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a b s t r a c t

The optical properties of ternary chalcopyrite AgGaTe2 were studied by photoreflectance spectorscopy

(PR). Due to the optimal direct energy gap and high absorption coefficient AgGaTe2 is a promising material

for solar energy conversion. Single crystals used in this work were grown by the vertical Bridgman

technique. The PR temperature dependent spectra were measured in the range of 25–300 K. At room

temperature two energy gaps in AgGaTe2 were detected: EA
g ¼ 1:320eV and EB

g ¼ 1:425eV, with

temperature coefficients dEA
g /dT¼�2.1�10�4 eV/K and dEB

g /dT¼�3.4�10�4 eV/K. At low temperature

(T¼25 K) these bandgap energies were EA
g ¼ 1:355eV and EB

g ¼ 1:466eV. Temperature dependence of

bandgap energies is maximum at about T¼90 K.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Despite the fact that optical properties of AgGaTe2 (AGT) have
been studied for over 30 years, there are still some open questions.
It is known that AGT is a member of chalcopyrite ternaries and the
reported direct energy gap is suitable for solar energy conversion.
At the same time there is wide variation in the actual value of this
bandgap energy and the electronic band structure has different
interpretations. The most common method to measure bandgap
energy is optical absorption. However, it is known that in chalco-
pyrite ternaries usually large potential fluctuations are present and
therefore the density of states function near band edges is quite
complex [1–4]. This is why absorption spectra greatly depend on
the depth of these potential fluctuations. Deeper fluctuations
usually give additional absorption at lower energies and thus the
absorption tail is formed. The shape of this tail is not always known
and therefore the bandgap energy calculated from the absorption
spectrum could be incorrect. Another approach to obtain the
bandgap energy is to use various modulation methods like
electroreflectance, photoreflectance or thermoreflectance. Tell
et al. [5] measured the electroreflectance spectra of an AgGaTe2

single crystal at 77 and 300 K. At room temperature they found the
lowest bandgap energy Eg¼1.316 eV, while at 77 K the bandgap
energy was Eg¼1.356 eV. Due to valence band splittings they also
measured higher energy bandgaps at 77 K: EB

g ¼ 1:472eV and
EC

g ¼ 2:26eV. Very similar results were published by Bodnar et al.
[6] on AGT thin films using absorption measurements. At room
ll rights reserved.
temperature they found EA
g ¼1.32 eV, EB

g¼1.43 eV, and EC
g¼2.14 eV.

Thermoreflectance spectroscopy was also recently used for single
crystals of AGT by Arai et al. [7] at T¼20–300 K. The lowest direct
bandgaps determined from thermoreflectance spectra were
EA

g ¼1.36 eV, EB
g¼1.19 eV, and EC

g¼2.00 eV at T¼20 K. As can be
seen the lowest bandgap in this paper has an energy E¼1.19 eV. At
the same time the low temperature (T¼15 K) bandgap energy
determined using optical absorption from the same single crystals
was about 1.25 eV. It is interesting that different methods give
different bandgap energies. In this paper we will present the
photoreflectance data of Bridgman grown AGT measured in a wide
temperature range.
2. Experimental

An ingot of AGT was grown by the vertical Bridgman technique
often used for fabrication of CuInSe2 and other chalcopyrite ternary
compounds [8]. A pseudobinary phase diagram for AgGaTe2 has
been determined by Palatnik and Belova [9], establishing the
melting point to be 725.7 1C [10]. At first a near stoichiometrical
mixture of high (99.999%) purity Ag, Ga, and Te was sealed in
vacuum of 10�5 mbar in a thick walled (3 mm) quartz ampoule of
10 mm inner-diameter. Then this mixture was prereacted at 900 1C
for 2 h in a rocking furnace and solidified in a horizontal position.
After cooling down the ampoule was introduced into the upper
(hot) zone of a two-zone vertical furnace. The material was melted
again and held at a temperature of 900 1C for 6 h. Then the
temperature in the upper part of the furnace was reduced to
800 1C and that in the lower part to 700 1C. The furnace was slowly
moved up, translating the ampoule into the lower (cold) zone at the
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Fig. 2. Photoreflectance spectra of AgGaTe2 crystal at different temperatures.

