
Turk J Phys
(2020) 44: 85 – 94
© TÜBİTAK
doi:10.3906/fiz-1907-21

Turkish Journal of Physics

http :// journa l s . tub i tak .gov . t r/phys i c s/

Research Article

Frequency and voltage dependence of electrical conductivity, complex electric
modulus, and dielectric properties of Al/Alq3/p-Si structure

İkram ORAK1,∗, Abdulkerim KARABULUT2
1Vocational School of Health Services, Bingöl University, Bingöl, Turkey

2Faculty of Engineering, Department of Electrical and Electronics Engineering, Sinop University, Sinop, Turkey

Received: 24.07.2019 • Accepted/Published Online: 07.01.2020 • Final Version: 12.02.2020

Abstract: In order to enhance the capacitance of the Al/p-Si metal-semiconductor structure, the Alq3 thin film was
coated between these two layers using the spin coating technique as the interlayer. The electrical conductivity, real
and imaginary parts of electric modulus, dielectric loss and dielectric constant parameters were examined at the room
temperature by the help of admittance measurements in the 100 kHz to 1 MHz frequency range. The effect of frequency
on the dielectric constant and dielectric loss values is negligible at the negative voltage values, up to about 0.8 V, and
these values rapidly ascended after 0.8 V. The function of electrical modulus complex has been examined from the point
of permittivity and impedance in order to clutch the contribution of the particle border on the relaxation mechanism
of the materials. It is established that the examined dielectric parameters strongly correlated with the voltage and
frequency. As a result, the changes in the dielectric parameters and electrical modulus due to the varying frequency were
described as the results of relaxation process, polarization and surface conditions. Furthermore, it could be stated that
the Alq3 material used in the interfacial layer is a useful material which could be used in addition to the conventional
materials.
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1. Introduction
Semiconductor-based devices are being used in many different electronic applications with new developments [1–
4]. In particular, the use of high dielectric materials have become obligatory to satisfy the need for new structures
that can improve the quality and performance of the manufactured devices and adjust their capacitive properties
[5–9]. Generally, in order to improve the electrical performances of diode-based devices, materials having high
dielectric properties such as HfO2 , Al2O3 , TiO2 or organic/inorganic materials have been utilized in place of
traditional SiO2 , which is known as low dielectric material [10–15]. In this context, it is possible to enhance
the devices having the high performance and desired properties with organic materials placed between metal
and semiconductor layer.

Alq3 organic material is considered to be one of the most remarkable organic materials due to being
environmentally friendly, electrically high resistance, being produced at low temperatures and stability compared
with many known oxide films. In addition to these, it has become a widely selected material in organic light
emitting diodes due to its low molecular weight, strong luminescence properties and low cost, and it is also
used as the base material for various dyes to adjust the emission color from green to red [16–18]. There are
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many studies on the optical, structural, morphological, and photoluminescence properties of the synthesized
Alq3 film [19–21]. However, the electrical properties and the effect of annealing on the produced material were
investigated [22]. Investigations on the Alq3 -based devices have shown that the Alq3 film is structurally stable
and sensitive to light [23,24].

There are various techniques utilized to cover organic materials onto the desired substrate. When the
advantages of the mentioned techniques are examined, spin coating technique stands out due to its great
advantages such as homogeneity, enormous material combination and perfect control of processes. At the same
time, it provides great convenience in experimental applications [25,26].

In our previous study [27], we investigated the temperature effects on the electrical parameters, photo-
voltaic characteristics, frequency and voltage effects on the capacitance and conductance characteristics and
morphological properties of fabricated Al/Alq3 /p-Si device. As a result of our studies, we have reported that
the electrical properties of the produced devices are affected by temperature and it could be used in wide tem-
perature applications [27]. We have also stated that it is sensitive to light and structurally stable. However,
we have reported that the electrical characteristics of the produced device are strongly dependent on voltage
and frequency. Besides the electrical properties of the devices, the dielectric properties is of great importance
in order to reveal the detailed features of the device and to present the application areas more clearly. In this
regard, we examined the varying voltage and frequency effect on the electrical conductivity, complex electric
modulus, and dielectric properties of Al/Alq3 /p-Si device in the current study.

2. Experimental details

The Al/Alq3/p-Si heterojunction-based device was produced by using Alq3 interlayer and one-side polished
silicon wafer. The silicon semiconductor substrate to be used in the device fabrication was bathed in acetone
and propanol for approximately 7 min, respectively, and it was washed in DI water (with 18 MΩ .cm resistivity)
for a required period and dried with nitrogen. After this step, the back side of Si was coated with Al metal,
and under nitrogen gas atmosphere it was annealed for 3 min at 500 °C, thereby ohmic contact was completed.
The prepared Alq3 solution was coated on the nonohmic side by using spin coating method. The thickness of
the coated interlayer in the fabricated device was about 94 nm, which was detected using the profilometer. In
the next step, the prepared the Alq3 -covered wafer was sheathed with aluminum thermally to ensure Schottky
metal contact (0.5 mm radius and circular). The schematically illustration and energy band gap of the device
are given in Figure 1. The frequency-dependent conductance and capacitance properties were carried out by
the aid of HP 4192A LF impedance analyzer.

