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AgInS, thin films were obtained by the annealing of chemical bath deposited In,S;-Ag,S layers at 400 °C
in Ny for 1h. According to the XRD and EDX results the chalcopyrite structure of AgInS, has been
obtained. These films have an optical band gap, Eg, of 1.86eV and an electrical conductivity value of

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The AgInS; compound can be grown as tetragonal and
orthorhombic phase [1]. In the tetragonal crystal structure it
shows two direct band gaps, at 1.86 and 2.02 eV [1], while in the
orthorhombic crystal structure it shows two band gaps at 1.96 and
2.04 eV [2]. AgInS, belongs to the I-11I-VI, group. It is one of the least
studied materials compared to the thorough investigated copper
indium chalcogenides (CIS) used in photovoltaic device applica-
tions [2,3]. For example, making a comparison between CulnS; and
AgInS, we have found out that CulnS, has an optical band gap
of 1.5eV while AgInS, has a wider band gap (1.86-2.04eV); both
materials have a high absorption coefficient; CulnS, shows a p-type
electrical conductivity, and although AgInS, shows a n-type elec-
trical conductivity [4], it can be doped with Sb [5] and Sn [6] atoms
to change its conductivity to p-type.

Several methods such as thermal evaporation [7], spray pyroly-
sis [8], co-evaporation [9], and chemical bath deposition (CBD) [10]
have been used to obtain AgInS, thin films, but CBD has proved to
be the most attractive, easy to apply, less expensive and suitable for
large area deposition. Moreover, in comparison with thermal evap-
oration and co-evaporation methods CBD does not require high
vacuum systems.
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In this work, the results of the structural, chemical composi-
tion, optical and electrical characterization of the polycrystalline
silver indium sulfide thin films obtained through the annealing of
chemically deposited In,S3-Ag,S layers are presented.

2. Experimental details
2.1. Deposition of In,Ss3 thin films

In,S3 thin films were deposited by chemical bath deposi-
tion method using a mixture of the following reagents in the
order described here: 10 mL of In(NO3)3 0.1 M, 2 mL of CH3COOH
0.1 M, 16 mL of CH3CSNH, 1M, and water to complete a volume
of 100 mL. The glass substrates (Corning, 25 mm x 75 mm) were
placed vertically in the solution. The chemical deposition was
carried out at 35°C for 22 h, since lower deposition temperature
produces thinner films, and higher deposition temperature accel-
erates the precipitation of the solution resulting in films of low
quality.

2.2. Deposition of Ag,S thin films

Chemically deposited silver sulfide thin films were obtained by
following the procedure given in Ref. [11] using: 12.5mL of 0.1 M
solution of AgNO3, 4.5 mL of 1 M solution of Na,S,03, 5 mL of 0.5 M
solution of C3HgN,S in the given sequence then adding deionized
water while stirring the solution until completing a 100 mL vol-
ume. Indium sulfide thin films prepared previously were used as
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substrates. The substrates were placed vertically in the solution at
35°Cfor 1, 2 or 3 h. For this study we chose a deposition time of 1 h.

2.3. Thermal annealing

The thin films of In,S3-Ag, S were thermally annealed in a tubu-
lar furnace (Thermolyne 21100). We have made some annealing
experiments of the In,S3/Ag,S layers at 350°C for 60 min and at
400°C for 60 and 90 min in N, atmosphere. For this study we chose
an annealing temperature and time of 400°C and 60 min in order
for it to react and convert the In,S3-Ag,S films into AgInS,.

2.4. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku
D-Max 2000 diffractometer using Cu Ko radiation (A =1.5406 A).
The chemical composition of the annealed films was determined
by energy dispersive X-ray spectroscopy (EDX) using an Inca
Oxford Instruments system attached to the scanning electron
microscope. The surface morphology was studied by scanning
electron microscopy (SEM) JEOL model JSM 5800LV at 1kV and
25,000x. Field emission atomic force microscopy (FE-AFM) anal-
ysis was done using a JEOL JSM-6701 F equipment, the thickness
of the film was measured by AFM and SEM. The optical transmit-
tance at normal incidence, T(A), and specular reflectance spectra,
R(A), of the films were measured with a spectrophotometer Shi-
madzu model UV-1800 in the UV-vis-NIR region (190-1100 nm
wavelength range). Hall measurements were recorded to obtain
the value and type of the electrical conductivity. The tempera-
ture dependent conductivity measurements were performed using
equipment named Janis CCS 400/202 N with a temperature range
of 300-10K, and in order to do this it was necessary to apply a pair
of coplanar carbon paint electrodes.

