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Frequency and voltage dependent electrical characteristics are reported for Ni/ZnO Schottky diodes.
Schottky diodes are realized from nano-structured ZnO thin films grown by DC magnetron sputtering.
Electrical characterizations are performed by current–voltage (I–V ), capacitance–voltage (C–V ) and
conductance–voltage (G/ω–V ) measurements. The diode parameters are extracted, such as barrier
height (φB), ideality factor (n) and carrier concentration (ND). The diodes exhibited a non-linear
rectifying behaviour with a barrier height of 0.68 eV and an ideality factor greater than unity. Charge
transport mechanism and possible reasons responsible for non-idealities are investigated. The density
of interface states (NSS) below the conduction band are extracted from the measured values of I–V
and C–V as a function of EC − ESS . From EC − 0.51 to EC − 0.64 eV below the conduction band
edge, the interface state density NSS is found to be in the range 1.74 × 1012–1.87 × 1011 eV−1 cm−2.
The interface states density obtained from capacitance–frequency (C–f) characteristics varied from
0.53× 1012–0.12× 1012 eV−1 cm−2 from EC − 0.82 eV to EC − 0.89 eV below the conduction band.
A complete description of current transport and interface properties is important for the realization of
good quality Schottky diodes and for the design and implementation of high performance electronic
circuits and systems.
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1. Introduction

Zinc Oxide (ZnO) is a group II–VI metal
oxide semiconductor with a direct and wide
bandgap (3.37 eV) and large exciton binding energy
(60 meV). It is a biosecure and cost effective semi-
conductor with good thermal and chemical stabil-
ity. Moreover, it has a rich family of nanostructures
which can be grown easily on a variety of substrates
using numerous synthesis and deposition techniques
such as sol–gel, hydrothermal, spray pyrolysis, ther-
mal evaporation, pulsed laser deposition, chemical
vapour deposition, RF and DC Magnetron sputter-
ing [1–5]. Because of its high conductivity and good
transparency, ZnO is considered as a promising ma-
terial for electronic and photonic devices like UV
detectors, sensors, MEMs, LEDs, solar cells, het-
erojunctions and Schottky diodes [6–12].

Schottky diodes are the basis of a wide range of
electronic applications in rectifiers, switches, mix-
ers and power electronics. ZnO Schottky contacts
can be realized of metal with high work functions

such as platinum (Pt), palladium (Pd), nickel (Ni),
gold (Au), silver (Ag) and copper (Cu) etc. Yadav
et al. [13] and Ahmed et al. [14] achieved a rec-
tification from three to five orders of magnitude
from Pd/ZnO Schottky contacts fabricated by the
sol–gel technique. Similarly, Au/ZnO Schottky con-
tacts with excellent rectifying characteristics are re-
ported by Aydoǧan et al. [15] and Shokri et al. [16],
for potential applications as electrodes for thermo-
electric devices, gas sensors and dye-sensitized solar
cells. In the same way, Singh et al. [17] compared
the performance of Pd and Au Schottky contacts
on ZnO deposited by RF magnetron sputtering,
where the Pd/ZnO Schottky diodes outperformed
the Au/ZnO diodes by ideality factor and barrier
height. A superior photoconductivity and improved
electrical behaviour of Pd/ZnO and Ag/ZnO Schot-
tky diodes is reported in several studies [18–20]. The
Schottky diode of ZnO with Pt are also found to ex-
hibit a linear response with a variation in hydrogen
concentration, which indicates a potential for appli-
cations in hydrogen gas sensing [21].
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Fig. 1. SEM images of ZnO film grown on Si sub-
strate.

Fig. 2. Scheme of the device of Ni/ZnO Schottky
diodes.

