
Chin. Phys. B Vol. 26, No. 2 (2017) 028102

Electrical and dielectric characterization of Au/ZnO/n Si device
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Au/ZnO/n-type Si device is obtained using atomic layer deposition (ALD) for ZnO layer, and some main electrical
parameters are investigated, such as surface/interface state (Nss), barrier height (Φb), series resistance (Rs), donor concen-
tration (Nd), and dielectric characterization depending on frequency or voltage. These parameters are acquired by use of
impedance spectroscopy measurements at frequencies ranging from 10 kHz to 1 MHz and the direct current (DC) bias volt-
ages in a range from−2 V to +2 V at room temperature are used. The main electrical parameters and dielectric parameters,
such as dielectric constant (ε ′), dielectric loss (ε ′′), loss tangent (tanδ ), the real and imaginary parts of electric modulus
(M′ and M′′), and alternating current (AC) electrical conductivity (σ ) are affected by changing voltage and frequency. The
characterizations show that some main electrical parameters usually decrease with increasing frequency because charge
carriers at surface states have not enough time to fallow an external AC signal at high frequencies, and all dielectric param-
eters strongly depend on the voltage and frequency especially in the depletion and accumulation regions. Consequently, it
can be concluded that interfacial polarization and interface charges can easily follow AC signal at low frequencies.

Keywords: Au/ZnO/n–Si device, dielectric properties, polarization process, frequency and voltage depen-
dence
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1. Introduction

Metal–semiconductor (or Schottky) devices have been
studied largely for years in order to obtain different applica-
tion areas of these devices, such as low voltage rectifiers, in-
verters at high frequency, polarity protection and freewheel-
ing diodes.[1–5] In the recent years, they have aroused the re-
searchers’ interest in optical and electronic devices.[6–8] For
these reasons, these devices should be investigated with dif-
ferent semiconductors or polymers in the interface materi-
als. Already, in this area, researchers investigated new mate-
rial Schottky devices because they wanted to gain new gen-
eration Schottky devices.[9–12] In this respect, here, in the
present work, the effect of zinc oxide (ZnO) interfacial layer
on electrical and dielectric properties are investigated because
it has high direct band gap (3.37 eV), high exciton bind-
ing energy (∼ 60 meV), very promising properties like that
low costs, non-toxicity and low temperature deposition.[13–16]

ZnO also has many application areas such as Schottky barrier
diodes (SBDs) solar cells (SCs), chemical sensors (CSs), light-
emitting diodes (LEDs), UV and laser diodes (LDs).[17–22]

Dielectric characterization of this device helps to un-
derstand conduction and polarization mechanism which can
be divided into four parts according to magnitude of ap-
plied frequency; electronic, ionic, dipolar, and surface

polarizations.[23] Oriental non-dipole polarization usually can
be seen in intermediate or high frequency range (103 Hz–
106 Hz) due to long relaxation time (τ). This polarization
can be based on existence of constant orientable dipoles, sur-
face charges and impurities.[24] To know more information
about polarization and conductions mechanisms, the real and
imaginary parts of complex dielectric constant (ε∗ = ε ′− jε ′′)
and AC electrical conductivity (σ ) should be studied in large
ranges frequency and voltage. In this way, the more trustwor-
thy and correctly experimental results can be acquired.[25]

There are two main aims in this study: the first one is
to best understand the effects of interface states (Nss) or in-
terface traps (Dit = Nss) with different lifetimes, ZnO interfa-
cial layers, and polarizations on the electrical and dielectric
characterization of Au/ZnO/n–Si devices depending on vari-
ous parameters such as frequency, applied bias voltage, series
resistance, interfacial layer, and barrier height (BH) inhomo-
geneity. The second aim is to fill in this area since dielectric
properties of ZnO/n–Si did not studied in literature. There-
fore, both the capacitance–voltage (C–V ) and conductance–
voltage (G/ω–V ) measurements of this device is performed in
the wide ranges of frequency and voltage at room temperature.
The values of ε ′ and ε ′′, real and imaginary parts of complex
electric modulus (M∗ = M′+ jM′′), loss tangent (tanδ ), σ are
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obtained by using the measured C and G/ω which are depen-
dented on frequency and applied bias voltage.

