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a b s t r a c t

The dielectric properties and AC electrical conductivity (rac)of the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN hetero-
structures, with and without the SiNx passivation, have been investigated by capacitance–voltage and
conductance–voltage measurements in the wide frequency (5kHz–5 MHz) and temperature (80–400 K)
range. The experimental values of the dielectric constant (e0), dielectric loss (e0 0), loss tangent (tand),
rac and the real and imaginary part of the electric modulus (M0 and M0 0) were found to be a strong func-
tion of frequency and temperature. A decrease in the values of e0 and e0 0 was observed, in which they both
showed an increase in frequency and temperature. The values of M0 and M0 0 increase with increasing fre-
quency and temperature. The rac increases with increasing frequency, while it decreases with increasing
temperature. It can be concluded, therefore, that the interfacial polarization can occur more easily at low
frequencies and temperatures with the number of interface states density located at the metal/semicon-
ductor interface. It contributes to the e0 and rac.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The interface quality between the deposited metal and semi-
conductor surface is decisive for the performance and reliability
of these devices. In general, the performance of metal-insulator/
oxide-semiconductor (MIS or MOS) devices depends on various
parameters, such as the interfacial passivation layer thickness
and its homogeneity, distribution of the barrier height, density of
the interface states at the metal and semiconductor interface, as
well as the series resistance of a device, in which they must all
be taken into account. Although silicon dioxide (SiO2) is considered
the traditional way to carry out an interfacial insulator/passivation
layer in these devices, it cannot completely passivate the active
dangling bonds at the semiconductor surface. Therefore, in recent
years, dielectric materials, such as TiO2 [1,2], HfO2 [3], SiNx [4–6],
Al2O3 [7,8], ZrO2 [9], SrTiO3 [10] and Bi3Ti4O12 [11,12] have been
examined as potential materials for replacing SiO2 in the MIS/
MOS structures, MOS field effect transistor (MOSFET), metal-ferro-
electric-insulator-semiconductor (MFIS) FET structures, and high
electron mobility transistors (HEMTs) [13,14].

The interfacial passivation layer not only prevents the reaction
and inter-diffusion between the metal and semiconductor sub-
strate, but also alleviates the electric field reduction issue in these
ll rights reserved.
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structures. When a bias voltage is applied across these structures,
the combination of the interfacial passivation layer, depletion
layer, and series resistance shares the applied voltage. In this re-
spect, the interfacial passivation layer thickness, frequency, and
temperature can influence the electrical and dielectric behavior
of these structures [1,2,12,14–20].

Many studies have been conducted in recent years in order to
investigate the effect of SiNx passivation on the conduction mech-
anisms of two-dimension electron gas (2DEG) in AlxGa1�xN/GaN
heterostructures [14–19]. Although the electrical properties of
MIS, MOS, MOSFET, and HEMT structures have been studied for
four decades, not much work has been carried out on the dielectric
properties, especially considering the structures [18–20] in the
wide frequency and temperature range. It is well known, in the
ideal case, that the capacitance of MIS or MOS structures is usually
frequency independent, especially at high frequencies (f P 1 MHz).
However, the situation is different at low frequencies and temper-
atures. Depending on the frequency of the AC signal and tempera-
ture, there may be capacitance and conductance due to the
interface states that are in excess of the depletion layer capaci-
tance. The frequency and temperature responses of the dielectric
e0, e0 0, tand, rac and electric modulus (M0 and M0 0) are dominated
by low frequency and temperature dispersion, whose physical ori-
gin has long been in question [18,20,21]. Therefore, it is very
important to include the effects of frequency and temperature in
the investigations of the electrical characteristics and dielectric
properties in such devices.
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In the present study, by using the capacitance–voltage (C–V)
and conductance–voltage (G/x–V) measurements, we investigated
the frequency and temperature dependences of the electrical and
dielectric parameters, such as e0, e0 0, tand, rac and the real and imag-
inary parts of the electric modulus (M0 and M0 0) of (Ni/Au) Schottky
contacts on unpassivated and SiNx passivated Al0.22Ga0.78N/AlN/
GaN heterostructures. In order to properly interpret these param-
eters, measurements were carried out in the wide frequency and
temperature range of 5 kHz–5 MHz and 80–400 K, respectively.
2. Experimental details

