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Copper selenide (CuSe) thin films were prepared by chemical bath deposition (CBD) method.
X-ray diffraction (XRD) analysis was used to study the structure and crystallite size of CuSe thin film.
The grain size and the surface morphology were studied using Scanning Electron Microscopy (SEM)
and Atomic Force Microscopy (AFM). The optical properties were studied using the UV-Visible
transmission spectrum. The dielectric properties of the synthesized CuSe thin films were studied at
different frequencies and different temperatures. Further, electronic properties, such as valence electron
plasma energy, average energy gap or Penn gap, Fermi energy and electronic polarizability of the
CuSe thin films were determined. The AC electrical conductivity study revealed that the conduction
depended both on the frequency and the temperature. The temperature dependent conductivity study
confirmed the semiconducting nature of the films. Photoconductivity measurements were carried out
in order to ascertain the positive photoconductivity of the CuSe Thin films. This paper covers what
all has been stated above besides discussing the results of [-V characteristics.
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1. Introduction

Copper selenide (CuSe) belongs to I-VI compound
semiconductor materials. Copper (I) selenide exists in the
cubic, orthorhombic, tetragonal or monoclinic forms'. Copper
selenide heterojunction solar cells are cost effective and
high-efficiency devices used in the solar energy conversions.
CuSe is also used in the fabrication of photovoltaic devices
such as window material, super ionic conductor, electro-optical
devices, optical filter, thermo electric converter and photo
electrochemical cell. CuSe alloys have been one of the
most studied in recent years, with stoichiometric (a-Cu,Se,
Cu,Se,, CuSe, and Cu,Se) and non-stoichiometric (Cu, Se)
compositions exhibiting a continuous change of physical
properties. In addition, various crystalline phases have
been reported with orthorhombic, cubic, hexagonal, and
tetragonal structure, depending on the stoichiometry and the
growth methods®*. These features make the electrical and
optical properties interesting for applications in solar cells’,
super ionic conductor®, optical filters” and lasers®. The CuSe
semiconductor could be a direct gap of 2.2 eV or 1.4 eV
indirect’. Thin and continuous films with desired electrical
and optical properties are required for the preparation of
photoelectrochemical solar cells'. It is easier said than done to
obtain continuous and single phase CuSe film with the above
mentioned properties. Electrodeposition is one of the suitable
methods to prepare thin and continuous semiconducting films.
This technique provides numerous advantages such as low
temperature processing, low cost of synthesis, no need of
vacuum facility, no contamination to the surrounding. It is
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simply possible to control film thickness and morphology
by readily adjusting the electrical parameters as well as the
composition of the electrolytic solution''. The CuSe thin films
prepared by thermal evaporation and their structural, electrical
and optical properties have been studied'?. Preparation of
CuSe thin films by vacuum evaporation technique and its
annealing effect on structural, morphological, compositional
and optical properties have been investigated'®.Growth of
CuSe thin films using thermal evaporation method and their
properties have been investigated using structural, optical
absorption, and Raman spectroscopic techniques'*. The grown
CuSe thin films and their properties have been investigated
using X-ray diffraction, scanning electron microscopy and
optical absorption techniques®. To the best of our knowledge,
no such detailed investigation is available for studying the
properties of CuSe thin films which have been obtained
using electrodeposition technique.

Copper selenide has such electrical and optical
properties that are appropriate for a number of photovoltaic
applications. Copper selenide induces much interest since
it has been broadly used as solar cell applications'®. CuSe
thin films can be deposited by different techniques such
as physical vapour deposition, pulse laser evaporation,
electro deposition, spray pyrolysis, metal organic vapour
phase epitaxy (MOVPE)/metal organic chemical vapour
deposition (MOCVD), screen printing, successive ionic layer
adsorption reaction (SILAR), RF sputtering, and chemical
bath deposition (CBD)!'722. Thin film heterojunctions solar
cells play asignificant role as low cost, large area and high
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efficiency devices in solar energy conversion. In the present
paper is discussed how the CuSe thin films can be deposited
on the glass substrates by CBD method and how they can
be characterized by X-ray diffraction, scanning electron
microscopy (SEM), UV analysis, dielectric studies and
photoconductivity measurement.

