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Abstract

Co-evaporation technique from three sources was used to prepare Cu(In, Ga)Se2 polycrystalline thin films for photovoltaic conversion. Their

conductivity was studied in the range 20–300 K. The grain boundary scattering mechanism is mainly responsible for the diffusion process in the

latter materials. In the low temperature region, we interpret the data in terms of Mott law and the analysis is very consistent with the variable range

hopping. However, thermoionic emission is predominant at high temperatures. When the conductivity deviates from the classical grain boundary

conduction models, inhomogeneity is then considered and parameters such as the standard deviation and the mean potential barrier height are

derived. Transmittance measurements yielded band gap values of 1.07 and 1.64 eV for CuInSe2 and CuGaSe2, respectively.
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1. Introduction

As environmental and energy resource concerns have

increased in recent years, greater attention has been given to

the I–III–VI2-type ternary compounds, to develop renewable

energy sources such as photovoltaic electric generators [1,2].

Ternary semiconductors of the type I–III–VI2 have received

considerable attention because of their potential applications

in optoelectronic devices [1,2]. CuInSe2 and CuGaSe2 have a

chalcopyrite structure and band gaps of 1.04 and 1.7 eV [3,4],

respectively. The mixed compounds of the latter materials are

leading candidates as absorbers in solar cells [5,6].

CuIn1�xGaxSe2 based solar cells have shown efficiencies as

high as 19% [7] with no evidence of degradation of the

absorber layer with time or light exposure. Thus the

investigation of some fundamental properties of both com-

pounds is necessary in determining the efficiency of the

resulting solar cells.

In this study, we present electrical and optical measurements

of co-evaporated Cu(In, Ga)Se2 thin films. The electrical data
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have been interpreted in relation with the polycrystalline nature

of these materials. The optical measurements have shown that

the latter materials characteristics namely their direct band gaps

and high absorption (a � 105 cm�1) coefficients are very

suitable for solar cells fabrication.

2. Experimental procedure

Polycrystalline Cu(In, Ga)Se2 films; i.e. CuIn1�xGaxSe2

films, have been deposited by three sources evaporation of Cu,

In–Ga and Se using simple tungsten boats. In a first time,

elemental fluxes were independently, and successively,

calibrated by measuring each deposition rate with a quartz

monitor. Then the deposition rates were controlled by the

source temperature. The whole deposition time was 25 min.

The evaporation sources being simple tungsten boats, a precise

control of the flux was quite difficult and, to avoid large

deviation from the expected final composition, each element

was weighted in order to be sure to approach the desired

stoichiometry. During the deposition, the evaporation rates

were around 0.1 n ms�1 for the metals and 2–3 n ms�1 for Se.

The substrates were cleaned using soap and deionised water.

Before they are introduced into a vacuum apparatus, they were

dried with N2 gas. A detailed description of the optimum
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Fig. 2. CuGaSe2 X-ray diffraction spectra.
conditions and the evaporation process are described in [8].

Particularly in the case of the mixed compound CuIn1�xGaxSe2,

different combinations of the metal sources have been tested

using three (Cu, In, Ga) and two (Cu + Ga, In or Cu, In + Ga or

Cu + Ga, Cu + In) metal sources, while an independent source

is systematically used for Se evaporation. In our latter study,

electron probe microanalysis (EPMA), scanning electron

microscopy (SEM) and X-ray photoelectron spectroscopy

(XPS) analyses were performed on the films, and it was

revealed that reproducible results can be achieved when the two

alloy sources (Cu + Ga and In + Ga) are used. The different

elements are homogeneously distributed all over the thickness

of the films and the composition does not vary strongly in the

bulk, with atomic percentages of the different elements in the

same order of magnitude than the one measured by EPMA.

Homogeneous films of thickness of 1 mm were deposited onto

smooth bare or Mo coated soda lime glass (SLG) at a substrate

temperature of 500 8C.

The films have been characterized by X-ray diffraction

(XRD) by means of a Siemens D-500 diffractometer using the

Cu Ka1 radiation source (l = 0.15406 nm) (PLC-IMN).

The dc conductivity was measured in the dark, using an

electrometer (Kheithley 617). Ohmic contacts were prepared

by evaporated gold dots.

The transmission of the materials was measured (by steps of

1 nm) at room temperature using a Cary 2300 spectro-

photometer.

