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In this study, the dielectric, conductivity and modulus properties of AuGe/SiO2/p-Si/AuGe capacitor with interfacial thermal 
oxide layer were investigated using impedance measurements. These measurements were carried out in a wide frequency 
range. Dielectric parameters such as dielectric constant (ε'), loss (ε''), loss tangent (tan δ), ac conductivity (σac), and real 
(M') and imaginary (M'') component of complex electric modulus (M

*
) values were calculated from impedance 

measurements.  Experimental results show that the values of dielectric parameters are a strong function of frequency.  
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1. Introduction 
 

The metal-oxide-semiconductor (MOS) capacitor 

constitutes a kind of capacitor, which stores the electric 

charge by virtue of the dielectric property of oxide layer, 

and consists of a parallel-plate capacitor with one 

electrode a metallic plate, called the gate, and other 

electrode, the semiconductor. In other words, the basic 

MOS capacitor consists of an oxide film (such as SiO2, 

SnO2, TiO2, Si3N4) sandwiched between a metal and 

semiconductor substrate. This oxide film can be grown by 

using different techniques such as thermal oxidation, 

chemical oxidation and rapid thermal oxidation [1-4]. A 

real MOS structure always contains defects so-called 

"charges" located in the bulk of the oxide or at the oxide-

silicon interface. These charges are traditionally classified 

into four general types such as fixed oxide charge, mobile 

ionic charge, interface-trapped charge and oxide trapped 

charge [4,5]. Also, in MOS capacitor, three regions, which 

are the bulk oxide, the semiconductor/oxide interface and 

the oxide, in MOS capacitor are important in integrated 

circuit technology. Charges in all three regions play a role 

in integrated circuits [1,2].  

In addition, the performance and stability of MOS 

capacitors depend on the formation and thickness of 

interfacial oxide layer, oxide leakage, interface trap 

densities and series resistance bulk doping profile [6-12]. 

Impedance spectroscopy (IS) is a powerful and widely 

used technique which is utilized to characterize the 

electrical properties of materials. It may be used to 

investigate the dynamics of bound or mobile charge in the 

bulk or interfacial regions of any kind of solid or liquid 

material: ionic, semiconducting, mixed electronic-ionic 

and even insulators (dielectrics) [13]. Also, this IS method 

has been used to characterize a wide range of materials. 

The IS is particularly characterized by the measurement 

and analysis of some or all of the four impedance-related 

functions impedance (Z), admittance (Y), electric modulus 

(M), and dielectric permittivity (ε). Furthermore, from an 

impedance spectrum, both the structure of its equivalent 

circuit and the parameter values can be extracted [13-16]. 

The aim of the present paper is to investigate the 

effect of frequency on dielectric parameters of 

AuGe/SiO2/p-Si/AuGe (MOS) capacitor. The frequency 

dependence of dielectric parameters such as dielectric 

constant (ε'), loss (ε''), loss tangent (tan δ), ac conductivity 

(σac) and electric modulus obtained from impedance 

measurements were discussed in detail. 

 

 

2. Experimental details 
 

The thermal oxide wafer was purchased from MTI 

Corporation. The wafer, boron doped (p-type) single 

crystal Si substrate, has a 2'' diameter, (100) orientation, 

and <0.005 Ω.cm resistivity. Thermal oxide or silicon 

dioxide (SiO2) layer with a thickness of 300 nm (3000 

Å) is formed on bare silicon surface at 1000 
°
C, using a 

dry growth method. To form the ohmic and rectifier 

contacts of MOS capacitors were used a thermal 

evaporation system. First, the ohmic back contacts with a 

thickness of ~150 nm were formed by the deposition of 

AuGe (88:12 wt %) onto the whole back surface of the Si 

wafer at 400 ºC and under 10
−6

 mbar vacuum. Then, the 

thermal oxide silicon wafer was annealed at 350
 
ºC for 3 

min to achieve good ohmic contact behaviour. Finally, 

rectifier front contacts with 2 mm diameter and ~120 nm 

thickness were formed by the deposition of AuGe onto the 

oxidized surface of the Si wafer under 10
−6

 mbar vacuum. 

