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In this paper, the frequency and voltage dependence of the electrical and dielectric properties of metal-insulator-
semiconductor (MIS) Schottky diodes has been investigated using capacitance-voltage (C-V) and conductance-voltage 
(G/ω-V) characteristics in the frequency range of 1 kHz-1 MHz at room temperature. Calculations of the dielectric constant 
(ε'), dielectric loss (ε''), loss tangent (tanδ), ac conductivity (σac), ac resistivity (ρac) and the electric modulus are given in the 
studied frequency ranges. Experimental results show that the values of the dielectric parameters are strongly dependent on 
frequency and voltage. The values of ε' and ε'' decreased with the increasing frequency, while those of σac increased with 
the increasing frequency. Also, electric modulus formalism has been analyzed to obtain the experimental dielectric data. 
The results imply that the interfacial polarization can occur more easily at low frequencies and consequently contribute to 
the deviation of dielectric properties of MIS Schottky diodes. 
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1. Introduction 
 
Semiconductor devices are the basic components of 

integrated circuits and are responsible for the startling 
rapid growth of electronics industry. Because there is a 
continuing need for faster and more complex systems for 
the information age, existing semiconductor devices are 
being studied for improvement, and new ones are being 
invented [1-3]. The semiconductor devices such as metal-
semiconductor (MS) diodes, metal-insulator-
semiconductor(MIS)-type Schottky diodes and metal-
oxide-semiconductor (MOS) capacitors have an important 
role in modern electronics, and MS diodes are one of the 
most widely used rectifying contacts in the electronics 
industry [1,4,5]. In MIS and MOS structures, metal and 
semiconductor remain separated by an interfacial insulator 
layer such as SiO2, SnO2, Si3N4, TiO2 and at 
metal/semiconductor. There is a continuous distribution of 
surface states with energies located in the band gap of 
semiconductor. The performance and reliability of these 
devices depend especially on the formation of the 
interfacial insulator layer, interface states (Nss) localized at 
the semiconductor/insulator interface and the series 
resistance (Rs) [6,7]. 

The interfacial insulator layer, interface state and 
series resistance values cause the electrical characteristics 
of MIS structures to be non-ideal [8-10]. Also, the change 
in bias voltage and frequency has important effects on the 
electrical and dielectric parameters of these structures [11-
16]. When a voltage is applied across the MIS structure, 
the combination of the interfacial insulator layer, depletion 
layer and the series resistance of the device will share the 
applied voltage.  

This paper presents a detailed study on the electrical 
and dielectric properties in the frequency range of 1 kHz-1 
MHz at room temperature for Au/SiO2/n-Si (MIS) 
Schottky diodes. The admittance technique was used to 
determine the dielectric constant (ε'), dielectric loss (ε''), 
loss tangent (tanδ), ac conductivity (σac), ac resistivity (ρac) 
and the electric modulus of MIS Schottky diodes [5,14].  

 
 
2. Experimental detail 
 
Au/SiO2/n-Si (MIS) Schottky diodes used in this 

study have been prepared using cleaned and polished as 
received from manufacturer n-type (P-doped) single 
crystals silicon wafer with (100) surface orientation, 300 
µm thick, 2" diameter and 0.5 Ω.cm resistivity. Before 
making contacts, the n-Si wafer was degreased in organic 
solvent of CHClCCl2, CH3COCH and CH3OH 
consecutively and then etched in a sequence of H2SO4 an 
H2O2, 20% HF, a solution of 6HNO3: 1 HF: 35 H2O, 20% 
HF and finally quenched in de-ionised water for a 
prolonged time. Preceding each cleaning step, the wafer 
was rinsed thoroughly in de-ionized water of resistivity of 
18 MΩ-cm. After surface cleaning, the ohmic and rectifier 
contacts were formed using thermal evaporation system. 
The ohmic back contacts were formed by deposition of 
high purity Au (99.999%) with ~2000 Å thickness at            
450 ºC, under ~1x10-6 Torr vacuum and the sample was 
annealed at 400 ºC to achieve good ohmic contact 
behavior. The oxidations are carried out in a resistance-
heated furnace in dry oxygen with a flow rate of a 1.5 
lt/min and the insulator layer thickness is grown at the 
temperatures of 650 oC during 1.5 h. After then, dot 
shaped rectifier front contacts with 1 mm diameter and 
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~2000 Å thickness were formed by deposition of high 
purity Au (99.999%) at 70 ºC. The interfacial insulator 
layer thickness was estimated to be about 30 Å from high 
frequency (1 MHz) measurement of the interface insulator 
capacitance in the strong accumulation region for 
Au/SiO2/n-Si (MIS) Schottky diodes. 