3. Results and discussion

3.1. X-ray diffraction

Figs. 1 and 2 show X-ray spectra of both CuInSe2 and

CuGaSe2 thin films, respectively. No separate phase of other

compounds was observed within the detection limits of XRD

analysis. Both of the materials are polycrystalline in nature

with a chalcopyrite structure. They exhibited preferential

growth film crystallites corresponding to (1 1 2) planes.
Fig. 1. CuInSe2 X-ray diffraction spectra.
The grain size l of these films was calculated using the

Scherrer formula

l ¼ l

D cos u

where D is the full width at half maximum of the peak and l is the

wavelength of the X-rays. The typical value of grain size

calculated from (1 1 2) peak for these films is 40 nm. Visualisa-

tion by SEM [8] has shown that the films exhibit the classical

features of the CIGS polycrystalline films and have good adher-

ence to the substrate. This surface morphology was also reported

by different authors [9–11]. Guha et al. [11] have observed that

the surface roughness of CIGS films determined from the

reflectance data and assuming spherical nature of the grains as

an approximation [12] decreases with increasing Ga content. In

our study, we observed that the films have good compactness and

the surface aspect is correlated to the ratio y = Cu/(In + Ga)

value. The surface becomes porous with high roughness when y

is too much higher than 1. This surface modification is probably

due to the formation of some copper based binary compounds.

3.2. Electrical properties

The variation of the conductivities with temperature (ln s

versus 103/T) for CuInSe2 and CuGaSe2 is presented in Figs. 3

and 4, respectively.

As it is well known, optical as well as electrical properties, are

controlled by the film composition. The determined ratio Cu%/

In% for CuInSe2 is 0.79. This composition presents an excess of

indium and the most probable intrinsic defect is indium on a

copper site. The n-type conductivity of our thin film is then

associated with the intrinsic antisite defect InCu whose formation

energy is very low. The main difference between CuInSe2 and

CuGaSe2 is the difficulty of obtaining n-type CuGaSe2.

It is observed in Fig. 3 that the conductivity increases slowly in

the range 20–150 K while in the high temperature region it is

found to increase very sharply. The conductivity value of

CuInSe2 at 300 K is 0.17 cm�1 V�1. The values of the activation
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Fig. 3. Experimental variation of conductivity as a function of temperature for

CuInSe2.
energies calculated from the Arrhenius plots of the conductivity

in the low and high temperature regions are 6.0� 1.8 and

112� 5 meV, respectively. The activation energy of the

conduction process at low temperatures is low and it can either

be due to the conduction from a shallow donor level or due to the

predominance of the hopping conduction mechanism. Excitation

of shallow levels is unlikely due to the polycrystalline nature of

our films. The hopping mechanism arises in grain boundaries

when a charge carrier is transferred from a charged trap centre to

a neutral one. This process requires thermal activation.

It is difficult to distinguish between thermally activated

hopping mechanism having a fixed activation energy

(s = s0 exp �DE/kT) [13,14] and the variable range hopping

conduction process. The conduction due to variable range

hopping as proposed by Mott [15], is given by

s ¼ s0

T1=2
exp

�
�
�

T0

T

�1=4�
Fig. 4. Experimental variation of conductivity as a function of temperature for

CuGaSe2.
The value of T0 is associated with the homogeneity and the

disorder in the films. The variable range hopping conduction

process requires a value T0/T higher than 1.

Fig. 5 shows the variation of ln sT1/2 = f(1/T1/4). The plot is

linear and it is possible that variable range hopping occurs in the

grain boundary region of our material. Accordingly, T0 is

expressed functionally as [15]

T0 ¼
la3

kNðEFÞ

Here N(EF), l, a and k are, respectively, the density of states at

the Fermi level, a dimensionless constant, the decay constant of

the wave function of the localized states near Fermi level and

Boltzman constant. The experimental calculated value of

T0 = 1.4 � 105 is consistent with the proposed model. The

pre-exponential factor s0 is given by

s0 ¼ 3e2nph

�
NðEFÞ
8pak

�1=2

Here nph is the Debye frequency �3.3 � 1012 [14].

