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The impedance characteristics of the nanostructure p-ZnGa2Se4/n-Si heterojunction diode were investigated
by impedance spectroscopy method in the temperature range (303–503 K) and the frequency range (42 Hz –
5 MHz). The real and imaginary parts of the complex impedance are changed with the frequency. Both are
decreased with increasing temperature at the lower frequencies and are merged at the higher frequencies. The
dielectrical relaxation mechanism of the diode was analyzed by the Cole–Cole plots. The Cole–Cole plots under
various temperatures exhibit one relaxation mechanism. With increasing temperature, the radius of the Cole–Cole
plots decreases, which suggests a mechanism of temperature-dependent on relaxation.

PACS: 84.37.+q, 87.63.Pn

1. Introduction

Defect chalcopyrite compounds with the chemical for-
mula AIIBIII

2 CIV
4 contain a crystallographically ordered

array of vacancies (stoichiometric voids or vacancies)
in the cation sublattice [1, 2]. The low packing effi-
ciency of constituent atoms in lattice facilitates the dop-
ing of these compounds by impurities [1, 3]. These or-
dered vacancy compounds form a bridge between impu-
rity physics and crystal physics [4]. They are a class of
materials with high technological interest due to their
semiconducting properties, broad band gaps, high opti-
cal strength, high photosensitivity and intense lumines-
cence, and potential applications in linear, nonlinear op-
tical and photovoltaic devices [1, 2, 4]. In particular,
HgGa2S4 and Cd1−xHgxGa2S4 are widely used as non-
linear optical materials [5]. Also, tunable filters based
on CdGa2S4 and UV photodetectors based on CdAl2S4

are already used as devices [4]. ZnGa2Se4 which is
one of these defect chalcopyrite ordered vacancy com-
pounds is a photosensitive material [5]. In addition, it
can be used for phase change memories [6]. The electri-
cal properties of ZnGa2Se4 thin films have been previ-
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ously studied in our laboratory [7]. Also, we analyzed
the current–voltage characteristics of Al/p-ZnGa2Se4/
n-Si/Al nanocrystalline heterojunction diode [8].

Impedance characteristics provide a basic mechanism
of electrical properties of the device. While direct
current–voltage characteristics of the device give a resis-
tive response, alternating current–voltage characteristics
give both a resistive and a capacitive response [9]. The
complex impedance spectroscopy is an important tool to
analyze the electrical properties and to get more infor-
mation about the relaxation process of the investigated
device [10]. It allows the investigation of intrinsic mate-
rial parameters such as the frequency dependence of real
and imaginary parts of impedance as well as the internal
structures of the device [11].

The present paper aims to analyze the complex
impedance spectroscopy of Al/p-ZnGa2Se4/n-Si/Al het-
erojunction diode. The application of the ac technique of
the complex impedance analysis eliminates pseudoeffects,
if any, in the material electrical properties by separating
out the real and imaginary parts of the material electrical
properties. It has unique features to investigate the elec-
trical properties of a material, which are independent of
the sample geometrical factors [12]. A Cole–Cole plot, an
equivalent electrical circuit, the activation energy ∆Eτ of
the relaxation process and the bulk resistance and its ac-
tivation energy is calculated and interpreted.
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2. Experimental details

The preparation details of ZnGa2Se4 film were de-
scribed elsewhere [8]. The thin film of ZnGa2Se4
was grown by thermal evaporation technique (Edward’s
E-306A) onto the n-Si substrate. The silicon substrate
was placed on a flat holder rotated horizontally of 3 r/m
for the more homogeneity of the film. The distance be-
tween source of material and substrate holder was about
20 cm to keep the Si substrates at room temperature
to avoid the heating flow to the substrate. The vac-
uum chamber was pumped up to 2 × 10−5 Torr. The
temperature of the compound was then raised, until the
whole material is evaporated with a deposition rate of
about 2.5 nm/s. Film thickness was controlled by using
a thickness monitor (Edward FTM5), and then measured
accurately by employing Tolansky’s method of multiple-
-beam Fizeau fringes [13] and it was found to be about
179 nm. The obtained p-ZnGa2Se4/n-Si was annealed at
700 K for 1 h. Then, Al electrodes were deposited by
the thermal evaporation technique using a suitable point
contact mask of radius 3 mm. The thickness of Al for
the upper and lower electrodes is about 100 nm.