Thus, AuGe/SiO2/p-Si/AuGe (MOS) capacitor was 

fabricated for the electrical measurements. The electrode 

connections were made by silver paste. 

The impedance measurements of the fabricated MOS 

capacitor were performed using a Solartron SI1260 
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Impedance/Gain-Phase analyzer.  Besides, to obtain higher 

sensitivity in the high dielectric range, a Solartron 1296 

Dielectric Interface was coupled to the analyzer. The 

impedance measurements as a function of the applied dc 

bias voltage were carried out in the frequency range of  

100 Hz-1 MHz at room temperature. Also, a small ac test 

signal 100 mVrms from the external pulse generator was 

applied to the capacitor in order to meet the requirements.  

 

 

3. Results and discussion 
 

The impedance spectroscopy is an experimental 

technique used for the electrical and dielectric properties 

of many electronic devices. Also, impedance spectroscopy 

was used to measure the response of the material to a 

small amplitude excitation over a wide frequency range. 

The MOS capacitor can be modeled by an equivalent 

electrical circuit shown in Fig. 1.  

 
 

Fig. 1. Equivalent-circuit model in terms of a single 

parallel resistance Rp and capacitance Cp network with a  

series resistance Rs. 

 

The equivalent electrical circuit consists of a single 

parallel resistance (bulk resistance, Rp) and capacitance 

(bulk capacitance, Cp) network with a series resistance 

(contact resistance, Rs). Therefore, the expression for the 

complex impedance of the equivalent circuit is giving by 

[13,17-21] 
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Where Z' and Z" are the real part and imaginary parts of 

the complex impedance, and ω is the angular frequency of 

the ac signal, ω=2πf. 

The frequency dependent the real (Z
'
) and imaginary 

part (Z
"
) of the complex impedance (Z

*
) is shown in Fig. 2. 

As seen in Fig. 2, the values of the Z
' 
decrease with the 

increasing frequency and remain constant at sufficiently 

high frequency (f>500 kHz) [17-19,22-24]. The observed 

decrement in the Z
'
 with the increasing frequency confirms 

the presence of interface states. The values of the Z
"
 

initially increase with the increasing frequency, then 

reaches a maximum peak and finally decreases with 

further increases in frequency. Furthermore, the Z
"
 curve 

gives a peak and the peak shows the single relaxation 

process in the device.  

 
 

Fig. 2. The frequency dependent (a) real (Z') and (b) imaginary (Z") part of the complex impedance. 

 

Dielectric spectroscopy sometimes called as 

impedance spectroscopy is a method used to determine the 

dielectric characteristics of nonconducting or 

semiconducting materials in relation to their structure and 

also of electronic or sensor devices. Dielectric 

spectroscopy measures the dielectric permittivity as a 

function of frequency and temperature. Also, this method 

is based on the interaction of an external field with the 

electric dipole moment of the structure. The dielectric 

permittivity (ε
*
) is expressed in the complex form: [25-28] 

 

                     )()()( '''  i
              (2) 

 

Where ε' and ε'' are the real and the imaginary parts of 

complex dielectric permittivity (ε
*
), and i =√-1 the 

imaginary factor. In the case of impedance measurements, 

the Eq. (2) can be written as 
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Where C0 (=92.63 pF) is capacitance of an empty capacitor 

and expressed as C0=ε0A/dox, with A (=3.14x10
-2

 cm
2
) 

being the rectifier contact area in cm
2
, dox (=3000 Å) the 

interfacial oxide layer thickness, and εo the permittivity of 

free space charge (ε0=8.85x10
-14 

F/cm).  

Dielectric loss tangent (tan) or dissipation factor, 

which means the phase difference due to the loss of energy 

within the structure, can be expressed as follows,  
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The ac electrical conductivity (σac) can be represented 

by the following equation, 
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The electric modulus approach began when the 

reciprocal complex permittivity was discussed as an 

electrical analogue to the mechanical shear modulus [29]. 

