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The piezoelectric photoacousti®PA) measurements for Cu-rich CuGa8eGS/GaAs(001)
epitaxial layer were carried out between liquid helium and room temperatures. The band gap
energies of CG%A, B, andC band$ were measured to be 1.73, 1.83, and 2.04 eV at liquid nitrogen
temperature, respectively. THeband 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/GaA<00]) epitaxial layers were obtained between liquid helium and room
temperature. €2000 American Institute of PhysidsS0003-695(00)03128-4

CuGaSg(CGS9 has attracted much attention for use as agrown on SI-GaA&01) substrates by MBE at a substrate
solar cell active layer as well as for nonlinear optical devicesemperature of 490 °C. The thickness of the CGS film and
similar to the case for CulnSEIS). However, CGS has the GaAs substrate were about 1.0 and p@f respectively.
many as of yet uncharacterized crystalline defects becauskhe composition of the CGS film used here was determined
high quality CGS single crystals are difficult to grow due to by means of electron probe microanalysis and is expressed as
the peritectic melting of stoichiometric CGS at 1030 °C. De-a Cu/Ga ratio of 1.09Cu=26.9% and Ga& 24.7%). Electri-
spite a lack of the accurate material characterization datazal properties were measured by means of Hall measure-
conversion efficiencies for polycrystalline CGS based solaments and the Van der Pauw technique. The samplepwvas
cells have significantly improved to values as high as 9:7%.type. The hole concentration was on the order of’ &3
This indicates that CGS is a promising material for highand the hole mobility was 5 c{V S) at room temperature.
efficiency devices. Although there are reports on growth and PPA measurements were carried out for the CGS epitax-
characterization of bulk CGS and thin fif® the volume of ial layers between liquid helium and room temperatures with
literature on CGS is small in comparison to CIS. a modulation frequency of 200 Hz. The sample was mounted

We reported in a previous papehat high quality Cu- on the cold finger of a cryostdOxford Co. Ltd.: Cryostat
rich CGS epitaxial layers were successfully grown on semiDN-V). A W lamp was used as an excitation source. PPA
insulating(Sl) GaAg001) substrate by a molecular beam ep- signals were detected by a piezoelectric transdyB&T)
itaxy (MBE) from elemental sources. The chemical attached directly to the rear surface of the sample with silver
composition of the films was adjusted by changing the mofpaste. The output signals from the PZT were amplified by a
lecular beam flux of the Cu and Ga sources under a Se ovegligital lock-in amplifier and processed by a personal com-
pressure. The obtained Cu-rich samples were of high qualitputer. Details of the experimental procedure have been pub-
as evidenced by the presence of streaky reflection highished elsewheré&
energy electron diffraction patterns and sharp photolumines- A typical PPA spectrum for a CGS epitaxial layer
cence(PL) free-exciton emissior. (Cu/Ga=1.09) at 80 K with a modulation frequency of 200

In this study, piezoelectric photoacoustiEPA mea- Hz is shown in Fig. 1. Five distinct peaks are clearly ob-
surements are carried out on CGS epitaxial layers betweeserved. These peaks are indicated by solid lines. The peak at
liquid helium and room temperatures. PPA measurement$.51 eV, which originates from the band gap of GaAs, is in
directly monitor nonradiative carrier recombination pro- good agreement with those reported in the literature. The
cesses. Another advantage of PPA measurements is thdgigaks at 1.73, 1.83, and 2.04 eV are due toAh®& andC
sensitivity in transparent samples with small optical absorpband transitions of CGS, respectively. TheB, andC band
tion coefficients. Measurements of absorption spectra ar#sansitions are the energy gafy and crystal-field splitting
very difficult for heterojunction samples. The usefulness ofand spin-orbit splitting bands, respectively. These values are
the PPA measurements for heterojunction samples is algf good agreement with those obtained by polarized photo-
discussed. reflectance(PR) measurements of the same sample as re-

The CGS thin films reported upon in this work were ported in a previous pap&This indicates that th&, of A,

B, and C band transitions can be reliably obtained by PPA
dAuthor to whom correspondence should be addressed; electronic mair:neasureme.nts as We". a?; PR measurements. Furtherm.ore.’ the
yoshino@pem.miyazaki-u.ac.jp values obtained are similar to those of CGS/GaAs epitaxial

