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The letter reports that the impedance spectroscopy method has been performed to acquire impeccable
results on the ac electric conductivity (rac), dielectric (e0 and e0 0) and electric modulus (M’ and M’’) com-
ponents of the Al/Al2O3/p-Si type MOS capacitor. The relevant parameters are defined with C-V-f and G/
x-V-f data between 1 kHz and 5 MHz and ± 3 V at room temperature. Both parts of dielectric constants
are decreasing at high frequencies to prevent the interface dipoles from gaining enough time to return to
the alternative area. Depending on the restructuring and reorganization of surface states (Nss) in the
alternative field, tand decreases at higher frequencies. The M’ values reach maximum by frequency incre-
ment in the depletion region, while M’’ values shift to the forward biases depending on a certain density
distribution of Nss. Therac values increase with increasing frequency in the accumulation region depend-
ing on series resistance. Considering polarization processes, surface conditions (Nss) and Al2O3 interlayer,
frequency and biases are extremely effective and dependent on the dielectric specifications, electrical
modulus and conductivity.
� 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The transformation of metal–semiconductor (MS) type struc-
tures into metal-insulator-semiconductor (MIS) or metal- oxide-
semiconductor (MOS) structures take place thanks to many differ-
ent methods such as thermal oxidation, sputtering and ALD, which
allows adding an oxide layer to the MS interface [1–5]. However,
the used such a high-dielectric can be improved the diode param-
eters performance such as the reduction in Rs, leakage current, Nss

and the increment in the capacitance, storage energy or charges
[6–8]. Although being compatible with Si wafer provides an advan-
tage to SiO2 in terms of good gate dielectrics, having low dielectric
constant of 3.8eo is a disadvantage for it. This adverse condition
poses a problem on preventing inadmissible high Nss or disloca-
tions between the interlayer and semiconductor. Accordingly,
many high dielectric materials such as Al2O3, Sm2O3, polystyr-
ene/TiO2, 7% graphene doped-PVA, BaTiO3 have been used by the
researchers at MS interface to improve the electric and dielectric
qualifications of MIS type devices. Together with frequency and
applied bias across the device, interlayer’s homogeneity, and thick-
ness and also semiconductor’s surface preparation has influenced
the conduction mechanisms and performance of the structure [11].

Including capacitance and conductance (C and G/x) measured
at any frequency, impedance changes are dependent on the ability
of electron concentration’s ac signal tracking, polarization pro-
cesses, and external dc bias or electric field as well as temperature.
The electrons captured by surface states/interface traps (Nss/Dit)
can trace this alternating current only at low frequencies. In this
way, it can give an excess C and G/x which depend on the angular
frequency and lifetime (s) of the traps [4,5,11]. Besides M’ and M’’
and rac, dielectric characteristic of MIS type structure or capacitors
are also strongly dependent of Nss, Rs, interfacial layer, frequency,
voltage, and polarization processes. On the other hand, impedance
measurements solely at confined frequency and bias interval can-
not provide more accuracy and reliable results both on the electric
and dielectric specifications of MIS type electronic devices. Con-
trary, when these measured at large frequency and bias interval,
more detailed information can be achieved on electrical and dielec-
tric properties [12,13].
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Fig. 1. The schematic diagram for experimental setup.
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The alteration in dielectric and electric modulus parameters by
frequency are usually the result of relaxation processes and Nss at
low and moderate frequencies as for the electric dipoles have time
to align with the field before it alters its pointing and Nss is able to
track an external alternating current (ac) signal; consequently, e0

and e00 are considerably high. But, at high frequencies, e0 and e00

decreases due to shorter time available for the dipoles to align
and effect of Rs [14]. The observed high-dielectric constant (=8.5)
even at 1 kHz for the used Al2O3 is an evident to these phenomena.
In addition, capacitor storing electric charges and so electrical
energy is a basic circuit component and the higher capacitance
can be achieved by used a high dielectric interlayer with low thick-
ness. The other important point is to extract as much information
as possible, dielectric relaxation phenomena, electric modulus and
conductivity mechanisms impedance measurements should be
performed in wide range of frequency and voltage [9].

