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Abstract 

 

The purpose of this study is to investigate the electric and dielectric properties of Au/Ti/AlN/n-Si device 

with using admittance measurements. Aluminum nitride (AlN) epitaxial template on n-Si substrate 

was deposited by a hydride vapor phase epitaxy (HVPE) technique. Au/Ti contact was thermally 

evaporated on AlN thin film. Thus, admittance measurements (Y=G+iωC) of the fabricated device were 

performed and analyzed for frequencies ranging from 1 kHz to 1000 kHz and at room temperature. The 

capacitance-voltage (C-V) and conductance-voltage (G/ω-V) characteristics shown a strong frequency 

dependence. This behavior is associated with the reaction of the interface traps to the applied ac signal. 

Also, the dielectric parameters, conductivity, and electric modulus of the device were extracted from 

capacitance and conductance data. The obtained results suggest that the prepared device can be used as 

a capacitor in electronic circuits. 
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1. Introduction 



 

The III-V nitride thin films such as gallium nitride (GaN), indium nitride (InN) and 

aluminum nitride (AIN) have a major potential in the technology of compound semiconductors 

and electronic/optoelectronic device applications [1-3]. Moreover, the III-V nitrides are used as 

insulator or dielectric materials for metal-insulator/oxide-semiconductor (MIS/MOS) 

capacitors and MIS/MOS-high electron mobility transistors (MIS/MOS-HEMTs [4-6]. 

Aluminum nitride (AlN) is one of the significant III-V nitrides due to the electrical properties 

such as a high dielectric constant, excellent thermal conductivity, high electrical resistivity and 

wide bandgap [6-8]. Therefore, AlN with good dielectric properties are particularly suitable for 

applications in metal-insulator-metal (MIM) and MIS/MOS devices. The point defects such as 

N vacancies and Si atoms diffusing from Si substrate due to the high grown temperatures are 

accounted for the dielectric response of AIN through the formation of dipoles [8]. AIN films 

can be successfully deposited on various substrates such as silicon (Si) and silicon carbide (SiC) 

by metal-organic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), 

magnetron sputtering, and atomic layer deposition (ALD) [7-9]. 

The admittance spectroscopy (AS) is an experimental method used to investigate the 

electrical characteristics of the semiconductor devices [10-13]. On the other words, admittance 

spectroscopy examines the current response of a device to ac bias voltage. Admittance 

spectroscopy includes the measurement of the complex admittance. Admittance consists of a 

parallel connection of a capacitance and a conductance. Therefore, admittance measurements 

are based on the capacitance-voltage (C-V) and conductance-voltage (G-V) measurements of a 

device as a function of frequency and temperature. Admittance spectroscopy allows the 

determination of the interface trap density, time constant of the traps and series resistance. At 

the same time, the frequency-dependent dielectric properties are extracted from the admittance 

data. 

https://www.sciencedirect.com/topics/physics-and-astronomy/high-electron-mobility-transistors


In this study, we analyzed the dielectric and electric properties of the prepared 

Au/Ti/AlN/n-Si/Au device with the use of the admittance measurements. The fabricated device 

was modeled with a parallel equivalent circuit and the admittance data were evaluated assuming 

this circuit. The capacitance and conductance measurements were implemented in the 

frequency range of 1 kHz-1000 kHz with variation dc bias voltage. The dielectric behavior of 

the device was characterized using the admittance measurements. 

 

2. Experimental details 

 

The Au/Ti/AIN/n-Si device was fabricated using AIN epitaxial template on n-Si wafer.  

AIN epitaxial template on Si (AIN/n-Si) has been prepared by a hydride vapor phase epitaxy 

(HVPE)- a based method where the sample is purchased from MTI Corporation. For the 

fabrication process, first the Si/AIN sample were exposed to a sequential cleaning process 

including acetone, 2-propanolinan and de-ionized water (18 MW.cm) using ultrasonic bath for 

5 mins, respectively. There after the cleaning step, Si/AIN samples were dried under N2 gas 

flow and final treatment was done by placing Si/AIN sample into Harrick Plasma Cleaner for 

5 mins. Then, high purity (99.999%) gold (Au) (100 nm) was thermally evaporated onto the 

whole backside of Si/AIN sample at a pressure of 10-6 Torr and ohmic contacts were formed 

by thermal annealing at 500 oC for 5 min. After ohmic contact, titanium (Ti) (5 nm) and Au 

(100 nm) were thermally evaporated onto the AIN surface through metal mask with circular 

dots of 1 mm diameter, respectively and Au/Ti/AlN/n-Si device was formed. The schematic 

model and energy band diagram of the device is shown in Fig.1(a). In order to analyze surface 

morphology of the AIN layer, (SEM) images were obtained by Zeiss-Evo SEM. SEM image of 

the AIN is shown in Figure 1 ( b ). 