Continuous lines represent the fitting results. A and B bandgaps are clearly resolved.
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speed of 2 cm a day through a temperature gradient. The solidified
material was cooled at a rate of 3 1C/h down to 200 1C. In the middle
part the grown ingot had a 2 cm long cylindrical shaped single grain
of AgGaTe2. The elemental composition of the resulting single
crystals was confirmed by EDX and RBS measurements. The
elemental composition varied along the ingot, gradually becoming
Ag rich close to the end of the freeze (top) zone.

Single crystal surfaces with a size of about 2�2 mm were
freshly cleaved from the ingot for PR measurements.

Before PR measurements Raman measurements were made at
room temperature with a micro-Raman spectrometer Horiba Yobin
Yvon HR800; a Nd–YAG laser with l¼532 nm was used for
excitation. Photoreflectance (PR) measurements were made with
a traditional setup, where an f¼40 cm grating monochromator
together with a 250 W halogen bulb was used for the primary beam
and the 50 mW He–Cd laser (l¼441 nm) as a secondary beam. The
reflectance signal at 225 Hz was detected using a Si detector and a
lock-in amplifier. The crystals under study were glued with
cryogenic grease on the cold finger of the closed-cycle He cryostat.
Fig. 3. Temperature dependence of A and B bandgap energies of AgGaTe2 crystal

obtained from photoreflectance spectra. At higher temperatures nearly linear

dependence can be observed.
3. Results and discussion

From the Raman measurements in Fig. 1, 4 main peaks are
clearly seen; the most intensive is at 130 cm�1 and the others are at
94, 201, and 221 cm�1. These peaks are typical for an AgGaTe2

crystal [11] and according to these spectra we can be sure that we
have a pure AgGaTe2 single crystal without additional phases.
Photoreflectance spectra at two different temperatures are shown
in Fig. 2. Despite our efforts we detected only two signals
originating from A and B bandgaps. Even at low temperatures
the C bandgap reported by Tell et al. [5] and Bodnar et al. [6] could
not be detected.

Each PR spectrum has been analyzed by the low-field electro-
reflectance line-shape function, the third derivative functional
form [12]

DR=R¼ RefFeiyðE�EgÞþ iGgm, ð1Þ

where E is the photon energy and F, y, Eg, and G are the amplitude,
phase, energy, and broadening parameter of the spectrum, respec-
tively; m is a parameter that depends on the critical point type and
m¼5/2 (the three-dimensional critical point) has been used in this
study. Results of this analysis are also presented in Fig. 2 as
continuous lines.
Fig. 1. Room temperature Raman spectrum of AgGaTe2 crystal.
All PR measurements were made at T¼25–295 K. From these
measurements, after fitting with Eq. (1), EA

g and EB
g were found and

the results are presented in Fig. 3. It can be seen that both bandgap
energies have a maximum at about T¼90 K. This behavior is typical
for ternary compounds containing Ag and the same kind of
behavior in AGT was also observed by Bodnar et al. [13]. It is
suggested that this trend can be due to the effects of lattice dilation
and electron–phonon interaction. At the same time the tempera-
ture dependence of bandgap energies found by Arai et al. [7] did not
show any maximum. At higher temperatures the temperature
dependence of bandgap energies shows a nearly linear trend, but
the rate of this trend is different for different bandgaps (see Fig. 3).
The lowest bandgap shows a temperature coefficient dEA

g /dT¼

�2.1�10�4 eV/K and this value is very close to the value
�2.02�10�4 eV/K found by Bodnar et al. [13]. The temperature
coefficients found by Arai et al. [7] for their A–C bandgaps are all in
the range dEg/dT¼�(2.4–2.6)�10�4 eV/K. Thus our results sup-
port the findings made by Tell et al. [5] and Bodnar et al. [6,13].
4. Conclusion

AgGaTe2 crystals were studied at different temperatures using
photoreflectance spectroscopy. The lowest bandgap energy at
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room temperature was found to be EA
g ¼1.320 eV and the tempera-

ture coefficient was dEA
g /dT¼�2.1�10�4 eV/K. The next bandgap

energy was EB
g¼1.425 eV and temperature coefficient dEB

g /dT¼

�3.4�10�4 eV/K. The bandgap energy maximum was around
T¼90 K with values EA

g ¼1.357 eV and EB
g¼1.474 eV.
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