2. Materials and methods
The n-type Si wafer which was polished and cleaned with

various solvents used for fabricating the Au/ZnO/n–Si hetero-
junction that has (100) orientation and 7.3×1015 cm−3 donor
of concentration atoms. The wafer was degreased consecu-
tively in acetone and methanol for 3 min and then degreased in
deionized water with 18 MΩ·cm resistivity at prolonged time.
Before formation of ohmic contact, the n-type Si wafer was
cut into pieces of 1.0 cm (length) by 1.0 cm (breadth). The de-
greased wafer was etched with H2SO4:H2O2:H2O (5:1:1) for
1 min to remove the surface damages and undesirable impuri-
ties. Immediately after surface cleaning, high pure (99.999%)
gold with a thickness of 200 nm was thermally evaporated onto
the whole back side of the n-Si at about 10−6 Torr (1 Torr =
1.33322× 102 Pa). To form low resistivity back ohmic con-
tact, n-Si/Au structure was annealed at 500 ◦C for 3 min in N2

atmosphere. The thickness of metal coverage was determined
using a quartz thickness monitor placed in close proximity to
the n-Si sample. After forming the ohmic contact, ZnO depo-
sition was achieved by Atomic layer deposition (ALD) tech-
nique on n-type Si with Savannah 100 thermal ALD reactor
(Cambridge Savannah 100 ALD system) using diethylzinc and
water vapor used as zinc and oxygen precursors, respectively
and substrate temperature was fixed at 180 ◦C. The resulting
ZnO film growth rate was about 1.45 Å per cycle and final
thickness of film was 10 nm. Finally, the Au rectifier/Schottky
contacts with 1-mm diameter were formed by evaporating the
200 nm onto the ZnO layer. The (C–V ) and (G/ω–V ) mea-
surements of the devices were carried out by using an HP 4192
A LF Impedance Analyzer in the wide range of frequency and
voltage. All of these measurements were carried out with the
help of a microcomputer through an IEEE-488 AC/DC con-
verter card.

3. Results and discussion
It could be understood that the device behaviors are ob-

tained based on the investigations of Nss and Rs because they
strongly influence electrical properties.[26] Correlation of Nss

with frequency is obtained by Hill–Coleman technique for
ZnO/n–Si device. According to this method, the voltage de-
pendence of Nss can be expressed as following relation:[25]

Nss =
2

qA
(Gm/ω)max

((Gm/ω)max/C0x)2 +(1−Cm/Ci)
2 , (1)

where A is the Schottky contact area, ω is the angular fre-
quency (= 2π f ), Cm is the peak value of capacitance, and

(Gm/ω)max is corresponding to its peak value, Ci is the in-
terfacial insulator layer capacitance obtained from following
equation at strong accumulation region[27–29]

Ci=Cma

[
1+

G2
ma

(ωCma)
2

]
. (2)

Usually, the sources of series resistances (Rs) in electronic
devices such as MS, MIS (metal–insulator–semicondcutor)
and solar cells are the contact made of the probe wire to the
gate, the back contact to the semiconductor, particulate matter
between the back contact and the pedestal, the resistance of
the quasi-neutral bulk of the semiconductor and an extremely
non-uniform doping distribution of donor or acceptor atoms in
the semiconductor.[29] On the other hand, the value of shunt
resistances (Rsh) may originate from a leakage oxide, leak-
age current paths along the interlayer and shunt paths from
the probe wire to the ground. Therefore, to determine the per-
formances and quality of these semiconductor devices, both
series and shunt resistances (Rs and Rsh) of these devices are
very important which are expected to be zero and greater than
109 Ω in the ideal case, but the application situation is con-
siderably different from the ideal case. The structure resis-
tance (Ri) is a function of applied bias voltage (Vi), but the
real values of Rs for these devices correspond to high enough
forward bias voltages or strong accumulation region. The
values of Rs for the MS and MIS types become more effec-
tive in the high forward bias voltage (Ri ≈ Rs), leading to a
concave curvature or bending of the forward bias C–V plot
in an accumulation region. Similarly, the value of Rs also
leads to a deviations from linearity in the semi-logarithmic
forward bias I–V plots of these devices. In addition, there
are many methods in the literature to determine the value of
Rs such as Cheung, Norde and Nicollian–Brews methods, but
the value of Rs may be different from method to method due
to the nature of measured system and applied bias or current
range.[27–29] Among these methods, Ohm’s law (Ri = dVi/dIi)
and Nicollian–Brews methods are very suitable and reliable to
determine Rs values of these devices by using forward bias
current–voltage (I–V ) and impedance measurement plots (C–
V and G/ω–V ), respectively, with respect to time consump-
tion, easiness and quickness. In other words, Ri is the struc-
ture resistance as a function of applied bias voltage (Vi), but
the real values of Rs and Rsh for these devices correspond to
high enough forward bias voltage or strong accumulation re-
gion and low enough reverse bias voltages or strong inversion
region, respectively.