The Al0.22Ga0.78N/AlN/GaN heterostructures were grown on
c-plane (0 0 0 1) double-polished 2-inch diameter Al2O3 substrate
in a low-pressure metalorganic chemical-vapor deposition reactor
(MOCVD) (Aixtron 200/4 HT-S) by using trimethylgallium (TMGa),
trimethylaluminum (TMAl), and ammonia as Ga, Al, and N
precursors, respectively. Prior to the epitaxial growth, Al2O3

substrate was annealed at 1100 �C for 10 min in order to remove
surface contamination. The buffer structures consisted of a 15 nm
thick, low-temperature (650 �C) AlN nucleation layer along with
high temperature (1150 �C) 420 nm AlN templates. A 1.5 lm
nominally undoped GaN layer was grown on an AlN template
layer at 1050 �C, which was followed by a 2 nm thick high
temperature AlN (1150 �C) barrier layer. After the deposition of
these layers, a 23 nm thick undoped Al0.22Ga0.78N layer was
grown on an AlN layer at 1050 �C. Finally, a 5-nm thick GaN
cap layer growth was carried out at a temperature of 1085 �C
and a pressure of 50 mbars.

The grown wafers were cut into several pieces and the ohmic
and Schottky/rectifier contacts were made in the high vacuum
coating system at approx. 10�7 Torr. The ohmic and Schottky con-
tacts were formed as a square van der Pauw shape and as 1 mm
diameter circular dots, respectively [13]. Prior to ohmic contact
formation, the samples were cleaned with acetone in an ultrasonic
bath. Then, a sample was treated with boiling isopropyl alcohol for
5 min and rinsed in de-ionized (DI) water that possessed 18 MX
resistivity. After cleaning, the samples were dipped in a solution
of HCl/H2O (1:2) for 30 s in order to remove the surface oxides,
and were then rinsed in DI water again for a prolonged period.
Ti/Al/Ni/Au (16/180/50/150 nm) metals were thermally evapo-
rated on the sample and were annealed at 850 �C for 30 s in N2

ambient in order to form the ohmic contact.
After the formation of the ohmic contact, the SiNx layer was

deposited by plasma-enhanced chemical-vapor deposition (PEC-
VD) on Al0.22Ga0.78N/AlN/GaN heterostructures surface at 300 �C.
The SiNx growth was optimized to have a low growth rate without
changing the refractive index by a series of growth. After growth
rate optimization, approximately 10 nm/min growth rates with a
refraction index of 2.02 were achieved. And 4 and 10 nm thick SiNx

layers were deposited on sample B and C, respectively. The SiNx

thickness was measured exactly with ellipsometer. However, sam-
ple A was not passivated. Then Schottky contacts were formed by
Ni/Au (50/80 nm) evaporation.

The capacitance–voltage (C–V) and conductance–voltage (G/x–
V) measurements were performed in the wide frequency range of
5 kHz–5 MHz by using an HP 4192A LF impedance analyzer
(5 Hz–13 MHz), in which a small sinusoidal test signal of 40 mV
peak to peak from the external pulse generator was applied to
the sample as per the requirements. The temperature dependent
measurements were performed in the wide temperature range of
80–400 K by using a Lake Shore model 321 auto-tuning tempera-
ture controllers with sensitivity better than ±0.1 K. All the mea-
surements were carried out with the aid of a microcomputer
through an IEEE-488 AC/DC converter card.
3. Results and discussion

3.1. Frequency dependent behavior of the dielectric properties and AC
electrical conductivity

The frequency dependence of e0, e0, tand, rac and the real and
imaginary part of the electric modulus (M0 and M0 0) were evaluated
from the knowledge of C–V and G/x–V data for (Ni/Au)/Al0.22-

