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Millimeter size high quality crystals of CuGaS, were grown by chemical vapor transport. The highly ordered chalcopyrite
structure is confirmed by X-ray diffraction and Raman spectroscopy. According to energy dispersive X-ray spectroscopy the
composition of the crystals is very close to the formula CuGaS,. Room temperature photoluminescence measurements indicate
the presence of an emission peak at about 2.36 eV that can be related to a donor-acceptor pair transition. The electrical resistance
as a function of the temperature is very well described by the Mott variable range hopping mechanism. Room temperature
complex impedance spectroscopy measurements were performed in the alternating current frequency range from 40 to 107 Hz
in dark and under normal light. According to the impedance spectroscopy data the experimental results can be well described
by two circuits in series, corresponding to bulk and grain boundary contributions. An unusual positive photoresistance effect is
observed in the frequency range between 3 and 30 kHz, which we suggest to be due to intrinsic defects present in the CuGaS,

crystal.

1 Introduction

The ternary chalcopyrite compounds with the general formula
CuME, M =1In, Ga; E =S, Se) are semiconductors with direct
band gaps in the range suitable for photovoltaic applications.
Solar cells based on Cu(In,Ga)Se, thin-films have demon-
strated to yield efficiencies beyond 20% in the laboratory, !
which makes this type of materials very attractive to be used in
large-area solar modules.? Since the first report of the synthe-
sis and structural characterization of ternary chalcopyrites,
extensive studies have been carried out to investigate their
physical and chemical properties. Among this family of mate-
rials, CuGaS, has a direct band gap of about 2.40 eV at room
temperature,* very close to the optimum band gap of 2.41 eV
for the realization of intermediate band solar cells with a the-
oretical limiting efficiency of 46% under 1 sun illumination.>
Furthermore, CuGaS, has also been considered a good can-
didate for applications in visible light-emitting devices. For
this reason, heterodiodes involving p-type (p) CuGaS, with
n-type (n) CdS,® Al7 and more recently, n-GaP® were made.
Resistivity, Hall coefficient and Hall mobility in the tempera-
ture range 77 — 400 K revealed that intrinsic defects are the
important factors controlling the electrical properties of p-
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CuGaS, single crystals.® The photoconductivity (PC) spectra
of undoped p-CuGa$, crystals, with dark resistivity of ~ 10°
Q-cm at room temperature, exhibit sharp peaks in the band
edge range related to a band-to-band transition and a band-to-
shallow donor transition. !° The observed polarization depen-
dence of the PC spectra is indicative of crystal field splitting. '!

Previously, positive photoresistance effect was observed
in several semiconductor materials/systems such as Co-
doped Si,'?> GaAs/AlGaAs,'? p-type Cd,Fe; ,Se,'* Ga-
doped PbTe, !> amorphous Se,'6 ¥-In,S, 17 and ZnO.'® In
most cases, the explanation for this effect has been the re-
duction of the major carrier concentration due to impurities
levels, which act as recombination centers. To our knowledge
the positive photoresistance effect has not been reported for
CuGasS,.

Alternating current (a.c.) impedance spectroscopy (IS) has
been considered as a powerful alternative method to character-
ize the electrical properties of materials.'® IS measurements
are done over a wide range of frequencies, typically from 102
to 107 Hz, and the different regions of the sample are identi-
fied according to their electrical relaxation times or time con-
stants.?? In the solar cell technology, this technique has been
used to find equivalent circuits, which describe the structure
and operation of the device under illumination, as in the case
of CdTe/CdS photovoltaic structures. !

The aim of this work was to investigate the electrical trans-
port properties of chalcopyrite-type CuGaS, crystals as a
function of the temperature and the complex impedance be-
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havior in dark and under white light illumination of the sample
at room temperature. The changes of the resistance at specific
a.c. frequencies allowed us the determination of the frequency
range in which the negative and positve photoresistance ef-
fects can be observed, as well as the mechanisms dominating
the transport properties in our crystals.