The capacitance and conductance measurements of the Au/Ti/AIN/n-Si device were 

performed by a HP 4192A LF impedance analyzer in the wide range of dc voltage (± 5 V) by 

50 mV steps and in the frequency range of 1 kHz-1000 kHz at room temperature.  

 

 

 

Figure 1 (a) Energy-band diagram and (b) SEM image of device  

 

 

 

 

 

 

 

 

 

3. Results and discussion 

 



 

Figure 2 (a) 𝐶 − 𝑉 and (b) 𝐶 − 𝑓 plots of the device at room temperature 

 

Electrical characteristics of the device are investigated by 𝐺 − 𝑉 and 𝐶 − 𝑉 measurements in 

the range of 1 kHz – 1000 kHz at room temperature under dark conditions by impedance 

analyzer. Figure 2 ( a )  and ( b ) indicate the variations of the 𝐶 with 𝑉 at various frequencies 

and the variations of C with 𝑓 at different voltages of the device, respectively. Figure 2 (a) 

indicated that the voltage dependence of C especially had a peak in the frequency range 1 kHz 

to 30 kHz and the C was frequency-independent down below 0.2 V and above 1.6 V.  In 

addition, the value of C increased with decreasing frequency. As seen Figure 2 ( b ), the value 

of C was changed to be a function of  voltage in the  frequency range 1kHz to 100 kHz. The 

frequency dependent of C indicated decrease with increasing frequency at each voltage.  

At low frequencies, the increase in capacitance values was associated with the presence of 

interfacial states in the device, and observed capacitance was affected by the formation of 

interfacial space charge [14]. The C value at low frequencies was higher than at higher 

frequencies. This is due to the capacitance caused by the interface state density in equilibrium 

with the semiconductor, which could trace the ac signal at low frequencies. In fact, the interface 



state density could easily trace the signal in these range and increase the capacitance of the 

device. This behavior is attributed the relaxation time of the charges and the intrinsic properties 

of the interface states according to the applied frequency. The interfacial layer could be 

polarized by displacement of charges in the interfacial states from their equilibrium and exhibit 

an electrochemical response to the electric field [15, 16]. Therefore, the polarization created by 

the interface state charges affects the high capacitance due to their time-dependent response. 

However, at high frequencies, charges cannot follow the ac signal, so their effect on the total 

capacitance is negligible. Therefore, the non-ideal behavior observed in the input spectra may 

be due to the barrier height in the device and the formation and inhomogeneities in the insulator 

layer. 

In this case,  𝑅𝑠 and 𝐷𝑖𝑡 are especially important parameters affecting the frequency dependence 

of electrical parameters such as capacitance, conductance, dielectric constant, tangent loss and 

modulus [17].  

 

Figure 3 (a) 𝐺/𝑤 − 𝑉 and (b) 𝐺/𝑤 − 𝑓 plots  

 



 

Figure 4 (a) 𝑅𝑠 − 𝑉 and (b) 𝑅𝑠 − 𝑓  plots  

 

Figure 3 ( a )  and ( b ) show  the variations of the 𝐺/𝑤 with 𝑉 at different frequencies and the 

variations of G/w with 𝑓 at different voltages of the device, respectively. As can be seen Figure 

3 ( a ), at low frequencies, the obtained 𝐺/𝜔 value as a function of 𝑉 is responsive in the forward 

bias region. As seen Figure 3 ( b ), G/w shows a gradual decrease with increasing frequency at 

each voltage. 

The AIN dielectric material at the interface can be the cause in series resistance (Rs) 

change in the device along with the localization and presence of surface states [18, 19]. C-V 

plot indicates a peak in deep depletion region, and G/w-V plot has decrease with increasing 

frequency. As seen Figure 2 (a) and Figure 2 (b), the frequency and voltage dependence 

capacitance can be occurred due to localized interface charges and Rs [20]. The non-ideal 

behaviors show the impact of AIN interfacial that is account for the changes in Dit and Rs. The 

variation in bias voltage can be assessed under capacitance of the AIN layer, internal resistance, 

and the impacts of interfacial resistance. Discarding the AIN layer with boundaries at 

semiconductor layers and metal, series resistance can be based on inhomogeneity in the device, 



charges flow from rectifying contact to the ohmic contact direct the device and ohmic contact 

behavior [18, 21]. The contribution of the AIN interfacial capacitance to the values of Rs is 

analyzed using frequency and voltage dependent C and G/w measurements. The results are 

calculated by Nicollian and Brews method in strong accumulation region [22]: 

