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We report the synthesis, characterization and electrical properties of Agg3sCug7InS,,
Ago3sCug7InSe, and AgosCugsInTe,. These solid solutions were synthesized via
microwave-assisted solid-state reactions. Powder X-ray diffraction patterns were indexed
in the space group I42d. The chemical compositions were determined by scanning
electron microcopy. The analysis of the vibrational properties was performed by Raman
scattering measurements. The Raman peaks were analyzed by fitting the spectra and
allowed the identification of the vibrational modes via comparison with experimental and
theoretical data from CulnQ, (Q = S, Se, Te) end-members. AgqsCuq-InS, and
Ago3Cuq7InTe, exhibit typical semiconductor p-type behavior with a carrier concentration
of ~ +10% cm™. The electrical conductivities o at R.T. were ~10" S cm™ and ~1.0 S cm™
for Ago3Cug7InS; and AgysCuq;InTe,, respectively. The optical band gaps, based on the
UV-Vis-NIR spectra, were E;~1.50 eV.
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1. Introduction

During recent decades many researchers have studied and optimized the electrical
properties of photovoltaic systems. The results have been obtained on heterojunction thin film
devices, where the best efficiencies have been achieved using absorbent materials with band gaps
of approximately 1.5 eV[1]. To achieve the above results, research has focused on optimizing
photovoltaic conversion by improving the fundamental parameters; the fundamental parameters
include the band gap of the semiconductor and the stoichiometric composition, which allows
control of the structural, electrical and optical properties of the absorbent material.

The study of semiconductors based on type AMQ, metal chalcogenides is of great interest
for their applications in optoelectronic devices and photovoltaic systems[1]-[4]. In particular,
these compounds show characteristics that are interesting, such as high absorption coefficients,
excellent coverage of the solar spectrum and high stability against solar irradiation. Among the
most studied materials of this family are ternary compounds, CulnQ,, CuAlQ, (Q = S, Se and
Te)[4]-[11]; CuMTe, (M = Al, Ga and In)[12] and AgInS,[13]-[17], which have been used as
solar absorbers in photovoltaic cells. However, despite the attractive characteristics of ternary
semiconductors, they generally have a relatively low efficiency. Nevertheless, band-gap,
absorption coefficient and conversion efficiency can be improved by chemical substitutions that
allow the synthesis of quaternary semiconductors. For example, the quaternary compound, Cu(In,_
«Gay)Se, (CIGSe), achieves significantly higher efficiencies of greater than 20%[18]-[23];
However, a Ga/(In + Ga) stoichiometric ratio of approximately 0.3 (an increase in the content of
gallium) degrades the electronic properties of CIGSe[18], [20], [21]. The stoichiometry directly
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modifies the electrical properties, because slight changes in the molar ratios between A/M and A/Q
ratios give rise to changes in the resistivity, optical gap and carriers. We are interested in studying
the effect of partial, isomorphic and isoelectronic substitution of copper for silver in copper-
indium-Q ternary semiconductors (Q = S, Se and Te). This compound is used due to its high
efficiency and that its crystalline structure (chalcopyrite type) remains isomorphic by partially
substitution for a range of appropriate catonic radii, among other properties.

Previously, several methods have been reported for the synthesis of these type of
compounds, including sputtering, electrodeposition, chemical vapor deposition and solvo-thermal
methods [24]-[29]. However, the search for simple, fast and highly efficient methods to synthesize
this type of material remains important. A very good alternative is microwave-assisted synthesis,
[2], [30]-[33] this methodology has the benefits of selective, uniform and volumetric heating,
rapid energy supply, high reaction yields, and clean reactions of the by-products[31], [32].
Additionally, it is emphasized that it is possible to perform reactions under solvent-free conditions,
instead of using a solid support, such as alumina (basic or neutral), silica, or montmorillonite.