3. Results and discussion

3.1. Structural characterization and chemical compositional
analysis

The AgInS, films were obtained by the deposition in sequence
of layers of Ag,S, deposited at 35 °C for 1 h, over an In,S; film previ-
ously deposited at 35 °C for 22 h. When we performed the annealing
of the structure In,S3/Ag,S using a Ag,S layer deposited for 2 or
3 h, the XRD results showed that the film has a mixture of phases:
AglInS, (tetragonal and orthorhombic) and Ag,S (acanthite).

When we made the annealing experiments of the In,S;/Ag,S
layers at 400 °C for 60 and 90 min we found from the XRD results
that there is no difference between the annealing time consid-
ered at 60 and 90 min. When we performed the annealing of the
In,S3/Ag,S layers at 350 °C, we found out a mixture of phases (In,S3
and AgInS;), not just the one which corresponds to the AgInS,. In
addition, the XRD results showed that AgInS, film has not crystal-
lized completely at 350°C. So, this was the reason, we decided to
perform the annealing of the structure In,S3/Ag,S at 400°C for 1 h.

The chemical reactions for the formation of AgInS, are described
below:

The presence of the air in the solution environment favoured
the production of oxide at a lower deposition temperature (35 °C).
There are two possibilities proposed to explain the formation of
In,03 from the thioacetamide-In(Ill) solution. On one hand, the
precipitation of the hydroxide [12]:

In3* +3H,0 — In(OH); + 3H* (1)

ZIH(OH);),—) In, 03 +3H,0 (2)

A second route can be proposed for the deposition of thin films
of In(0;0H)S, thioacetamide was used as source of S2~ through the
hydrolysis in an acidic environment; and acetic acid (AcOH) was
used as complexing agent; the entire reaction can be written as
follows [13]:

[In(Ac)4_x] +CH3SCNH, — [In(O; OH)S]fim + (4 — x)HAC
+ NCNH; + H,0 (3)

The chemical reactions for the deposition of Ag,S films taking
place in the chemical bath could be considered as below. Silver ions,
Ag*, in the bath combine with S;032" to initially form an insoluble
Ag>S,03, which in excess of S,032, form soluble complexes:

[Ag2(S203)3]*" — 2Agt +3(5,03)*~ (4)
Ag35,03 +Hy0 & AgyS + S04%~ +2HT (5)

The overall reaction of the ternary system films containing the
AgInS, phase is given by:

[In(O; OH)S]giim + Ag2Sfilm400-c — 2Ag" +2In** 4282 (6)

2Ag" + 2In3t 4+ 2527 - 2AgInS; fim
or

In,S3 fiim + A82Sfiim — 2Ag™ + 2In>+ 4252~ (7)

2Ag" + 2In3 4+ 252 4000c — 2AgINS; fim

From the XRD pattern of the sample it was found that the ternary
system contains the AgInS, phase (see Fig. 1), which is in agreement
with literature [14]. The XRD pattern shown in Fig. 1 corresponds
to both structures of AgInS,: the tetragonal (chalcopyrite) struc-
ture of AgInS, T(JCPDS 25-1330) with reflections in (112), (200),
(220),(204),and (31 2); and the orthorhombic structure of AgInS,
O(JCPDS 25-1328) with reflections in (200), (002), (121),(040),
(320), and (04 2). Additionally, Fig. 1 shows two peaks (22 2) and
(62 2) which correspond to indium oxide (In,03).

From the chemical compositional analysis we found the fol-
lowing results Ag=22.21 at%, In=29.52 at%, and S=48.27 at%. The
error margin in EDX data is 5%. These results showed that the com-
position of the film is close to the stoichiometric composition of
AgInS,.

