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Photoluminescence (PL) spectroscopy and photoreflectance (PR) spectroscopy are very useful techniques for study-

ing the properties of materials. In this paper, the same material of Cu-rich metal-organic vapour phase epitaxy (MOVPE)

grown CuGaSes layer is investigated in a temperature range from 20 to 300 K to compare these two techniques. Both PL

and PR spectra appear red shifted, less intense and broadened. The temperature dependence of interband transitions

is studied by using the Manoogian—Leclerc equation. The values of the band gap energy at T=0K and the effective

phonon temperature are estimated. The temperature dependences of intensities and broadenings of PL and PR spectral

lines are also analysed. Based on the results of the comparison, the features and applications of the PL and PR can be

shown in detail.
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1. Introduction

Many optical experimental techniques have been
applied to probing either the vibrational or elec-
tronic properties of the materials, which include elec-
tronic and vibrational Raman scatterings,! photo-
luminescence (PL),[>3 photoluminescence excitation
(PLE) spectroscopy, absorption,®/ photoconductiv-
ity, and photoreflectance spectroscopy.'®7 In order to
understand the properties of materials, it is impor-
tant to have as much information as possible about
the band structure. It usually involves interband
measurements, such as PLE, absorption, reflectance
spectroscopy and modulation spectroscopy. For in-
stance, bulk semiconductor modulation spectroscopy
used for obtaining maps of the band structure of
various semiconductors is highly successful.[®?] And
PL spectroscopy is frequently used for analysing the
structural and optical characterization of chalcopyrite

photoluminescence, photoreflectance, comparison, CuGaSes

materials.'9~14n this paper, the structural and op-

tical properties of Cu-rich MOVPE grown CuGaSe;
layer with a [Cu]/[Ga] ratio of 1.13 are studied by
using PR spectroscopy and PL spectroscopy in a tem-
perature range of 300-20K. CuGaSe,, both a wide
band gap chalcopyrite and an ideal absorber material,
is a promising candidate for high open circuit voltage
solar cells. Because of the complexity of the chal-
copyrite unit cell (eight atoms per cell with low size
symmetry), the electronic structure of ternary Cu-III-
VI is more complex than that of binary zinc-blende
semiconductors. CuGaSes is one typical material of
AIBM X VT semiconductors, and through the study on
such a material, the characteristics of other materi-
als in the group can be derived. In this paper, we
focus on a comparison between PR- and PL-spectra
by analysing the experimental data, and the features
and the applications of these two kinds of measure-
ment methods are completely revealed.
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2. Experiment

2.1. Experimental setup for PR-spectra
and PL-spectra

The experimental setup for the PR spectrometer
consisted of a Xe lamp (XBO,100W), a single diffrac-
tion grating monochromator (CVI,1200/grate,1/4m)
located in the path of the incident light beam, several
mirrors and lenses to guide the incident and reflected
light, and a Si-diode detector. The modulation source
was an Art-laser (5mw) chopped by a mechanical
chopper at a frequency of 30 Hz. Laser light scattered
on the sample was spectrally separated by a second
monochromator (SPEX 1704, 1600/grate, 1m) situ-
ated in the path of reflected light. In the case of pho-
toreflectance, it is important for the apparatus to have
a good filtering of the stray laser light, because it has
the same frequency (chopped) as the signal of interest
and can easily be detected. Furthermore, laser illu-
mination can produce band-gap photoluminescence,
which is greater in intensity than the signal of interest
under certain conditions. This problem can be elim-
inated by using long-focal-length optics or by using
a second monochromator running in unison with the
probe monochromator in this work. And for the low
temperature measurements, the samples can be cooled
down to 20K in a closed-He cryostat.