𝑅𝑠 = 𝐺𝑚𝑎𝐺𝑚𝑎𝑥2 + (𝜔𝐶𝑚𝑎𝑥)2 
(1) 

Rs-V and Rs-f plots are shown in Figure 4.  As seen these plots, the values of 𝑅𝑠 are remarkably 

dependent on both frequency and voltage. In reality, it is watched that the change in value of 

Rs is more violent at low frequency regions. As seen Figure 4. (a) Rs-V plots have a peak from 

1 kHz to 10 kHz range. The peak values of Rs-V plots are 3.57x104 W in 0.25 V and 2.58x103 

in 0.40 V for 1 kHz and 10 kHz, respectively. It’s seen that Rs-V plot peaks shift to the positive 

voltage region and the Rs decreases with increasing frequency [17]. As seen Figure 4. (b), the 

values of Rs are 1567 W at 10 kHz and 741 W at 10 kHz for 0.65 V and 1.20 V, respectively. 

As seen these results and Figure 4 ( b ), the values of Rs decrease with increasing voltage at 

frequencies lower than 50 kHz. After 50 kHz, Rs values increase with increasing frequency. As 

seen Figure 4 ( b) , the value of Rs is 267 W at 100 kHz and 408 W at 100 kHz for 0.65 V and 

1.20 V, respectively. In addition, the Rs decrease with increasing frequency each voltage (from 

0.65 V to 1.20 V) (Figure 6 (b)). 

 



 

Figure 5 (a) 𝜀′ − 𝑉 and (b) 𝜀′ − 𝑓  plots  

The dielectric properties of the device are examined by dielectric spectroscopy. In dielectric 

spectroscopy, the complex permittivity ε* is given by [23-26] 

* ' i "     (2) 

where ε' is the real part of dielectric permittivity that is a measure of the energy stored in 

dielectric material and ε" is imaginary part of dielectric permittivity that is a measure of the 

energy dissipated in dielectric material. The complex permittivity is as following [23-26] 

*

*

o

Y

i C



  (3) 

where Co is capacitance of free space, Y* is the complex admittance and ω is the angular 

frequency. The ε' and ε" are given by [23-26] 
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where εo is permittivity of free space, d is the thickness of insulator layer, C is value of 

capacitance, G is value of conductance and A is area of the rectifying contact. 

 

Figure 5 ( a )  and ( b ) show the variations of the 𝜀′ with bias voltage (𝑉) at different frequencies 

and the variations of 𝜀′ with frequency (𝑓) at different voltages of the device, respectively. The 

dielectric constant of any material is due to the ionic, electronic, dipolar and interfacial 

polarizations [27].  As can be seen from Figure 5 (a), the behavior of   𝜀′ − 𝑉 plot is like 

behavior of C-V plot and the voltage dependence of 𝜀′ has particularly a peak in the frequency 

range 1 kHz to 30 kHz. This peak behavior of 𝑡𝑎𝑛𝛿 relies on some parameters such as the 

thickness of insulator layer, series resistance and interface states density [26]. In addition, 𝜀′ 
has very weak dependences on the voltage above 30 kHz and is rather small. The interfacial 

and dipolar polarizations are account for the dielectric behavior of the material at low 

frequencies [27]. At low frequencies, the polarization of the space charge at the grain 

boundaries creates a charge accumulation at the grain boundary and thus a potential barrier 

which causes the ε' values to increase, is formed [28,29]. The electronic polarization is 

responsible for the AIN material and contribution of dipolar polarization becomes negligible at 

higher frequencies [27].  

It is seen in Fig. 5 ( a )  that 𝜀′  is constant at about 1.8 in the greater than 2 V region and the 

negative voltage region. As seen Figure 5 ( b ), 𝜀′ shows rapidly decrease because  the response 

of space charge polarization effect with increasing frequency in the voltage range 0.65–1.20 V. 

If this situation is explained in a little more detail, the reason for the increase in 𝜀′ with 

decreasing frequency might be that the polarization increases with decreasing frequency since 

the electron hopping cannot trace the alternative field beyond certain frequency of external 

field. The dispersion in 𝜀′ can be cited to the Maxwell-Wagner type interfacial polarization 



[30]. It is well known that the decreasing polarization is account for interface states cannot 

follow a.c. signal as its frequency is increase and cannot yield excess polarization [23, 31,32]. 

