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In this study, optical and electrical characteristics of the Cu0.5Ag0.5InSe2 (CAIS) polycrystalline thin films were in-
vestigated. Theywere deposited on soda lime glass substrateswith the evaporation of pure elemental sources by
using physical thermal evaporation technique at 200 °C substrate temperature. The thin filmswere characterized
firstly in as-grown form, and then annealed under the nitrogen environment to deduce the effects of annealing
on the optical and electrical properties of the deposited thin films related to their structural changes. In fact,
these material properties of the CAIS thin films were studied by carrying out transmission, Hall Effect, and
temperature dependent dark- and photo-conductivity measurements as a function of annealing temperature.
From the optical analysis, the band gap energies were found between 1.44 and 1.51 eV for the as-grown and
annealed films, respectively. The analysis of electrical conductivity showed that electrical properties of the
films were dependent on the variable range hopping and thermionic emission conduction mechanisms at low
temperature region and above the room temperature, respectively. Under different illumination intensities, the
photo-conductivity properties of CAIS film sampleswere analyzed under the consideration of two-center model.
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1. Introduction

The research on the thin film solar cells of chalcopyrite semiconduc-
tor materials has been attracted the attention to obtain high quality ab-
sorber film layer [1]. Among the family of the these materials, I–III–VI2
set of ternary compounds are popular due to offering desired properties,
such as being a direct band structure, having high absorption coefficient
and their optoelectronic characteristics to be used for the possible
device applications [2]. Although CuInSe2 (CIS) [3] and AgInSe2 (AIS)
[4] are themost popular ternary chalcopyrite thinfilms for theuse of ab-
sorber layer, their Cu-based quaternary analogies have been considered
to be a potentially more suitable materials for thin film heterojunctions
[5]. In fact, the world records for thin-film efficiency have been reached
by using Cu(In,Ga)Se2 (CIGSe) [6]. In the case of these semiconductor
compounds, Cu/Ag substitution has been point of interest in the
improvement of absorber material quality [7] which is mostly about
shorting effect of Cu atoms due to having high diffusion coefficient [8].

The structural characteristics of the CAIS samples under the effect of
annealing temperature were completed in the previous work [9]. The
as-deposited films were found to be nearly stoichiometric and Se-
deficiency was appeared in the composition after applying annealing
Ankara 06800, Turkey.
processes. In addition to this change, according to measurements on
surface morphology analysis, there were Se crystallites localized on
the as-grown film surface and with increasing the annealing tempera-
ture, their size distribution was decreased and then they were disap-
peared. Both as-grown and annealed samples were found to have
tetragonal structure and showed polycrystalline behavior with (112)
main crystalline orientation direction at the major peak 2θ ≅ 27°.
Based on these results, in this work, the optical and electrical properties
of the films were investigated depending annealing temperature.

2. Experimental details

CAIS thin films were deposited by thermal evaporation technique
applying the sequential stacked layer evaporation steps by using the
pure evaporation sources, Cu, Ag, In2Se3 and Se, on chemically cleaned
glass substrates. The details of the experimental procedure in the depo-
sition process were discussed in the previous work [9]. Following to the
deposition of the thin film samples, the post-annealing treatmentswere
applied to the films under nitrogen atmosphere in the temperature
range of 300–500 °Cby100 °C step for 30min to see the effect of anneal-
ing on the optical and electrical characteristics of thin films depending
on the structural changes. On the other hand, the samples in Maltese-
Cross shape were prepared for the electrical measurements by the
metallic evaporation of In contact using suitable copper masks to this
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film geometry. After about 200 nm thick metal contact deposition,
samples were annealed at 100 °C under nitrogen atmosphere to
enhance the contact behavior.

The optical properties of the CAIS films were evaluated by transmit-
tance measurements using Perkin-Elmer LAMBDA 45 UV/Vis spectro-
photometer in the wavelength interval from 320 to 1100 nm at room
temperature. For the electrical analysis, room temperature Hall Effect
measurements were performed via current-voltage measurements
with and without magnetic field. In this measurement, the current
was supplied by Keithley 220 programmable current source, and the
voltage was measured by Keithley 619 electrometer/multimeter. Walk-
erMagnionModel FFD-4D electromagnet was used to producemagnet-
ic field and the strength of applied magnetic field was kept constant at
about 0.9 T in all measurements. In addition, temperature dependent
dark- and photo-conductivity measurements were done in the temper-
ature range of 100–420 K with 10 K temperature step. They were
performed inside the Janis cryostat equipped with a cooling system by
means of liquid nitrogen and the sample temperature was controlled
by LakeShore 331 temperature controller. At each temperature step,
Keithley 2400 sourcemeterwas used to apply bias voltage to the sample
and tomeasure the resultant current. The conductivity of the samples at
each temperature point were measured under dark condition and
five different illumination intensities varying in between 20 and
115 mW/cm2.
3. Results and discussion