In the semiconductor photoluminescence (PL)
spectroscopy, electrons are excited to the conduction
band by light absorption (usually using a laser as
the light source). The resulting carriers then sponta-
neously relax to the valence band, emitting light in the
process. At low temperatures, phonon-mediated pro-
cesses which allow an electron to relax to the valence
band through defects in the crystal are suppressed.
As a result, cryogenic PL is typically much brighter
than room-temperature and high-temperature PLs.
PL spectrum was excited by the 514.5nm line of an
Ar™ laser operated at an output power of 300 mW for
the study of MOVPE grown sample. The incident
laser beam was focused by a cylindrical lens to avoid
the local heating of the sample. The emitted light was
spectrally analysed by a double grating monochroma-
tor (SPEX 1403) with a cooled GaAs photomultiplier
detector. For the low temperature measurements, the
sample was cooled down to 20K in a closed-He cryo-
stat. PL spectrum region of 1.4-2.1eV was corrected
according to the spectral sensitivity of the detection
system.

2.2. Experimental material

The MOVPE Cu,GaySe, layers were grown epi-
taxially on GaAs (001) substrates in a horizontal
quartz reactor (AIX200 SC). The precursors were cy-
clopentadienyl Cu tertiarybutal isocyanide (CpCuC-
NtB), triethyl Ga, and ditertiarybutyl Se using Pd-
diffused hydrogen as a carrier gas. Substrate temper-
ature and reactor pressure were 570°C and 5000 Pa
respectively. The substrate was rotated during the

growth procedure.

3. Experimental results and dis-

cussion

Figure 1(a) shows the typically observed lumines-
cence spectrum recorded on a Cu-rich MOVPE grown
CuGaSe, layer with a [Cu]/[Ga] ratio of 1.13 at 20K.
The peaks at 1.66eV and 1.63eV are mainly due to
the donor-acceptor-pair transition. The weak peak at
1.60 eV is identified as a phonon replica. The defected-
related PL bands are assigned to donor-acceptor-pair
recombination (DAP) transitions between a donor
level at 12meV below the lower conduction band and
two different acceptor levels at 60 and 100 meV above
the upper valence band. Each of the DAP bands is ac-
companied on its high-energy side by a free-to-bound
exciton (FB). The peak (hv=1.718eV) can be corre-
lated with free excitonic (FE) and bound excitonic
(BE) transitions.['*) With temperature increasing to-
wards room temperature, the FE- and BE-emission
peaks cannot be resolved; the overall band is fitted
with a Voigt profile dominated by the FE emission.
It accords with the observations in Refs.[11,12], that
with increasing excitation power and/or temperature,
the ratio Ipg/Irg diminishes and the peak observed
is only dominated by the free exciton. For this rea-
son, the peak gives an indication of FE transition.
The last peak at a high energy is close to the Ej
gap of CuGaSes, which is also presented in PR spec-
trum (shown in Fig.1(b)). CuGaSes is a chalcopyrite-
type semiconductor characterized by three valence-
split bands (I'7, I's and I'7), which originate from the
spin-orbit interaction (As,) and the non-cubic crys-
tal field (Acf). The three peaks labelled by E,, Ey
and E., which are usually observed in ellipsometry-
or PR-measurements, are due to transitions between
the conduction band and the three valence split bands.
Band energy, width and intensity are obtained by line-
shape analysis of the PR-spectra using Aspnes third-
derivative functional form (TDFF).['%]
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Fig.1. Typical spectra of a MOVPE grown CuGaSes layer with a [Cu]/[Ga] ratio of 1.13 at
20K. (a) PL-spectra, (b) PR-spectra, Ey; and Epy are respectively the low energy and the high

energy sub-bands of Ey.

Figure 2 demonstrates the temperature depen-
dences of PR-spectra and PL-spectra. With the in-
crease of temperature from 20 to 300 K, the PR spec-
tral bands appear less intense, red shifted and broad-
ened. At the temperatures up to 150 K, this behaviour
is mainly due to electron scattering on phonons. Gen-
erally, it is attributed to the thermal lattice expansion
and the dependence of mismatch strain on tempera-
ture. While as the temperature increases from 20 to
300K, the PL energy and intensity will decrease, but
the PL width increases. The PL energy shifting with
the temperature accords with the temperature depen-
dence of the material band gap of -0.2meV/K as es-
timated in Ref.[11]. The PL bandwidth of the sample
exhibits a nonlinear temperature dependence. And
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Fig.2.
spectra intensity I of the CuGaSeg layer.

Temperature-dependent PR-spectra and PL-

the PL intensity decreases by 3 orders of magnitude
with the temperature increasing from 20 to 300 K.