3. Results and discussion
The calculations of the complex electrical modulus and dielectric constant for a produced device are of great
importance, and it is necessary to determine the distributions of the real and imaginary parts of these param-
eters against applied voltage and frequency variation [28]. The capacitance-conductance against the voltage
measurements was performed in the range of 100–1000 kHz to examine these distributions. As is known, the
complex permittivity is expressed as ε∗ = ε

′ − jε
′′ , in this formula, j ,ε′ and ε

′′ stands for the imaginary
root, the real and imaginary parts of this complex, respectively. Besides, real and imaginary parts in the above
equation could be formulated as follows [29,30]:

ε
′
=

Cm

Ci
=

Cmdi
ε0A

(1)
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and

ε
′′
=

Gm

ωCi
=

Gmdi
ωε0A

(2)

in above formula, measured capacitance, thickness of coated interlayer, free space permittivity, contact area,
measured conductance, and angular frequency are represented by Cm , di , ε0 , A , Gm , and ω terms, respec-
tively.

Figure 1. a) Schematically illustration of the Al/Alq3 /p-type Si device, b) The energy band gap of Alq3 /p-Si
heterojunction.

The plotted real part of dielectric function (or dielectric constant)-voltage graph is presented in Figure
2. As seen in figure, the dielectric constant values are approximately the same up to 0 V and have not changed
depending on the frequency. Then, there was a rapid increase in these values, and this increase was observed
in all frequency values. Besides, the dielectric constant values decreased as the frequency increases, at positive
voltage values.

Another important parameter, the imaginary part of the dielectric function, i.e. the dielectric loss, was
calculated and its behavior against voltage was investigated. Dielectric loss could be defined as the phenomenon
of bulk energy accumulation resulting from the imposition of a varying electric field in environments with
dielectric loss characteristics. In other words, the dielectric loss could be expressed as the energy loss caused
by the heating of a dielectric material in a variable electric field [31]. In Figure 3, the distribution of dielectric
loss versus voltage is plotted for different frequencies. Dielectric loss values increase with increasing frequency
for all voltage values. However, as seen in Figure 3, these values are less affected by frequency change in the
negative voltage regions than the positive voltage regions. As seen from Figures 4 and 5, both parts of the
dielectric function are influentially dependent on the voltage and frequency at high voltages. At the negative
voltage region and the low positive voltage values, i.e. the inversion region, these values remain almost fixed.
The behavior of these two parts of the dielectric function is related to their ability to follow the alternating
current signal at low and high frequencies, and when the behavior of the real part of the function is examined,
it is seen that the ability to follow the signal at low frequencies is stronger [32–35]. However, another reason
for these behaviors is existence of the surface states and polarizations [35,36].

One of the crucial factors affecting the transmission mechanism of a produced device is its impedance
characteristics. The behavior of this significant parameter against voltage was plotted for different frequencies
and demonstrated in Figure 4. As seen in the figure, impedance values decreased by the increase of frequency.
At the same time, these values decreased with increasing voltage and approach to a constant value towards to
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Figure 2. Voltage-dependent dielectric constant values of
Al/Alq3/p-Si/Al heterojunction.

Figure 3. Voltage-dependent dielectric loss values of
Al/Alq3/p-Si/Al heterojunction.

Figure 4. Impedance-voltage characteristics of
Al/Alq3/p-Si/Al heterojunction.

Figure 5. Frequency dependence of the real part of com-
plex electric modulus of the Al/Alq3/p-Si/Al heterojunc-
tion for different voltages.

high voltage values. The impedance values were measured to be approximately 1.20 ×104 Ω at –3 volts and
200 kHz, while 2.43 ×103 Ω at 1 MHz. In addition, it was determined as 2.01 ×103 Ω for the frequency of
200 kHz at 3 V, and 4.49 ×102 Ω for 1 MHz. The change in the impedance value is related to the presence
of the movement paths of the mobility charge carriers [37,38]. The conductivity of the fabricated device was
reduced by the increase of the impedance value at negative voltages, since the impedance and conductivity terms
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are inversely proportional. In other words, the conductivity values of the device increased with the decreasing
impedance in positive voltage region, and this situation could be attributed to the increasing of range of motion
of the charge carriers as the voltage increased [39].