Due to above explanations, in this study, we aimed to investi-
gate complex dielectric constant (e*) and complex modulus of
the fabricated Al/p-Si (MS) with Al2O3 interlayer deposited by
ALD. For this aim, at room temperature conditions, impedance
measurements were completed between 1 kHz and 5 MHz
and ± 3 V to acquire meticulous and steady results on these param-
eters as well as conductivity. Hereby, experimental results have
revealed that, Nss, external electric field, and the interfacial and
dipole polarization are more effective on the dielectric specifica-
tions, electrical modulus, and conductivity remarkably at low fre-
quencies and in depletion layer.
2. Experimental Details

Al/AI2O3/p-Si type MOS capacitor was produced on Boron-
doped p-Si with 300 mm thickness, 100 surface orientation and
1.39�1016 cm�3 doping acceptor atoms (NA). First of all, p-Si wafer
was cleaned in an ultrasonic bath utilizing distinct chemical solu-
tions. Following this cleaning, highly resistant deionized water (DI)
was used for washing and N2 gas was used for drying.

In the next step, Al with 99.999% pure and 150 nm thickness
was coated on the p-Si backside at 10�6 Torr. Annealing was car-
ried out in nitrogen atmosphere at 550 �C to acquire a low resistiv-
ity and pre-eminent ohmic contact. Finally, utilizing the ALD
method, Si wafer was deposited with the Al2O3 interlayer. Right
after Al2O3 deposition, almost completely pure Al dots with 0,5
mm radius and 150 nm thicknesses, were thermally evaporated
on the deposited layer’s forepart at 10�6 Torr by the aid of a sha-
dow mask.

The HP-4192 A LF impedance analyzer was preferred to perform
conductance and capacitance measurements was operated at �3V
to +3 V biases and 1 kHz to 5 MHz frequencies interval. The usage
of analyzer was accompanied by a microcomputer operated via the
IEEE-488 AC/DC converter board during measurements. The exper-
imental setup is given below in Fig. 1 and in terms of detailed
information, our previous study, which includes the diagram of
the samples and the fabrication processes can be examined [15].
3. Results and Discussion

The capacitance occurs in the existence of an organic/polymer
or inorganic insulator between semiconductor and metal. Capaci-
tance depends on the Nss between the insulator and semiconduc-
tor, and therefore the dielectric properties of the insulating layer.
In the structures, the electrical equivalent circuit model including
the effect of the Nss is expressed in Fig. 2a [4]. Here, the Ci/Cox is
the capacitance of the insulating layer, while the C and G are the
frequency-dependent C and G/x, respectively.
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To explain the dielectric properties of Al/Al2O3/p-Si type MOS
capacitor, their C and G/x characteristics are obtained in the
wide-ranged frequencies (1 kHz to 5000 kHz) and also, given in
Fig. 2b and c, respectively. It can be clearly seen that the C and
G/x values depending on the applied voltage increase with the
increasing frequency. In the MS structures, as an organic/polymer
or inorganic insulator inserted between M and S, the sensitivity
of the insulator layer with respect to the applied electrical field
is obtained by examining the dielectric properties. The admittance
(Y) is expressed by Y = G + jxC based on the circuit model given in
Fig. 2a [5,16,17]. Assuming the dielectric material is an air gap, the
capacitance of the device is C0 and the relative dielectric permittiv-
ity is e*. The above equation is expressed as Y = G + jx(C0e*). Fur-
thermore, when the e* is written in fixed polar coordinate [17,18]:

e� ¼ e0 � je00 ¼ C
C0

� j
G

xC0
ð1Þ

Using the C and G values of Al/Al2O3/p-Si type MOS capacitor, e0

and e00 values at variable frequencies were calculated by the follow-
ing equations [5]:

e0 ¼ C
C0

¼ j
Cdox

e0A
ð2Þ

e00 ¼ G
xC0

¼ Gdox

e0xA
ð3Þ

where, A is the contact area (cm2), dox is the isolated layer thickness,
e0 is the dielectric constant equals to 8,85�10�14 F/cm. The Ci/Cox
value of the insulator layer for the structure was obtained from
the strong accumulation region and also, is expressed by. Using
the Eqs. (2) and (3), tand can be expressed as following [19]:

tand ¼ e00

e0
ð4Þ

In Fig. 3, the voltage-dependent dielectric characteristics of the
MOS capacitor structure for variable frequencies are explained.
Here, the e’ values increase with increasing the applied biases in
the depletion and accumulation regions, as they are static in the
inversion region (Fig. 3a). In addition, the e’ values at low frequen-
cies especially increase in the depletion regions, while these values
decrease with increasing frequency. This is attributed to Nss and
dipole polarization. Similarly, the e’’ values give a peak in the
depletion region, around �1 V to �0.5 V, at low frequencies
(�100 kHz) due to the limited number of majority carriers located
between the bandgap. These peaks shift from reverse bias voltage
to forward bias voltage (Fig. 3b). As a result of the previously men-
tioned Nss and ac signal relation, while Nss and polarization are
dominated especially in the depletion region at low and moderate
frequencies due to easy respond to external ac-signal, Rs is domi-



Fig. 2. (a) The electrical equivalent circuit model, (b), (c) the frequency-dependent
C and G/x graphs of Al/p-Si structure with Al2O3 thin-film insulating layer.

Fig. 3. The voltage-dependent profile of the a) reel dielectric constant, b) imaginary
dielectric constant, c) loss tangent.
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nated only at accumulation region at high frequencies [6,9,10].
Furthermore, the tand values appear to be significantly dependent
on voltage and frequency (Fig. 3c). It is confirmed that the Nss and
interfacial polarization on the tand values at variable frequencies
are effective in the inversion regions, while Rs and the insulator
layer on them are effective in the accumulation region.

The grown of low-dielectric insulator interlayer such as SiO2 by
traditional-methods, such as thermal and wet oxidation, at M/S
interface cannot passivate as entirely the active dangling-bonds
at semiconductor’s surface. Therefore, in recently, researchers are
3

focused on the improving the performance of the MS structures
by using some high-dielectric insulator layer at M/S interface such
as Al2O3, TiO2, metal-oxide instead of conventional SiO2. Therefore,
high dielectric material is necessary to produce a high-capacitor
and it can be used in a wide range of charge/energy storage appli-
cations [20,21].

Furthermore, the ac conductivity rac(x) can be obtained from
the following equation [22]:

racðxÞ ¼ e00xe0 ¼ e00ð2pf Þe0 ð5Þ



Fig. 4. a) The voltage-dependent rac, b) the real and c) imaginary modulus parts of the structure.

Fig. 5. The frequency-dependent graphs of all related parameters components for MOS capacitor.
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Using the Eq. (5), the voltage-dependent rac values are calcu-
lated for each frequency and given in Fig. 4a. While rac is almost
independent from frequency in inversion region, it suddenly
becomes increase in depletion region due to the existence of sur-
face states especially at low and moderate frequencies and then
shows a saturate behaviour at accumulation region due to the
effect of Rs. The independent frequency behaviour of r at low
and moderate frequencies corresponding to the direct current
(dc) conductivity, but at high frequencies it corresponds to the ac
conductivity. This condition is attributed to the Rs [23,24]. When
Rs is effective only at accumulation region at high frequencies, Nss

are effective both in depletion and weak inversion regions at low
and intermediate frequency ranges. Therefore, the decrease of Rs