2. Experimental Procedure

The substrate cleaning is very important in the deposition
of thin films. Commercially available glass slides with a
size of 75 mm x 25 mm x 2 mm were washed using soap
solution and subsequently kept in hot chromic acid and
then cleaned with deionized water followed by rinsing in
acetone. Finally, the substrates were ultrasonically cleaned
with deionized water for 10 min and wiped with acetone
and stored in a hot oven. CuSe thin films were prepared
on commercial microscopic glass slide by using the CBD
technique. The deposition bath consisted of an aqueous
solution of (0.5 M) copper sulfate pentahydrate, (0.1 M)
trisodium citrate, (0.5 M) sodium hydroxide, 4 ml sodium
selenosulphate solution and deionized water to make a total
volume of 50 ml. The deposition was carried out at temperature
60°C. The pH of the solution was about 9 and very slow
stirring of the solution was done during the deposition.
A glass substrate was placed vertically inside the vessel
with the help of a suitably designed substrate holder. After
a time period of 60 min, the glass slide was removed from
the bath and cleaned with deionized water and dried in the
hot oven. Uniform CuSe film with a thickness of 0.6 um and
having good adherence was obtained. Many trials were made
by optimizing the deposition parameters to obtain a good
quality CuSe thin film. The resultant films were homogeneous
and well adhered to the substrate with mirror-like surface.
The deposited good quality CuSe thin films were subjected to
characterization studies. The XRD pattern of the CuSe thin
films was recorded by using a powder X-ray diffractometer
(Schimadzu model: XRD 6000 using CuKa (A=0.154 nm)
radiation, with a diffraction angle between 0° and 90°.
The crystallite size was determined from the broadenings
of corresponding X-ray spectral peaks by using Debye
Scherrer’s formula. Scanning Electron Microscopy (SEM)
studies were carried out on JEOL, JSM- 67001. The optical
absorption spectrum of the CuSe thin films was taken by
using the VARIAN CARY MODEL 5000 spectrophotometer
in the wavelength range of 400 — 1400 nm. The dielectric
properties of the CuSe thin films were analyzed using a
HIOKI 3532-50 LCRHITESTER over the frequency range
50Hz-5MHz. Photoconductivity measurements were carried
out at room temperature by connecting the film in series
with a picoammeter (Keithley 480) and a dc power supply.

3. Results and Discussion

3.1. X-ray diffraction analysis

The phase composition and the structure of the film were
studied by X-ray diffraction analysis. The XRD patterns
of CuSe thin films are shown in Figure 1. The excellent
peaks (101), (102), (006), (110), (108), and (116) were
obtained in the powder X-ray diffraction studies. The peaks
were compared with JCPDS diffraction patterns from the
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[JCPDS Data File No.-00-020-1020]. The observed peaks
corresponding to the formation of hexagonal phase of CuSe
were indexed according to hexagonal structure. Knowing
the wavelength (1), full width at half maximum (FWHM) of
the peaks (), and the diffracting angle (0), the particle size
(D) was calculated by using the Scherrer formula,

0.9
D= 1
Pcosb )

From the above relation, the average size of the CuSe
was determined to be =~ 37.5 nm which agreed =~ well with
the reported values of 38 nm*.

3.2. SEM analysis

Scanning Electron Microscope (SEM) was used for studying
the surface morphology and the micro structural features of
the as-prepared CuSe thin films. SEM image was obtained
for CuSe thin film deposited on glass substrate in order to
study the surface of the thin film. Figure 2 shows the SEM
image of the CuSe thin films. The CuSe micrograph shows a
compact structure composed of single type of small, densely
packed microcrystals. The grains are well defined, spherical
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Figure 2. SEM Image of the CuSe thin films.
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and of almost similar size. The increase in grain size leads
to decrease in the grain boundaries, while in as-deposited
film, the grains are of smaller size, more compact with a
smooth grain background which is an indication of one-step
growth by multiple nucleation.