The capacitance-voltage (C-V) and conductance-
voltage (G/ω-V) measurements were performed in the 
frequency range of 1 kHz-1 MHz at room temperature by 
using a HP 4192A HF/LF impedance analyzer (5 Hz-13 
MHz) working in parallel circuit mode. The ac signal 
amplitude was kept at 50 mV. Furthermore, all 
measurements were carried out with the help of a 
microcomputer through an IEEE-488 ac/dc converter card. 

 
 
3. Results and discussion 
 
3.1. Frequency and bias voltage dependence of C  
       and G/ω 
 
The capacitance-voltage (C-V) and conductance-

voltage (G/ω-V) measurements under reverse and forward 
bias were performed over a frequency range of 1 kHz-1 
MHz at room temperature. Fig. 1(a) and (b) show the 
capacitance (C) and conductance (G/ω) as a function of 
frequency in the voltage range of 0-1 V with steps of 0.25 
V. As can be seen in Fig. 1(a) and (b), the measured C and 
G/ω has displayed an decreasing trend with increasing 
frequency in the frequency range of 1 kHz-1 MHz. Such 
behavior of the capacitance and conductance is attributed 
to particular distribution of interface states (Nss) between 
metal-semiconductor [15-21]. Also, this behavior is 
attributed to the presence of a continuous distribution of 
Nss, which leads to a progressive decrease of the response 
of the Nss to the applied alternating-current voltage 
[17,19,21-26]. At low frequencies, the Nss can easily 
follow the ac signal and yield an excess capacitance, 
which depends on the frequency and time constant of 
interface states. However, in the sufficiently high 
frequency limit (f ≥ 500 kHz), the Nss can hardly follow 
the ac signal and the contribution of interface states 
capacitance to the total capacitance may be neglected. 
Also, the series resistance (Rs) causes a serious error in the 
extraction of electrical and dielectric parameters of 
MIS/MOS structures from the C-V and G/ω-V 
measurements. Similar behavior was observed in the 
literature [4,6,15,19,21,23-25]. 
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Fig. 1. The frequency dependence of (a) the             
C(VG)-logf and (b) G/ω(VG)-logf characteristics of MIS 
Schottky diode for various forward bias voltages at room                 
                                      temperature. 

 
 

3.2. Frequency and voltage dependence of  
       dielectric properties 
 
In this section, frequency and voltage dependence of 

dielectric constant (ε'), dielectric loss (ε''), loss tangent 
(tanδ), ac conductivity (σac), ac resistivity (ρac) and the real 
and imaginary parts of the electric modulus (M' and M'') 
are studied for Au/SiO2/n-Si (MIS) Schottky diode. At 
room temperature, the values of the dielectric properties 
measured as a function of frequency in the 1 kHz to 1 
MHz range. 
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The complex permittivity can be defined in the 
following complex form [27,28], 

 
)()()( ''' ωεωεωε j−=∗                          (1) 

 
where ε' and ε'' are the real and the imaginary parts of 
complex permittivity, and j is the root of -1. The real part 
of the permittivity, ε'(ω), is a measure of the energy stored 
from the applied electric field in the material and identifies 
the strength of alignment of dipoles in the dielectric. The 
imaginary part, ε''(ω), or loss factor, is the energy 
dissipated in the dielectric associated with the frictional 
dampening that prevent displacements of bound charge 
from remaining in phase with the field changes [29]. 

