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The piezoelectric photoacoustic~PPA! measurements for Cu-rich CuGaSe2~CGS!/GaAs(001)
epitaxial layer were carried out between liquid helium and room temperatures. The band gap
energies of CGS~A, B, andC bands! were measured to be 1.73, 1.83, and 2.04 eV at liquid nitrogen
temperature, respectively. TheA band was clearly obtained from 5 to 300 K, and the temperature
dependence of the peak energy was fitted with the modified Manoogian–Woolley equation. PPA
signals for CGS/GaAs~001! epitaxial layers were obtained between liquid helium and room
temperature. ©2000 American Institute of Physics.@S0003-6951~00!03128-4#

CuGaSe2~CGS! has attracted much attention for use as a
solar cell active layer as well as for nonlinear optical devices
similar to the case for CuInSe2~CIS!. However, CGS has
many as of yet uncharacterized crystalline defects because
high quality CGS single crystals are difficult to grow due to
the peritectic melting of stoichiometric CGS at 1030 °C. De-
spite a lack of the accurate material characterization data,
conversion efficiencies for polycrystalline CGS based solar
cells have significantly improved to values as high as 9.7%.1

This indicates that CGS is a promising material for high
efficiency devices. Although there are reports on growth and
characterization of bulk CGS and thin film,2–6 the volume of
literature on CGS is small in comparison to CIS.

We reported in a previous paper7 that high quality Cu-
rich CGS epitaxial layers were successfully grown on semi-
insulating~SI! GaAs~001! substrate by a molecular beam ep-
itaxy ~MBE! from elemental sources. The chemical
composition of the films was adjusted by changing the mo-
lecular beam flux of the Cu and Ga sources under a Se over-
pressure. The obtained Cu-rich samples were of high quality
as evidenced by the presence of streaky reflection high-
energy electron diffraction patterns and sharp photolumines-
cence~PL! free-exciton emissions.8

In this study, piezoelectric photoacoustic~PPA! mea-
surements are carried out on CGS epitaxial layers between
liquid helium and room temperatures. PPA measurements
directly monitor nonradiative carrier recombination pro-
cesses. Another advantage of PPA measurements is their
sensitivity in transparent samples with small optical absorp-
tion coefficients. Measurements of absorption spectra are
very difficult for heterojunction samples. The usefulness of
the PPA measurements for heterojunction samples is also
discussed.

The CGS thin films reported upon in this work were

grown on SI-GaAs~001! substrates by MBE at a substrate
temperature of 490 °C. The thickness of the CGS film and
the GaAs substrate were about 1.0 and 500mm, respectively.
The composition of the CGS film used here was determined
by means of electron probe microanalysis and is expressed as
a Cu/Ga ratio of 1.09~Cu526.9% and Ga524.7%!. Electri-
cal properties were measured by means of Hall measure-
ments and the Van der Pauw technique. The sample wasp
type. The hole concentration was on the order of 1017cm23

and the hole mobility was 5 cm2/~V S! at room temperature.9

PPA measurements were carried out for the CGS epitax-
ial layers between liquid helium and room temperatures with
a modulation frequency of 200 Hz. The sample was mounted
on the cold finger of a cryostat~Oxford Co. Ltd.: Cryostat
DN-V!. A W lamp was used as an excitation source. PPA
signals were detected by a piezoelectric transducer~PZT!
attached directly to the rear surface of the sample with silver
paste. The output signals from the PZT were amplified by a
digital lock-in amplifier and processed by a personal com-
puter. Details of the experimental procedure have been pub-
lished elsewhere.10,11

A typical PPA spectrum for a CGS epitaxial layer
(Cu/Ga51.09) at 80 K with a modulation frequency of 200
Hz is shown in Fig. 1. Five distinct peaks are clearly ob-
served. These peaks are indicated by solid lines. The peak at
1.51 eV, which originates from the band gap of GaAs, is in
good agreement with those reported in the literature. The
peaks at 1.73, 1.83, and 2.04 eV are due to theA, B, andC
band transitions of CGS, respectively. TheA, B, andC band
transitions are the energy gapEg and crystal-field splitting
and spin-orbit splitting bands, respectively. These values are
in good agreement with those obtained by polarized photo-
reflectance~PR! measurements of the same sample as re-
ported in a previous paper.8 This indicates that theEg of A,
B, andC band transitions can be reliably obtained by PPA
measurements as well as PR measurements. Furthermore, the
values obtained are similar to those of CGS/GaAs epitaxial
layers grown by metalorganic MBE and metalorganic chemi-
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cal vapor deposition as reported by Matsumotoet al.4 and
Shirakata and Chichibu,6 respectively. The obtained crystal-
field splittingDcf and spin-orbit splittingDso are about2100
and 210 meV, respectively, in good agreement with the val-
ues for CGS in the literature.4,6,12 The peakX at 1.87 eV is
conjectured to be band transition related to a metastable state
~EL2* ! in GaAs since the peak intensity decreases with sec-
ondary light illumination~photoquenching effect!.13

The temperature variations of the PPA spectra for the
CGS epitaxial layer (Cu/Ga51.09) between liquid helium
and room temperatures is shown in Fig. 2. The GaAs peak
shifts to lower energy in comparison the CGS peak with
increasing temperatures. The shift for GaAs and CGS are
about 90 and 35 meV, respectively, over the range from 5 to
300 K. The value of 35 meV is in good agreement with the
values derived from PL measurements as reported by
Chichibu et al.5 and similar to those obtained for the CIS/
GaAs epitaxial layer by PPA measurements.14 This implies
that the temperature dependence of the band gap energy in
chalcopyrite semiconductors is very small in comparison
with III–V and II–VI compound semiconductors.

