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Abstract 
AgInTe2 micron-particles were synthesized by mechanical 
ball milling method. Only AgInTe2 phase was obtained in 
the powder after ball milling from the mixture of elements 
(Ag, In, and Te). AgInTe2 particles had the variation in 
the size and the biggest particle was approximately 2 
µm. AgInTe2 solar cells were fabricated as <AgInTe2/
In2S3/TiO2/FTO> superstrate structure by doctor-blade 
printing, and were annealed at various temperatures 
under nitrogen ambient. AgInTe2 after annealing showed 
high crystallinity and two band gaps of 0.67 and 0.86 eV. 
Although no photocurrent was observed after annealing 
below 350 °C, the photocurrent was observed in AgInTe2 
superstrate solar cells after annealing over 400 °C. The 
short-circuit photocurrent density strongly increased up to 
18 mA/cm2 for the samples annealed at 600 °C for 5 min.
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INTRODUCTION  
Compound solar cellssuch as CuInS(Se)2 (CIS), 
Cu2ZnSnS(Se)4 (CZTS), and Cu2InGaS(Se)4 (CIGS) have 
received many considerations from researcher around 
the world because their attractive properties as high light 
absorption coefficient and high efficiency (Jackson, P. 

et al., 2011; Barkhouse, D. A. R. et al., 2012; Repins, 
I. et al., 2008; Todorov, T. K. et al., 2010; Braunger, D. 
et al., 1996). In addition, compound solar cells can be 
fabricated by various methods including vacuum and non-
vacuum methods. In order to improve the photoenergy 
conversion efficiency, tandem structures play important 
role, effectively. The best solar cell performed 43.5% 
conversion efficiency using such tandem structure 
(Green, M. A. et al., 2012). The goal of our research is 
development of narrow band gap compound absorber 
materials for applications in the bottom of tandem solar 
cells. Up to now, almost bottom cells in tandem solar 
cells use germanium, SiGe, or In1-xGaxAs (0.4-1.4) with 
band gap of 0.66, 0.66-1.2 or 0.4-1.4 eV, respectively, for 
absorber layer (Bett, A. W. et al., 2009; Shahrjerdi, D. 
et al., 2012; Maruyama, E. et al., 2002; Mc Cambridge, 
J. D. et al., 2011; Goh, E. S. M. et al., 2010). However, 
these materials have some drawbacks. In1-xGaxAs can 
be fabricated only by vacuum method and germanium 
is rather high cost. For these reason, we investigated 
AgInTe2(AIT) for absorber layer in narrow band gap solar 
cells. According previous reports, the band gap of AIT is 
approximate 1 eV (Tell, B. et al., 1974); it is quite suitable 
for the bottom cells in the tandem solar cells. Mechanical 
ball-milling method has been well-known as simple 
method and easily to control the composition of elements 
in the compound. Hence, the mechanical ball-milling 
method was chosen for synthesizing AIT powder in this 
work. 

The structural and optical properties of AIT powder 
synthesized by ball milling were analyzed in detail. The 
effect of annealing temperature on the photovoltaic properties 
and the crystallinity of AIT was thoroughly investigated. 

1.  EXPERIMENTAL 
AIT powder was synthesized by mechanical ball milling 
method at a rotation speed of 700 rpm for 30 min. The 
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atomic ratio of starting materials of Ag, In, and Te is 1:1:2, 
respectively. The ball milling process was carried out in 
air ambient. Ag (purity of 99%, Chameleon Reagent), 
In (purity of 99.9%, Aldrich), and Te (99.9%, Kishida 
Chemical Co.) powders were utilized as starting materials.

The structure of AIT superstrate solar cells is described 
in Figure1. Transparent conducting oxides of florin-doped 
tin-oxide (FTO)-coated glass plates (Nippon Sheet Glass 
TEC-7, t = 2.2mm) were used as substrates. The TiO2 
compact and In2S3 buffer layers were deposited by spray 
pyrolysis method at 300 and 450 °C under air ambient, 
respectively; the process is similar to the previous 
report (Nguyen, D. C., & Ito, S., 2012). The solution 
for spraying the TiO2 compact layer was a mixture of 
titanium acetylacetonate (TAA) and ethanol at an ethanol/
TAA volume ratio of 9:1. The TAA solution was prepared 
by the slow injection of acetylacetone (purity of 99.5%, 
Kanto Chemical) into titanium tetraisopropoxide (purity 
of 97%, Kanto Chemical) with a mole ratio of 2:1. After 
TiO2 compact layer deposition, samples were immersed 
into a 40 mM aqueous TiCl4 aqueous solution at 70 °C for 
30 min and washed with water and ethanol. The purpose 
of this process is to cap pin-holes in TiO2 compact layers.
For deposition of In2S3 buffer layers, a mixture of 10 
mM InCl3 (purity of 98%, Kishida Chemical Co.) and 20 
mM thiourea (Tokyo Chemical Industry) in purified water 
was used. The thicknesses of TiO2 compact and In2S3 buffer 
layers are 100 and 300 nm, respectively. AIT powder was 
mixed and grinded with propylene glycol in a mortar to make 
AIT paste. This paste was coated on In2S3/TiO2/FTO by 
doctor-blade to form AIT absorber layers. After AIT doctor-
blade, the samples were dried at 125 °C on a hot-plate.The 
samples were annealed at various temperatures for 30 
min under nitrogen ambient. The cells were completed 
with molybdenum electrodes deposited by rf-magnetron 
sputtering. The size of the cells for photovoltaic 
measurement is 0.5 × 0.5 cm2.