2 Experimental section

CuGasS, crystals were synthesized by the iodine vapor trans-
port method??. A mixture of Cu,S (201 mg, 1.3 mmol)
and Ga,S; (297 mg, 1.3 mmol) was sealed in a quartz am-
poule (length 10 cm and diameter 1.5 cm) along with I, (8.4
mg-cm~?). The ampoule was placed in a two zone horizontal
oven with a source temperature (7s) of 940 °C and a growth
temperature (7¢;) of 800 °C verified by a thermocouple type K.
The crystals were allowed to grow for three days and the prod-
uct was washed with acetone and diluted HCI. Crystals with
a dark green color and average size of 600 x 600 x 300 pum?
were obtained. A typical as-grown CuGaS, crystal is shown
in Fig. 1.

In- electrodes

Fig. 1 Top-view SEM image of an as-grown CuGaS, crystal. Inset:
Position of the In-electrodes on the CuGaS, crystal.

X-ray powder diffraction (XRD) patterns were measured on
a STOE Stadi P diffractometer in Debye-Scherrer mode with
Cu K radiation (A = 1.540598 A) at room temperature. The
data were recorded with a linear PSD over the 20 range of 5
to 90°.

Raman spectroscopy of a CuGaS, crystal was carried out
at room temperature under ambient conditions in backscat-
tering geometry. The sample was excited by the light of a

frequency-doubled solid state laser emitting at A = 532 nm.
The laser light was focused by means of a 50x microscope ob-
jective with a numerical aperture of NA= 0.42 onto the sam-
ple and the scattered light was collected by the same objec-
tive. We used a Jobin Yvon U1000 double spectrometer (fo-
cal length of 1m) equipped with two 2400 1-mm~! gratings
and a liquid nitrogen cooled CCD with a pixel pitch of 13.5
um for spectral dispersion and detection. The slit width used
for these measurements corresponds to a spectral resolution
of 0.4 cm~'. For polarization dependent measurements, we
used an achromatic A /2 waveplate positioned between beam-
splitter and objective. Thereby, the polarization of the incident
light was rotated with respect to the sample and the collected
light was rotated in the opposite direction by the same angle.
Because the analyzer was set fixed to be parallel to the original
laser polarization, all these measurements were carried out in
parallel polarized configuration.

Photoluminescence (PL) measurements were carried out
using continuous wave HeCd laser radiation at 325 nm for
nonresonant excitation. The PL signal was collected by using
a numerical aperture NA= 0.4 UV-Vis objective. For spectral
resolution the signal was transferred to a spectrometer with a
320 mm focal length.

Scanning electron microscopy (SEM) images and elemen-
tal analysis by means of energy dispersive X-ray (EDX) were
measured using a FEI nanolab200 microscope. For measuring
the transport properties, a crystal with size of 670 x 500 x 100
um? was contacted with Indium electrodes (see inset Fig. 1)
and mounted on the cold head of a standard closed cycle re-
frigerator inside a vacuum bell, with a minimum temperature
of 25 K.

The impedance spectroscopy (IS) measurements were car-
ried out at room temperature in the darkness and under normal
white light produced by an incandescent light bulb (typical
luminance ~ 500 Ix and power density ~ 1 W-cm™2). The
measurements of the IS were done using an Agilent 4294-A
Impedance Analyzer over the frequency (f) range of 40 Hz
to 10 MHz and at constant frequencies exploring the time de-
pendence in the response. Each measurement was done using
alternating current (a.c.) signals with an excitation voltage of
1V.

3 Results and discussion

3.1 Structural and optical properties

The XRD pattern of milled CuGaS, crystals in Fig. 2 shows
a single phase tetragonal chalcopyrite (CH) structure (space
group 142d)3 with lattice parameters a = 5.35 A and ¢ = 10.49
A, which are in agreement with those values reported for sto-
ichiometric CuGa$S, (a = 5.35 A and ¢ = 10.47 A).?> How-
ever, twinning of the crystals prevented us from determining
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the crystallographic orientations of its faces.
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Fig. 2 XRD diffraction pattern (linear intensity scale) of a) milled
CuGaS, crystals and b) calculated pattern for chalcopyrite type
(CH) CuGaS, based on single crystal data. 3

EDX measurements of the as-grown crystals (spectrum
shown in Fig. 3) give an atomic composition of 25.7% Cu,
25.5% Ga and 48.8% S, which is in agreement with the for-
mula CuGaS,.
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Fig. 3 EDX analysis of an as-grown CuGaS, crystal.