with increasing frequency leads to an increase in conductance
(G = 1/Rs) or rac at accumulation region. Thus, imaginary dielectric
constant value (e0 0=(G/xCo)) and so loss-tangent (tand = e0 0/e) are
also increase with increasing frequency at accumulation region.
The existence of Rs may be caused some errors in the extraction
of electric or dielectric properties and to avoid these errors, Rs

can be minimized by (1) sample fabrication, (2) making measure-
ments at low-intermediate frequencies, and (3) measuring Rs and
applying a correction to the measured C/G-V before the desired
4

information is extracted. On the other hand, the observed peak in
the e00 vs V plot in depletion region at low and intermediate fre-
quencies is the result of a special density distribution of Nss located
in the band gap of semiconductor at interface as randomly.

The components of the complex electric modulus (M*) based on
e* are separated into the real (M’) and imaginary (M‘‘) components
as following [25]:

M� ¼ 1
e�

¼ M0 þ jM00 ¼ e0

e0ð Þ2 þ e00ð Þ2
þ j

e00

e0ð Þ2 þ e00ð Þ2
ð6Þ

Using the Eq. (6), the voltage-dependentM’ andM‘‘ values in the
wide-ranged frequency are calculated and expressed in Fig. 4b and
c. Here, it is seen that the M’ and M’’ values significantly depend on
frequency. Also, depending on the frequency,M’’ values peak in the
depletion region and reach their maximum values with the
increasing frequency.

On the other hand, the M’’ values peak in the voltage ranged
�1.5 V to 0 V owing to a particular density distribution of Nss

and their relaxation times, and their positions shift towards for-
ward bias region with increasing frequency.

Frequency-dependent graphs of all related parameters of the
structure are explained in Fig. 5. Dielectric parameters as constants
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and loss tangent vary depending on the biases at low frequencies,
on the other hand this dependency disappears at high frequencies.
Because the contribution of interface and dipolar or ionic polariza-
tion to the e0, e0 0 and Nss at increasing frequencies is ineffective. The
decrease in the e0 and e0 0 values with increasing frequency
can be explained as follows; since the frequency is increased, the
interface dipoles have less time to orient towards the alternative
field [26].

Obviously, the dielectric parameters values at high frequencies
are close to each other. Tand-logf values give peaks at Fig. 5c and
this peak size decreases with increasing applied biases and peaks
are shifting towards high frequency. Such frequency-dependent
behavior of tand can be attributed to the reconstruction and
reordering of interface states under the alternative field.
4. Conclusions

Dielectric qualifications, electric modulus, and conductivity
profiles for the fabricated Al2O3 interlayered Al/p-Si structure were
identified through C-V-f and G/x-V-f data at wide frequency range
(1kHz–5000 kHz) under ordinary room temperature conditions. It
is clear that C and G/x values increase with increasing frequency
depending on the applied biases. While e0 values decrease with
increasing frequency, they increase especially in depletion regions
due to Nss and dipole polarization at low frequencies. Similarly, e’’
values give a peak in the depletion region at low frequencies
caused by a limited number of majority carriers. The effect of bias
and frequency is seen significantly on the tand values in the regions
of inversion and accumulation. Depending on Rs, rac values
increase with increasing frequency in the accumulation region.
M’ values reach their maximum with frequency increment in the
depletion region. The position of M’’ values shift towards the for-
ward biases with increasing frequency due to a certain density dis-
tribution of Nss. and relaxation times. The decrement in e0 and e0 0

values at high frequencies is due to the fact that frequency incre-
ment prevents to gain adequate time for the interface dipoles to
turn to the alternative field. As clearly seen, both parts of the
dielectric constants at high frequencies are close to each other.
The peaks at tand-logf graph are decreasing with increasing biases
and shifting towards high frequencies. This frequency-dependent
behaviour of tand can be associated with the restructuring and
reorganization of Nss in the alternative field.
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