The analysis of optical spectra is one of the most useful tools to de-
duce the optical and electrical properties of the semiconductors [10].
As seen in Fig. 1, an enhancement in the transparency when CAIS thin
films were subjected to annealing in between 300 and 500 °C, was
observed in the optical transmission values of the films. This variation
in transmission spectroscopy of the materials might be dependent on
the structural transformations and possible re-ordering on the surface
of the thin film with annealing process. As indicated in EDS analysis,
the re-evaporation or segregation of the some constituent elements
modifies the surface properties of the samples.

The absorption coefficient (α) of the samples was calculated using
the transmission values by using the relation;

α λð Þ ¼ 1
d

ln
I0
I

� �
ð1Þ
Fig. 1. The transmittance spectra of the CAIS samples.
where T(λ) is the normalized transmittance and d is the thickness of the
thin films. The absorption coefficient of the films was calculated in the
studied spectral region and they were found in between 8.5 × 104 and
7.0 × 105 cm−1 depending on annealing process. The low transmission
of the films can be the indication of the high absorption characteristics
of the films, so they can be evaluated as the absorber layer in device
applications [11].

Fig. 2 depicts the relation between absorption coefficient and photon
energy for the CAIS thin films in the high absorption region. According
to the Tauc plots [12], the optical band gap values were determined
for the as-grown and annealed films as 1.51, 1.50, 1.48 and 1.44 eV, re-
spectively. Although the calculated bang gap values were different than
some literature works [13,14], they were in a good agreement with re-
sults reported by other several researchers [15–17]. The differences
with the results of the other reportedworksmay be due to themorpho-
logical variations and deposition conditions of the films. However, the
variation in the band gap values can be attributed to the observed struc-
tural modifications since the annealing temperatures were higher than
the substrate temperature applied during the film growth. This change
can also be evaluated in terms of the increase in the band tailing in
the structure [17]. Therefore, by increasing the annealing temperature,
the width of localized states tails may increase and so that it can be ex-
plained by increasing of surface states around the crystallites [15] and
increase in the density of tail states adjacent to the band edge [16]. Al-
though the spin orbit and crystal field splitting behaviors were reported
in the literature for this film structure [13], valance band splitting was
not observed in the measured optical spectra of these deposited films.
Since it is not a general expectation for the chalcopyrite films [18,19],
thenature of the single optical transition in both as-grown and annealed
CAIS thin films can be relatedwith the strain values in the structures. On
the other hand, the variations in the fundamental band gap values
between this experimentalwork and theprevious studies on CAIS struc-
ture may be due to the non-cubic crystalline field effect [20].

The electrical and photo-electrical properties of the CAIS films were
analyzed by means of temperature dependent conductivity under dark
and illuminated situations; and room temperature Hall Effect measure-
ments. These measurements were carried out by applying the van der
Pauw method on samples deposited in Maltese-Cross geometry [21,22].
In order to determine the general behavior of the conductivity and the
existent current transport mechanisms, the dark conductivity analysis
were done against the ambient temperature and the experimental data
was illustrated in Fig. 3. As shown in this figure, the conductivity of
the samples was increasing with increasing sample temperature. The
Fig. 2. The variation of (αhν)2 with the photon energy for CAIS samples.



Fig. 3. Temperature-dependent electrical conductivity of as-grown and annealed CAIS
films.

Fig. 4. Plots of ln(σT1/2) versus T−1 in the high-temperature region for the as-grown and
annealed at 300 and 400 °C CAIS film. Solid lines are the best fit lines.