Figure 1 
The Structure of AIT Superstrate Solar Cells

The size of AIT particles and thickness of the layers in the 
cells were confirmed by scanning-electron microscopy (SEM) 

(JSM-6510, JEOL). The phase structure and crystallinity of 
AIT were measured by x-ray diffraction (XRD) (Miniflex 
II, Rigaku) using CuKα radiation. Absorption spectra were 
measured by an ultraviolet-visible spectroscopy (Lambda 
750 UV/VIS Spectrometer, Perkin-Elmer). Photovoltaic 
measurements employed an AM 1.5 solar simulator equipped 
with a xenon lamp (Yamashita Denso YSS-100A). The 
power of the simulated light was calibrated to 100 mWcm-2 
using a reference Si photodiode (Bunkou Keiki). I-V curves 
were obtained by applying an external bias to the cell and 
measuring the generated photocurrent with a DC voltage 
current source (ADCMT 6240).

2.  RESULTS AND DISCUSSION
Figure 2 shows SEM image and XRD pattern of AIT 
powder after ball milling at 700 rpm for 30 min. AIT 
powder includes particles with different size; the big 
particles are approximate 2 µm and the small one are 
around several hundred nanometer as shown in Figure 
2(a). The XRD pattern of AIT powder was shown in 
Figure 2(b). The x-ray diffraction peaks were observed 
at the positions of 24.47, 40.42, 47.59, 63.75, and 72.97 
degree. These peaks are of AIT phase, andcorrespond 
with the preferred orientations of (112), (204), (312), 
(413), and (421) (JDCPS, 1997; Jagomgi, A. et al., 2005). 
Several weak peaks were observed at the positions of 
around 30 degree; these peaks may be noise or the other 
phase. From XRD data, we can conclude that the powder 
after ball milling is mainly AIT. However, the appearance 
of noise in the XRD pattern also indicates the existence of 
amorphous state in AIT powder. 

Figure 2
SEM Image (a) and XRD Pattern (b) of AIT Powder 
Ball-Milled at 700 rpm for 30 min Under Air Ambient
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Figure 3
XRD Patterns of AIT Powder Without Annealing and 
AIT/In2S3/TiO2/FTO with Annealing at 350, 400, and 
450 °C for 30 min Under Nitrogen Ambient

In order to analyze the effect of annealing temperature 
on the microstructural, optical, and photovoltaic 
properties of AIT solar cells, AIT films printed on In2S3/
TiO2/FTO substrate were annealed at various temperature 
for 30 under nitrogen ambient. Figure 3 shows XRD 
patterns of AIT films with at without annealing. Although 
the annealing temperature is quite low (only 300 °C), 
XRD peaks of annealing samples drastically increased 
in comparison with non-annealing samples. In the 
range of 350-400 °C, peak intensity became stronger at 
higher annealing temperature.However, when annealing 
temperature increased up to 450 °C, the intensity of XRD 
peak was weaker and the several new weak peaks were 
observed at 33.58, 35.29, and 42.67 degree in AIT films. 
The appearance of the new peaks in AIT films indicates 
that the second phase, excepting AIT, was formed in the 
films, and is also reason for the reduction of AIT peaks.
About the XRD peaks in Figure 3, it is very difficult to 
identify exactly, because of the mixtures of materials. 
Maybe, at 450 °C, the AgInTe2 segregated to InTe and 
AgTex, and showed the several peaks in the XRD pattern. 
The XRD peaks around 30 degree may be related to InTe 
(JCPDS no. 81-1972, 77-2212), and around 30 and 40 
degree may be related to AgTex, (JCPDS no. 27-0623, 21-
1091, and 45-1305) respectively. The sharp and strong 
peaks observed at the annealed samples indicate that the 
crystallinity of AIT films was significantly improved, and 
AIT crystal particle size was bigger.

In order to analyze the effect of annealing temperature 
on the microstructure of AIT films, the cross-section of 
AIT/In2S3/TiO2/FTO was observed by SEM. Figure 4 
shows SEM cross-section image of AIT film annealed at 
450 °C for 30 min and 600 °C for 5 min under nitrogen 
ambient. AIT films were fabricated by doctor-blade, so 
thickness of AIT films is rather thick, around 9 µm. AIT 

films is rather porous; it is difficult to find out the difference 
about macrostructure of AIT annealing at 450 and 600 °C. 
About SEM images in Figure 4, we want to just show the 
unchangeable structure at high temperature up to 600 °C. 
Hence, we did not put the images of 350 and 400 °C. 