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. The complex electric modulus M
*
() 

was introduced to describe the dielectric response of non-

conducting material. Also, this formalism has been applied 

to materials with non-zero conductivities. The electric 

modulus is expressed in the complex modulus formulism: 

[30-36] 
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Where M
'
 and M

''
 are the real and the imaginary parts of 

complex modulus.  

The frequency dependences of the ε', ε'', tan, σac, M' 

and M'' of the MOS capacitor obtained from admittance 

measurements at room temperature. The variations of 

dielectric parameters are shown in Figs. 3(a)-3(c), 

respectively. As seen in Fig. 3(a) and (b), the values of the 

dielectric constant (ε') and loss (ε'') decrease with the 

increasing frequency and remain almost constant at high 

frequencies. This is the normal behavior of a dielectric 

material. The decreases in ε' and ε'' with the increasing 

frequency are 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 [37-43].  

   

  
           

 
 

Fig. 3. Variations of the ε' (a), ε'' (b), and tan  (c)  

as a function of frequency. 
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As seen in Fig. 3(c), the value of dielectric loss 

tangent (tan) remains almost constant up to about                  

500 kHz. Then, the plot of tan gives a peak. This peak 

suggests the presence of dielectric relaxation in the 

structure. In general, the dielectric relaxation process is 

determined by rate of polarization formed and frequency 

of applied electric field. Also, dielectric loss tangent is 

associated with the electrical conductivity. 

Fig. 4 shows the variation of the ac electrical 

conductivity (σac) with frequency. As seen in Fig. 4, the σac 

increases slowly up to about 100 kHz but it decreases up 

to 500 kHz, and then it increases rapidly again with the 

increasing frequency. The frequency dependence of 

conductivity can be attributed to the relaxation phenomena 

arising from mobile charge carriers [44,45]. Also, the 

increase of σac with increase in frequency also suggests the 

hopping conduction and the increase of the applied 

frequency enhances the hopping of charge carriers 

between the localized states [46-48]. 

 
Fig. 4. Variation of ac electrical conductivity with frequency. 

 

 

The variation real (M') and imaginary (M") parts of 

the complex electrical modulus with frequency is given in 

Fig. 5(a) and (b). As seen in Fig. 5(a), the value of M' 

increases with the increasing frequency and remains 

almost constant at high frequencies. The increase of M' 

may possibly be related to a lack of restoring force 

governing the mobility of charge carriers under the action 

of an induced electric field. As seen in Fig. 5(b), the M" 

increases with the increasing frequency but it gives a peak 

at about 10 kHz, and then it decreases with the increasing 

frequency. The region where the peak occurs is indicative 

of the transition from long-range to short-range mobility 

with increase in frequency [30,32,33,49-53]. Also, this 

observed peak is a relaxation peak. Relaxation time for the 

relaxation process was determined from the relaxation 

curves. The relaxation time (τ) has been calculated using 

the relation τ x 2πfmax = 1, where fmax is the peak 

frequency. The value of fmax and τ is found to be about            

10
4
 Hz and 1.59x10

-5
 s, respectively. 

 

 
Fig. 5. Variation of (a) real (M') and (b) imaginary  

(M") parts of complex modulus with frequency. 

 

 

4. Conclusion  
 

The dielectric, conductivity and modulus properties of 

AuGe/SiO2/p-Si/AuGe capacitor have been investigated 

by using impedance measurements. The frequency 

dependent real (Z') and imaginary (Z") parts of complex 

impedance were fitted using equivalent circuit. The values 

of the dielectric constant (ε'), loss (ε''), loss tangent (tan δ), 

ac conductivity (σac), and real (M') and imaginary (M'') 

component of complex electric modulus (M
*
) values were 

obtained from impedance measurements. The decreases in 

ε' and ε'' with increase in frequency are 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. The ac electrical conductivity (ac) 

increase with the increasing frequency due to the 

accumulation of charge carries at the boundaries. Also, the 

plot of M'' gives a relaxation peak. The relaxation time (τ) 

has been calculated from the peak frequency. 
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