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Frequency and Voltage-Dependent Dielectric Properties
and AC Electrical Conductivity of (Au/Ti)/Al2O3/n-GaAs
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An (Au/Ti)/Al2O3/n-GaAs structure with thin (30 Å) interfacial oxide layer (Al2O3), formed by atomic layer
deposition technique is fabricated to investigate both frequency and applied bias voltage dependences of real and
imaginary parts of dielectric constant (ε′ and ε′′) and electric modulus (M ′ and M ′′), loss tangent tan δ and ac
electrical conductivity σAC in a wide frequency range from 1000 Hz to 1 MHz at room temperature. The dielectric
properties of the (Au/Ti)/Al2O3/n-GaAs metal-insulator-semiconductor structure are obtained using the forward
and reverse bias capacitance-voltage (C-V ) and conductance-voltage (G/ω-V ) measurements in the applied bias
voltage range from –4 V to +4 V, at room temperature. Experimental results show that the dielectric parameters
were strongly frequency and voltage dependent. For each frequency the (C-V ) plots show a peak and the change
in frequency has effect on both the intensity and position of the peak. ε′, ε′′ and tan δ decrease with increasing
frequency, whereas σAC increases with increasing frequency at applied bias voltage. M ′ increases with the increasing
frequency and reaches a maximum. M ′′ shows a peak and peak position shifts to higher frequency with increasing
applied voltage. It can be concluded that the ε′, ε′′, tan δ, M ′, M ′′ and σAC values of the (Au/Ti)/Al2O3/
n-GaAs structure are strongly dependent on both the frequency and applied bias voltage especially in the depletion
and accumulation region. Also, the results can be deduced to imply that the interfacial polarization is easier at
low frequencies, therefore contributing to the deviation of dielectric properties and AC electrical conductivity of
(Au/Ti)/Al2O3/n-GaAs structure.
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1. Introduction

The deposition of a thin interfacial layer between
metal and semiconductor layers converts a metal-
semiconductor (MS) structure into a metal-insulator-
semiconductor (MIS) or metal-oxide-semiconductor
(MOS) structure and thereby causes strong influence on
characteristics of structure. To prevent the interface dif-
fusion and reaction between metal and semiconductor,
the formation of an interfacial insulator layer of SnO2,
Al2O3, TiO2 or HfO2 at MS interface, rather than the
conventional SiO2, has recently captured considerable at-
tention of researchers in view of device applications. Es-
pecially, Al2O3 is important to evidence the effects of the
native oxide defects such as oxygen vacancies and such
defects as grain boundaries on the electrical and dielec-
tric properties of MIS or MOS structures. Al2O3 is an
attractive candidate for the high-k material. It has a
wide band gap of about 6.6 eV and dielectric constant of
8.6 (for the amorphous oxide, typical for layers grown by
atomic layer deposition (ALD)) [1–11].

ALD technique can be preferred to other techniques
for the deposition of metallic gate oxide Al2O3 due to
its unparalleled uniformity and precise thickness control
technique. Owing to Al2O3, the structure behaves like
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a capacitor which stores electric charge by virtue of in-
terfacial layer’s dielectric property.
C-V and G/ω-V characteristics of MIS structure are

controlled mainly by its interface properties. As is well-
known, the C-V plot or admittance value, differ sig-
nificantly from those expected for an ideal MIS diode,
and thus the performance of the metal oxide/GaAs-based
electronic devices is reduced [1–8]. Therefore, studies on
interface properties are essential in the understanding of
the electrical and dielectric properties of the MIS struc-
tures, and are especially of the technological importance
for development of GaAs-based devices [8–10]. The inter-
facial parameters, such as the density of interface states
Nss and the thickness of interfacial layer, can influence
both the electrical and dielectric behavior of these struc-
tures [11–16]. It is known that when localized states exist
at the interface, the device behavior is different from the
ideal case. Since the interface capacitance (excess capac-
itance) depends strongly on the frequency and applied
voltage, the C-V and G/ω-V characteristics are affected.