Figure 6 ( a )  and ( b ) show the variations of the 𝜀′′ with 𝑉 at different frequencies and the 

variations of 𝜀′′ with frequency (𝑓) at different voltages of the device, respectively. As can be 

seen from Figure 5 (a), the 𝜀′′ increases with decreasing frequency and ε″ is rather small and 

has very weak dependences on the voltage below about 0.5 V for each frequency. As seen 

Figure 6a and insert in Figure 6b, the value of 𝜀′′ is higher at low frequencies (1-70 kHz) than 

at high frequencies (100-1000 kHz). In addition, the value of 𝜀′′ is high on the voltage above 

about 0.5 V for each frequency. At a low frequency, the high resistivity of grain boundaries 

which are more influential than the grains of AIN material were accounted for the high value 

of 𝜀′′ [33]. An important contribution to the 𝜀′′  may occur in bulk interface layer by defects 

associated with the grain boundaries. Therefore, high values of 𝜀′′ may be because of the 

interfacial effects and electron effect in which the motion of free charge carrier within the AIN 

material [34–37] 

As seen Figure 6 ( b ), 𝜀′′ shows rapidly decrease with increasing frequency in the voltage range 

0.65–1.20 V similar to 𝜀′ − 𝑓 plot (Figure 5 (b)). 

 



 

Figure 6 (a) 𝜀′′ − 𝑉 and (b) 𝜀′′ − 𝑓  plots 

 

 

The loss tangent (tan δ) can be expressed as follows [24,38,39], 

tan𝛿 = 𝜀′′𝜀′ = 𝐺𝜔𝐶 
(6) 

The dielectric loss tangent versus voltage at various frequencies is indicated in Figure 7 ( a ). 

As seen Figure 7 (a), the tan δ sharply decreases with decreasing in the voltage range from 2 V 

to about 1.2 V for each frequency, and after that it decreases smoothly. It is well known that the 

tan δ of the AIN is based on three different agents: dipole loss (movement of the molecular 

dipoles), interfacial polarization contribution (space charge migration) and direct current (DC) 

conduction [40, 41]. Figure 7 (b) shows the frequency dependent of  𝑡𝑎𝑛𝛿  at different voltage. 

As seen this figure, the 𝑡𝑎𝑛𝛿 increases with decreasing frequency and its value, especially, were 

high at low frequencies. The high resistivity of grain boundaries causes the high value of tan δ 

at a low frequency [33]. 



 

 

 

Figure 7 (a) 𝑡𝑎𝑛𝛿 − 𝑉 and (b) 𝑡𝑎𝑛𝛿 − 𝑓  plots 

 

 

Figure 8 (a) 𝑀′ − 𝑉 and (b) 𝑀′ − 𝑓  plots 



The complex electric modulus (𝑀∗)  is given as 𝑀∗ = 𝑖𝜔𝐶𝑖𝜀∗ [42,43]. Then, its real (𝑀′) and 

imaginary (𝑀′′) parts of modulus can be given as,  

𝑀′ = 𝜀′ (𝜀′2 + 𝜀′′2)⁄    (7) 

and  

𝑀′′ = 𝜀′′ (𝜀′2 + 𝜀′′2)⁄  (8) 

respectively.  

 

In Fig.8 (a), the 𝑀′ vs. 𝑉  is indicated as a function of frequency. The 𝑀′ is found in a sharply 

increasing behavior decreasing voltage in the frequency range from 1 kHz to 100 kHz. In Fig.8 

(b), the 𝑀′ versus frequency is indicated as a function of voltage. As seen this figure, the 𝑀′ 
increases with increasing frequency for each voltage and the value of 𝑀′at 100 kHz is 0.44 and 

0.26 for 0.65 V and 1.20 V, respectively. The lifetime of localized charges and contribution of 

them at the interface trap states define the relaxation process if these charges can follow the 

frequency changes [44]. Although 𝑀′shows an increasing trend with decreasing in frequency, 

as seen Figure 9 ( a) and Figure 9 ( b ) the value of 𝑀′′  have a peak. The electrical non-

uniformities and the above two factors in the device may lead to asymmetry of the 𝑀′′  peak 

and an increased peak width (Figure 9 ( a)). An increase in frequency may lead to a change of 

both dipole interactions and charge carrier densities [45].  As seen Figure 9 (a), the peak point 

of 𝑀′′ shifted to the positive voltage region with increasing frequency. Similarly, the peak of 

the 𝑀′′ − 𝑓 plot shifted to the high frequency region with increasing voltage (Figure 9 ( b )). 