Ga0.78N/AlN/GaN heterostructures with SiNx passivation layers (4
and 10 nm) and without passivation layer in the frequency range
of 5 kHz–5 MHz, at room temperature. In order to describe the
electric and dielectric properties of the structure, the complex per-
mittivity can be defined in the following complex form [22,23],

e�ðxÞ ¼ e0 � je00 ¼ C
C0
� j

G
xC0

ð1Þ

where x ¼ 2pf is the angular frequency, e0 and e0 0 are the real and
imaginary part of complex permittivity, j is the imaginary root of
�1 and C and G are the measured capacitance and conductance in
the strong accumulation layer, respectively. Dielectric measure-
ments, such as e0 and e0 0 reveal significant information about the
chemical and physical behavior of the electrical and dielectric prop-
erties. The values of the e0, at the various frequencies, can be calcu-
lated by using the measured capacitance values at the strong
accumulation region from the relation [23–25],

e0 ¼ C
C0
¼ Cdp

e0A
ð2Þ

where C0 is the capacitance of an empty capacitor, A is the rectifier
contact area in cm�2, dp is the passivation layer thickness and e0 is
dielectric constant of vacuum (e0 = 8.85 � 10�14 F/cm). In the strong
accumulation region, the maximum capacitance of the structure
corresponds to the insulator/passivation layer capacitance
(Cp ¼ e0e0A=dp). The dielectric loss (e0 0), at the various frequencies,
can be calculated by using the measured conductance values from
the relation,

e00 ¼ G
xC0

¼ Gdp

e0xA
ð3Þ

The loss tangent (tand) can be expressed as follows [22–25],

tan d ¼ e00

e0
ð4Þ

Fig. 1(a), inset of Fig. 1(a) and (b) shows the frequency depen-
dent of the e0, e0 0 and tand plots of the (Ni/Au)/AlxGa1�xN/AlN/
GaN heterostructures in the strong accumulation region, respec-
tively, for the unpassivated (sample A) and SiNx passivated samples
(samples B and C). As shown in Fig. 1(a) and the inset of Fig. 1(a),
the values of e0 and e0 0 decrease with increasing frequency for three
samples, while they remain nearly constant at sufficiently high fre-
quencies (f P 1 MHz). These results nearly show the same trend
for the e0 change with frequency for all the samples studied. On
the other hand, the value of e0 increases with the increasing passiv-
ation layer thickness. Furthermore, it is clear that the values e0 and
e0 0 are greater at low frequencies due to the possible interface
polarization mechanisms since interface states (Nss) cannot follow
the AC signal at high frequencies [2,11,12,26–29]. Interface polari-
zation reaches a constant value due to the fact that beyond a cer-
tain frequency of the external field, the electron hopping cannot
follow the alternative field. These dispersions in e0 and e0 0 with fre-
quency can be attributed to Maxwell–Wagner [26] and space-
charge polarization [27]. As shown in Fig. 1(c), the values of tand
show a U shape behavior for sample A. However, the values of tand
for samples B and C increase with increasing frequency. Such
behavior of tand depends on many parameters, such as dislocation
related Nss that is localized between the metal and semiconductor,



Fig. 1. The frequency dependences of (a) e0 , e0 0 (in the inset of Fig. 1(a)) and (b) tand
and for (Ni/Au)/AlxGa1�xN/AlN/GaN heterostructures without (sample A) and with
SiNx passivation (sample B and C), respectively, at room temperature.

Fig. 2. The frequency dependences of the ac electrical conductivity (rac) for (Ni/
Au)/AlxGa1�xN/AlN/GaN heterostructures without (sample A) and with SiNx pas-
sivation (sample B, and C), respectively, at room temperature.

