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a  b  s  t  r  a  c  t

AgInSe2 powders  were  successfully  prepared  via  mixing  sol–gel  derived  precursors,  followed  by  a  sel-
enization  process.  To  obtain  the  pure  AgInSe2 compound,  excess  amounts  of  In3+ ions  were  added  into  the
starting  solution  to compensate  the  loss  of  In2O3 during  the  selenization  process.  A figure  that  depicts  the
relationship  between  the  resultant  compounds  and  different  selenization  temperatures  was  constructed
according  to the formed  phases.  The  Raman  spectrum  and  Rietveld  refinement  confirmed  that  the  pre-
eywords:
halcopyrite
gInSe2

ol–gel

pared AgInSe2 belonged  to the  chalcopyrite  structure.  With  increasing  selenization  temperatures,  the
AgInSe2 powder  particle  sizes  as  well  as  the  crystallinity  increased  significantly.  The  AgInSe2 formation
mechanism  during  the  selenization  process  is proposed  as  a two-step  process.  Ag2Se is  formed  in the  first
step and  then  induces  the  second-step  reaction  to produce  AgInSe2.  The  sol–gel  route  with  a  selenization
process  is  introduced  as  a new  approach  to fabricate  pure  AgInSe2 powders  for  use  in  thin-film  solar
cells.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Thin-film solar cells have been developed as second genera-
ion solar cells with the advantages of low manufacturing cost and
fficient material utilization [1].  I–III–IV2 chalcopyrite compounds
ave the potential for use as the absorber material in thin-film solar
ells due to the direct band gap and the high optical absorption coef-
cient [2–4]. Additionally, I–III–IV2 chalcopyrite compounds can
e formed with n or p type [5]. AgInSe2, which has a chalcopyrite
tructure with a band gap energy of 1.2 eV, serves as a promising
andidate for the absorbers in solar cells [6,7]. With the wide band
ap characteristic, AgInSe2 can be used as the top cells in tandem
olar cells [5].

Various physical and chemical deposition techniques have been
eveloped to prepare the chalcopyrite compounds used in thin-film
olar cells, such as the flash evaporation process [8],  the ther-
al  evaporation [9],  the electron-beam method [10], the sputter

eposition [11], and the pulsed laser deposition [12]. The high
ost for the vacuum system and intricate processes restrain the
opularity of thin-film solar cells. Besides, the common problem

ncountered during the processes is to preserve a stoichiometric
mount of Se due to high volatility in Se-containing compounds.
o solve these problems and simplify the process, a non-vacuum

∗ Corresponding author. Tel.: +886 2 23651428; fax: +886 2 23623040.
E-mail address: chlu@ntu.edu.tw (C.-H. Lu).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.069
ink printing process using particles was developed for preparing
solar cell absorbers by different groups [13,14]. The ink printing
method has the advantages of low cost and simplified steps. Hence,
the synthesis of AgInSe2 powders becomes an important subject.
To prepare AgInSe2 powders for ink printing, various routes are
developed including the solid-state reaction [15], the hydrother-
mal  method [16] and the one-pot process [17]. These methods
provide different approaches to control the sizes, the composition,
and morphology of AgInSe2 particles. These reported processes
usually require a long reaction duration or complicated synthesis
procedures.

To overcome the drawbacks mentioned above, the sol–gel pro-
cess was employed to synthesize AgInSe2 powders in this study.
In the sol–gel process, chelating agents and polymering agents can
form a chelation complex which can avoid precipitation and the
segregation of metal ions. This results in composition control and
excellent homogeneity advantages [18,19]. The AgInSe2 precursors
were derived via the sol–gel process with a subsequent heat treat-
ment to remove the organic residuals. AgInSe2 was obtained via
mixing the prepared precursors and Se powders, followed by a sel-
enization process. The influence of the ratios of In3+ ions to Ag+ ions
in the sol–gel route upon AgInSe2 formation was investigated. The
effects of the selenization temperature and duration effects on the

