3145–3150.

(53) Lai, F.; Li, M.; Wang, H.; Hu, H.; Wang, X.; Hou, J. G.; Song, Y.;
Yousong, J. Thin Solid Films 2005, 488, 314–320.

(54) Kulkarni, S. A.; Mirji, S. A.; Mandale, A. B.; Gupta, R. P.;
Vijayamohanan, K. P. Mater. Lett. 2005, 59, 3890–3895.

(55) Wang, Y.; Lieberman, M. Langmuir 2003, 19, 1159–1167.

Figure 6. (Rhν)2 vs hν plots for samples prepared from solution A (open
diamond), solution G (open triangle), and solution K (open circle).
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shown in Figure 7e, the lattice spacing of 0.38 nm is readily
resolved, corresponding to the (2 2 0) crystal planes of the
AgIn5S8 cubic spinel structure.

Discussion

The ability to control the crystal phases of multicomponent
semiconductor thin films is the key for industrial applications.

SAMs on substrate surfaces provide an environment to
investigate the influences of surface properties on nucleation
of solids from liquid phases.32 In this study, two types of
SAMs, MPS and OTS, were generated on glass substrates.
The major difference between these two SAMs is the surface
functionality they provide after silanization and covalent
bonding to the surface of the glass substrates. MPS has a

Figure 7. Sample prepared from solution A on OTS-modified glass substrates. (a) SEM micrograph, (b) powder XRD pattern, (c) low-magnification TEM
image, (d) electron diffraction pattern of the whole grain, and (e) HRTEM image.
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-SH tail group whereas OTS has a hydrophobic -CH3 tail
group. Upon heating of the precursor solution, the following
reactions may occur:

CH3CSNH2 +H2OTCH3CONH2 +H2S (3)

In an aqueous solution, H2S dissociates to give

H2S+H2OTH3O
++HS-, K) 10-7 (4)

HS-+H2OTH3O
++ S2-, K) 10-17 (5)

The predominant species in the solution will be HS- and
the concentration of S2- will be low. Silver and indium ions
are complexed by the ligands. Solubility products (Ksp) of
silver sulfide and indium sulfide are given by56

2[Ag(TEA)n]
++ S2-fAg2S+ n[TEA], Ksp,Ag2S )

1.6 × 10-49 (6)

2[In(citrate)m]3-3m + 3S2-f In2S3 +

m[citrate]3-, Ksp,In2S3
) 5.8 × 10-74 (7)

In our previous study, it was found that Ag2S particles were
first deposited on the substrate surface and then In2S3 grew.17

0.5Ag2S+ (2.5- 2x)In2S3f
heat treatment

xAgInS2 +
(1- x)AgIn5S8 (x) 0-1) (8)

The SAMs of MPS enhance the chemical affinity with
silver,57 resulting in a decrease in the interfacial tension,
which promotes the heterogeneous nucleation on the surface.
These densely packed Ag2S particle aggregates provide the
foundation for selective deposition of a single phase of
AgInS2 and AgIn5S8 crystalline thin films. An increase in
the indium to silver atomic ratio in the films with an increase
of [In]/[Ag] in the precursor solution is intuitively expected,
but a slope change in Figure 5 is observed. Note that the
experiments were conducted by fixing the silver concentra-
tion in precursor solutions while increasing [Ag]/[In] from
[Ag]/[In] ) 1. On the other hand, indium concentration was
fixed in precursor solutions while decreasing [Ag]/[In] below
[Ag]/[In] ) 1. The change in slope at lower [Ag]/[In] values
may be attributed to much fewer Ag2S particles being
deposited on the MPS-modified surface because of a lower
degree of supersaturation. At the same time, the lower density
Ag2S clusters on the surface cause the crack formation under
this experimental condition (Figure S2). The complex agent,
TEA, also plays an interesting role. To the best of our
knowledge, the stability constant of [Ag(citrate)n]1-3n and
[In(TEA)m]3+ could not be found in the literature.56 Accord-
ing to our experimental findings (Figure 3), when the
concentration of TEA is decreased, In/Ag in the thin films
increases. This may be due to (1) a higher supersaturation
of Ag2S in the solution, less chelating agents bound to the
silver cations, leading to a higher homogeneous nucleation
density in the solution, and (2) redistribution of chelating

agents in the precursor solution, resulting in more free indium
ions in the precursor. We examined the first layer formation
by SEM (Figure S6). The average grain size of 50 nm is
smaller than that of 100 nm prepared from the precursor
solution A, as previously reported.17 In this two-step growth
process, the first incubation and second incubation times for
solution A are 10 and 50 min from the start of the reaction.17

However, without TEA as the chelating agent, the two
incubation times shifted to around 5 and 30 min, respectively.
It is expected that smaller Ag2S particles deposit on the MPS-
modified glass substrates and more In2S3 grows on top of
the Ag2S seeding layer, which leads to a higher In/Ag ratio
in the films. In the end, c-AgIn5S8 thin films are obtained.