YElectronic mail: ayamada@etl.go.jp layers grown by metalorganic MBE and metalorganic chemi-
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FIG. 1. The PPA spectrum of typical Cu-rich CuGaS&aAg001) epitaxial

layer grown by MBE at 80 K under the modulation frequency of 200 Hz. — ) .
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cal vapor deposition as reported by Matsumetal? and
Shirakata and Chichiblirespectively. The obtained crystal- Photon Energy (EV)

field splitting A ¢t and spin-orbit splitting\ s, are about-100  FiG. 2. The temperature variation of the PPA spectra of typical Cu-rich
and 210 meV, respectively, in good agreement with the val€uGaSe/GaAg001) epitaxial layers grown by MBE under the modulation
ues for CGS in the literature®'? The peakX at 1.87 eV is  frequency of 200 Hz.

conjectured to be band transition related to a metastable state

(EL2*) in GaAs since the peak intensity decreases with secg, 300 K. This indicates that the PPA measurements are ef-
ondary light illumination(photoquenching effert fective in measuring the temperature variationggfin the

The .tem_perature variations of the PPA ;peptra for theCGS as has been done for CfSThe temperature variations
CGS epitaxial layer (Cu/Gal.09) between liquid helium fthe E, (B andC bands of CGS and the fitted curve, Eq
g r M-

and room temperatures is shown in Fig. 2. The GaAs peaQ o
shifts to lower energy in comparison the CGS peak with(1) @ shown in Fig. 4. The values used fj(0) of theB
increasing temperatures. The shift for GaAs and CGS are
about 90 and 35 meV, respectively, over the range from 5 tc
300 K. The value of 35 meV is in good agreement with the 1.74
values derived from PL measurements as reported by
Chichibu et al® and similar to those obtained for the CIS/
GaAs epitaxial layer by PPA measuremelftThis implies
that the temperature dependence of the band gap energy ~
chalcopyrite semiconductors is very small in comparison S 1.72
with 11I-V and 11-VI compound semiconductors.

The temperature variation of thg, (A band of the CGS
is shown in Fig. 3. We have also plotted the temperature
variation of theEy (A band of CGS as estimated by the PL
measurements. The data were fit to the modified

Manoogian—Wolley equatidn
CGS/GaAs(001)
— X
E4(T)=Eq(0)+ UT*+ V/[explhw/kT)— 1], (1) s el cusast.os

where,a, b, U, V, andx are fitting parameters anfdw rep- A-band
resents the energy of phonons that interact with electrons

The E4(0) of CGS used was 1.731 eV as estimated by ex- 168
trapolation andi  was set to 26 meV. The other parameters,

a, b, U V, andx, are the same as reported earfiefhe Temperature (K)
temperature variation of thgy (A band obtained from the

PPA measurements is well fit by the Manoogian—WoolleyF!G. 3. The variation of the band gap energk band of CuGaSe/

relation. in excellent agreement with the results of PL mea_GaAs (001 epitaxial layers grown by MBE as a function of temperature.

. L The band gap energies are estimated by means of the PPA and PL measure-
surements. However, while PL emissions were only observVients. The fitting curves are also plotted by modified Manoogian—Woolley

able up to about 200 K, PPA signals are clearly observed upquation.
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reasons that it is assumed here that carrier recombinations
N related to the GaAs metastable stéfd.2*) are present is
CGS/GaAs that PPA signals from the EF2state are large around
2.04 C-band 80 K17
In summary, PPA measurements have been carried out
2.02| 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 thA, B, andC band transitions of CGS,
respectively. These values are in good agreement with those
- B-band obtained by the polarized photoreflectance measurements of
1.83) : the same sample. The crystal-field splitting and spin-orbit
splitting A4, values obtained are about100 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-
1.79 | tion of theA band in the PPA spectra is well fit by a modified
. . r— ' . . Manoogian—Woolley equation and is also in good agreement
0 S0 100 150 200 250 300 350 with the results obtained by PL measurements. This indicates
Temperature (K) that the PPA measurements are effective in estimating the
band gap energy over a wide temperature range in compari-

FIG. 4. The variation of theB band (lower) and C band (uppe) of son with PL measurements.
CuGaSe/GaAg00)) 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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