3.3. AFM analysis

The surface morphology of the film was analyzed by
Atomic Force Microscopy (AFM). Figure 3a, b show the
AFM image of the as-deposited CuSe thin films grown by
CBD technique on the glass substrate. It is observed from
the surface image that the particles are uniformly distributed
on the surface of the film. From the 2D image, it is seen that
the CuSe particles are found to agglomerate on the surface
of the film. AFM images show the granular nature of the
particles. This observation indicates that the film surface is
somewhat rough.

3.4. Optical studies

Optical properties are very significant as far as applications
in any optoelectronic devices are concerned. Optical band
gap and absorption coefficient are the two important
parameters of a solar cell material. In the present study,
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Figure 3. AFM images of CuSe thin film (a) 2 dimension (2D) and
(b) 3dimension (3D).
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optical characterization was done for the determination of
the nature of absorption spectrum and the energy bandgap of
CusSe thin films. The optical transmission spectrum of CuSe
films was recorded in the wavelength region 400-1400 nm
and it is shown in Figure 4. It is important to note that CuSe
films were very much transparent in the visible region.
The dependence of optical absorption coefficient on photon
energy helps to analyze the band structure and the type of
transition of electrons.

The optical absorption coefficient (o) was calculated
from transmittance using the following relation

1 1
a=- log (?] 2)
where T is the transmittance and d is the thickness of the
film. Determination of the optical band gap is based on the
photon induced electronic transition between the conduction
band and the valance band. As a direct band gap material, the
film under study has an absorption coefficient (o)) obeying
the following relation for high photon energies (hv) and
can be expressed as

A(hv-E)"?
o=—>""—

o A3)

where E, is the band gap of the CuSe films and A is a
constant. A plot of variation of (ahv)? versus hv is shown
in Figure 5. Using Tauc’s plot, the energy gap (Eg) was
calculated to be 2.40 eV which agreed well with the reported
values®. This was used to find out the nature of transition
in the thin film material.

3.4.1. Determination of optical constants

Two of the most important optical properties are the
refractive index and the extinction coefficient which are
generally called optical constants. The amount of light that
transmits through thin film material depends on the amount
of'the reflection and the absorption that take place along the
light path. The optical constants such as the refractive index
(n), the real dielectric constant (¢ ) and the imaginary part
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Figure 4. UV-Vis transmission spectrum of CuSe films.
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of the dielectric constant (g,) were calculated. The extinction
coefficient (K)) could be obtained from the following equation,

K= “4)
4

The extinction coefficient (K) was found to be 10.7 at

A =1400 nm.

The transmittance (T) is given by

(1- R)Z exp(—ar)

= 1- R exp(-2at) )

Reflectance (R) in terms of absorption coefficient can be
obtained from the above equation.
Hence,

R 1£./1-exp(—at+exp(at) ()

1+exp(—at)

Refractive index (n) can be determined from the reflectance
data using the following equation,

n;(R+1)¢\/3R2+10R—3 7)

2(R-1)

The refractive index (n) was found to be 2.3 at A =1400 nm.
The high refractive index makes CuSe film suitable for use
in optoelectronic devices.

From the optical constants, electric susceptibility (x,)
could be calculated using the following relation

&. =&y +4myc =n’ -k’ (®)
Hence,
2 2
n°—k® —¢
Ko=——"" )
Iz

where ¢, is the permittivity of free space. The value of
electric susceptibility (y,) was 4.29at A=1400 nm. Since
electrical susceptibility is greater than 1, the material can
be easily polarized when the incident light is more intense.
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Figure 5. Plot of (ahv)® vs photon energy (hv).
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The real part of the dielectric constant (¢) and the
imaginary part of dielectric constant (g,) could be calculated
from the following relations

(10)
(1)

The values of the real dielectric constant (¢) and the
imaginary dielectric constant (g,) at A=1400 nm were
estimated to be 3.756 and 9.802 x 10-respectively.

The lower value of the dielectric constant and the positive
value of the material were capable of producing induced
polarization due to intense incident light radiation.