The voltage and frequency dependent profile of resistance
(Ri) can also be determined from the measured values of ca-
pacitance and conductance (Cmi and Gmi) measurements for
each frequency, but the real value of it corresponding to the
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strong accumulation region at enough high frequency ( f ≥
500 kHz) by using Nicollian and Brews method through us-
ing the following relation[29]

Ri=
Gmi

G2
mi+(ωCmi)

2 . (3)

The voltage-dependent Ri profiles for various frequencies
are shown in Fig. 1. It could be seen in this figure that Ri

values are constant in the inversion and accumulation region,
but there are peaks in depletion region for almost all frequen-
cies. However, intensities of peaks decrease with frequencies
increasing from 10 kHz to 1 MHz. This situation could be ex-
plained that interface states become effective at low frequen-
cies.
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Fig. 1. (color online) Plots of resistance versus voltage for various fre-
quencies.

On the other hand, Ri has peaks in the depletion region
and peak positions change to forward bias with increasing fre-
quency due to a special density distribution of Nss at ZnO/n–
Si and restructure and their reordering under action of electric
field.[27,28] The values of Ri for high frequencies and forward
bias voltages (accumulation region) are almost independent of

voltage, and so they are for intermediate and higher frequen-
cies.

In a strong accumulation region (V ≥ 2 V), the real value
of Ri correspond to real value of series resistance Rs, but the
maximum value of Ri at high reverse bias (V ≤ −2 V) corre-
sponds to the real value of shunt resistance (Rsh).[25] Rs value
is discussed by changing frequency in the next part of this
study.

Such frequency and voltage dependence values of Nss

and Rs are demanded that special attention is paid to their ef-
fects in the application of C–V and G/ω–V characteristics.
The frequency dependent profiles of Nss and Rs (at 2 V) for
Au/ZnO/n–Si device are calculated from Eqs. (1) and (3), re-
spectively, and shown in Fig. 2. The values of Nss and Rs (at
zero and 2 V) changing with frequency are also listed in Ta-
ble 1. According to the plots of Nss and Rs versus frequency of
Au/ZnO/n–Si device, they increase at low frequencies, which
can be attributed to the fact that they follow alternating current
(AC) signal at those frequencies, but at high frequencies, they
have decreasing tendency because the charges at traps cannot
follow the AC signal.[28]
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Fig. 2. (color online) Plots of surface state (Nss) and series resistance (Rs)
versus frequency of Al/ZnO/n–Si device.

Table 1. Some electrical parameters of Au/ZnO/n–Si device at various frequencies.

f/kHz Nd/1015 cm−3 Ri (at 0 V)/Ω Rs (at 2 V)/Ω Φb/eV Nss/1010 eV−1· cm−2

10 3.15 2.48×104 142.5 2.06 9.16
20 2.97 9.15×103 138.2 1.94 6.32
30 2.90 5.54×103 147.7 2.17 5.53
50 2.79 3.11×103 146.1 2.06 4.81
70 2.73 2.15×103 144.6 2.02 4.42

100 2.67 1.47×103 141.5 2.02 4.08
200 2.67 7.16×102 135.9 1.95 3.59
300 2.48 4.88×102 127.5 1.96 3.47
400 2.44 3.78×102 121.3 1.93 3.50
500 2.41 3.13×102 116.6 1.94 3.58
600 2.39 2.71×102 112.1 1.94 3.69
700 2.38 2.41×102 109.1 1.98 3.78
800 2.37 2.19×102 105.9 1.97 3.91
900 2.37 2.02×102 103.7 1.97 4.04
1000 2.37 1.92×102 102.1 2.04 4.26
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The values of intercept or diffusion potential (Vd = Vi +

kT/q) and concentration of donor atoms (Nd) are obtained
from the intercept and slope of the straight line part of 1/C−2

versus V plots for all measured frequencies, respectively.[30]

The values of barrier height (BH) with changing frequency
could be obtained from the following formula:

Φb (C−V ) = (V d +EF)−∆Φ , (4)

where EF is the Fermi energy level and ∆Φ is the image force
BH lowering obtained from reverse bias C–V measurements,
and it is negligibly small for intermediate doping concentra-
tion of semiconductor. As shown in Fig. 3, barrier height val-
ues generally decrease (first linear) down to 500 kHz then in-
creased (second linear) with increasing frequency, but Nd val-
ues decrease with increasing frequency which is attributed to
the fact that the electric charges are located in surface states
and cannot follow an external AC signal at enough high fre-
quencies. These cases can also be attributed to the particular
distribution of Nss and its relaxation time and inhomogeneity
of interlayer.[28] The surface and dipole polarization are also
more effective on the C–V and G/ω–V characteristics, and so
the electric and dielectric properties can be discussed at low
and intermediate frequencies.
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Fig. 3. (color online) Variations of BH and concentration of donor atoms
(Nd) with frequency.