The hopping distance R and energy W are, respectively,

given by the following expressions:

R ¼
�

9

8pakTNðEFÞ

�1=4

; W ¼ 3

4pR3NðEFÞ

Simultaneous solutions of the above equations when l = 18

[13]

NF ¼ 5:55416� 1010ðs0Þ3T
1=2
0 eV�1 cm�3

At T = 100 K we have

a ¼ 64:303s0T
1=2
0 cm�1; R ¼

�
41:5634

aNðEFÞ

�1=4

Values of T0/T, aR� 1 and W� 1 are presented in Table 1 and

compared to previous works [16,17]. The validity of the vari-

able range hopping conduction process is then confirmed since

all the conditions are satisfied.
Fig. 5. Variation of ln sT1/2 as a function of 1/T1/4 for CuInSe2.
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Table 1

Mott parameters for the variable range hopping in CuInSe2

Sample: CuInSe2 T0 (K) N(EF)

(�1018 eV�1 cm�3)

R at 100 K

(�10�6 cm)

a (�106 cm�1) aR W at 100 K

(meV)

[17] 5.97 � 105 0.62 2.72 1.21 3.3 19.13

[16] 0.41 0.048 (200 K) 19 (200 K)

Our result 1.4 � 105 2.6 1.9 1.21 2.3 13.39

Fig. 7. Variation of ln sT1/2 as a function of l/T1/4.
The high temperature region of the conductivity has been

interpreted however in terms of thermoionic emission. In fact,

when the temperature is increased the transport results from

carriers possessing enough energy to surmount the potential

barrier at the grain boundary [18]. The conductivity in this case

is given

s ¼ e2ln

ð2pm�kTÞ1=2
exp

�
� EA

kT

�

where n, l and m are, respectively, the carrier concentration, the

average grain size and the density of states effective mass of the

carriers. The activation energy EA, which determines the

potential barrier height calculated from the variation of

ln sT1/2 as a function of 1000/T (Fig. 6) is 135 � 5 meV.

For CuGaSe2 thin film, the ratio Cu%/Ga% is 1.09. As

expected, it presents a p-type conductivity and a measured

conductivity at 300 K of 5.4 � 10�2 V cm�1. The deduced

activation energies from the Arrhenius plots of the conductivity

(Fig. 4) in the low and high temperature regions are 4.0 � 0.8

and 40.0 � 0.2 meV, respectively. It is more realistic to

interpret these results in connection with the polycrystalline

nature of our film. Hence, the transport is governed by the

trapping of the carriers in the grain boundaries.

Fig. 7 shows the variation of ln sT1/2 as a function of 1/T1/4.

Table 2 summarises the results of the variable range hopping

conduction process for CuGaSe2. The N(EF) value is somewhat

smaller than that found for CuInSe2. This could be interpreted

by a probable inaccuracy of the pre-exponential factor s0
Fig. 6. Variation of ln sT1/2 as a function of 1000/T.

Table 2

Values of Mott parameters for the variable range hopping in CuGaSe2

T0 (�104) 2.81

N(EF) (�1015 eV�1 cm�3) 3.99

R at 100 K (�10�5 cm) 1.89

a (�104 cm�1) 8.13

aR 1.54

W at 100 K (meV) 8.87
expression. Discrepancies in N(EF) values for CdTe films were

also reported by Lemoine and Mendolia [14].

In the high temperature region, the activation energy

deduced from Arrhenius plots presented in Fig. 4 is

40.0 � 0.2 meV. Activation energies of acceptor levels ass-

ociated with copper and gallium vacancies are, respectively

(50–60 meV) [19–21] and (45–56 meV). [22]. However, since

our material is polycrystalline in nature, it is unlikely to

consider the excitation of the carriers from these defects. So,

thermoionic emission is responsible for the increase of the

conductivity in this region. Fig. 8 shows the variation of ln sT1/2

as a function of 1000/T. The deduced activation energy is

50.6 � 0.9 meV. This value compares well with that reported

by Gandotra et al. [23].

The special case of conductivity of the mixed compound

CuIn1�xGaxSe2 (x = Ga/(In + Ga) = 0.13) exhibits a particular

behaviour. The Seto model and other classical grain boundary

models [24,25] assume that the films are built of identical

rectangular grains, in each direction. But, the conductivity of
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Fig. 8. Variation of ln sT1/2 as a function of 1000/T.

Fig. 9. Curved temperature-dependant conductivity of CuIn1�xGaxSe2 thin

film.
polycrystalline semiconducting films depends sensitively on

the potential barriers and space charge regions that are built up

around grain boundaries. This fact has been considered by

Werner [26] and interpreted in terms of inhomogeneity of grain

boundaries. So the curved Arrhenius plots of the conductivity

are due to potential fluctuations of the grain boundaries.