Additionally, high nucleation densities on the surface will
produce a polycrystalline product, and a single crystal will
be generated from a single nucleation site.58 It is reasonable
to grow polycrystalline AgIn5S8 and AgInS2 thin films on
MPS-modified glass substrates. Conversely, AgIn5S8 crystal
aggregates were deposited on hydrophobic OTS-modified
substrates without any post-thermal treatment. Figures
S7a-S7c show the evolution of the crystal growth process
on the OTS-modified substrate. These images were taken
from the samples prepared from solution A on OTS-modified
glass substrate for 30, 40, and 50 min, respectively. The
initial layer consists of collections of particles and then the
particles start to grow gradually. This time-dependent
morphology evolution from cubic particles (Figure S7a) to
the final aggregate of diamond-shapes crystals (Figure S5)
can be observed. The compositions of the particles were
determined by EDX (Figure S7d). Particles deposited for 30
min were primary Ag2S (Ag/S ) 1.80 and negligible In
concentration). As the deposition continued, the concentration
of indium increased. Finally, nearly stoichiometric AgIn5S8

was obtained after 1 h of reaction (Ag/In/S ) 1:4.7:7.9).
This figure also elucidates the two-step growth mechanism
proposed. Note that the particle density of the first layer is
much lower than that of the sample prepared on the MPS-
modified glass substrate. Aizenberg et al. explained the
localized crystallization on SAMs in terms of diffusion-
limited and island-specific nucleation.32 In this scheme, they
selectively created a rapidly nucleating region and a slowly
nucleating region on the substrate surfaces. The rapidly
nucleating region initiates the nucleation, induces ion flux
to this region, and then creates a depletion zone of the
reaction solution over the slowly nucleating region. Note that
the contact angle of 98° implies the incomplete coverage of
OTS SAMs. In the aforementioned model, single crystals
grow at the edge of the island, where disordered SAMs are
produced. Our silver indium sulfide growth on OTS SAMs
can be considered analogous to this model. The closely
packed OTS serves as the slow-growth region, and the
loosely packed region of OTS SAMs and rough surfaces of
the glass substrates provide the rapid-growth region. Ag2S
particles selectively attach to the rapid-growth region and
offer the nucleation sites for In2S3 deposition. The second
layer of In2S3 covers the Ag2S first layer and then transforms
to crystalline AgIn5S8.(56) Perrin, D. D. Stability Constants of Metal-Ion Complexes, Part B:

Organic Ligands; Pergamon Press: Oxford, 1979.
(57) Lam, K. F.; Yeung, K. L.; McKay, G. Langmuir 2006, 22, 9632–

9641.
(58) Wucher, B.; Yue, W.; Kulak, A. N.; Meldrum, F. C. Chem. Mater.

2007, 19, 1111–1119.
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Taking into account the Ag2S-In2S3 phase diagram,59 at
a low deposition temperature (80 °C) and a low annealing
temperature (400 °C), the following occurs: an evolution
of Ag2S, a mixture of Ag2S and AgInS2, AgInS2, a mixture
of AgInS2 and AgIn5S8, AgIn5S8, and then to In2S3 from low
to high In2S3 atomic percentage. According to this phase
diagram, the window for AgInS2 is slim. In other words,
Ag2S2-AgInS2 and AgInS2-AgIn5S8 coexistence phases
appear more easily when the composition of this ternary
compound is away from the stoichiometric ratio. On the other
hand, the AgIn5S8 cubic spinel phase has a wide homoge-
neous region from 81 to 96 mol % In2S3, corresponding to
Ag/In ) 1:4.3 and 1:24.0, respectively. Therefore, a single-
phase AgIn5S8 can be obtained by a wider range of [Ag]/
[In] precursor solutions, and a single-phase AgInS2 can be
obtained only by the [Ag]/[In] ) 1 precursor solution under
our experimental conditions. In the case of silver indium
sulfide deposited on OTS-modified glass substrates, limited
nucleation sites provide a chemical environment for the
crystal growth. Thermodynamics determines the crystal phase
of c-AgIn5S8 once the films contain more than 81% In2S3.
The multiple dipping experiments further show that the
surface property and solution chemistry play important roles
in the CBD process. With the same precursor solution, the
composition of the films deposited on MPS- and OTS-
modified glass substrates and the AgIn5S8 thin film surface
are different. Nucleation density of the Ag2S seeding layer
also depends on the surface property. Different densities of
Ag2S seeding layers on modified glass substrates result in
either polycrystalline thin films (on MPS-modified substrates)
or single-crystal aggregates (on OTS-modified substrates).
A suitable design of surface functionality and solution
chemistry is expected to create novel structures for this
ternary sulfide material.

Conclusions

In this study, two types of self-assembled monolayers were
used to functionalize the glass substrate. These MPS- and
OTS-modified glass substrates were employed to study the

silver indium sulfide deposition from an acidic aqueous
solution. A single phase of AgInS2 with the orthorhombic
structure and a single phase of AgIn5S8 with the cubic spi-
nel structure thin films can be selectively deposited on MPS-
modified glass substrates under suitable preparative condi-
tions after 400 °C thermal treatment. The grazing-incidence
X-ray diffraction patterns revealed that a phase transforma-
tion from AgInS2 to AgIn5S8 occurs when the precursor
solutions vary from a higher [Ag]/[In] to a lower [Ag]/[In].
Additionally, more TEA presented in the precursor solution
promotes the growth of AgInS2, and no TEA in the precursor
solution results in the formation of AgIn5S8 thin films. The
EDX compositional analysis agreed with the trend of the
GIXRD results qualitatively. The films obtained from this
work are rather adherent and uniform, as observed from the
SEM images. The optical band gaps determined from
transmission and reflection spectra of the thin-film samples
are in the range of 1.8 and 2.0 eV, where o-AgInS2 (from
solution A) has the energy gap of 1.86 eV, and energy gaps
of c-AgIn5S8 prepared from the precursor solution G, and
from precursor solution K are 1.96 and 1.89 eV, respectively.
On the other hand, silver indium sulfide deposition on OTS-
modified glass substrates showed c-AgIn5S8 crystalline
aggregates without any thermal treatment. TEM, HRTEM,
and ED indicated that each crystal is single crystal. The
selective deposition mechanism was used to explain our
experimental results. More importantly, this study demon-
strates the ability to control the compositions of the multi-
component semiconductor thin films as well as the crystal
growth on suitable engineered substrate surfaces.
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