More details are discussed in the following.

1) The temperature dependence of energy peak
(E,)-band is shown in Fig.3, together with the tem-
perature dependence of the free-exciton (FE) transi-
tion of a recently performed PL investigation of the
same samples, between just 12meV below the lowest
conduction and the upper state of the three valence-
split band. The E,-band (PR) and the FE-peak en-
ergy (PL) in dependence of temperature can be fitted
with the Manoogian-Leclerc equation:!!¢!

E,(T) = E,(0)—COlcoth(8/2T) 1] — AE,(T)un, (1)
where
AE, (T),, = —3aa —22% x3.94 €, (T), (2)

which is the contribution of thermal expansion to band
energy; E4(0) is the band energy at T=0; the coth
terms represent contributions from electron—phonon

coupling; @ is the effective phonon temperature; a is
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Fig.3. Temperature-dependent energies of the E4-band (PR)
and the FE-peak (PL). The circles and the squares show the
PL and the PR experimental data respectively and the solid
lines are obtained by fitting to Eq.(1).[17]
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the band-gap deformation potential; and o = (2, +
a.)/3 with a, and «. being the linear dilation coef-
ficients along a and ¢ axes respectively, and e, (T)
being the temperature dependence of strain between
epilayer and substrate; the factor 3.94 is the coefficient
of a strain induced shift of the light hole (LH)-like up-
per valence band. At 20 K the energy-shift induced by
strain resulting from the band-gap energy shift of the
MOVPE-layer with respect to the band-gap energy of
the CVT single crystal is 7meV,['”) and it is just 22%
of the theoretically predicted value of 32meV due to

the strain-relaxation in the CuGaSe2-layers with an
overcritical thickness. This is because the measured
layer has a thickness of (220£20) nm, which is thicker

than a critical thickness of 120 nm.[8]

The values of E,;(0), C and 6 are listed in Table 1.
The values of #, 167 and 176, for PL and PR respec-
tively, are in good agreement with 6 = §9 p ~ 179 and
0p = 239 from Rincon’s work.l*¥) The result shows

the two different measurements to coincide with each
other well.

Table 1. Values of the parameters E4(0), C' and 6 obtained by fitting the experimental data

peak value vs T of Fig.3 and Fig.4 to Eq.(1).

Experiment style 4(0)/eV C/1076eVK~! 0/K
Eq PL 1.721344.64x10~4 1.70+£3.83 167+11.21
E, PR 1.722344.84x10~* 1.66+4.28 176+12.67
Ey PL 1.816241.99x1073 2.44+2.0 233435.90
Ey(Low energy) PR 1.81774£7.9x10~4 2.0£6.9 174+£17.07
E,(High energy) PR 1.8274+1.04x10~3 2.54+20 324437.30

In the whole temperature range from 300 to 20K,
the PL-energy values are systematically lower than
those of the PR-band energy, which results from the
local heating of the sample by the incident laser-
beam operated for PL-excitation at a power density
of 1kW-cm~2, which is 4 orders of magnitude higher
than the power-density of the laser used as modulating
source for PR-excitation.

2) It is shown in Fig.2 that with the photon en-
ergy E < 1.7eV, there are some apparent peaks in the
PL spectrum, while the PR spectrum is very smooth.
In a spectral range below 1.55eV, the PL spectrum
of the sample has two intensive peaks separately at
1.49eV and 1.51 eV, which are the peaks of emission
from the GaAs substrate.!'¥ As PR spectrum shows
the flat sign in below E,-band range in Fig.2, PR is
not sensitive to detecting Donor or Accepter energy
level.