Fig. 5. Plots of ln(σT1/2) versus T-1/4 in the low-temperature region for the as-grown form
and annealed at 300 and 400 °C CAIS film. Solid lines are the best fit lines.
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variation of dark conductivity with the inverse of temperature showed
different linear regions for samples except film annealed at 500 °C.
These variations can be taken as the indication of existence of different
conduction mechanism dominating in a different temperature region
with different activation energies. These energies also imply the existence
of various defect levels in the forbidden band gap region [23]. On the
other hand, at the last annealing step, the variation of the conductivity
values was almost temperature insensitive. The semiconductor proper-
ties of the film annealed at 500 °C transformed into a degenerate form
with the effect of segregation and/or re-evaporation of Se atoms in the
surface structure. As observed fromFig. 3, therewere three distinct slopes
in the curve, two different regions at the low temperature and one at high
temperature regions. Therefore, the expression of the dark conductivity
of the samples was analyzed by considering the all possible conduction
mechanisms. For the high temperature regionwhere the rate of the elec-
tron emissionwas excessively affected by the change in the temperature,
thermionic emission over the barrier was considered as a predominant
conduction type. This conductivity model can be expressed as;

σTE ¼ σ0TET
1=2 exp −Ea

�
kBT

� �
ð2Þ

where σ0TE is the pre-exponential term, T is the ambient temperature, kB
is the Boltzmann constant and Ea is the activation energy [24]. The neces-
sary fitting procedure was applied to the experimental data by using
Eq. (2) to determine the thermal activation energies (see Fig. 4). Above
the room temperature, the calculated energies were 264.2, 201.8 and
72.9 meV for as-grown, 300 and 400 °C annealed samples with a good
agreement of correlation coefficient, R2 value as 0.99 (Fig. 4). Since the
conductivity for the sample annealed at 500 °C was almost temperature
insensitive, the corresponding activation energy was calculated as
28.2 meV.

In the low temperature region, 170–270 K, the conductivity in-
creases slowly with temperature and the temperature dependence of
the electrical conductivity obeys variable range hopping (VRH) model.
According to thismodel, the possibility of passing over the grain bound-
ary potential barrier is not taken into consideration for charge carriers
because of insufficient thermal activation energy less than kT value.
Therefore, hopping can be agreed as a conduction mechanism between
the localized states near the Fermi level [25,26]. As shown in Fig. 5, the
conductivity of the films at this temperature region can be explained by
3D Mott VRH model and the parameters related to the Mott-VRH were
listed in Table 1. In this region, bestfitting parameterswere obtained for
the conductivity values by using the expression [27]:

σM ¼ σ0M=T1=2 exp −T0M
�
T

� �1=4� �
ð3Þ

whereσ0M is thepre-exponential parameter and T0M is the characteristic
temperature constant. Their values were estimated from the straight-
line nature of ln(σM T−1/2) versus T−1/4 plot (Fig. 3) by Mott's equation
(Eq. (3)). Moreover, σ0M and T0M can be defined as the following
relations:

σ0M ¼ e2a2hνphN EFð Þ ð4Þ

and

T0M ¼ λr3
.

kBN E Fð Þ
ð5Þ



Table 1
Values of the Mott VRH conduction parameters.

Sample T0M
(K)

σ0M

(K1/2/Ωcm)
r
(1/cm)

N(EF)
(1/eV cm)

RM

(cm)
WM

(meV)
R2 rRM WM/kBT

As-grown 8.36 × 106 3.57 × 102 3.32 × 108 9.16 × 1023 1.56 × 10−8 68.5 0.98 5.19 3.46
Anl-300 8.01 × 105 9.73 × 101 2.37 × 107 5.74 × 1021 1.03 × 10−7 38.2 0.98 2.89 1.92
Anl-400 1.67 × 105 1.23 × 101 1.62 × 106 5.29 × 1018 1.21 × 10−6 25.8 0.99 1.95 1.30

Fig. 6. Plots of ln(σT) versus T−1/2 in the high-temperature region for the as-grown and
annealed at 300 and 400 °C CAIS film. Solid lines are the best fit lines.
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where e is the electronic charge, αh is the variable hopping distance, νph
is the phonon frequency, N(EF) is the density of localized states around
Fermi energy level (EF), λ is the dimensionless constant, r is the localiza-
tion radius for the wave functions of the localized states around the
Fermi level. In this VRHmodel, T0M is also related to the degree of disor-
der, (T0M ⁄T), in the structure [28]. In addition, νph is generally taken
~1013 Hz [30]. Although the lower limit of λ was reported as to be 16
[18], it was accepted as about 18.1which is a commonusage in this anal-
ysis [29]. The other parameters in this model, average hopping distance,
RM,

RM ¼ 9�
8πrkBTN E Fð Þ

� �1=4
ð6Þ

and average hopping energy, WM;

WM ¼ 3�
4πR3

MN E Fð Þ ð7Þ

were also calculated and the obtained values listed in Table 1 were
analyzed under the requirements of this model of conduction
mechanism.