The complex permittivity formalism has been 
employed to describe the electrical and dielectric 
properties. In the ε* formalism, in the case of admittance 
measurements, the following relation holds 
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where Y*, C and G are the measured admittance, 
capacitance and conductance values of the dielectric 
material, respectively, and ω is the angular frequency 
(ω=2πf) of the applied electric field [30].  

The real part of the complex permittivity, the 
dielectric constant (ε'), at the various frequencies is 
calculated using the measured capacitance values at the 
strong accumulation region from the relation [31,32]  
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where Co is capacitance of an empty 
capacitor. )/( dAC oo ε= ; where A is the rectifier 
contact area in cm2, d is the interfacial insulator layer 
thickness and εo is the permittivity of free space charge (εo 
= 8.85x10-14 F/cm), and Cm is measurement maximal 
capacitance of MIS structure in the strong accumulation 
region, correspond to the oxide capacitance.  

The imaginary part of the complex permittivity, the 
dielectric loss (ε''), at the various frequencies is calculated 
using the measured conductance values from the relation 
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The dissipation factor or loss tangent (tanδ) can be 

expressed as follows [27,28,31-33], 

   
)(
)(tan '

''

ωε
ωεδ =                        (5) 

The ac conductivity of all samples has been calculated 
from the dielectric losses according to the relation 
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The real part of σ*(ω) is given by 
 

'')/(tan ωεεδωσ oac AdC ==                    (7) 
 

As it turns out the effect of conductivity can be highly 
suppressed when the data are presented in the modulus 
representation. The electric modulus approach began when 
the reciprocal complex permittivity was discussed as an 
electrical analogue to the mechanical shear modulus [30]. 
From the physical point of view, the electrical modulus 
corresponds to the relaxation of the electric field in the 
material when the electric displacement remains constant. 
Therefore, the modulus represents the real dielectric 
relaxation process [34,35]. The complex modulus M*(ω) 
was introduced to describe the dielectric response of non-
conducting materials. This formalism has been applied 
also to materials with non-zero conductivity. The starting 
point for further consideration is the definition of the 
dielectric modulus: [30,36].  
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where M' and M'' are the real and the imaginary parts of 
complex modulus. Based on Eq. (11) we have changed the 
form of presentation of the dielectric data from ε'(ω) and 
ε''(ω) to M'(ω) and M''(ω). 

Fig. 2(a), (b) and (c) show the frequency-dependent ε', 
ε'' and tanδ curves of MIS Schottky diode for various 
forward bias voltages at room temperature. As seen in Fig. 
2, changes in the frequency and applied bias voltage 
considerably affect ε', ε'' and tanδ values. As can be seen 
from these figures, the values of ε' and ε'' decrease with an 
increase in frequency for each voltage. This is the normal 
behavior of a dielectric material. In principle, at low 
frequencies, all the four types of polarization processes, 
i.e., the electronic, ionic, dipolar, and interfacial or surface 
polarization contribute to the values of ε' and ε''. With 
increasing frequency, the contributions of the interfacial, 
dipolar or the ionic polarization become ineffective by 
leaving behind only the electronic part. Furthermore, the 
decrease in ε' and ε'' with an increase in frequency is 
explained by the fact that as the frequency is raised, the 
interfacial dipoles have less time to orient themselves in 
the direction of the alternating field [23,24,37-42]. On the 
other hand, after 100 kHz, the change in dielectric 
properties (ε' and ε'') continues to decrease slightly, and 
also remains almost constant at higher frequencies (100 
kHz-1 MHz), with the increasing frequency. This behavior 
in dielectric properties of MIS structures at the high 
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frequencies may be due to the interface states that cannot 
follow the ac signal at high frequency [12,33,43,44]. 