AgInSe2 purity were examined. The relation between the seleniza-
tion conditions and characteristics of the obtained compounds was
studied. The reaction mechanism of AgInSe2 formation was  also
proposed.

dx.doi.org/10.1016/j.jallcom.2011.06.069
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chlu@ntu.edu.tw
dx.doi.org/10.1016/j.jallcom.2011.06.069
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.  Experimental

AgInSe2 powders were synthesized via the sol–gel route employing citric acid
nd ethylene glycol as the chelating and polymerizing agents, respectively. Indium
itrate (In(NO3)3) and silver nitrate (AgNO3) were first dissolved in deionized water.
he In(NO3)3 to AgNO3 molar ratios were varied from 1:1 to 1.5:1. Citric acid was
hen added into the prepared solution one time. The molar ratio of cations (Ag3+

nd In3+ ions) to citric acid was  fixed at 1:2. The mixed solution was  stirred for 2 h,
ollowed by adding ethylene glycol into the solution one time. The citric acid to
thylene glycol molar ratio was fixed at 1:1.5. The prepared solution was  stirred for

 h and then heated at 300 ◦C to remove the water and initiate the gelation reaction.
uring the gelation process, the clear solution turned into a brownish gel. The gel
as  further heated at 500 ◦C in air for 3 h to remove the organic residuals. After

he heat treatment, the precursor powders containing silver and indium ions were
btained. The obtained precursors were then mixed with excess Se powders and
elenized in the reducing atmosphere (5 vol% H2 and 95 vol% N2) at 250–600 ◦C for
0  min to 3 h in a horizontal tube furnace. The molar ratio of cation (Ag3+ and In 3+

ons) to Se powders was  fixed at 1:2.5. Once Se powders were heated, the selenium
as was  formed and carried by the carrier gas (H2 and N2) to induce the senenization
eactions.

The formed phases of the prepared powders were examined via an X-ray diffrac-
ometer (XRD, Philips X’Pert/PMD) using Cu K� radiation at 45 kV and 40 mA.  The

orphology of the obtained AgInSe2 powders was observed using a scanning elec-
ron microscope (SEM, Hitachi S-800). The program PDXL Rietveld analysis was used
o  examine the lattice parameters. A Raman spectrometer (Jobin Yvon (T64000)

icro-Raman spectrometer) with an Ar ion laser (� = 514.5 nm)  was  performed as a
ight excitation source.

. Results and discussion

.1. Selenization conditions and compositional ratio effects on
gInSe2 powder formation

The AgInSe2 precursors were first prepared via the sol–gel route
ith an In3+/Ag+ ion ratio of 1. After removing the organic residu-

ls, the precursors were then mixed with Se powders, followed by a
elenization process. Fig. 1 illustrates the X-ray diffraction patterns
f AgInSe2 precursors and powders obtained after selenization at

ifferent temperatures ranging from 300 ◦C to 550 ◦C. As shown in
ig. 1(a), the precursors were identified as a mixture of Ag and In2O3
owders. When the selenization temperature was set at 300 ◦C
Fig. 1(b)), AgInSe2 with low crystallinity started to form. It is also

ig. 1. X-ray diffraction patterns of AgInSe2 precursors (a) and the precursors sel-
nized at (b) 300 ◦C, (c) 400 ◦C, (d) 500 ◦C, and (e) 550 ◦C for 0.5 h.
Fig. 2. X-ray diffraction patterns of AgInSe2 selenized at 550 ◦C for (a) 0.5 h, (b) 1 h,
(c) 1.5 h, and (d) 3 h.

noted that Ag2Se, In2O3 and Se impurities coexisted with AgInSe2.
When selenizing at 400 ◦C (Fig. 1(c)), the peak intensity of AgInSe2
increased with decreasing peak intensities of impurities (Ag2Se, Se
and In2O3). As the selenization temperature was further increased,
the crystallinity of AgInSe2 improved. Once the selenization tem-
perature was elevated to 500 ◦C (Fig. 1(d)), the impurities (Ag2Se
and In2O3) remained and Se disappeared. After selenizing at 550 ◦C
(Fig. 1(e)), a large amount of AgInSe2 was formed, however, Ag2Se
still existed in the samples. According to the above results, the pure
AgInSe2 phase could not be obtained by varying the selenization
temperatures.