On the contrary, nickel (Ni) contacts demon-
strate both rectifying and ohmic behaviour depend-
ing on the thermal annealing and surface polarity
of ZnO [22]. Alivov et al. [23], reported an im-
provement in the rectification and ideality fac-
tor after annealing at 900◦C for Au/Ni Schottky
diodes of ZnO grown by RF magnetron sputter-
ing. Ni/ZnO Schottky diodes fabricated by direct
currect (DC) magnetron sputtering are reported
by Ievtushenko et al. [24] with improved ultra-
violet (UV) photo detection. In another compar-
ative study of Au/ZnO and Ni/Au/ZnO Schot-
tky diodes, a high forward current and small se-
ries resistance is observed in Ni/Au Schottky con-
tacts [25]. The reported work is based on the
study of frequency- and voltage-dependent electri-
cal characteristics of Ni/ZnO Schottky diodes and
extraction of interface states density. ZnO film is
grown by DC magnetron sputtering on Si sub-
strates. Current transport mechanisms are stud-
ied from current–voltage (I–V ) characteristics and
electronic parameters such as barrier height (φB)
and ideality factor (n) are extracted. Frequency-
and voltage-dependent electrical characterizations
are performed. Factors responsible for non-idealities
are investigated and interface states density is ex-
tracted from I–V and capacitance–voltage (C–V )
measurements. The insight and understanding of
their behaviour will be helpful in the realization of
more efficient devices.

2. Experiment

In this study, ZnO have been deposited on n-Si
substrates (15 × 12 mm2) by DC magnetron sput-
tering in nitrogen plasma ambient. The deposition
has been carried out at room temperature in a vac-
uum chamber with a 4 mTorr gas pressure and
a DC magnetron power of 120 W. A columnar type
well textured nanostructure film having a thick-
ness of around 165 nm has been revealed in scan-
ning electron microscopy (SEM). The SEM image in
the cross-sectional view of the grown film is shown
in Fig. 1. For the Schottky contact preparation,
nickel (Ni) circular dots were deposited by thermal
evaporation through a shadow mask. The bonding
of the substrate on conductive pads assembly has
been done with silver paint. The scheme of the de-
vice is shown in Fig. 2. Current–voltage (I–V ) and
frequency-dependent capacitance–voltage (C–V )
and conductance–voltage (G/ω–V ) measurements
were performed at room temperature using a Keith-
ley SCS-4200 semiconductor characterization sys-
tem by placing the sample on probe station.

3. Results and discussion

A typical nonlinear rectifying behaviour is ob-
served in the current–voltage characteristics mea-
sured at room temperature, as shown in Fig. 3. The
Schottky barrier is established at the interface of
nickel and n-ZnO, because a weak rectification is
generally observed in ZnO/Si junctions due to large
reverse leakage currents [26, 27]. The barrier height
coming from the Ni/ZnO junction can be extracted
by using

φB = −kBT
q

ln

(
I0

AA? T 2

)
. (1)

Here, A is the area (A = 1.13 × 10−2 cm2), I0 is
the reverse saturation current, kB is the Boltzmann
constant (kB = 1.38 × 10−23 J/K), q is the elec-
tron charge, T is temperature, and A? is a Richard-
son constant having the value of 32 A/(cm2 K2)
for n-ZnO [28]. The barrier height is estimated to
be 0.68 eV. The analysis of the I–V curve gives
a high ideality factor (n) of 6.3 extracted from

n =
q V

kBT

[
ln

(
I

I0
+ 1

)]−1

. (2)

High values of ideality factors, often observed in
ZnO Schottky diodes, are attributed to high de-
fect densities, tunneling and recombination pro-
cesses [29–31]. Furthermore, barrier inhomogen-
ities and interfacial layer present between metal
and semiconductor are also responsible for the
non-ideality [32, 33]. The charge transport be-
haviour of Schottky diode has been studied from
the log(I)–log(V ) characteristics under forward bias
as shown in Fig. 4. Three slopes corresponding to
different conduction mechanisms were observed in
the logarithmic I–V plot. At low forward voltages
(V < 0.5 V) the linear (I–V ) relationship confirmed
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Fig. 3. The current–voltage characteristics of
Ni/ZnO Schottky diode.