The reason for choosing GaAs as the substrate is
that GaAs has a direct energy band gap and it has
attracted much attention due to its higher mobility,
higher saturated electron velocity and higher breakdown
field compared with traditional silicon. Generally, it
is used in devices for high frequency and low power
applications [11–15].
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In this study, we have prepared a MIS structure of
(Au/Ti)/Al2O3/n-GaAs. The Al2O3 metal oxide layer
on the n-GaAs substrate was formed by ALD method.
The thin film thickness of the Al2O3 layer was about
3 nm. The frequency and voltage dependence of dielectric
parameters were studied. By conducting at room temper-
ature the frequency-dependent capacitance-voltage C-V -
f and conductance-voltage G/ω-V -f measurements of
(Au/Ti)/Al2O3/n-GaAs MIS structure we have exam-
ined the frequency-dependent changes in C-V , G/ω-V
plots, in dielectric constant ε′, dielectric loss ε′′, loss
tangent tan δ, ac electrical conductivity σAC and electric
modulus M∗.

2. Experimental details

(Au/Ti)/Al2O3/n-GaAs MIS structure was fabricated
using n-type single crystal GaAs wafer with (100) sur-
face orientation, having thickness of 380 µm and carrier
concentration ND of 6.8× 1015 cm−3 (given by the man-
ufacturer). Before the MIS structure fabrication process,
as a cleaning procedure, wafer was sonicated for five min-
utes in acetone and five minutes in isopropanol and then
rinsed in DI water with resistivity of 18 MΩ cm for an ex-
tended time and dried under N2 flow. After surface clean-
ing of n-GaAs, high purity (99.999%), ohmic contact was
made by thermal evaporation of Au (2000 Å) metal on
the back of the n-GaAs substrate, under vacuum of about
10−6 Torr. Low ohmic contact to n-GaAs was obtained
by annealing at 385 ◦C for three minutes under dry nitro-
gen flow. The ALD of Al2O3 thin film was carried out in
Cambridge Nanotech Savannah 100 reactor. The Al2O3

deposition was performed at 250 ◦C using trimethylalu-
minium (TMA) (Al precursor), and water (oxygen pre-
cursor), for a total 30 cycles. On Al2O3 interfacial layer,
formed by ALDmethod, an Au(90 nm)/Ti(10 nm) Schot-
tky contact was made using thermal evaporation tech-
nique. Finally the Schottky contacts have been formed
as dots with diameter of about 1.0 mm on the front sur-
face of Al2O3/n type GaAs with a shadow mask. The
forward and reverse bias C(V, f) and G/ω(V, f) measure-
ments were carried out in frequency and applied volt-
age ranges of 1 kHz–1 MHz and −4 to +4 V, respec-
tively, at room temperature, using a HP 4192 A LF
impedance analyzer (5 Hz–13 MHz) and the test signal
of 50 mVrms. It is well known that the morphology of
thin interfacial layer of Al2O3 and its homogeneity are

Fig. 1. Schematic model of the (Au/Ti)/Al2O3/n-
GaAs MIS structure.

very important for the device performance of MS and
MIS structure. Figure 1 shows the schematic model of
the (Au/Ti)/Al2O3/n-GaAs MIS structure.

3. Results and discussion

3.1. Frequency dependence of C-V
and G/ω-V characteristics

The capacitance-voltage C-V and conductance-voltage
G/ω-V characteristics of Au/Ti/Al2O3/n-GaAs MIS
structure were evaluated by capacitance C and conduc-
tance G measurements in the frequency range of 1 kHz–
1 MHz by applying a small AC signal with amplitude of
50 mV from the external pulse generator, while the DC
bias voltage was swept from −4 V to +4 V at room tem-
perature. Results are given in Fig. 2a and b, respectively.
The units of C and G are F and Ω−1 (or S), respectively.
In order to compare the magnitude of C and G in the
same scale, usually the value of G is divided by angular
frequency.