Werner [26] has proposed potential variations among

different boundaries and models the fluctuating barriers F

by a Gaussian distribution

PðFÞ ¼ 1

sF

ffiffiffiffiffiffi
2p
p exp

�
� ðF̄�FÞ2

2s2
F

�

Here F̄ denotes the mean barrier and sF is the standard

deviation. The barrier F is replaced by an effective current

barrier Feff

FeffðTÞ ¼ F̄ðTÞ � s2
F

2kT=q

where k is the Boltzman constant and q is the electron charge.

The second term of this equation results in a decrease of Feff

upon cooling and consequently the slopes of Arrhenius plots of

the conductivity are therefore curved upwards.

Werner [21] has shown that the temperature dependent

activation energy is given by

EA ¼ �k
d

dT�1
ln

�
s

T

�
¼ q

�
F̄ðT ¼ 0Þ � s2

F

kT=q

�

The temperature dependence of the conductivity is well

described by a parabola such as ln(s/T) = ax2 + bx + c with

x = 1/T (Fig. 9). The values of the standard deviation sF and

the mean potential barrier height F̄ðT ¼ 0Þ are obtained from a

and b. Their respective values are 6.3 and 34.8 mV. We believe

that the deduced small value of the potential barrier height is

mainly correlated to the high carrier density at 300 K

(n = 1.1 � 1017 cm�3) of our sample. It is worth noting that
Hall measurements were carried out at room temperature by

using the Van der Pauw method.

The traps in the grain boundaries are assumed to be

initially neutral and become electrically charged after

trapping the mobile carriers. Potential barrier at the grain

boundary and depletion regions are then created. If the carrier

density is smaller than the trapping states, the carriers are

almost then trapped. As a result, the measured carrier density

must be small and both the resistivity and the potential barrier

height values are high. So, we conclude that the high carrier

density of our polycrystalline thin film explains well, the

derived small value of the potential barrier height. Moreover,

the value 6.3 mV of the standard deviation which reflects the

potential fluctuation is ascribed to the inherent crystallites

distribution of sizes and inhomogeneity of grain boundaries of

the studied thin film.

3.3. Optical measurements

The absorption coefficient a has been calculated from the

measured transmission T(log 1/T = OD (OD: optical density))

of two samples with different thickness:

a ¼ 1

t2 � t1
log

�
T1

T2

�

where t is the thickness of the film.

Any errors occurring in the values due the uncertainties

induced by this technique are much less than the errors in the

thickness measurements that dominate the experimental errors.

CuInSe2 and CuGaSe2 being a direct band gap semicon-

ductors, the plot of (ahn)2 versus the photon energy hn is

reported in Figs. 10 and 11 for the two materials, respectively,

since for allowed direct band gap transition, the absorption

coefficient a can be related to the photon energy by

ðahnÞ2 ¼ Aðhn� EgÞ
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Fig. 10. Plot of (ahn)2 vs. hn for CuInSe2 thin film.

Fig. 11. Plot of (ahn)2 vs. hn for CuGaSe2 thin film.
where A is a constant which depends on the transition prob-

ability and the refractive index, and Eg is the optical energy gap.

From the extrapolation of (ahn)2 versus hn curves to (ahn)2 = 0,

the average values of the band gap Eg estimated for CuInSe2

and CuGaSe2 are 1.07 and 1.64 eV, respectively. These values

compare reasonably well with the results 1.04 and 1.07 eV

reported in [27,4], respectively. But the calculated band gap

value of 1.07 eV is higher than the value of 1.04 eV usually

reported. This is explained by the indium-rich composition of

our thin film. It is seen that more indium-rich films have higher

energy gaps than less indium-rich ones [28]. If the In/Cu ratio

increases, indium occupies some of the copper sites, resulting

in antisite defects. The size of the indium atom being larger than

that of copper, it would increase the bandgap.

4. Conclusion

It is confirmed that the electrical transport of the charge

carriers in polycrystalline Cu(In, Ga)Se2 thin films is governed
by grain boundaries scattering processes. Hence the con-

ductivity data in the low temperature range for the latter

materials is analysed via a variable range hopping. However,

thermoionic emission is responsible of the conduction process

at high temperature region in both polycrystalline thin films.

The conductivity of the particular case of the mixed quaternary

thin film is influenced by the fluctuation of the potential barrier

induced by the inhomogeneity of the grain boundaries. The

direct bandgaps and the high absorption coefficient values of

both CuInSe2 and CuGaSe2 confirm that these materials are

very suitable for photovoltaic conversion.
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