The 𝑀′′ indicates a single relaxation, centered at the dispersion region of 𝑀′ related to the grain 

effect.  

In the 𝑀′ − 𝑓 plot, the frequency region bellows the loss peak maximum determines the range 

in which charge carriers are mobile over long distances. At the frequency above peak maximum 



(high frequency), the carriers are mobile over short distances, and they are confined to potential 

wells. The peak region of the transition from long-range to short-range mobility with increase 

in frequency. The behavior of  𝑀′′ − 𝑓 plot is attributed a frequency-dependent hopping type 

mechanism for charge transport in the device [46]. The dielectric relaxation time ( τ ) of   the 

device is obtained by the relation τ =1/ω = 1 / 2π f. τ is obtained from the plot of 𝑀′′ − 𝑓 (Figure 

9 (b) )[33,47-49]. The value of τ is 3.18 𝜇𝑠 for 0.65 V and 1.59 𝜇𝑠 for 1.20 V.  As seen 

experimental results, τ increases with increasing the voltage. 

 

 

Figure 9 (a) 𝑀′′ − 𝑉 and (b) 𝑀′′ − 𝑓  plots 

 

 The 𝑀′′  vs. 𝑀′  (Cole-Cole) for the device at 300 K is indicated in Figure 10. The 𝑀′′  vs. 𝑀′   is more efficient than the 𝑍′′  vs. 𝑍′  in allocating the relaxation effects from grain 

boundaries (resistive plates) and grains (conducting regions) in dielectric materials [33,47]. As 

can be seen Fig. 10, 𝑀′′  vs. 𝑀′ plot has the existence of one semicircle for the device. This 



result is indicated that the grain boundaries impact is more dominant than the grain impact in 

the charge transport [47,48].  

 

 

 Figure 10 𝑀′′ − 𝑀′ plot  

 

4. Conclusions 

 

This study was interested in the use of AIN as an alternate interface layer for MIS/MOS 

structure. Electric and dielectric properties of the Au/Ti/AIN/n-Si device were analyzed with 

the change in both voltage and frequency. The 𝜀′ , 𝜀′′ and 𝑡𝑎𝑛𝛿 values were indicated in  



 decreasing behavior at high frequency whereas there is an increase in low frequencies. At 

higher frequencies, the characteristics of the Au/Ti/AIN/n-Si device was associated with the 

weak reaction of the interface states that cannot follow the applied AC signal at this region. 

In contrast to the high frequency region, at lower frequencies, the Au/Ti/AIN/n-Si device 

performance was attributed to the mighty impact of the dielectric parameters of the AIN layer 

that is because of the localized states at the interface and along with the series resistance. 

Moreover, 𝑀′showed an increasing with decreasing in frequency and the value of 𝑀′′  had a 

peak. The peak of the 𝑀′′ − 𝑓 plot shifted to the high frequency region with increasing voltage. 𝑀′′ indicated a single relaxation, centered at the dispersion region of 𝑀′ related to the grain 

effect. The values of τ were 3.18 𝜇𝑠 for 0.65 V and 1.59 𝜇𝑠 for 1.20 V.  Result shows that τ 

increases with increasing the voltage. 𝑀′′  vs. 𝑀′ plot has the existence of one semicircle for 

the device. The experimental results confirm that the prepared device can be used as a capacitor 

in electronic circuits. 
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Figure Captions 

Figure 1 (a) Energy-band diagram and (b) SEM image of device  

Figure 2 (a) 𝐶 − 𝑉 and (b) 𝐶 − 𝑓 plots of the device at room temperature 

Figure 3 (a) 𝐺/𝑤 − 𝑉 and (b) 𝐺/𝑤 − 𝑓 plots  

Figure 4 (a) 𝑅𝑠 − 𝑉 and (b) 𝑅𝑠 − 𝑓  plots  

Figure 5 (a) 𝜀′ − 𝑉 and (b) 𝜀′ − 𝑓  plots  

Figure 6 (a) 𝜀′′ − 𝑉 and (b) 𝜀′′ − 𝑓  plots 

Figure 7 (a) 𝑡𝑎𝑛𝛿 − 𝑉 and (b) 𝑡𝑎𝑛𝛿 − 𝑓  plots 

Figure 8 (a) 𝑀′ − 𝑉 and (b) 𝑀′ − 𝑓  plots 

Figure 9 (a) 𝑀′′ − 𝑉 and (b) 𝑀′′ − 𝑓  plots 

Figure 10 𝑀′′ − 𝑀′ plot 

 