In this paper, we report the synthesis, structural, vibrational characterization, optical and
electrical properties of the solid solutions Ago3Cug7InS;, AgosCug7InSe, and AgysCug7InTe, that
were synthesized by assisted solid-state reactions using microwaves. The aim of this research is to
study the influence of the chemical substitution of 30% silver in the copper sites. Moreover, this
isovalent substitution of the metal influences the band structure of the solid solutions, and the
nature of the chalcogenides for each phase is different. In this work, it was possible to successfully
obtain new compounds where energy of the band-gap approaches 1.5 eV, a value that better
matches with the maximum conversion of the solar spectrum for a photovoltaic device.

2. Experimental section

2.1. Synthesis

AgosCup7InS,,  AgosCugsInSe,; and  AgosCugzInTe, were synthesized by direct
combination of metal powders in stoichiometric amounts under microwave irradiation. The
stoichiometric mixtures of the starting reagents —Ag (powder 99.99%, Aldrich), Cu (powder
99.9+%, Aldrich), In (powder 99.99%, Aldrich), Se (powder 99.99+%, Aldrich), S (powder
99.5%, Aldrich) and Te (powder 99.9%, Aldrich) — were placed into dried quartz tubes under an
argon atmosphere. The tubes were evacuated and flame-sealed under an argon atmosphere. The
syntheses were carried out with a microwave oven (HL25G, Howland) of frequency 2.45 GHz and
a power of 850 Watt, with working time of 3 minutes of exposure[33].

2.2. Powder X-ray diffraction measurements

Powder X-ray diffraction patterns were collected at room temperature on a Bruker D8
Advance powder diffractometer (CuKa radiation, A = 1.54098 A) operating at 40 kV and 25 mA,
in the range 5° < 26 < 80°. The XRD patterns were indexed using the software CHECKCELL.

2.3. SEM-EDS analysis

The chemical compositions of the samples were determined by scanning electron
microscopy (SEM) using a Vega 3 Tescan with Bruker Quantax 400 energy dispersive X-ray
spectroscopy (EDS) detectors. The analysis was performed on the compressed samples, and
multiple distinct areas were analyzed on each sample.

2.4. Raman scattering measurements

The Raman scattering measurements were performed using a RM1000 Renishaw micro-
Raman spectrometer with CCD detectors in combination with a Leica LM/PM microscope using a
514 nm wavelength excitation. The spectrometer was calibrated using a reference single-crystal Si
sample (Raman peak at 520.7 cm™). The spectral data were collected at room temperature in the
backscattering configuration in the spectral range of 100-400 cm™* with a laser spot on the sample
of approximately 1 um and a laser power of 2 mW.
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2.5. Diffuse reflectance measurements

Diffuse reflectance spectra were recorded on an Agilent Technologies, Cary Series UV-
Vis-NIR spectrophotometer, model Cary 5000 UV-Vis-NIR. The measurements were carried out
between 500 and 1600 nm using microcrystalline samples, directly dispersed onto the sample
holder.

2.6. Electrical properties

Hall-effect measurements were performed with an ECOPIA HMS 2000 equipment. The
pellets for electrical measurements were uniaxially pressed at ~ 2.5 tons, resulting in cylindrical
pellets with a 9.00 mm diameter and a thickness ranging from 0.93 to 1.30 mm. Then, the samples
were sintered for 36 h at 550°C. The Hall coefficient, +0.556 T, was obtained from the linear fit of
the Hall resistivity. The electrical conductivity was measured by the Van der Pauw method from
room temperature (R.T.) to 400 K. The gold electrical contacts on the pellets were deposited by
sputtering. The density (p) was determined using the dimensions and mass of the sample,
corresponding to an average pellet density of ~92% (experimental density/crystallographic
density).

3. Results and discussion

3.1. Compositional characterization and X-ray powder diffraction

The chemical compositions were confirmed by SEM-EDS analyses (Fig. 1). The
microprobe analysis EDS of several areas of the samples showed an average chemical substitution
of copper by silver of 30% (Table 1).