The complex permittivity of dielectric material can be ob-
tained from the following relation:

ε
∗ = ε

′− jε ′′ =
C
C0
− j

G
ωC0

, (5)

where ε ′ and ε ′′ are called sequentially real and imaginary
components of complex dielectric constant (ε∗), j is the imag-
inary root, C and G are the measured real and imaginary com-
ponent of impedance (Z) or admittance (Z =1/Y), respectively,
and C0 is the capacitance of free capacitor. So, both the values
of ε ′ and ε ′′ can be determined from the values of C and G by
using following relations[24]

ε
′ =

C
C0

=
Cdi

ε0A
, (6)

ε
′′ =

G
ωC0

=
Gdi

ε0ωA
. (7)

Here, A is the contact area of device, di is the thickness of inter-
layer, and ε0 is the permittivity of vacuum. Maximum capac-
itance value at enough high forward biases is corresponding
to interlayer capacitance, and written as Cac = Ci = ε ′ε0A/di.
The loss tangent (tanδ ) can be given as follows:

tanδ =
ε ′

ε ′′
=

G
ωC

. (8)

Plots of dielectric constant, dielectric loss, and tanδ ver-
sus voltage of ZnO/n–Si device are shown in Figs. 4(a)–4(c),
respectively for frequency changing from 10 kHz to 1 MHz.
There are two peaks at low frequencies which are correspond-
ing to depletion and accumulation regions but at high fre-
quencies, only one peak appears with increasing frequency in
Fig. 4(a). While the first peak can be attributed to the particular
density distribution of Nss, the second peak can be attributed
to Rs and interfacial layer. It can be seen from this figure that
the values of ε ′ and ε ′′ are a strong function of voltage and
frequency at higher and intermediate bias voltage but they re-
main almost constant at low bias voltages (inversion region).
The values of ε ′ and ε ′′ decrease with increasing frequency,
which is attributed to the fact they cannot follow AC signal
at high frequency because there is no so long time to orient
the direction of the AC signal.[31] In other words, low values
of ε ′ and ε ′′ are the results of the polarization processes and
surface states and both of them decrease with increasing fre-
quency since Nss cannot follow an AC signal sufficiently at
high frequencies. ε ′ and ε ′′ each reach a constant value at high
frequencies (which can be seen in Fig. 1).[32]

The plots of tangent loss (tanδ ) versus voltage of
Au/ZnO/n–Si device shows that tanδ increases with increas-
ing frequency as indicated in Fig. 4(c). It can be seen from this
figure that there are no changes at forward bias or in depletion
and accumulation regions, but at reverse bias tanδ values in-
crease with increasing frequency up to 400 kHz then decrease
to 1-MHz frequency. These changes of tanδ value can be at-
tributed to the changes of polarization at AC signals.[30]

The plots of dielectric constant, dielectric loss, and tanδ

versus frequency of ZnO/n–Si device for different voltages are
shown in Figs. 5(a)–5(c), respectively for different voltages
changing from 1 V to 2 V in steps of 0.25 V. As shown in these
figures, the values of ε ′ and ε ′′ (the inset shows closer views
in Fig. 5(b)) both decrease with increasing frequency and volt-
age, which can be attributed to the Rs, Nss, and thickness of
interlayer ZnO.[33]

Plots of tanδ versus frequency of Au/ZnO/n–Si device
for different voltages are shown in Fig. 5(c). As shown in
this figure, the value of tanδ initial increases with increasing
frequency for lower voltages then decreases with increasing
frequency. This case can be attributed to the fact that the sur-
face states and dipoles have no more time for orienting the
direction of the AC electric field.[34] Furthermore, tanδ val-
ues decrease from depletion regions to accumulation regions
with increasing voltage.