The room temperature PL spectrum of as-grown CuGaS,
crystals is shown in Fig. 4. The main PL signal is observed
at about 2.36 eV. This emission peak may correspond to a re-
combination of an acceptor-donor pair.24?% In CuGaS,, Cu
and S vacancies act as an intrinsic acceptor and as a compen-
sating donor, respectively.??” The crystals may have a large
number of these two vacancies raising the density of acceptor-

donor pairs, which make the observation of this emission peak
possible. The strong broadening of the PL peak is due to
the strong increase of the exciton (electron)-phonon interac-
tion at room temperature.?® Similar experimental tendencies
have been observed in temperature dependence of photolumi-
nescence measurements of CuGaS, crystals 2?30 and CuGas,
films epitaxially grown on Si(111) substrates.

T T T T T T T T T T T T T

PL intensity [a.u.]

1 1 1
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Fig. 4 Photoluminescence (linear intensity scale) recorded at room
temperature of an as-grown CuGaS, crystal.

The Raman spectrum is dominated by a very strong line at
311 cm™! exhibiting A; symmetry (see Fig. 5). This is in
very good agreement to Raman spectra reported in the liter-
ature.3!733 Also the other modes observed by us agree well
with those found previously. The observed polarization de-
pendence of the individual phonon modes results from their
respective symmetry. Due to twinning of the crystal we could
not unambiguously determine the symmetries of the other
phonon modes observed by us from their polarization depen-
dent behavior. However, the dependence of the peak intensi-
ties on the polarization direction showed only a two-fold sym-
metry (see inset of Fig. 5) which substantiates the high crys-
talline quality of the sample.

3.2 DC electrical properties

The electrical behavior of the sample-electrode system was
checked by measuring its characteristic current-voltage (I —
U) curves at 300 K. The contacts showed a linear, Ohmic re-
sponse in a wide range of voltage, see Fig. 6b. Thus, the
In-electrodes ensured the possibility to carry out reproducible
impedance spectroscopy measurements.

Temperature dependent measurements of the resistance
R(T) were performed in the temperature range of 200 — 300
K, see Fig. 6. At lower temperatures the resistance increased
to values over the range of our devices. The temperature de-
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Fig. 5 Raman spectrum of a CuGaS, crystal in parallel polarized
backscattering geometry. The green bars at the bottom mark the
phonon energies reported by Carlone ef al.>? The inset shows the
normalized area of the A peak in dependence on the polarization
angle which is given relative to the direction the highest A; intensity
was observed for.

pendence of the resistance R(T) in the measured temperature
range follows the variable range hopping (VRH) mechanism
described by the equation:

R(T) =Ry-exp [(TO/T)W} €]
where Ry is a prefactor and Ty is a characteristic temperature
coefficient. The value of p depends on the nature of the hop-
ping process, e.g., in the case in which the density of states
N(Er) at the Fermi level Ef is constant, the VRH resistance
is expressed with p = 4 according to Mott.>* Taking into ac-
count Mott’s law, the characteristic temperature coefficient Tp
depends on the density of states N(Er) at the Fermi level in

the form?
18

kgE3N(EF)
where & is the localization length and kg is the Boltzmann
constant. The experimental data of the temperature depen-
dence of the resistance R(T") can be well fitted using Eq. 1,
see Fig. 6. From the fitting curve a value for the characteristic
temperature coefficient of 7o = 1.81- 10° K was obtained, and
assuming a typical value for the density of states N(Er)~ 10
eV~l.cm™3 for chalcopyrite semiconductor materials,3° a lo-
calization length & ~ 0.2 nm was obtained, which is agree-
ment with typical values found in the literature (0.3 — 3 nm).>’