Fig. 4. The dependence of log(I)–log(V ) charac-
teristics of Ni/ZnO Schottky diodes.

the ohmic transport. The current increased expo-
nentially (I ∼ emV ) for moderate forward volt-
ages (0.55 V < V < 2 V), indicating that the
charge transport is subjected to the space-charge-
effect. For our Schottky diodes, a small value of m
(1.6 V−1) implies a low thermal emission of car-
riers induced by surface states and traps [34]. The
characteristics log(I)–log(V ) followed power law de-
pendence (I ∼ V n) at higher voltages (V > 2 V).
Here the carrier transport approached the trap-
filled limit and so the current is attributed to
the trap charge limiting current (TCLC) associ-
ated with the distribution of trapped charges in the
junction [35].

The frequency and voltage dependent
capacitance–voltage (C–V ) and conductance–
voltage (G/ω–V ) characterizations were carried
out for a range of frequencies from 1 kHz–1 MHz
at room temperature. Here ω is angular frequency
given by 2πf . Both the capacitance (C) and
conductance (G/ω) varied with the applied voltage
and frequency as shown in Fig. 5a and b. This
result illustrates that C and G/ω increased with

Fig. 5. Frequency and voltage dependent (a)
capacitance–voltage (C–V ) and (b) conductance–
voltage (G/ω–V ) characteristics.

the increase in sweeping voltage (−4 V to 3 V)
until they reached a peak value and then started
decreasing with further increase in the applied bias.
The origin of these peaks is attributed to the series
resistance and interfacial defect states [18, 21].
A gradual decrease in the values of C and G/ω
is observed with an increase in input AC signal
frequency. This is due to the fact that interface
charges easily follow the applied low-frequency
AC signal and add the access capacitance, but
they are unable to follow the high-frequency
probe signals due the large carrier life times.
Hence, their contribution is very small at higher
frequencies [36, 37].

For applied reverse voltage, the relationship be-
tween the depletion layer capacitance and the
applied voltage has been studied by plotting
1/C2 vs V for the frequency range of 1 kHz–1 MHz.
Built-in potential of 0.8 is obtained from the in-
tercept of 1/C2 with the voltage axis, as shown
in Fig. 6. A linear dependence of 1/C2 vs V con-
firms that the carrier concentration is constant
throughout the depletion region. The carrier con-
centration ND equal to 2.5× 1015 cm−3 is obtained
from the slop of the 1/C2 vs V plot by using

ND =
2

εSε0 qA2

dV

d(1/C2)
. (3)
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Fig. 6. The dependence of 1/C2 vs V for a fre-
quency range from 1 kHz–1 MHz.

Here, A is the diode area, εS and ε0 are the ZnO
dielectric constant (εS = 8.2) and the vacuum
constant (ε0 = 8.85 × 10−14 F/cm), respectively.
From the measured C–V characteristics, the bar-
rier height is also extracted with

φB(C−V ) = Vbi +
kBT

q
ln

(
NC

ND

)
. (4)

Here, Vbi is a built-in potential obtained from the
linear extrapolation of 1/C2 vs V characteristics
to the voltage axis (Fig. 6). The effective den-
sity of states NC in the conduction band (CB) is
2.94 × 1018 cm−3 for ZnO [38]. A barrier height
of 0.98 V is obtained from (4).

The presence of interface states between metal
and semiconductor plays a critical role in Schottky
diodes. A non-ideal behaviour with a high ideality
factor, low barrier height and rectification factor are
associated with the insulating interfacial layer intro-
duced due to oxidation of semiconductor surfaces,
hydrogen, surface dipoles and incomplete covalent
bonds [39, 40].