3.2. SEM and AFM measurements

Fig. 2(a) shows a typical SEM image of the morphology of the
In,S3-Ag,S samples, measured after the films reacted thermally
in Ny at 400°C for 1h. In this picture we can see that there are
clusters of quasi-spherical shape of varying sizes. Fig. 2(c) shows a
cross sectional SEM image of the same In;S3-Ag,S sample. In this
picture we can see that the film thickness is in the order of 200 nm.

Fig. 2(b) shows a typical AFM image of the surface topography
in 3D of the In;S3-Ag,S samples. This film shows that after the
thermal annealing small grains had coalesced, resulting in bigger
grains on the film surface. The average film thickness was 270 nm
for the resulting AgInS, film.

3.3. Optical and electrical characterization

Optical transmission, T(A), and reflection spectra, R(A), were
recorded in the range of 300-1100 nm. Fig. 3 shows T(A) and R(A)
responses for AgInS, film. The absorption coefficient () was calcu-
lated using T(A) and R(A) data and the well known expression, for
direct optical transitions [15,16], given by

ahv =A(hv — Eg)’ (1
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Fig. 1. X-ray diffraction pattern for AgInS, film (after annealing the In,S3-Ag,S sample in N, at 400 °C for 1 h). “T” corresponds to the tetragonal (chalcopyrite) structure and

“0” to the orthorhombic structure of the AgInS,.

where Ais a constant, and Eg is the optical band gap. In this equation
r=1/2 for direct allowed optical transitions and 3/2 for the direct
forbidden ones. The band-gap value can be obtained from the best
linear approximation in the (ahv)!/" vs. hv plot and its extrapo-
lation to (ahv)!/" = 0. Fig. 4 shows the (ahv)? vs. hv plot for AgInS,
film. The band gap value obtained was Eg = 1.86 eV, this value agrees
with what was reported for chalcopyrite AgInS, (Eg=1.87¢eV)
[17].

The value of the electrical conductivity for AgInS, thin film was
1.2 x 1073 (2 cm)~'. Hall measurements indicated that the AgInS,
film has n-type electrical conductivity.

NONE

The temperature dependent conductivity measurements were
carried out (see Fig. 5). The conductivity is given by Ref. [18]:

—E,
0 =0 exp(KT)

where o is the pre-exponential factor proportional to the grain
size; E, is the activation energy, K the Boltzmann constant, and T
the temperature in Kelvin. From this equation and the data given

)0 WD 6.1mm 1zm

600nm Electron Image 1

Fig. 2. (a) SEM, (b) AFM, and (c) cross sectional SEM images for AgInS; film (after annealing the In,S;-Ag>S samples in N, at 400°C for 1h).
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Fig. 3. T(1) and R(A) spectra for AgInS, films (after annealing the In,S;-Ag,S sam-
ples in N, at 400°C for 1h).

in Fig. 5 we can calculate the activation energy in a given range of
temperature. The above equation becomes to:
Ea
KT

Calculating the slop in the plot we can determine the activa-
tion energy of the film for different ranges of temperature. From

Ino=Ino; —
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Fig. 4. Plot of (ahv)? vs. hv for AgInS; film (after annealing the In;S3-Ag,S sample
in N, at 400°C for 1 h).
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Fig. 5. Temperature dependent conductivity plot for AgInS, film (after annealing
the In,S3-Ag,S sample in N at 400 °C for 1 h).

Fig. 5 we can see that semiconducting behavior of the sample is
demonstrated. The activation energy (E;) was determined for a
temperature range of 290-283 K and 166-220K being 0.17 eV and
5meV, respectively.

4. Conclusions

We have reported the results of the structural, morphologi-
cal, optical, and electrical characterizations of AgInS, thin films
obtained by annealing the chemically deposited In,S3-Ag,S layers.
According to the XRD and EDX results, heating In,S3-Ag,S layers
at 400°C in N for 1 h, the chalcopyrite structure of AgInS, can be
obtained. This film has an optical band gap, Eg, of 1.86eV and an
electrical conductivity value of 1.2 x 10-3 (€ cm)~!. The obtained
AgInS, films are suitable for solar cell applications (as a possible
buffer layer).
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