The Fig. 2 shows the powder X-ray diffraction (PXRD) patterns were indexed in the 142d
space group. The Ag,Cui«xInQ, (Q =S, Se, Te) phases have the chalcopyrite-type crystal structure
in which the copper crystallographic positions (Wyckoff site 4a) are occupied randomly by silver
and copper atoms. As expected, the indexed diffraction peaks of AgosCuqsInSe, and
AgosCug7InTe, show a shift of the reflection positions towards lower values of 26, with respect to
those from Ago3Cuo7InS;; this is attributed to the size of tellurium and selenium atoms, which are
larger than sulfur atoms. The substitution of Cu* cations (radius ~0.98 A) by Ag* cations (radius
~1.28 A) leads to an increase of the cell volume (Table 2). Robbins et al.[34] have suggested that
the crystalline structure of the chalcopyrite undergoes a deformation of the tetrahedral
coordination, which can be measured through the & coefficient (see Table 2). The coefficient &
depends on the difference between the average A-A and M-M interactions compared to A-M
interactions. The & values show that the chemical substitution of silver by copper does not
substantially affect the chalcopyrite-type crystal structure.

cps/eV

Fig. 1. Image of secondary electrons and backscattered of the phase AgosCug7InTe, (left) and
EDS spectrum of the polycrystalline material (right).
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Table 1. Chemical compositions of the samples AgosCug7InQ, (Q =S, Se, Te) determined by EDS.

Samples Mass (%) Experimental
Ag Cu In Q
Ag0.3CU0A7|nSZ 16.12 | 15.42 | 43.54 | 24.92 A90‘39CU0‘64|n1‘0082A05
Agol3Cu0A7InSe2 9.21 12.43 | 33.36 | 45.33 Ag()ggCUo,m'nl,oosel,gg
Ago.3CUo,7| nTe, 6.83 10.67 | 26.79 | 55.53 Ago,27Cu0,72In1,00Te1,87

Intensidad (u.a)
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Fig. 2. XRD powder pattern of the product from microwave synthesis Ago3Cug7InS, (bottom),
Ago3Cuq7InSe, (middle) and AgosCug7InTe; (top).

Table 2. Lattice parameters and tetragonal distortion data determined for the phases AgosCuq 7InQ;
and that reported for the ternary end-members CulnQ, and AgInQ, (Q =, Se, Te).

Samples V(A) cla 5%
CulnS, 330.01 2.026 | -0.0026
AdoaCUosInS, | 350.84 (0.02) | 1.978 | 0.0222
AgInS, 371.99 1.89 0.11
CulnSe, 385.67 2.01 -0.01
Ago3Cuq;InSe, | 401.40 (0.03) | 1.9766 | 0.0234
AglnSe, 450.75 1.941 | 0.059
CulnTe, 469.09 2.00 0.00
AdoaClUo,INTe, | 493.37 (0.01) | 2.0030 | -0.0030
AginTe, 505.73 2.060 | -0.060

*§ =2-cla

3.2. Raman scattering analysis

A detailed study of the Raman spectrum of the chalcopyrite CulnSe, was reported by
Rincdn et al. [35]. From a vibrational point of view, the representation of the optical phonon
modes in the chalcopyrite-type crystal structure can be written as I': AL @ 2A2 @ 3B1 @ 4B2 @
7E [35].

Fig. 3 shows the Raman spectra for Ago3Cug7InS,, AgosCuosInSe, and AgosCugsInTe,
fitted with Lorentzian curves in the range 100-400 cm™, where the main spectral changes occur.
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The principal Raman line in chalcopyrite-type AMQ, (Q = S, Se and Te) is the vibrational mode
Al, which involves Q-atoms displacements (breading mode) [13, 14]. Table 3 summarizes the
frequency determined for mode Al for the solid solutions synthesized in this work, together with
those reported for ternary chalcogenide end-members.

Interestingly, the mode Al frequencies in the Ago3Cuo7InQ, phase are systematically
lower than that in the corresponding end-member, CulnQ,. The inverse trend is observed with
respect to AglnQ,, where mode Al in AgozCuo7InQ; is always slightly higher. However, in both
cases, the difference decreases with the increasing atomic weight of Q. Further Raman emissions
that were observed at lower frequencies, ~128 cm™ and ~126 cm™, correspond to AgosCugInS;
and Ago3Cug7InSe,, respectively. The Raman spectrum of the AgosCup7InQ- solid solutions show
relatively weak peaks at ~323, 217 and 138 cm™ for AgosCuosInS, AgosCuosInSe, and
AgosCug7InTe,, respectively, which may be assigned to the B2 and E vibration modes detected in
the ternary and quaternary chalcopyrite-derivatives[11], [25], [27], [28], [35], [36], [37].