The density of interface states can be extracted
from the measured I–V and C–V characteristics by
using

NSS =
1

q

[
εi
δ

(
n(V )− 1

)
− εS
WD

]
. (5)

Here, n(V ) is the voltage dependent ideality fac-
tor, WD is the width of depletion region, and δ is
the thickness of the interfacial layer. Taking into ac-
count the series resistance (RS), the barrier height
(φbo) and the effective barrier height (φe), the en-
ergy difference EC − ESS is obtained by using

EC − ESS = q
(
φe − V

)
, (6)

where

φe = φbo +

(
1− 1

n (V )

)
(V − I RS) . (7)

The distribution of interface states below the
conduction band is shown in Fig. 7 (red line).
A decrease in the interface states density given
by (5) is observed in the range 1.74 × 1012–
1.87 × 1011 eV−1 cm−2 from from EC − 0.51 eV
to EC − 0.64 eV below the conduction band.

TABLE I

Comparison of extractedNSS with the previous work.

Device NSS [eV−1 cm−2] Ref.
Pd/ZnO 3× 1012 [42]
Ag/ZnO 1.72× 1013–1.68× 1012 [43]
PtOX/ZnO 5.13× 1012 [44]
Au/ZnO/n-Si 4.25× 1015–1.7× 1015 [45]
Au/ZnO/n-Si 2.68× 1011 [46]
Au/(ZnO-PVA)/n-Si 6.27× 1011–2.23× 1012 [47]
Au/ZnO/p-InP 1× 1013–1× 1011 [48]
Ni/ZnO/n-Si 1.74× 1012–1.87× 1011

0.53× 1012–0.12× 1012
[this work]

Fig. 7. Energy distribution of interface states ob-
tained from I–V and C–V characteristics.

The interface states density NSS is also ex-
tracted from high- and low-frequency capacitance
characteristics by using [41]

NSS =

√
εS ND

2q ψS

(
CLF − CHF

CHF

)
. (8)

Here, CHF and CLF are high- and low-frequency
capacitances, respectively. The surface potential
ψS is obtained from

ψS = φB − kBT

q
ln

(
NC

ND

)
− V − I Rs

n
. (9)

The interface states density obtained from the
capacitance–frequency (C–f) characteristics varied
from 0.53×1012–0.12×1012 eV−1 cm−2 from EC −
0.82 eV to EC −0.89 eV below the conduction band
edge (EC), as shown in Fig. 7 (green line). The in-
terface states are found high near the conduction
band edge and decreased monotonically with energy
approaching the center of the energy gap.

The extracted interface states densities are com-
pared with other reported densities as shown
in Table I. There are several reports on the in-
terface state densities in ZnO contacts, therefore
the estimated NSS of our device may not be di-
rectly compared with the literature. However, our
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estimated values are in agreement with other re-
ported densities for ZnO metal contacts realized by
various growth or deposition methods.

These surface states affect the electrical be-
haviour of diodes by trapping the electrons excited
to the conduction band. For this reason, a complete
description of interface properties is important for
the realization of electronic devices with improved
junction performance and reduced recombination.

4. Conclusion

The voltage- and frequency-dependent electri-
cal characteristics and the interface state density
are reported for Ni/ZnO Schottky diodes fabri-
cated from ZnO thin films grown by DC mag-
netron sputtering. Electrical characterizations are
performed by the I–V , C–V and G/ω–V measure-
ments, and the barrier height, ideality factor and
carrier concentration are extracted. Current trans-
port mechanisms and possible reasons responsible
for non-idealities are investigated. The densities
of interface states are extracted as a function of
EC −ESS . The results are found to be in the range
1.74×1012–1.87×1011 eV−1 cm−2 from 0.51–0.64 eV
below the conduction band edge. The interface
states density obtained from capacitance–frequency
(C–f) characteristics varied from 0.53×1012–0.12×
1012 eV−1 cm−2 from EC − 0.82 to EC − 0.89 eV
below the conduction band. ZnO Schottky contacts
are often far from ideal. Therefore, the investiga-
tion of the frequency- and voltage-dependent elec-
trical characteristics, a complete description of the
current transport and interface properties are very
crucial for the realization of good quality Schottky
diodes for design and implementation of high per-
formance electronic circuits and systems.
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