Fig. 2. The variation of the (a) C-V and (b) G/ω-
V characteristics of the (Au/Ti)/Al2O3/n-GaAs MIS
structure, measured for various frequencies.

As can be seen from Fig. 2a and b, both curves have
three distinct regimes of inversion, depletion and ac-
cumulation. The value of C decreases with increasing
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frequency and gives a broad peak for each frequency at
accumulation region due to the effect of Rs (series resis-
tance) and interfacial oxide layer. While the value of C
decreases with applied bias voltage, G/ω increases in the
accumulation region. At low frequencies, the high value
of C and G/ω can be attributed to the excess capaci-
tance C and conductance G, resulting from the density
of interface states Nss at Al2O3/n-GaAs interface. This
indicates that at low frequencies (the value of period is
higher than the time constant of the charge at traps),
the Nss can easily follow the AC signal and consequently
contributes evidently to the diode capacitance and con-
ductance [16–18]. At the sufficiently high frequencies, in
contrast to the low frequency, (f ≥ 1 MHz), the Nss al-
most cannot follow the AC signal and do not contribute
to the measured capacitance and conductance. In other
words, at high frequencies, the carrier life time τ is much
larger than period (T = (2πf)−1) and so the charges at
interface traps cannot follow the AC signal in contrast to
the case of low frequencies.

In this study, the dielectric properties such as dielec-
tric constant ε′, dielectric loss ε′′, loss tangent tan δ, the
real and imaginary parts of electric modulus M ′ and M ′′
and AC electrical conductivity σAC of (Au/Ti)/Al2O3/n-
GaAs structure were investigated using the dielectric
spectroscopy [6–16] which includes C-V -f and G/ω-V -f
measurements in the wide frequency range of 1 kHz
to 1 MHz.

3.2. Frequency dependence of dielectric properties

The dielectric properties of MIS structure play an im-
portant in electronic device applications. For this reason,
the detailed investigation of dielectric parameters, like
AC electrical conductivity and electric modulus, is very
important for determination of the device characteris-
tics. The frequency and applied bias voltage dependence
of real and imaginary parts (ε′, ε′′) of complex dielectric
constant ε∗ and loss tangent tan δ of (Au/Ti)/Al2O3/n-
GaAs structure were obtained from the C and G data in
the frequency range of 1 kHz–1 MHz and voltage range
of −4 V to +4 V, at room temperature.

Complex permittivity which is an important parame-
ter in uncovering the electrical and dielectric properties
of a structure, is described as [17, 19]

ε∗ = ε′ − iε′′, (1)
where i is the imaginary root of

√
−1. Given the admit-

tance measurements, this can be written as

ε∗ =
Y ∗

iωC0
=

C

C0
− i G

ωC0
, (2)

where Y ∗, C and G are the measured admittance, capac-
itance and conductance values of the dielectric material,
respectively, and ω is the angular frequency. The di-
electric constant ε′ can be calculated from the measured
capacitance Cma values in the strong accumulation re-
gion at different frequencies using the following equa-
tion [20, 21]:

ε′ =
Cma

C0
=
Cmadox

ε0A
, (3)

where C0 = ε0A/dox is capacitance of an empty ca-
pacitor, A is the rectifier contact area (in this study
0.01 cm2) and ε0 is the electric permittivity of free space
ε0 = 8.85 × 10−14 F cm−1. In the strong accumulation
region, the maximum capacitance of the structure cor-
responds to the capacitance of the insulator oxide layer
Cm = Ci = ε′ε0A/dox. Dielectric loss ε′′ can be calcu-
lated from the measured conductance Gma values in the
strong accumulation region at different frequencies using
the following equation:

ε′′ =
Gma

ωC0
=
Gmadox

ε0ωA
. (4)

The loss tangent tan δ is defined by the relation [17, 21]

tan δ =
ε′′

ε′
. (5)

The frequency dependence of ε′, ε′′ and tan δ profiles as
functions of bias voltage were obtained from Eqs. (3), (4)
and (5), respectively. They are given in Fig. 3a–c,
respectively.