2 T T T T T T T T T T T T T T
i) 150 200 250 30 350 400 450 100 150 200 250 a0 350 400 o 151 200 250 300 a5t 400

Raman shitt {em ') Ranan shilt fem™) Raman shili {em™)

Fig. 3. Raman spectrum of samples AgosCug7InS, (left), AgesCug-InSe, (middle) and AgosCug,InTe, (right)
with the different contributions as deduced from the fitting of the different peaks with Lorentzian (Green
lines).

Table 3. Wavenumbers of A; Raman modes of different Cu-, Ag- and AgysCug7InQ, (Q =S, Se, Te) —
chalcopyrites.

Phases Wavenumber (cm™) | References
Culns, 290 [6], [8]
AdosCUp7INS, 279.5 *
AgInS, 265 [29]
CulnSe, 173 [6], [8]
Agol3CU0_7|nSEZ 168 *
AglnSe, 172 [29]
CulnTe, 125 [30]
AgosCup,InTe, 122.5 *
AglnTe, 122 [31]

* This work

3.3. Optical properties

Reflectance spectra for AgosCup-InQ, were determined in the range of 500-1600 nm. The
optical band gap E,; was calculated using the Tauc relationship (eqn. 1) [38], where o is the
absorption coefficient of the material, A is a constant, hv is the incident photon energy and Eg is
the band gap.

ahv =A(hv —E)" 1)
The characteristic value of n=%, corresponding to semiconductors with direct band

transitions (VB to CB), was used for the materials that were synthesized in this work. The
calculation of Eg according to (Eq. 1) from the linear fit of (ahv)? vs. hv is shown in Fig. 4. The Eq
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values for AgosCug7InS;, AgosCugsInSe, and AgosCugsInTe, were 1.54, 153 and 1.47 eV,
respectively. These values are very interesting because a theoretical conversion efficiency in
single-junction cells that was close to 30% was obtained for solar cells with an absorbent material
that had a band gap of ~1.5 eV [13]. These results have drawn attention because we expected that
the substituted chalcogen would cause an increased bandwidth of the conduction band and
therefore a decrease in the band gap of AgosCug7InQ, that was synthesized by replacing sulfur by
selenium and then selenium by tellurium. This assumption was based on the work reported by
Hussain et al.[39] and Xian-Zhou et al. [12]. Hussain et al. performed calculations of the band-
structure for CuAlQ, compounds (Q = S, Se, Te) using the FP-LAPW method. Their results
showed that these compounds have similar band-structures with a direct gap and a bandwidth that
decreases when the sulfur is replaced by selenium and then the selenium is replaced by tellurium.
The authors attribute these effects to the increase of the bandwidth of the conduction band due to
the replacement of the group VI element. Additionally, Xian-Zhou et al. reported a theoretical
study of the electronic structure and optical properties of the CuMTe, (M = Al, Ga, In)
compounds. The results for these semiconductors showed a similar behavior to that reported by
Hussain et al.; the forbidden bandwidth decreases, depending on the element replaced, according
to the following order: aluminum (Al), gallium (Ga) and indium (In). However, our compound
does not exhibit this behavior. These differences in the results are attributed to the chemical
substitutions of copper by silver, which would also generate a new distribution of defects in the
network, corresponding to ordered vacancies of copper (Vcu®). According to several theoretical
calculations, the d-orbital of the copper forms an anti-entanglement state with the orbital p of the Q
atoms, which is responsible for the energy level that determines the maximum of the valence band
[16] - [19]. Wasim et al.[40] observed this behavior in CulnSe; and CulnTe, chalcopyrite, where a
decrease in copper leads to a pronounced downward displacement of the maximum of the valence
band, whereas the minimum of the conduction band remains at approximately the same energy
level.
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Fig. 4. Plot of (ahv)® against photon energy (hv) for samples AgosCuqg7InS; (left), AgesCug-InSe, (middle)
and AgosCug7InTe, (right),