In the polycrystalline materials, the value of T0M is a measure of de-
gree of disorder in the structure [30]. In these deposited film samples,
T0M showed the decreasing behavior with increasing annealing temper-
ature. In addition, the VRH results indicated that the calculated density
of localized states near the Fermi level decreased with annealing tem-
perature and it may be due to the effects of annealing process on the
chemical bonds re-arrangements in the film structures [31]. In general,
annealing process lowered the conductivity by an order of magnitude
[29] and this decrease in the conductivity can be the result of the
diminishing hopping states in the structure. The expected value of r
and N(EF) are about 108 cm−1 and 1020 cm−3·eV−1, respectively and
these parameters listed in Table 1 were in a good agreement with the
reported values [32,33]. The fitting and calculated parameters were rea-
sonable within Mott's requirements of the localized state model asW N

kBT and rR N 1. In fact, the value of rR indicates the degree of localization
of carriers in the trap states [30].

In the low temperature region, 100–170 K, Efros-Shklovskii T−1/2

VRHmodel, where Coulomb effect serves as a barrier to the conduction
process, fitted the experimental data with the regression coefficient, R2

with a value of 0.99 (Fig. 6). In this model, Mott's conduction behavior
changes to the following temperature dependence under the effect of
Coulomb interaction [34];

σES ¼ σ0ES=T exp −T0ES
�
T

� �1=2� �
ð8Þ

where againσ0ES is the pre-exponential term and T0ES is the characteristic
temperature for this model. The characteristic temperature in Efros-
Shklovskii VRH model is given as,

T0ES ¼ βre2
.

4πkBεε0
ð9Þ

where β is a numerical coefficient, α is exponential decay constant
defined in Mott's model, ε is the dielectric constant of the material and
ε0 is the free space permittivity. In this expression, according to Shklovskii
et al. [34], β can be taken as about 2.8. For the Efros-Shklovskii type of
conduction, the most probable hopping distance can be defined as:

RES ¼ 1�
4r

T0ES
�
T

� �1=2 ð10Þ

and also average hopping energy can be calculated from the following re-
lation:

WES ¼ 1�
2kBT

T0ES
�
T

� �1=2 ð11Þ

According to this model, electron-electron interaction reduces the
density of states at the Fermi level and therefore, creates Coulomb
gap. This gap width, in 3D case, can be expressed as [35]:

ΔES ¼ e3N E Fð Þ1=2
.

4πεε0ð Þ3=2
ð12Þ

In this phenomenon, the occupied states are separated from empty
states by the gap equal to ΔES [34]. The obtained values of the VRH
parameters were given in Table 2. According to these results, this
model exactly matched with the experimental conductivity behavior
at this temperature interval, and also the calculated values showed
that the gapwidthΔES is comparable to the hopping energyWES because
of Coulomb effect. The characteristic Efros–Shklovskii parameters had
the same systematic variation with the Mott parameters when
compared with each other. Calculated average hopping distance and
average hopping energy values for Efros–Shklovskii model were lower
than those for Mott model as observed in the literature works [36,37].
This observation supported the possibility of a crossover in VRH
mechanism from the Mott type to the Efros-Shklovskii type [38].

Hall Effect measurements were performed for all CAIS samples
under the constant magnetic field strength of about 0.9 T at room
temperature. The sign of Hall-voltage showed that all the samples
were p-type and their conductivity behaviors were also confirmed by



Table 2
Values of the Efros-Shklovskii VRH conduction parameters.

Sample T0ES
(K)

σ0ES

(K/Ωcm)
RES

(cm)
WES

(meV)
ΔES (meV) R2 WES/kBT

As-grown 7.06 × 103 7.05 × 10−2 5.77 × 10−9 39.7 48.8 0.99 3.84
Anl-300 5.76 × 102 9.54 × 10−1 1.95 × 10−8 11.4 6.1 0.99 1.10
Anl-400 5.58 × 102 1.61 × 101 3.33 × 10−7 11.2 5.7 0.99 1.08
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hot probe method. Moreover, the room temperature carrier concentra-
tion values of the as-grown film and annealed films annealed were
found between 1.89 × 1016 and 3.56 × 1018 cm−3; and the Hall mobility
valueswere obtained as in the range of 0.33–3.58 cm2/V·s, respectively.