The electric field relaxation in the material physically contributes to the electric modulus to show the
behavior of the real dielectric relaxation process. The material permittivity, ε∗ , is inversely proportional to
the complex electric modulus (M∗) , where M∗ = M

′
+ jM

′′ . An alternative approach could be gained with
the modulus to investigate the materials’ electrical response and these already have been used by scientists to
work on relaxation phenomena in organic/inorganic materials and ionic conductors [40]. Besides, the complex
modulus contributes to the confirmation of the ambiguity that occurred due to the grain or grain boundary
effect at elevated temperatures, which is not easy to distinguish in complex impedance plots [41]. As stated
above, M∗ is given by the inverse of complex permittivity and could be stated as follows [42]:

M∗ = M
′
+ jM

′′
=

1

ε∗
=

ε
′

(ε′)
2
+ (ε′′)

2 + j
ε
′′

(ε′)
2
+ (ε′′)

2 (3)

Figures 5 and 6 show that increase on the frequency increases M
′ and M

′′ , which might be attributed to the
polarization. M∗ has been studied with regards to impedance and permittivity in order to understand the grain
boundary contribution to the relaxation mechanism of the materials. Also, the study on the complex electric
modulus gives a chance to examine the localized dielectric relaxation phenomenon and long-range conductions at
microscopic level [43]. On the other hand, at high frequencies, the value shows a maximum point for each applied
forward bias voltage because of the relaxation processes while M

′ and M
′′ become zero at low frequencies [44].

The bulk traps and surface states may produce a charge effect since the traps and surfaces could store the
charges and they release them once the appropriate external ac alternating voltage and forward applied bias are
provided [45]. As a result, it could be safely stated that the exhibition of relaxation phenomena by the structure
can be observed with the peak behavior in modulus or the variation in its characteristics with frequency.

The electrical modulus curves for Al/Alq3 /p-Si/Al heterojunction, the imaginary part versus real part
of modulus curves, for various frequencies were imparted in Figure 7. The analysis of the electrical modulus is
utilized to detect electronic or ionic conductivity, i.e. to determine whether there is nonlocalized conduction or
relaxation process [40]. On the other hand, it is a significant and appropriate method for evaluating, identifying,
and interpreting the electrical transmission phenomena’ dynamic aspects [46]. As seen in Figure 7, the mentioned
curves are described by the existence of symmetrical and circle-like arcs of different magnitudes in the M

′

axis. The semicircle-like peaks observed in the figure indicate the existence of relaxation process. The minor
semicircle-like peaks at low frequency match up to the contribution of the effects of low grain border. Contrary
to this situation, the observed large semicircle-like peaks at high frequencies indicate that the grain borders or
bulk have a large effect [47].

The behavior of the frequency-dependent ac electrical conductivity of the produced Al/Alq3/p-Si/Al
heterojunction against the varying voltage was determined using the following formula [48,49]:

σac =

(
d

A

)
ωCtanδ = ωε

′′
ε0 (4)

It could be seen from Figure 8 that σac values do not alter in the inversion region and the mentioned values
increased sharply with increasing voltage for all frequencies in the accumulation region. As seen from the figure,
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Figure 6. Frequency dependence of the imaginary part of
complex electric modulus of the Al/Alq3/p-Si/Al hetero-
junction for different voltages.

Figure 7. The real part of complex electric modulus
versus the imaginary part of modulus of the Al/Alq3/p-
Si/Al heterojunction for different frequencies.

the sharpness’s of the variation in the conductivity values increases with increasing frequency, i.e. the change
of values in the higher frequencies were greater than the low frequencies. These variations in the electrical
conductivity are referred to dislocations or impurities, which ascribe at the grain borders that occur under
circumstances beyond our control [50]. Furthermore, this alteration in the σac leads to a rise in the eddy
current, and this situation causes an increase in energy loss because of the decrease of series resistance [51].
The experimental results reveal that an organic/polymer interlayer placed between the semiconductor and the
metal layers changes the surface conditions and the total series resistance of the structure, and could lead to
significant alterations in the dielectric properties.

Figure 8. ac electric conductivity (�ac) versus voltage plots of Al/Alq3/p-Si/Al heterojunction for different frequency
values.
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4. Conclusions
In this study, in order to be able to define the dielectric features of Al/Alq3 /p-Si device, the electrical
conductivity, real and imaginary parts of electric modulus, dielectric loss, and dielectric constant parameters
were examined at room temperature by the help of admittance measurements in the 100 kHz to 1 MHz frequency
range. The experimental results showed that the device characteristics are strictly dependent on voltage and
frequency. The real and imaginary portion of the dielectric function increased in the positive voltage region
as the voltage increases, and was strongly influenced by the frequency, particularly in this region. While the
actual value of the complex modulus function was not significantly affected by the frequency, it decreased as
the voltage increased. At the same time, the imaginary value of the complex modulus function increased with
increasing frequency, and showed peaks due to polarization and localized interface states at approximately 1 V.
At low frequencies, the conductivity value becomes nearly independent of the frequency corresponding to dc
conductivity, while at higher frequencies it increased with rising AC conductivity. As a result, the alterations that
occurred in the dielectric characteristics owing to the variable frequency are defined as the result of polarization,
surface conditions states and relaxation process. Besides, the produced metal-organic-semiconductor device can
be used in energy storage applications due to the dielectric characteristics of the Alq3 organic material.
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