&, =n’ -k’

& = 2nk

3.5. Dielectric studies

The dielectric constant was analyzed as a function of the
frequency at different temperatures as shown in Figure 6,
while the corresponding dielectric loss is shown in Figure 7.
The dielectric constant could be evaluated using the relation,

o =4 12
e (12)
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Figure 6. Dielectric constant of CuSe thin films.
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Figure 7. Dielectric loss of CuSe thin films.
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where ‘C’ is the capacitance, ‘d’ is the thickness of the
films, ‘e’ is the permittivity of free space, and ‘4’ is the
area of the films.

The plot between the dielectric constant and the frequency
for various temperatures is shown in Figure 6. The curve
reveals that the dielectric constant decreases with increase
in frequency and then reaches almost a constant value in the
high frequency region®. This also indicates that the value
of the dielectric constant increases with an increase in the
temperatures. The huge value of the dielectric constant at
low frequencies can be attributed to the lower electrostatic
binding strength, arising due to the space charge polarization
near the grain boundary interfaces. Owing to the application
of an electric field, the space charges are stimulated and
dipole moments are produced and are called space-charge
polarization. This apart, these dipole moments are rotated
by the field applied ensuing in rotation polarization which
also contributes to the high values. Whenever there is an
increase in the temperature, more dipoles are produced and
the value increases®. In the high frequency region, the charge
carriers might have a tendency to move to higher values
and dielectric constant falls to a low value before the field
reversal occurs. Figure 7 shows the variation of the dielectric
loss with respect to the frequency for various temperatures.
These curves show that the dielectric loss is dependent on
the frequency of the applied field, comparable to that of
the dielectric constant. The dielectric loss decreases with
an increase in the frequency at almost all temperatures, but
appears to attain saturation in the higher frequency range
at all the temperatures®’2,

In the proposed relation, only one parameter, viz., the
high frequency dielectric constant is required as input, to
evaluate electronic properties like valence electron plasma
energy, average energy gap or Penn gap, Fermi energy and
electronic polarizability of the CuSe thin films. The theoretical
calculations show that the high frequency dielectric constant
is explicitly dependent on the valence electron Plasma energy,
an average energy gap referred to as the Penn gap and Fermi
energy. The Penn gap is determined by fitting the dielectric
constant with the Plasmon energy®. The following relation®
is used to calculate the valence electron plasma energy, ho,,

1/2
Ho, = 28.8(Z—pj
M

According to the Penn model*!, the average energy gap
for the CuSe thin films is given by

(13)

Hrop
(6 - 1)1/2
where #rwp is the valence electron plasmon energy and the
Fermi energy?® is given by

p=

(14)

Ep =0.2948(Hep )’ (15)

Then, the electronic polarizability o is obtained using
the relation®>*,

_|_(rep)’s, }

_ 2 . M 0396 % 1072 em?
(#rop)” Sy+3E35

P

(16)

where S, is a constant given by
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2
Sy=1- Ep +£ Ep 17)
4E. | 3| 4E,
The Clausius-Mossotti relation,
a=3 M &=l (18)
4aN,p|l ey +2

The following empirical relationship is also used to
calculate o34,

[E
a=|1-322 |\ M 0396 %1072 em®
4.06 | p

Where E, is the bandgap value determined through the UV
transmission spectrum.

The high frequency dielectric constant of the materials
is a very important parameter for calculating the physical or
electronic properties of materials*’. All the above parameters
as estimated are shown in Table 1.

(19)

3.6. AC electrical conductivity studies

The conductivity of a material depends on its overall
characteristics, such as its chemical composition, purity
and crystal structure. Measurements taken with continuous
currents provide only total conductivity. In the present study,
electric ohmic contacts were made using air drying silver
paint on the opposite faces. Electrical measurements were
taken in the frequency range 20 Hz to 1 MHz using HIOKI
3532-50 LCRHITESTER. A chromel-Alumel thermocouple
was employed to record the sample temperature. A 30 minute
interval was used prior to thermal stabilization after each
measuring temperature. All the measurements were carried
out in atmospheric air.The temperature dependent AC
electrical conductivity study was carried out. The temperature
dependent AC conductivity of the CuSe thin films is shown
in Figure 8. It is observed that the conductivity (¢, ) increases
with an increase in the temperature and the frequency.
The activation energy of the CuSe thin films was found to
be 0.032 eV which agreed well with the reported values®.
Figure 9 shows the temperature dependent conductivity
of CuSe thin films. The figure indicates the exponential
behavior of the temperature dependent current confirming
the semiconducting property of the material®.