3) It is shown in Fig.2 that while the tempera-
ture is 20 K, fine structures of the Ep-band (1.79eV—
1.85eV) and E.-band (2.0eV-2.05eV) can be ob-
served. The fine structures are attributed to the elas-
tic strains (CuGaSe; /GaAs and CuGaSey /Cu,Se)
induced in Cu-rich CuGaSes-layers partially covered
by CugSe-crystallites, for light can alternately pene-
trate regions of the bare CuGaSes -layer and regions
of the CuGaSe,—layer covered by Cu,Se. This results
in lower strains in the former case and higher strains
in the latter. Due to the differently strained regions

of the chalcopyrite film, the PR-bands observed with
the incident light reflected on the crystallites and on
the film-surface are differently shifted and the over-
all band seems to split into two sub-bands. And the
temperature dependences of the two peaks of Ej are
shown in Fig.4 together with the temperature depen-
dence of Ejp-band of PL-spectra. It is shown that all
the peak energies are decreasing with the temperature
increasing. The three values of peak energies can also
be fitted with Eq.(1), and the values of E,4(0), C and
0 are listed in the Table 1.
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Fig.4. Temperature-dependent values of E; for PR-

spectra (solid line) and PL-spectra (doted line). The trian-
gles and squares show the high energy and the low energy
experimental data respectively and the lines are obtained
by fitting to Eq.(1).

With the temperature increasing, the two peak
intensity amplitudes of Ej, are decreasing consistently,
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while the two broadening values of E} are increasing
consistently. The PL-intensity of E, is almost three
orders of magnitude higher than that of Ej, which, in
its turn, is one order of magnitude higher than that
of E. (Ig,:Ig,:Ip.:=3000:12:1). Furthermore, the PR
emission is governed by the polarization state of the
light through the Fresnel equations. But the PL emis-
sion does not depend directly on light polarization,
and the F, transition is expected to be most probable
and efficient, while the F, transition should be the less
efficient one. Thus, the almost equal PR-intensities of
the F,- and Ej-transitions and the lower intensity of
the E.-transition observed in the PR-spectra under
illumination with light polarized in the direction nor-
mal to the c-axis can be explained as being due to
a weak F,, a strong E} and a strong but less prob-
able E,. transition respectively. In the PR-spectra of
CuGaSes epilayer, the three valence-split bands, i.e.
E,, By and E., which are only weakly present in the
PL-spectrum, are clearly observed and can be evalu-
ated by using a third derivative functional.

In Papadimitriou et als®”! research, a linear de-
pendence of the band gap energy on Ga content is
found to accord with the results of PR studies on
Culn;_,Ga,;Ss.PR spectroscopy has been proved to
be the most accurate and reliable method of obtain-
ing the band gap energies directly, when applied to
the band structure studies.

So the PL spectrum exhibits the strong excitonic
emission to the upper valence band and the weak emis-
sions to the deep level valence bands; the PR is a more
sensitive tool for studying the band structure and is
also applicable to the study of deep level bands.

4) An overall decrease of the luminescence inten-
sity with increasing temperature can be attributed to
a change in the dominant recombination mechanism,
namely, from radiative to non-radiative recombina-
tions. Alterations in the near-band-edge luminescence
peak structure must be considered in terms of different
radiative recombination paths. No new luminescence
signal appears in the high-temperature spectra. In-
stead, the near-band-edge luminescence signal, identi-
fied at 20K as free-excitonic luminescence, shifts lin-
early with increasing temperature towards lower ener-
gies. So the opinion is ruled out that the luminescence
changes from excitonic to band-band with increasing
temperature, and the transition energies of the free-
exciton and the band-band luminescences would be
separated by Erx + kgT'/2, which causes the new lu-
minescence peak in the PL spectrum.?!! The inter-

pretation of near-band-edge luminescence dominated
by excitonic states at high temperatures is supported.
This interpretation accords with piezoelectric photoa-
coustic PPA measurement.??

The PL intensity of the sample decreases by 3 or-
ders of magnitude with temperature increasing from
20 to 300 K, which is shown in Fig.5. At the same tem-
perature, PVD films show that the intensity changes
by only a factor of 5. The reason for the difference
in decrease of PL intensity with temperature between
PVD and MOVPE films could be the carrier localiza-
tion associated with surface states at the grain bound-
aries of the polycrystalline PVD film or with confine-
ment effects in crystallites of sampler size (5nm).14
This behaviour can be understood on the assump-
tion that excitons are trapped in a number of defect
states increased, and located at the grain boundaries
of the polycrystalline-films. It is the dominance of
exciton trapping over trap-ionization with increasing
temperature. This is consistent with excitonic lifetime
that is inversely proportional to PL-peak widths and
the peak-broadening with increasing temperature. PL
band intensities are found to be strongly dependent on
temperature and growth mechanism.