The duration of the selenization process was  varied to improve
the AgInSe2 phase purity. Fig. 2 illustrates the X-ray diffraction pat-
terns of samples selenized at 550 ◦C for different durations. The
diffraction peak intensities of AgInSe2 were observed to increase
gradually with the prolonged heating duration from 0.5 h to 3 h.
However, the Ag2Se impurity still coexisted with AgInSe2. There-
fore, prolonging the selenization duration could not eliminate the
Ag2Se impurity.

In order to prepare monophasic AgInSe2, In3+/Ag+ molar ratios
were adjusted from 1 to 1.5. Fig. 3 shows the X-ray diffraction pat-
terns of samples selenized at 550 ◦C for 0.5 h with various In3+/Ag+

molar ratios. As the In3+/Ag+ molar ratio was changed from 1 to 1.1
(Fig. 3(a) and (b)), there was no significant change in the formed
phases. When the In3+/Ag+ molar ratio was set to 1.3 (Fig. 3(c)), the
pure phase of AgInSe2 powders was  successfully obtained. All peaks
in the X-ray patterns were assigned to AgInSe2 with a tetragonal
structure as reported in ICDD file No. 75-0118. With the In3+/Ag+

molar ratio fixed at 1.5 (Fig. 3(d)), the In2O3 impurity was  found to
coexist with AgInSe2. The above results indicated that it was nec-
essary to add excess In3+ ions into the sol–gel solution to obtain
pure phase AgInSe2. During the selenization process, the carrier
gas was a mixture of 5% H2/95% N2 which provided the reducing
atmosphere. It has been shown that In O will be reduced to indium
2 3
metal in the reducing atmosphere [20,21]. Since indium metal has a
low melting point (156.6 ◦C), indium metal will vaporize during the
selenization process, causing indium species loss. To compensate
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distortion of the tetragonal structure as the lattice parameter ratio
(� = c/2a) is smaller than 1. The obtained results were consis-
tent with the literature [23]. The values for a and c, of AgInSe2
ig. 3. X-ray diffraction patterns of AgInSe2 powders selenized at 550 ◦C for 0.5 h
ith the In3+ to Ag+ ratios equal to (a) 1.0, (b) 1.1, (c) 1.3, and (d) 1.5.

he loss of indium species, excess In3+ ions are required to produce
ure phase AgInSe2. In the developed sol–gel method, the required
emperature for synthesizing pure AgInSe2 was 450 ◦C. On the other
and, the heating temperature of 800 ◦C is necessary for preparing
ure AgInSe2 in the conventional solid-state process [22]. Due to
olymerization in the sol–gel solution, tiny gel cages were formed
o trap the metal ions, resulting in good homogeneity and small
recursor sizes. Hence, the precursor reactivity was  improved. The
nhanced reactivity can lower the preparation temperatures for
ure-phased AgInSe2 powders.