If the electric polarization in a dielectric is unable to 
follow the varying electric field, dielectric loss occurs. An 
applied field will alter this energy difference by producing 
a net polarization, which lags behind the applied field 
because the tunneling transition rates are finite. This part 

of the polarization, which is not in phase with the applied 
field, is termed as dielectric loss. Fig. 2(c) shows the 
variation of the loss tangent (tanδ) with frequency for each 
voltage. As shown in Fig. 2(c), the peak values of tanδ-
logf decreased with the increasing voltage and the peak 
positions tend to shift towards high frequency region. 
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Fig. 2. Frequency dependence of the (a) ε', (b) ε'' and (c) tanδ of MIS Schottky diodes for various applied voltage. 

 
Fig. 3 shows the frequency-dependent ac conductivity 

(σac) of MIS Schottky diode at various voltages. As can be 
seen in Fig. 3, ac conductivity increases with the 
increasing frequency. As seen in Eq. (6), σac depends 
merely on the dielectric loss. As observed in Fig. 2(b) and 
3, dielectric loss decreases with the increasing frequency 
and, accordingly, σac increases. This result is also 
compatible with the literature, where it is suggested that 
the increase in ac conductivity with the increasing 
frequency is attributed to the series resistance effect. 
Similar behavior was observed in the literature [23,33,37-
39,41,45-47]. 

Fig. 4 shows the variation of ac resistivity (ρac) with 
log frequency. The values of ρac decrease with an increase 
in frequency from 1 kHz to 1 MHz. The increase in 
frequency of the applied field enhances the hopping of 
charge carriers resulting in an increase of conductivity and 
a decrease of resistivity. At higher frequencies ac 
resistivity decreases and remains constant because of the 
fact that hopping frequency can no longer follow the 
frequency of the applied external field leading to lower 
values of ac resistivity [34,48]. 
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Fig. 3. Frequency dependence of ac conductivity (σac) of MIS 

Schottky diode for various applied voltage. 
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Fig. 4. Frequency dependence of ac resistivity (ρac) of 

MIS Schottky diode for various applied voltage. 
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Fig. 5. (a) The real part M' and (b) the imaginary part M" 

of electric modulus M* versus frequency for MIS Schottky 
diodes. 

 
Fig. 5(a) and (b) show the frequency-dependent real 

the (M') and imaginary (M") components of the electric 
modulus of MIS Schottky diode at various voltages. As 
seen in Fig. 5(a), the M' increases with the increasing 
frequency. As seen in Fig. 5(b), the M" has a peak for each 

the voltage between ≈ 10 kHz and 300 kHz. The position 
of peak shifts to higher frequency with the increasing gate 
voltage. Similar studies have been reported in literature 
[30,34,36,37,46-50].  

 
 
4. Conclusions   
 
The frequency and voltage dependence of electrical 

and dielectric properties Au/SiO2/n-Si (MIS) Schottky 
diodes have been studied in detail in the frequency range 
of 1 kHz–1MHz at room temperature using capacitance-
voltage (C-V) and conductance-voltage (G/ω-V) 
characteristics. It was shown that the electrical properties 
of MIS Schottky diode are strongly dependent on 
frequency and bias voltage. Since the presence of the 
interfacial insulator layer, interface states, fixed surface 
charge and series resistance causes changes in the 
electrical and dielectric characteristics of MIS structures. 
The values of dielectric constant (ε') and dielectric loss (ε'') 
decrease with the increasing frequency for each bias 
voltage. These behaviors are attributed to the decrease in 
polarization with the increasing frequency in the metal-
semiconductor interface. The values of ac conductivity 
(σac) and real part of electric modulus (M') increase with 
the increasing frequency for each bias voltage. It is 
concluded that the values of dielectric parameters of MIS 
Schottky diode are strongly dependent on both the 
frequency and applied bias voltage.  
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