3.7. Photoconductivity studies

Photoconductivity is an important property of materials
by means of which the conductivity of the material changes
due to incident radiation. Photoconduction includes the

Table 1. Electronic parameters of the CuSe thin films.

Parameter Value
Plasma energy (ho ) 1521 eV
Penn gap (Ep) 3.502 eV
Fermi Energy (E,) 11.009 eV

Electronic polarizability 6.152 x 10 em?

(using the Penn analysis)
Electronic polarizability 6.452 x 107 cm?®
(using the Clausius-Mossotti relation)

Electronic polarizability (using bandgap)  6.232 x 10* cm?®




2015; 18(5)

generation and recombination of charge carriers and their
transport to the electrodes. Obviously, the thermal and hot
carrier relaxation process, charge carrier statistics, effects
of electrodes, and several mechanisms of recombination
are involved in photoconduction. Photoconductivity is due
to the absorption of photons (either by an intrinsic process
or by impurities with or without phonons), leading to the
creation of free charge particles in the conduction band and/or
in the valence band. It provides valuable information about
physical properties of materials and offers applications in
photodetection and radiation measurements. Field dependent
dark and photoconductivity plots of CuSe thin films are
shown in Figure 10. The plots indicate a linear increase of
current in the dark and visible light illuminated CuSe thin
films cases with an increase in the applied field depicting
the ohmic nature of the contacts®’. It is observed from the
figure that the photo current is always higher than the dark
current and both the photo and the dark currents of CuSe
thin films increase linearly with the applied voltage; thus
photo current is more than the dark current which may
be attributed to the generation of mobile charge carriers
caused by the absorption of photon leading to positive
photo conductivity. The low values of the dark current
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Figure 8. Variation of conductivity with log frequency.
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Figure 9. Temperature dependent conductivity of CuSe thin films.
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and insignificant rise in the photo current upon the visible
light illumination are as expected. But the photocurrent is
found to be more than the dark current. Hence it can be
said that the material exhibits positive photo conductivity.
This is caused by the generation of mobile charge carriers
caused by the absorption of photons. This is because of an
increase in the number of charge carriers or their life time
in the presence of radiation. The positive photoconductivity
of the films may be due to the increase in the number of
charge carriers and it ascertains the conducting nature of
the material. The dark current is less than the photocurrent,
signifying positive photoconductivity nature confirmed by
the reported results®’%.

3.8. I-V characteristics

I-V characteristics of the CuSe thin films are shown in
Figure 11. We can see that the flowing current through the
film increases linearly with the increasing of the voltage of the
electrodes. It is observed that the remarkably larger forward
current at all voltages has been obtained and it implies the
higher conductivity of these films. The remarkably increased
conductivity may be helpful in obtaining higher efficiency
in the solar cell.
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Figure 10. Photoconductivity study of CuSe thin films.
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Figure 11. I-V characteristics of CuSe films.



1006 Thirumavalavan et al.

4. Conclusion

The CuSe thin films were prepared by chemical
bath deposition (CBD) technique. The structural and
the morphological properties of CuSe thin films were
investigated by XRD and SEM methods. The XRD studies
showed well the crystallized and cubic structure of CuSe
thin films. The size and the morphology of the CuSe thin
films were characterized by using SEM and AFM studies.
The UV-Visible transmission spectrum showed excellent
transmission in the entire visible region. The optical
properties such as band gap, refractive index, extinction
coefficient, and electrical susceptibility were evaluated to
analyze the optical property. The dielectric constant and
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