3.4. Electrical properties

The electrical characterizations of Ago3Cug7InS; and Agy3sCug7InTe, were carried out by
the Hall effect and Van der Pauw method (carrier concentration and mobility) [41]. Figure 5 shows
the temperature dependence of conductivity (o). There is a monotonic increase of o with increasing
temperature, which indicates a typical semiconductor behavior. This dependence has been well
described by the following exponential equation [6], [18]:

o(T) = goe ™ )

The linear fit of Inc vs 1000/T shows the typical Arrhenius behavior, which indicates that
the electrical transport is thermally active. The activation energies for Ago3CugsInS, and
Ago3Cug;InTe, were 0.199 and 0.265 eV, respectively. These values are lower compared to the
values reported for ternary phase CulnQ; (Q = S, Se, Te) end-members [6]. This behavior may be
caused by the increased density of acceptor impurities due to the replacement of silver by copper
in the compounds [42].
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The Hall coefficients are positive in the temperature range from 298 to 403 K, which is
indicative of p-type conductivity. Figures 6 and 7 shows the hole concentrations N, and the mobility
as a function of temperature, respectively. The hole mobility is not particularly high: approximately
7.0-20 cm? V' S for AgosCupsInTe, and 35-40 cm? V' S* for AgosCuosInS,. This result is
consistent with the behavior previously reported by Abo et al. [6]. The value of N, increases
approximately linearly with increasing temperature, following a temperature dependence of N,
~T™. However, the carrier concentrations were relatively low, approximately ~+10" cm™ at room
temperature in Ago3Cuo7InTe,, which also showed lower conductivity and mobility. The carrier
concentration of CulnTe, were on the order of ~+10" cm™ at 300 K[43]. Breck et al. suggested that
to increases the efficiency of CGS-based devices it is necessary to reduce the carrier concentration of
the absorber[44]. The carrier concentration decrease in AgosCuy7InTe, and AgosCuy-InS, may be
associated with the defect modifications due to the chemical substitution of Ag by Cu atoms.
Stephan et al. reported experimental correlation between stoichiometry and native point defects in
the chalcopyrite ternary compound CulnSe,[45]. The neutron powder diffraction experimental
results show that Cu vacancies (V) cause p-type conductivity. These defects are correlated with the
Cu/In molar ratio (nonstoichiometry). The reductions of carrier concentration from ~+10" cm™ to

~+10" ecm™ could be attributed to a decrease of V¢, due to the substitution of 30% in the copper
sites by Ag atoms.
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Fig. 5. Plot of electrical conductivity (o) versus temperature, for Ago3CUq7InS; (squares) and
AgosCugsInTe; (circles). The Insert show Ing vs 1000/T, for AgesCug7InTe, phase.
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Fig. 6. Plot of carriers (Np) as a function of temperature, of the solid solutions Ag, sCuq7InS; (squares)
and Ago3Cug7InTe, (circles).
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Fig. 7. Plot of carrier mobility () as a function of temperature, of the solid solutions
AgosCugInS; (squares) and AgosCug7InTe, (circles).

4. Conclusions

Ago3Cuy7InS;, AgosCupsInSe, and AgosCuqsInTe, were successfully synthesized via
microwave-assisted solidstate reactions. These phases belong to the space group I42d
(chalcopyrite-type), the Raman spectra allowed us to confirm that we are in the presence of the
quaternary phase showing the characteristic peaks and displacements for this type of structure.
Ago3Cuy7InS; and AgosCug7InTe, exhibit typical semiconductor p-type behavior with a carrier
concentration of approximately ~ +10% cm,

These results could be attributed to a decrease of V¢, due to the random substitutions of
Cu by Ag atoms. The latter is a promising result because is obtained products the excellent quality
be used as energy absorbers in solar cells.
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