Figure 4 
Cross-Section SEM Images of AIT/In2S3/TiO2/FTO 
Annealing at 450 °C for 30 min and 600 °C for 5 min 
Under Nitrogen Ambient

Figure 5 
Absorption Spectra of AIT Powder Without Annealing 
and AIT/In2S3/TiO2/FTO with Annealing at 350, 400, 
and 450 °C for 30 min Under Nitrogen Ambient

Figure 5 shows absorption spectra of AIT/In2S3/TiO2/
FTO without and with annealing at 350, 400 and 450 
°C for 30 min under nitrogen ambient. In the case of 
AIT films without annealing, the slope of the spectrum 
was gentle. The gentle slope of non-annealing sample 
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may be due to the existence of amorphous state in AIT 
films as shown in XRD data in Figure 2(a). The slope of 
absorption spectra became sharply by annealing at 350 
and 400 °C. The increase of the slope of absorption spectra 
can be attributed to the improvement of crystallinity 
in AIT films as shown in Figure 3. However, the slope 
became gentleby annealing from 400 to 450 °C. As 
shown in Figure 3, the strange peaks appeared at 450 °C. 
Therefore, we conjecture that the decrease of absorption 
spectra slope may be due the appearance of second phase 
in AIT films. The band gap of AIT films without annealing 
calculated from absorption spectrum is 0.69 eV. In the 
case of annealing samples, two absorption shoulders 
were observed in each AIT film. This indicates that two 
band gap exist in AIT. The band gaps of the annealed AIT 
films are 0.67 and 0.86 eV. The band gaps of AIT film 
obtained in this experiment are lower than previous report 
(approximate 1 eV) (Tell, B., et al., 1974). This difference 
may be due to high porosity in our AIT films as shown in 
Figure 4.

Figure 6
Photocurrent Density-Voltage Curves of AIT Solar 
Cells with Different Annealing Temperatures of 350, 
400, and 450 °C for 30 min Under Nitrogen Ambient

Figure 6 shows photocurrent density-voltage curves of 
AIT solar cells with different annealing temperatures in the 
range of 350-450 °C for 30 min under nitrogen ambient. 
The photocurrent was not observed at the sample annealing 
at 350 °C. However, the photocurrent density increased 
with the increase of annealing temperature. The AgInTe2 
particle may need to melt each other to be a semiconductor 
layer, which may achieved over 400 °C. Therefore, the device 
annealed at 350 °C could not show the photocurrent in 
Figure 6. The short-circuit photocurrent density, open-circuit 
voltage, fill factor, and conversion efficiency of the sample 
annealed at 450 °C are 3.4 mA/cm2, 0.12 V, 0.32, and 0.13%, 
respectively. The short-circuit photocurrent density obtained 
at the sample annealed at 400 and 450 °C is rather low. The 
key point to get high photocurrent density in solar cells is 
big grain in absorber layers. However, in this case, a lot of 
AIT small particles existed in the absorber layer and AIT 

films is rather highly porous as shown in Figure 4; this is 
reason for getting low short-circuit photocurrent density 
as mentioned above.

Figure 7
Current Density-Voltage Curves of AIT Solar Cell in 
Dark and Light with Annealing Temperature of 600 °C 
for 5 min Under Nitrogen Ambient

In order to improve the short-circuit photocurrentdensity, 
AIT samples were annealed at 600 °C for 5 min under 
nitrogen ambient. About photo I-V response, the 
photocurrent using the device annealed at 600 °C produce 
high photocurrent of 20 mA/cm2, which is 5 times higher 
than that at 450 °C. Hence, the data were shown in Figure 
6 and 7, separately. In this case, the annealing time was 
shorter than the samples were annealed at 350, 400 and 
450 °C, because In2S3 buffer layer is rather unstable at 
high annealing temperature. The photocurrent density-
voltage curve was shown in Figure 7. The cell parameters 
are short-circuit photocurrent density of 18 mA/cm2, open-
circuit voltage of 0.1 V, fill factor of 0.25, and conversion 
efficiency of 0.52%. The fill factor is rather low, only 0.25; 
thereason may be due to the instability of In2S3 buffer 
layer at high temperature (Nakada, T., et al., 1998). 

CONCLUSIONS
AIT powder was synthesized by mechanical ball milling 
method at rotation speed of 700 rpm for 30 min under air 
ambient. XRD pattern showed that the powder obtained 
after ball milling includes AIT crystallites and amorphous 
state. AIT films showed narrow band gaps of 0.67 and 0.86 
eV; these band gaps are quite appropriate for applications 
in the bottom cell of tandem solar cells. Although 
AIT films after annealing showed rather porously, a 
photocurrent was observed in AIT solar cells. The 
parameters of the best cell are 18 mA/cm2 short-circuit 
photocurrent density, 0.1 V open-circuit voltage, 0.25 fill 
factor, and 0.52% conversion efficiency. According to 
these results, AIT is really potential candidate for narrow 
band gap solar cells. 
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