Fig. 3. Frequency dependence of the M0 and M00 (in the inset of Fig. 3) for the
unpassivated and SiNx passivated (Ni/Au)/AlxGa1�xN/AlN/GaN heterostructure at
room temperature (lines are given for eyes guide).
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series resistance of devices (Rs), and thickness of the passivation
layer. The experimental results show that the changes in frequency
substantially alter the dielectric parameters of the (Ni/Au)/Alx-

Ga1�xN/AlN/GaN heterostructure. In the case of the absence of an
external electric field, the charge carriers that are bound at differ-
ent localized states show different dipole orientations. An electron
can hop between a pair of these centers under the applied an AC
field, in turn leading to the reorientation of an electric dipole
[26]. This process gives rise to a change in the dielectric constant.
Therefore, the increase in the dielectric constant with decreasing
frequency can be attributed to the effect of dipoles.

The AC electrical conductivity (rac) of the dielectric material can
be given by the following equation [23,27,28],

rac ¼ xC tan dðdp=AÞ ¼ e00xe0 ð5Þ

Fig. 2 shows the variation of the AC conductivity (rac) with fre-
quency (in the frequency range 5 kHz–5 MHz) at room tempera-
ture. The electrical conductivity generally increases with
increasing frequency and the thickness of the passivation layer
[20,28].

The complex impedance (Z*) and complex electric modulus (M*)
formalisms have been discussed by various authors with regard to
the analysis of dielectric materials [29–32]. They prefer to describe
the dielectric properties of these devices by using the electric mod-
ulus formalisms. The complex permittivity can be transformed into
the M* formalism by using the following relation [2,23,26–28]:
M� ¼ 1
e�
¼ M0 þ jM00 ¼ e0

e02 þ e002
þ j

e00

e02 þ e002
ð6Þ

The real and imaginary parts of the electric modulus (M0, M0 0)
were determined by using e0 and e0 0 values at room temperature,
which are shown in Fig. 3 and the inset of Fig. 3, respectively, for
all the samples. The variation of the real and imaginary parts of
the electric modulus (M0, M0 0) of the (Ni/Au)/AlxGa1�xN/AlN/GaN het-
erostructure as a function of frequency are shown in Fig. 3 and the
inset of Fig. 3, respectively, at room temperature. It is evident from
the inset of Fig. 3 that the values of M00 do not reach the maximum
values even at the higher frequency of 5 MHz, which corresponds
to M1 = 1/e1 due to the relaxation process. However, the M0 reach
a maximum value at approx. 3 MHz. Moreover, both of the values
of M0 and M00 nearly approach zero at low frequencies. These results
are consistent with the reported results in the literature [27–30].

3.2. Temperature dependent behavior of the dielectric properties and
AC electrical conductivity

The temperature dependence of the e0, e0 0 and tand at 1 MHz for
the (Ni/Au)/AlxGa1�xN/AlN/GaN heterostructure is shown in



Fig. 4. The temperature dependence of the (a) e0 , e0 0 (in the inset of Fig. 4(a)) and (b)
tand at 1 MHz for the unpassivated and SiNx passivated (Ni/Au)/AlxGa1�xN/AlN/GaN
heterostructure.

Fig. 5. Temperature dependence of the M0 and M00 (in the inset of Fig. 5) for the
unpassivated and SiNx passivated (Ni/Au)/AlxGa1�xN/AlN/GaN heterostructure at
room temperature.

Fig. 6. (a) The behavior of the electrical conductivity (rac) as a function of
temperature. (b) The variation of the lnrac vs. q/kT characteristics of the unpass-
ivated and SiNx passivated (Ni/Au)/AlxGa1�xN/AlN/GaN heterostructures at 1 MHz.
The lines in Fig. 6(b) show the linear fit function.