The nanostructure of the ZnGa2Se4 was confirmed by
means of X-ray diffraction (XRD) and atomic force mi-
croscope (AFM) in previous work [8]. For XRD anal-
ysis of the investigated sample, Philips X-ray diffrac-
tometer (model X’-Pert) was used for the measurement
by utilizing monochromatic Cu Kα radiation operated
at 40 kV and 25 mA. The AFM micrographs were investi-
gated by Park System XE-100E AFM. The analysis of the
grain size was done by Park system XEI software. The
impedance Z was directly measured by a computer con-
trolled HIOKI 3532-50 LCR meter. The sample temper-
ature was controlled by means of a Lakeshore 331S tem-
perature controller with sensitivity better than ±0.1 K.

3. Results and discussion

The electrical behavior of the diode was studied over
a range of frequency and temperature using the complex
impedance spectroscopy (CIS). This technique enables
us to separate the real and imaginary components of the
electrical parameters and hence provides a true picture
of the material properties. In order to explain the CIS
of the sample, an equivalent circuit for the investigated
diode consisting of capacitance Cp and resistance Rp in
parallel and both of them are in series with resistance Rs

(see Fig. 1).
Figure 2 shows the variation of the real part of

impedance Z ′ as a function of frequency at different tem-
peratures. It is clear that the magnitude of Z ′ decreases
with increasing the applied frequency. The high value at
low frequencies is due to the total polarization caused by
space charge, dipoles, ions and electrons [14]. At lower
frequencies, the Z ′ value is decreased with increasing
temperature, as shown in the inset of Fig. 2 presenting a
negative temperature coefficient resistance (NTCR) type

Fig. 1. Equivalent-circuit model for Al/p-ZnGa2Se4/
n-Si/Al HJD.

Fig. 2. Frequency dependence of the real part
of impedance Z′ at different temperatures of
Al/p-ZnGa2Se4/n-Si/Al HJD. Inset: temperature
dependence of Z′ at 50 Hz.

behavior. At higher frequencies, the values of Z ′ merge
for all temperatures.

Figure 3 shows the variation of the imaginary part
of impedance Z ′′ with the applied frequency at differ-
ent temperatures. It is observed that the values of Z ′′

increase with increasing the applied frequency, until it

Fig. 3. Frequency dependence of the imaginary part
of impedance Z′′ at different temperatures of
Al/p-ZnGa2Se4/n-Si/Al HJD. Inset: temperature de-
pendence of Z′′ at 50 Hz.
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reaches to a maximum peak Z ′′max and then is decreased
with the further increase of frequency. A significant
broadening of the peaks with increasing the temperature
suggests the existence of a temperature-dependent elec-
trical relaxation phenomenon in the diode. The values
of Z ′′ are decreased with increasing temperature at the
lower frequencies, as shown in the inset of Fig. 3. Then,
the values of Z ′′ merge at higher frequencies for all the
studied temperatures. The merger of both Z ′ and Z ′′

values at higher frequency region may possibly be an in-
dicative of the accumulation of space charge in the device
[10, 15]. The peak values of Z ′′max shifts to the higher
frequencies with increasing temperature i.e. the peak fre-
quency fmax increases with increasing temperature.

Fig. 4. Scaling behavior of Z′′ at various temperatures
of Al/p-ZnGa2Se4/n-Si/Al HJD.

Fig. 5. Cole–Cole plots of Al/p-ZnGa2Se4/n-Si/Al
HJD.