@

TO,Mott =

3.3 Dynamic properties

Impedance spectroscopy measurements on a CuGaS, crystal
were carried out at room temperature under an incandescent
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Fig. 6 Temperature dependence of the resistance R(T') of a CuGaS,
crystal. Insets: a) In[R(T')] versus T-1/4 and b) characteristic I — U
curve of the same sample recorded at 295 K showing ohmic
behavior. Solid lines are the fitting curves according to Eq. 1 to the
experimental data.

light bulb and in darkness. In a first experiment, the photore-
sistance effect at a constant a.c. frequency of f = 75 Hz was
investigated on a CuGaS, crystal. The rate of change of the
resistance with respect to the time was measured when light
with typical luminance of ~ 500 Ix was repeatedly switched
on and off, as shown in Fig. 7. Here is to observe a quick
decrease of the resistance of ~ 20% in the first two seconds of
illumination. The recovery of the initial state of the resistance
is relatively quick. In the same Fig. 7 the reversibility of the
photoresistance effect is demonstrated.

In a second experiment the a.c. frequency dependence of
the resistance R(f) of the sample in darkness and under illu-
mination at different periods of time was investigated, the re-
sults of the impedance Z’ and reactance Z” are shown in Fig.
8. In the low frequency range (40 Hz < f < 3 kHz), signifi-
cant changes in the negative photoresistance effect as function
of the illumination times are observed. For the intermediate
frequency range (3 kHz < f < 30 kHz) an unexpected posi-
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Fig. 7 Photoresistance measurements performed on a CuGaS,
crystal using a fixed a.c. frequency of f =75 Hz.

tive photoresistance is observed. These experimental results
are discussed in more detail together with the photoresistance
effect measurements at different fixed frequencies. For f > 30
KHz no difference between darkness and illumination are seen
within the experimental accuracy.

The experimental impedance results can be well described
using a simple equivalent circuit consisting of two circuit units
connected in series; each of them is described by a capacitor
and a resistor in a parallel circuit. The resistance Z' can be
expressed as follows

R Ry
7' = + 3
1+R3f2C7  1+R3f2C3 )
and the expression for the reactance Z is
" _ R%fcl R%fCZ (4)
1+RIf2C 14+ R3f2C3

where R, R, and Cy, C; are the resistance and capacitance for
circuit 1 and 2, respectively (see inset of Fig. 8a).

In Fig. 9 the experimental Cole-Cole plots (Z' vs Z") are
shown together with their respective fitting curves (solid lines)
and the values obtained for the best-fitting parameters of the
equivalent circuit describing the experimental results are listed
in Table 1.

According to their capacitance values, the circuit 1 (R-Cy)
can be related to the contribution of the grain boundaries and
the circuit 2 (R,-C;) to the bulk properties of the crystal. 2 It is
noticed that the contribution due to grain boundaries is more
sensitive to the illumination than the bulk contribution. Ac-
cording to the photoluminescence results, our CuGaS, crystal
has a relative high density of vacancy defects, which in general
are predominantly present at the grain boundaries. 383
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12 ol —e—t=90s
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ks s —o—t=0
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o —e =180 s
0.0F 4

a.c. frequency f [Hz]

Fig. 8 IS measurements on a CuGa$, crystal: a) resistance Z’ and
b) reactance Z” as a function of a.c. frequency f. Solid lines are the
fitting curves according to Egs. 3 and 4 to the experimental data in
a) and b), respectively. Inset in a) is the equivalent circuit modeled
for the IS experimental data.

Assuming that the density of defects levels are shallow and
non-discrete, the applied white light excites more effectively
the electronic transitions between acceptor or donor levels and
the bands than the fundamental electronic transition between
states at the band edges.

In a final experiment, the transient photoresistance effect
at different fixed frequencies was investigated in order to get
information about the relaxation times (7) involved in the pro-
cess. In Fig. 10 the experimental results together with the
fitting curves are plotted. The rate of change of the resistance
with respect to the time (¢), either under illumination (light on,
Lo,) and after illumination (light off, L,rr) can be expressed
as the sum of two exponential functions:

R()~R(t=0) _ T AVIEEY
R(t:O)—A—i-a-exp<— o >+cexp( o ()5)

where a and ¢ are pre-exponential factors and, A, b and d
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Fig. 9 Cole-Cole plots of IS measurements on a CuGaS,, crystal in
darkness, under illumination (light on) and in darkness after
illumination (light off). Solid lines are the fitting curves according to
Eq. 3 and 4 to the experimental data.