2000 E. Arslan et al. / Microelectronic Engineering 87 (2010) 1997–2001
Fig. 4(a), inset of Fig. 4(a), and Fig. 4(b), respectively. As can be seen
in Fig. 4(a) and the inset of Fig. 4(a), both e0 and e0 0 decrease with
increasing temperature, which is similar to the effect of frequency
(Fig. 1(a) and the inset of that figure). These results show that the
magnitude of the disorders decreases with increasing temperature.
The frequency and temperature dependence of e0 and e0 0 are small
at high frequencies and temperatures. In addition, the values of e0

and e0 0 increase with increasing passivation layer thickness, espe-
cially at low frequencies and temperatures. Contrary to e0 and e0 0,
the value of tand increases as the temperature is increased.

Fig. 5 and the inset of Fig. 5 show the real part of M0 and the
imaginary part of M00 of the electric modulus M* versus the temper-
ature for the studied samples at 1 MHz. It can be clearly seen in
Fig. 5, and the inset of that figure, that the M0 and M0 0 increase with
increasing temperature for all the samples. These behaviors are
attributed to the polarization increase with increasing temperature
in the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN heterostructures.

Fig. 6(a) shows the temperature dependence of the AC electrical
conductivity in the (Ni/Au)/AlxGa1�xN/AlN/GaN heterostructure at
1 MHz for all the samples. It is clear that the conductivity decreases
with the increasing measured temperature range for all samples.
These behaviors of conductivity result from decreasing conduc-
tance with increasing temperature. The relationship between the
AC electrical conductivity and the absolute temperature can be
written as:
r ¼ r0 exp
�Ea

kT

� �
ð7Þ
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where r0 represents the composite constant, k the Boltzmann con-
stant, and Ea is the activation energy. Additionally, the values of rac

increase with the increasing passivation layer thickness, especially
at low temperatures.

Fig. 6(b) shows the Arrhenius plot of the AC electrical conduc-
tivity data obtained in the temperature range of 80–400 K. As
can be seen in Fig. 6(b), the lnrac vs. q/kT plot at 1 MHz shows lin-
ear behavior in the temperature range of 260–400 K. However, at
low temperatures these plots deviate from the linearity. Such
behavior of rac implies that the Ea is dependent upon temperature,
in which two different conduction mechanisms may dominate in
this temperature range. The slope of the lnrac vs. q/kT plot can be
positive or negative according to the conductive behavior of the
materials. In the present study, the values of conductance de-
creased with the increasing temperature for all the samples. There-
fore, the lnrac vs. q/kT plots shows a positive slope. Such behavior
generally can be observed in high dielectric materials, such as
SrTa2O6, HfO2 and ZrO2 [31]. In Fig. 6(b), the high temperature
ranges from 260–400 K, in which the data of the samples can be fit-
ted in a straight line, in turn representing the activation energy of
45.7, 42.9, and 45.8 meV for samples A, B, and C, respectively. This
low activation energy value is associated with recombination,
which causes even more departures from the thermionic-emission
behavior at low temperatures [20]. The conduction electrons may
be created from the donor state as a possible consequence of ion-
ized oxygen vacancies. At high temperatures, these carriers are re-
leased and recombined [32]. Therefore, conduction at high
temperatures is found to be merged.

4. Conclusions

The dielectric properties and AC electrical conductivity (rac) of
the (Ni/Au) Schottky contacts on AlxGa1�xN/AlN/GaN heterostruc-
tures, with the SiNx passivation layers (4 and 10 nm) and without
a passivation layer, have been investigated by the C–V and G/x–V
measurements in the wide frequency and temperature range of
5 kHz–5 MHz and 80–400 K, respectively. The experimental results
show that the values of e0 and e0 0 are found to decrease with
increasing frequency and temperature. The values of rac increase
with increasing frequency and the passivation layer thickness,
while they decrease with increasing temperature. The values of
M0 and M0 0 increase with both increasing frequency and tempera-
ture. The interfacial polarization can occur more easily at low fre-
quencies and temperatures, in which the number of interface
states density at the metal/SiNx interface, consequently contributes
to the improvement of the dielectric properties of heterostructures.
The C–V and G/x–V characteristics confirmed that both frequency
and temperature strongly affect the dielectric properties and AC
electrical conductivity.
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