The photoconductivity characteristics of the samples were also
investigated with conductivity measurements under five different
illumination intensities. Fig. 7 shows the temperature dependence of
dark current (Idark) and photocurrent (Iph) in between 100 and 420 K.
These plots also present the increasing behavior of the conductivity
values with increase in illumination intensity at each temperature
step. As seen in Fig. 7, the photoconductivity values were greater than
the dark conductivity values, and it can be taken as the contribution of
the photo-carriers to the conduction. Moreover, the conductivity of
the samples increases with increasing the illumination intensity. The
variation of the photo-conductivity values was investigated by
photosensitivity calculations in which it was used as a basic parameter
for photo-conductive materials [39,40]. The photosensitivity analysis
of these CAIS films illustrated that there was a decreasing behavior with
increasing annealing temperature. On the other hand, the change in the
ratio of dark and illuminated currents depending on the applied voltage
increased with the increasing illumination intensity for all samples. In
order to study the carrier recombination characteristics in the CAIS
films, the relation between the photocurrent and photoexcitation inten-
sity was analyzed. The power exponent coefficient of proportionality
for each film at different ambient temperature was calculated. The
corresponding analysis for all CAIS films at the absolute temperatures
between 100 and 400 K with 50 K increments were shown in Fig. 8.
The variation with the illumination intensities has the characteristic of
Ipc α Φɣ where the exponent, ɣ, is a distinctive indicator of the non-
equilibrium carriers and determines the type of the recombination
Fig. 7. The variation of the photoconductivity with temperature and illumination intensity for CA
mechanism [41]. The photo-conductivity dependence of light intensity
and temperature was calculated according to two-center model [42].
At low temperatures this coefficient was below 0.5 for as-grown films,
and around 1.0 for the films annealed at 300 and 400 °C, and it was al-
most 0.5 for the films annealed at 500 °C. Then, the ɣ values increased
up to 1.0 for as-grown and to 1.2 for the films annealed at 300 °C.
In addition, it reached to about 2.0 for the films annealed at 400 and
500 °C. According to the two-center recombination model; as-grown
and 500 °C annealed CAIS thin films change its behavior from sublinear
to supralinear with the variation in the sample temperature; however,
the other annealed films were found in the supralinear photoconductiv-
ity behavior at all temperatures. This increasing behavior of the expo-
nent ɣ values with increasing ambient temperature confirmed the
longer lifetimes for free carriers and stronger recombination process at
the film surface [43].

4. Conclusion

The aim of this study was to determine the optical and electrical
properties of the CAIS thin films under the effect of post-thermal an-
nealing as a continuation of the work on the structural characterization.
Although the transmittance measurements were performed using the
same samples which were used in the previous work, for the electrical
characterization the samples prepared in the Maltese cross-shaped ge-
ometry in the same deposition process were used and also In-Ohmic
contact deposition were carried out on these films after applying each
annealing processes. The studies on the optical characteristics of the
films revealed that the transmission values of the all films were found
in the limit of 40% and the absorption coefficient of these filmswere ob-
tained in the order of 105 cm−1. In the band structure analysis, the band
IS films (a) as-grown, (b) annealed at 300 °C, (c) annealed at 400 °C, (d) annealed at 500 °C.



Fig. 8. The variation of the photocurrent as a function of illumination intensity for CAIS films (a) as-grown, (b) annealed at 300 °C, (c) annealed at 400 °C, (d) annealed at 500 °C.
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gap energies were for the as-grown and annealed films between 1.44
and 1.51 eV. The temperature dependent dark conductivity measure-
ments exhibited that the electrical properties of the films were depen-
dent on the same conduction mechanisms even if annealing process
was applied. At low temperature region, VRHwas found to bemain con-
duction mechanism; however thermal emission became dominant
above the room temperature. Then, by applying five different illumina-
tion intensities on the sample, the photoconductivity characteristics
were investigated. With further analysis, photoconductivity behavior
of the filmswas found in a good agreementwith the two-center recom-
bination model and so that the supra-linear photoconductivity was ob-
tained from the relation between the photocurrent and the illumination
intensity. From the Hall Effect and hot probe measurements, all of the
samples revealed p-type conductivity behavior. As a result of the room
temperature Hall Effect measurements, improvement in both of Hall
mobility and hole concentration values were observed depending on
increase in the annealing temperature.
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