The temperature variation of theEg ~A band! of the CGS
is shown in Fig. 3. We have also plotted the temperature
variation of theEg ~A band! of CGS as estimated by the PL
measurements. The data were fit to the modified
Manoogian–Wolley equation15

Eg~T!5Eg~0!1UTx1V/@exp~\v/kT!21#, ~1!

where,a, b, U, V, andx are fitting parameters and\v rep-
resents the energy of phonons that interact with electrons.
The Eg(0) of CGS used was 1.731 eV as estimated by ex-
trapolation and\v was set to 26 meV. The other parameters,
a, b, U, V, and x, are the same as reported earlier.8 The
temperature variation of theEg ~A band! obtained from the
PPA measurements is well fit by the Manoogian–Woolley
relation, in excellent agreement with the results of PL mea-
surements. However, while PL emissions were only observ-
able up to about 200 K, PPA signals are clearly observed up

to 300 K. This indicates that the PPA measurements are ef-
fective in measuring the temperature variation ofEg in the
CGS as has been done for CIS.14 The temperature variations
of the Eg ~B andC bands! of CGS and the fitted curve, Eq.
~1! are shown in Fig. 4. The values used forEg(0) of theB

FIG. 1. The PPA spectrum of typical Cu-rich CuGaSe2 /GaAs~001! epitaxial
layer grown by MBE at 80 K under the modulation frequency of 200 Hz.

FIG. 2. The temperature variation of the PPA spectra of typical Cu-rich
CuGaSe2 /GaAs~001! epitaxial layers grown by MBE under the modulation
frequency of 200 Hz.

FIG. 3. The variation of the band gap energy~A band! of CuGaSe2 /
GaAs ~001! epitaxial layers grown by MBE as a function of temperature.
The band gap energies are estimated by means of the PPA and PL measure-
ments. The fitting curves are also plotted by modified Manoogian–Woolley
equation.
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and C bands were 1.831 and 2.042 eV, respectively. The
other parameters used are the same as those used in Fig. 3.
The temperature variation of theEg ~B andC bands! of CGS
are also in good agreement with the relationship predicted by
Eq. ~1!.

The PPA spectra for CGS at 40 and 60 K is shown in
Fig. 2. These spectra are dramatically different from those of
other temperatures~less than 40 K and more than 60 K!;
peak intensities increase from 20 K, especially between
about 1.5 and 1.8 eV. These peaks are interpreted as being
due to nonradiative carrier recombination centers in the CGS
layer since the peak energies are larger than the GaAs band
gap energy. The peak intensities then decrease from 60 to 80
K. The overall temperature dependence of the PPA signal
intensities is thus paraboliclike with a peak at about 60 K. It
is well known that the PPA signals are sensitive to strain and
thermal conduction, thus it is speculated that the thermal
conductivity strongly enhances PPA signals at low tempera-
tures since the thermal conductivity in the semiconductor
generally changes in a parabolic manner with a peak at low
temperatures.16 Furthermore, the PPA signals of theA, B,
andC bands are clearly observable around 80 K. One of the

reasons that it is assumed here that carrier recombinations
related to the GaAs metastable state~EL2* ! are present is
that PPA signals from the EL2* state are large around
80 K.17

In summary, PPA measurements have been carried out
for Cu-rich CGS/GaAs epitaxial layers between liquid he-
lium and room temperature. The peaks at 1.73, 1.83, and
2.04 eV are due to theA, B, andC band transitions of CGS,
respectively. These values are in good agreement with those
obtained by the polarized photoreflectance measurements of
the same sample. The crystal-field splittingDcf and spin-orbit
splitting Dso values obtained are about2100 and 210 meV,
respectively. TheA band of CGS was clearly obtained from
5 to 300 K, on the other hand, free-exciton emission is ob-
served up to 200 K in the PL spectra. The temperature varia-
tion of theA band in the PPA spectra is well fit by a modified
Manoogian–Woolley equation and is also in good agreement
with the results obtained by PL measurements. This indicates
that the PPA measurements are effective in estimating the
band gap energy over a wide temperature range in compari-
son with PL measurements.
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FIG. 4. The variation of theB band ~lower! and C band ~upper! of
CuGaSe2 /GaAs~001! epitaxial layers grown by MBE as a function of tem-
perature. The fitting curves are also plotted by modified Manoogian–
Woolley equation.
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