Table 1 Best-fitting parameters describing the equivalent circuit
proposed for the impedance spectroscopy results presented in Fig. 9

Condition  R; [MQ] C1 [F] R, [MQ] G, [F]
Darkness 3.4 2.7-10~10 94 3.5-10° 11
Light on

r=0 1.3 8.1.10~10 9.1 3.2.10711
r=30s 1.4 6.6-10710 8.6 3.2-10° 1
r=60s 1.2 8.0-10710 8.7 3.2.1071
r=120s 1.3 6.6-10710 8.4 3.2-10711
Light off

r=0 3.0 2.4.10710 8.3 3.5-1071
r=30s 2.9 2.8.10710 8.8 3.5-10°1
r=90s 3.2 2.7-10710 9.0 3.5-10711
t=180s 3.2 2.8-10710 9.3 3.5-10° 11

are free parameters. Tj is related to the relative sharp de-
creasing of the resistance when the lamp is switched on (L,,).
The decrease in the resistance occurs in an interval of time
Ty = 1.2£0.2 s for all the a.c. frequencies. The term 7, gives
the relaxation times, which are in the range of 7, =37+ 1 s.
For the changes in the resistance observed after illumination
(Logr), Eq. 5 also describes well the experimental data. In
this case, T; is substituted by 73 and 7, by 74. Both charac-
teristic times 7y and 73 have similar values and are related to
the rate of generation and recombination of charge carriers,
respectively. *>*! The term 74 has values in the range of 60+ 5
s and is related to the carrier lifetime taking into account that
this characteristic time corresponds to the mechanism of the
slow exponential increase of the photoresistance. 404>

The increase of the resistance upon illumination of the

CuGaS, crystal was observed in the a.c. frequency range 3
kHz < f < 30 kHz. This response can be explained by the
reduction of the majority carrier due to a recombination pro-
cess.*3 For this model to be valid in a p-type semiconductor
material, it is mandatory that a shallow level is localized near
the conduction band and a deep level lies under the Fermi level
in the energy band structure. Minority carriers (electrons in
the case of p-type CuGaS,) formed from the deep level upon
illumination recombine with majority carriers in the shallow
level, which acts as a recombination center. We assume that
the capture cross section for electrons (and holes) of this ion-
ized donor like trap is substantially enhanced or activated due
to a resonance process between a hole plasma (present in the
donor like trap as also observed in the semiconductor GaAs '%)
and the frequency of the a.c. signal. This overall process re-
duces the free carrier density in the presence of light and in a
certain a.c. frequency range. Further experiments need to be
carried out in order to corroborate these assumptions.

o
o
S
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-0.10
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-0.15

-0.20

-0.25 : !
0 100 200

Time t[s]

Fig. 10 Photoresistance effect as a function of the a.c. frequency f.
Lon and L, sy indicate the switch on and off of the lamp at time

t =60 s and = 240 s, respectively. Solid lines are the fitting curves
according to Eq. 5 to the experimental data.

4 Conclusions

We have investigated the electrical transport properties of
CuGaS, crystals using impedance spectroscopy. XRD pat-
terns and Raman spectroscopy together with elemental anal-
ysis by means of EDX show that our crystals are composed
of single-phase chalcopyrite CuGaS,. The relative changes of
the resistance of the sample under illumination are in the order
of 25%. This photoresistance effect is relative quick, which
makes the semiconductor CuGaS, attractive for future appli-
cations as photodetector in the visible range. The impedance
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spectroscopy shows different responses according to the fre-
quency of the alternating current signal, i.e. when the CuGaS,
crystal is illuminated with white light and frequencies less
than 3 kHz the resistance decrease, but using frequencies in
the range of 3 — 30 kHz an unusual increase in the resistance
is observed. These results are interpreted assuming the pres-
ence of a high density of defect levels in the sample.
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