If Z ′′ is plotted in scaled coordinates, i.e., Z ′′/Z ′′max

versus ln(f/fmax), the entire data of the imaginary part
of impedance can collapse into one master curve, as
shown in Fig. 4. The scaling behavior of Z ′′ clearly indi-
cates that the relaxation describes the same mechanism
at various temperatures.

For analysis of the relaxation mechanism of the diode,
we can use a Cole–Cole plot which explains what kind

Fig. 6. Temperature dependence of the relaxation time
of Al/p-ZnGa2Se4/n-Si/Al HJD. Inset: ln τ versus
1000/T .

of dielectric relaxation exists in the frequency-dependent
response of the device. For this, Cole–Cole plots of the
variation of Z ′′ with Z ′ over a wide range of frequency
at different temperatures were plotted and are shown in
Fig. 5. These curves are characterized by the appearance
of a single semicircle, which indicates one type of relax-
ation at all the temperatures. The radius of curvature is
decreased with increasing temperature which suggests a
mechanism of temperature-dependent on relaxation.

The impedance data is used to evaluate the relax-
ation time τ of the electrical phenomena in the stud-
ied diode. The values of τ were determined from the
maximum peak positions of Fig. 3 using the relation,
ωτ = 2πfmaxτ = 1 [16]. The variation of relaxation
time τ with temperature is shown in Fig. 6. As seen in
Fig. 6, the value of τ decreases with increasing temper-
ature. At higher temperatures, more electrons are ther-
mally excited, so that the relaxation time of the carrier
becomes the shorter [9] and/or the dissipated thermal
energy assists formed dipoles to follow the motion of the
alternating field [17]. This result confirms the presence of
temperature dependent electrical relaxation phenomena
in the diode. This variation of τ can be described by the
Arrhenius equation as follows [17]:

τ = τ0 exp
(

∆Eτ

kBT

)
, (1)

where ∆Eτ is activation energy of the relaxation process
and τ0 is characteristic relaxation time at infinite tem-
perature. The plot of ln τ versus 1000/T for the studied
diode is shown in the inset of Fig. 6. The values of ∆Eτ

and τ0 were calculated from the intercept and slope of
the linear fit and found to be 0.098 eV and 6.97×10−5 s,
respectively.

For a further analysis of the impedance spectroscopy,
the bulk resistance Rb and capacitance Cb were deter-
mined from the intercept of the semicircle on the Z ′ axis
in Fig. 4. The variation of Rb and Cb with temperature
is shown in Fig. 7. It is observed that the Rb value de-
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Fig. 7. Temperature dependence of the bulk resistance
and capacitance of Al/p-ZnGa2Se4/n-Si/Al HJD.

Fig. 8. Plot of ln Rb versus 1000/T of Al/p-ZnGa2Se4/
n-Si/Al HJD.

creases while the Cb value increases with the increase of
temperature. The bulk resistance can be described by
the following equation:

Rb = R0 exp
(

∆ERb

kT

)
, (2)

where ∆ERb is the conduction activation energy for the
relaxation mechanism and R0 is a constant. Figure 8
shows the plot of ln Rb versus T . The values of ∆ERb

and R0 are 0.177 eV and 3.88 kΩ, respectively.

4. Conclusions

Both the real and imaginary parts of impedance are
frequency dependent. In addition, they show NTCR type
behavior at lower frequencies and merge at higher fre-
quencies. The Cole–Cole plots show the presence of tem-
perature dependent electrical relaxation phenomena in
Al/p-ZnGa2Se4/n-Si/Al heterojunction diode. The ap-
pearance of a single semicircle indicates one type of re-
laxation at all the temperatures. The relaxation time be-

comes shorter at higher temperatures due to the thermal
excitation of more electrons and/or the formed dipoles.
The relaxation time and the bulk resistance obey the Ar-
rhenius law with activation energies 0.098 and 0.177 eV,
respectively.
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