As shown in Fig. 3a, the value of ε′ increases with
increasing applied bias voltage for each frequency both
in depletion and accumulation regions, however curves
start bending in accumulation region due to effect of se-
ries resistance, in the range between +1 V and +1.5 V of
applied bias voltage. The value of ε′′, exhibits the oppo-
site behavior in comparison with ε′ (Fig. 3b). While the
value of ε′ increases/decreases with increasing applied
bias voltage, the value of ε′′ decreases/increases like C
and G/ω (Fig. 2a and b). As shown in Fig. 3a, ε′ ex-
hibits much the same value in the inversion region, for
each frequency. Such behavior of C and G/ω or ε′ and
ε′′ is known as inductive behavior, due to the effect of Rs
and surface states [22, 23]. The tan δ versus V plot for
each frequency also exhibits U-shape behavior like the ε′′
versus V plot, due to inductive behavior of the structure.

The profiles of ε′, ε′′ and tan δ versus V are found to
be similar to the plots of C-V in Fig. 2a and G/ω-V in
Fig. 2b, due to the same reasons. This behavior can be
attributed to the interfacial effect within the bulk of the
sample, interfacial oxide layer, interfacial traps, surface
polarization and electrode effect [11–15]. In the tan δ-V
plot in Fig. 3c, the structure has a peak behavior both in
inversion and depletion region, depending on ε′ and ε′′

values.
In addition, as can be seen in Fig. 3a and b, ε′ and

ε′′ values decrease with increasing frequency. These re-
sults are quite compatible with those found in a different
material [23]. The fact that ε′ and ε′′ values are greater
at low frequencies could be attributed to the presence of
a possible interface polarization mechanism, since inter-
face states cannot follow the AC signal at high frequen-
cies and do not contribute to the capacitance, due to the
lack of any interface polarization mechanism [21]. In gen-
eral, polarization mechanisms at low frequencies are af-
fected by electronic, ionic, dipolar and interface or surface
polarization distribution [24, 25]. The high values of ε′
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Fig. 3. The frequency dependence of the (a) ε′ versus
V , (b) ε′′ versus V and (c) tan δ versus V , between −4 V
and +4 V, for (Au/Ti)/Al2O3/n-GaAs MIS structure,
at room temperature.

and ε′′ investigated at low frequencies may be attributed
to interfacial Maxwell-Wagner polarization [26] and space
charge polarization [27].

There are many studies on the complex electric modu-
lusM∗ formalism with regard to the analysis of dielectric
or insulator materials [27, 28]. The complex impedance
Z∗ or the complex permittivity ε∗ = 1/M∗ data are
transformed into the M∗ formalism using the following
relation [11, 26–28].

M∗ = iωC0Z
∗, (6a)

M∗ =
1

ε∗
= M ′ + iM ′′ =

ε′

ε′2 + ε′′2
+ i

ε′′

ε′2 + ε′′2
, (6b)

where i is the imaginary root of
√
−1, ω is angular fre-

quency. The realM ′ and imaginaryM ′′ parts of complex
electric modulusM∗ of the (Au/Ti)/Al2O3/n-GaAs MIS
structure were obtained using ε′ and ε′′ values (Eqs. (6a)
and (6b)) and are given in Fig. 4a and b, respectively, to
see the effect of applied bias voltage.

Fig. 4. The frequency dependence of the (a)M ′ versus
V and (b)M ′′ versus V of (Au/Ti)/Al2O3/n-GaAs MIS
structure, measured between −4 V and +4 V, at room
temperature.