.2. Characterization of the prepared AgInSe2 powders

According to the obtained results, the In3+/Ag+ ion ratio was
xed at 1.3 in the following experiments. AgInSe2 precursors were
elenized at different conditions to identify the proper conditions
or obtaining the pure phase. The relation between the resultant
ompounds and different selenization conditions is depicted in
ig. 4. In accordance with the formed phases, the figure can be
ivided into four zones. In zone I, Ag2Se is formed under com-
aratively low temperatures and short duration. Ag2Se, In2O3 and
e appear as the main phases in this region. As the selenization
emperature is increased to 300 ◦C and the duration is longer than
0 min, the AgInSe2 phase is formed in zone II. In this region, the
g2Se, In2O3 and Se impurities still coexist with AgInSe2. In zone III,
y increasing the temperature and prolonging the duration, the Se
hase disappears. The resultant compounds found in zone III indi-
ate that the Se powders have reacted to form AgInSe2 and Ag2Se.
s the selenization temperature is further elevated or the duration

s further prolonged, the pure AgInSe2 phase is obtained as shown
n zone IV. Fig. 4 reveals that prolonging the duration at low tem-
erature or raising the temperature for a short duration could lead
o form the pure AgInSe2 phase.
The Rietveld refinement was used to analyze the obtained
gInSe2 powders. Fig. 5 illustrates the plot of observed and cal-
ulated X-ray diffraction patterns with deviation profiles for pure
gInSe2 powders prepared at 550 ◦C for 0.5 h. Fig. 5 also shows the
Fig. 4. Resultant compounds of AgInSe2 precursors selenized in different heating
conditions.

positions of all reflections with marked vertical bars. The reliabil-
ity factors, Rp and Rwp, were converged by the Rietveld refinement
to 3.7% and 4.91%, respectively. Based on the small reliability fac-
tors, the refinement results provide a reliable simulation for the
prepared AgInSe2 structure. The Rietveld refinement results for
AgInSe2 are summarized in Table 1. The lattice parameters, a and c,
were calculated to be 6.112 Å and 11.705 Å, respectively. The calcu-
lated results from the Rietveld refinement show little compressive
Fig. 5. Observed (×) and calculate (upper solid line) X-ray diffraction pattern of
AgInSe2 powders with difference profile (lower solid line) and positions of all the
reflections (vertical bars).
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Table  1
Rietveld refinement calculations of AgInSe2.

Formula AgInSe2

Crystal system Tetragonal
Space group I-42d
Lattice constants

a (Å) 6.112
c (Å) 11.705
� = c/2a 0.9575

Cell volume (Å3) 437.253

w
a
g
t

a
o
t
c
1
u

mechanism in the selenization process. As shown in Fig. 8, when
R values Rwp = 4.91%
Rp = 3.70%

ere found to be larger than the lattice parameters for CuInSe2
s reported. The differences in the a and c values result from the
reater Ag atom size than the Cu atom, thereby enlarging the dis-
ance between the ions in the chalcopyrite structure.

The microstructures of the prepared AgInSe2 at various temper-
tures for 1 h are shown in Fig. 6. The morphology of the samples
btained at various selenization temperatures was  similar. When
he selenization temperature was at 350 ◦C (Fig. 6(a)), the parti-

le morphology exhibited irregular shapes with an average size of

 �m.  The sizes of the large particles were found to increase grad-
ally with the increase in selenization temperature as shown in

Fig. 6. SEM micrographs of AgInSe2 powders selenized at (
ompounds 509 (2011) 8927– 8932

Fig. 6(b). As the selenization temperatures were further increased
to 550 ◦C (Fig. 6(c)) and 600 ◦C (Fig. 6(d)), the micrographs show
that the average sizes of the powder particles reached 2 �m.

The Raman spectrum of the prepared AgInSe2 selenized at
550 ◦C for 0.5 h is shown in Fig. 7. The Raman peaks were observed
at 141.46 and 164.13 cm−1. The Raman spectrum of the prepared
AgInSe2 was  similar to the AgInSe2 spectrum reported in the litera-
ture [15]. Two major peaks were observed around 141.46 cm−1and
164.13 cm−1, which were assigned B2 mode and A1 mode, respec-
tively. The A1 mode at 164.13 cm−1 corresponds to the movement
of anions (Se) with other cations at rest in the chalcopyrite structure
[24]. The B2 mode at 141.46 cm−1 represents the associated motion
between anions (Se) and cations (Ag and In) in the chalcopyrite
structure [24]. The above results confirmed the crystal structure of
AgInSe2.