028102-4



Chin. Phys. B Vol. 26, No. 2 (2017) 028102

-2.0 -1.0 0 1.0 2.0
0

2

4

6

8

10

12 (a) (c)(b)

D
ie

le
c
tr

ic
 c

o
n
st

a
n
t 

(ε
′)

Voltage/V

10 kHz
20 kHz
30 kHz
50 kHz
70 kHz
100 kHz
200 kHz
300 kHz
400 kHz
500 kHz
600 kHz
700 kHz
800 kHz
900 kHz
1 MHz

-2.0 -1.0 0 1.0 2.0
0

20

40

60

80

100

120

140

160

D
ie

le
c
tr

ic
 l
o
ss

 (
ε
′′
)

Voltage/V

10 kHz
20 kHz
30 kHz
50 kHz
70 kHz
100 kHz
200 kHz
300 kHz
400 kHz
500 kHz
600 kHz
700 kHz
800 kHz
900 kHz
1 MHz

-2.0 -1.0 0 1.0 2.0
0

2

4

6

8

10

12

14

ta
n
(δ

)

Voltage/V

10 kHz
20 kHz
30 kHz
50 kHz
70 kHz
100 kHz
200 kHz
300 kHz
400 kHz
500 kHz
600 kHz
700 kHz
800 kHz
900 kHz
1 MHz

Fig. 4. (color online) Plots of (a) dielectric constant, (b) dielectric loss, and (c) tanδ versus voltage of Au/ZnO/n–Si device.
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Fig. 5. (color online) Plots of (a) dielectric constant, (b) dielectric loss, and (c) tanδ versus frequency of Au/ZnO/n–Si device.

The complex dielectric constant (ε∗ = 1/M∗) data are
changed into the complex electric modulus formula (M∗ =
M′ + jM′′) by using the following equation to find real and
imaginary electric modulus:[24]

M∗ =
1
ε∗

=
ε ′

ε ′2 + ε ′′2
+ j

ε ′′

ε ′2 + ε ′′2
= M′+ jM′′. (9)

The values of M′ and M′′ of the device are found to
be strong functions of voltage and frequency. As shown in
Fig. 6(a), the value of M′ increases with increasing frequency
in inversion and depletion regions but it becomes indepen-
dent of frequency especially in the accumulation region. Fig-
ure 6(b) shows that M′′–V plots have peaks and the positions
of these peaks shift towards the accumulation region with in-
creasing frequency. These conclusions could be attributed to
the particular distribution of the charges in the surface states
and their relaxation times.[10]

The plots of values of M′ and M′′ versus frequency of de-
vice are shown in Figs. 7(a) and 7(b) for different low bias
voltages, respectively. It can be seen from these figures that
the values of M′ decrease with increasing biases because of
removal electrode polarization, and the peaks are located at
about 500-kHz frequency. Intensities of these peaks decrease
with voltage increasing from 1 V to 2 V, which is attributed
to a frequency-dependent dielectric relaxation.[31] M′′ values,
which indicates that the energy loss of device decreases with

increasing voltage.
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The value of AC electric conductivity (σ ) can be calcu-
lated from the following equation:

σ =

(
d
A

)
ωC tanδ = ε

′′
ωε0. (10)

The AC electric conductivity changing with voltage at
different frequencies and changing with frequency at differ-
ent voltages of Au/ZnO/n–Si device are shown in Figs. 8(a)
and 8(b), respectively. As can be seen in Fig. 8(a), all σ–
V plots have peaks at different frequencies in accumulation
regions and increase with increasing frequency, positions of
peaks shift towards high forward bias. In Fig. 8(b), AC elec-
tric conductivity is enhanced with increasing frequency and
voltage. This increase in σ leads to the increase of eddy cur-
rent which in turn increases the energy tanδ .[35] This increase
in tanδ can be attributed to reducing the series resistance and
polarizations.[24,34,36,37]

4. Conclusions
The effects of surface states with various lifetimes and

polarization processes on the electrical and dielectric charac-
terizations of Au/ZnO/n–Si device is investigated, and both
forward and reverse bias capacitance/conductance-voltage-
frequency (C/G–V – f ) measurements are performed in a fre-
quency range of 10 kHz–1 MHz and at voltages of ±2 V,
respectively, at room temperature. On the other hand, the
Au/ZnO/n-type Si device obtained by using ALD technique
is studied at points of Nss, Rs, BH, and Nd changing with
frequency or voltage. The dielectric characterization and AC
electric conductivity are also studied as functions of frequency
and voltage. The values of ε ′, ε ′′, tanδ , M′, M′′, and σ are
used in these characterizations with changing voltage and fre-
quency. These characterizations show that all these physi-
cal parameters strongly depend on the frequency and voltage.
While the values of ε ′ and ε ′′ decrease with increasing fre-
quency, tanδ increases up to 300 kHz then decreases for each
forward bias voltage. M′ and M′′ values increase with increas-
ing frequency, and in the case of M′′, it is seen that the peaks
and positions of these peaks shift with increasing frequency
in the forward bias region. The value of σ increases with in-
creasing voltage and frequency, which depends on reducing
polarization and Rs. Consequently, it can be concluded that
interfacial polarization and Nss can easily follow an external
AC signal especially at low frequencies.
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