Figure 4a and b shows the frequency-dependent
changes in the realM ′ and imaginaryM ′′ components of
the electric modulus of the MIS structure at applied bias
voltage. It is clear that both the value of M ′ and M ′′

have an evident frequency and voltage dispersion, espe-
cially at inversion and accumulation regions. M ′-V and
M ′′-V plots, given in Fig. 4a and b, respectively, are also
obtained by using Eqs. (6a) and (6b) for various frequen-
cies. M ′ and M ′′ are strong functions of applied bias
voltages, especially in the depletion region and M ′ and
M ′′ values give a peak and magnitude of peak increase
with the decreasing frequency, due to the contribution
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to the interface trap charges. Such behavior of M ′-V
and M ′′-V plots can be explained by the dielectric relax-
ation mechanisms sensitive to frequency rather than to
applied bias voltage. The peak in the inversion and de-
pletion region can be attributed to the particular density
distribution of interface traps located at Al2O3/n-GaAs
interface and their relaxation times [18, 24]. On the other
hand, while theM ′ reaches a minimum value,M ′′ reaches
maximum value, which is corresponding to M∞ = 1/ε∞,
due to inductive behaviour of the MIS structure and the
relaxation process.

Fig. 5. The frequency dependence of the (a) σAC ver-
sus V of (Au/Ti)/Al2O3/n-GaAs MIS structure, mea-
sured between −4 V and +4 V, at room temperature.

The voltage dependent AC electrical conductivity σAC
of the (Au/Ti)/Al2O3/n-GaAs MIS structure is given by
the Eq. (7) [28], and is shown in Fig. 5, for various applied
bias voltages, for room temperature.

σAC = ωCtan δ
dox

A
= ε′′ωε0. (7)

It is clear that in Fig. 5, the value of AC electrical con-
ductivity in the reverse bias region generally decreases
with increasing applied bias voltage almost linearly for
each frequency, but in the accumulation region increase
with the increasing applied bias voltage is almost lin-
ear. Besides, the change in σAC in the depletion region
(−1 V–0 V) it decreases almost exponentially with in-
creasing voltage for each frequency. In the addition, the
opposite behaviour in inverse and accumulation regions
of ε′ and ε′′ can be explained in the respect of inductive
behavior of the MIS structure. The increase of AC elec-
trical conductivity with increasing frequency leads to an
increase in the eddy current, which in turn increases in
the energy loss tan δ.

4. Conclusions

Dielectric properties and electrical conductivity
of (Au/Ti)/Al2O3/n-GaAs MIS structure have been
studied in the frequency range of 1 kHz–1 MHz and volt-
age range of −4 V to +4 V, at room temperature. In this

work, Al2O3 interfacial oxide layer (with a thickness of
30 Å) was used as a high dielectric interfacial insulator
layer between metal and semiconductor to improve the
performance of MIS structure. Experimental results indi-
cate that the main electrical and dielectrical parameters
of (Au/Ti)/Al2O3/n-GaAs MIS structure were found to
be strong functions of frequency and applied bias volt-
age, especially, in the depletion and accumulation re-
gions, due mainly to the interfacial polarization and in-
terface traps. From the analysis of the experimental re-
sults, it was concluded that ε′, ε′′ and tan δ exhibit a
steep decrease with increasing frequencies for each for-
ward bias voltage, whereas σAC increases with the in-
creasing frequency. The dispersion in ε′ and ε′′ at low
frequencies is considerably high, which can be attributed
to the Maxwell-Wagner and space charge polarization.
The large values of ε′ may be due to the interfacial effects
within the material, Al2O3 interfacial layer and electron
effect. On the other hand, the large values of ε′′ are also
due to the motion of free charge carriers within the ma-
terial. Good dielectric properties of (Au/Ti)/Al2O3/n-
GaAs MIS structure suggest their usage in possible ap-
plications such as high frequency transformers and high
dielectric capacitors.

In addition,M ′ andM ′′ are strong functions of applied
bias voltages, especially in depletion region and M ′ and
M ′′ values give a peak and magnitude of peak increases
with decreasing frequency due to the contribution to the
interface trap charges. Such behavior ofM ′-V andM ′′-V
plots can be explained by the dielectric relaxation mech-
anisms sensitive to frequency rather than applied bias
voltage.
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