3.3. Formation mechanism of AgInSe2

The precursors were selenized to the designed temperatures
and then cooled quickly for investigating the AgInSe2 reaction
selenizing at 300 ◦C, the main phases were found to be Ag2Se, In2O3
and Se without the existence of Ag (Fig. 8(a)). After selenizing
at 400 ◦C, small amounts of AgInSe2 began to be formed. How-

a) 350 ◦C, (b) 450 ◦C, (c) 550 ◦C, and (d) 600 ◦C for 1 h.
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Fig. 7. Raman spectrum of AgInSe2 powders.

ver, large amounts of impurities-Ag2Se, In2O3 and Se still existed
Fig. 8(b)). As the temperature was raised to 500 ◦C, AgInSe2 became
he major phase and small amounts of Ag2Se and In2O3 existed in
he prepared powders (Fig. 8(c)). After selenization at 600 ◦C, the
mount of AgInSe2 increased with a decrease in the amounts of
g2Se and In2O3.
The relation between the X-ray diffraction intensities of the
esulting compounds and the selenization temperatures is depicted
n Fig. 9. It can be seen that the amounts of Ag and Se diminished
t 300 ◦C and 400 ◦C, respectively. The amounts of In2O3 and Ag2Se

ig. 8. X-ray diffraction patterns of AgInSe2 precursors selenized at (a) 300 ◦C, (b)
00 ◦C, (c) 500 ◦C, and (d) 600 ◦C.
Fig. 9. Plot of diffraction peak intensities of the formed phases versus selenization
temperatures.

increased slightly at 300 ◦C, and decreased gradually as the temper-
ature was  further raised. AgInSe2 started to appear at 400 ◦C, and its
amount increased as the temperature was elevated. According to
the observed results, the supposed reaction schemes are expressed
as below:

2Ag + Se
∼300 ◦C−→ Ag2Se (1)

2In2O3 + 2Ag2Se + 6Se
400−600 ◦C−→ 4AgInSe2 + 3O2 (2)

The reaction process consists of two steps. In the first step,
Ag reacts with Se to form Ag2Se around 300 ◦C. When selenizing
around 400 ◦C, Ag2Se obtained in the first-step reaction starts to
react with In2O3 and Se vapor to produce AgInSe2 in the second-
step reaction. Fig. 9 indicates that the amount of AgInSe2 increases
with a decrease in the amounts of Ag2Se and In2O3 at 400–600 ◦C.
This observation confirms the expressed reactions. The above result
reveals that Ag2Se is the intermediate compounds and initiates the
formation reaction for AgInSe2. Based on the proposed mechanism,
increasing the reactivity of Ag2Se with In2O3 and Se can improve
the purity of the obtained AgInSe2.

4. Conclusions

AgInSe2 particles were successfully prepared via selenizing
mixtures of sol–gel derived precursors and Se powders. It was  dis-
covered that excess amounts of In3+ ions were necessary in the
sol–gel process to obtain the pure AgInSe2 compound due to the
lost of In2O3. The relation between the selenization conditions and
resultant compounds can be depicted as a figure with four distinct
zones. The pure AgInSe2 phase was obtained at 450 ◦C for 2 h or
at 600 ◦C for 20 min. The synthesized AgInSe2 powders belonged
to the chalcopyrite structure, which was confirmed via Raman
analysis and X-ray diffraction analysis. The particle sizes and the
crystallinity of the AgInSe2 powders increased with increasing the
selenization temperature. The reaction mechanism is proposed as

a two-step reaction. Ag2Se is formed in the first step and then leads
to the AgInSe2 formation reaction in the second-step. The sol–gel
method with a selenization process was demonstrated to provide
a potential approach to fabricate AgInSe2 materials.
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