For PR spectra, the spectral lines appear less
intense and red shifted with temperature increasing
from 20 K to 300 K, which is due to carrier scattering
on phonons and thermal-strain effects.
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Fig.5. Temperature-dependent peak intensities of PR-
spectra and PL-spectra.

5) Figure 6 demonstrates that the bandwidths of
the PL- and PR-spectra of the sample exhibit a nonlin-
ear temperature dependence, and the line widths be-
come broader with temperature increasing from 20 K
to 300 K. The line broadenings of the PR- and PL-
spectra are mainly due to the mismatch strain and the
size distribution of crystallites within the film. Be-
cause the strain is distributed across the layer, the
broadening introduced by the mismatch strain is in-
homogeneous.
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The temperature dependence of the linewidth
of the direct gaps of CuGaSe; can be expressed as

follows: 23]

Io(T) = Ip(0) + yacT + I'uo/[exp(fLo/T) — 1], (3)

where the first term on the right-hand side of Eq.(3) is
due to intrinsic effects (electron—electron interaction,
impurity, dislocation, and alloy scattering) at T=0;
the second term corresponds to lifetime broadening
due to the electron (exciton)—acoustic phonon interac-
tion; yac is the acoustical phonon coupling constant;
the third term is caused by the electron (exciton)-
longitudinal-optical (LO) phonon (Frohlich) interac-
tion; the quantity 1o represents the strength of the
electron (exciton)-LO phonon coupling; 61,0 is the LO
phonon temperature.[24

As the temperature is raised, the linewidth first
increases from its zero-temperature value because of
acoustical phonon scattering. Above 60-70 K, the LO
phonon contribution becomes important and eventu-
ally dominant in the linewidth. By means of a least-

square fit, the values of I't(0), I'Lo, Yac, fLo are ob-
tained and listed in Table 2. The differences in I
and 01,0 between the PR and PL experiments are also
mainly due to the local heating of the sample by the
incident laser-beam operated as mentioned above.
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Fig.6. Temperature-dependent broadening parameters of
PR-spectra and PL-spectra. The circles and squares show
the PL and PR experimental data respectively and the
solid lines are obtained by fitting to Eq.(3).

Table 2. Values of the parameters that describe the temperature dependence of I' (in terms

of HWHM) for the energy gap of CuGaSes.

Experimental style T'o(0)/meV I'to/meV fr.0/K vac /1078eV/K
PR 2.9740.09 579.45+27.99 1365.55 20.00
PL 2.40+0.32 46.96+1.08 262.61 2.72

6) The excitation source of the PL-spectra is Ar™
laser, which is easy to be assembled into a point of
light source through lens, and its radiation can be fo-
cused into a spot size of approximately 10 pum, and
even 0.8 ym with a microprobe. So it is possible for
PL-spectra to do mapping of the material.l'* The
light of PR-spectra is generated by a Xe-lamp, and
the light is difficult to assemble, so it is usually used
to make the surface-analysis of samples.

4. Conclusion

In this paper, we have presented a review of the
photoluminescence spectroscopy (PL) and photore-
flectance spectroscopy (PR) in experimental, theoret-
ical and instrumental aspects. The photoreflectance
is extremely useful, for it is contactless and has no re-
quirements for the special mounting of samples. More-
over, photoreflectance can be carried out even at room
temperature, providing as much information as that
obtained from the optical methods of PL, PLE spec-

The two tech-
niques of PR spectroscopy and PL spectroscopy are
used to study the same MOVPE grown Cu,Ga,Ses,
and the results can be summarized as follows:

troscopy at very low temperatures.

1) PL spectroscopy has been frequently used for
structural and optical characterization of chalcopyrite
materials. However, the PL spectra exhibit the strong
excitonic emission to the upper valence band and the
weak emissions to the deep level valence bands.

2) The temperature-dependent PR-spectra, the
FEy- and the E.- bands show a fine structure, so pho-
toreflectance (PR) is a more sensitive tool for studying
the band structure and is also applicable to the study
of deep level bands.
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