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1 Introduction

ABSTRACT

Zinc oxide (ZnO) rods film was fabricated by homemade and simple spray
pyrolysis technique on a p-type silicon (Si) substrate, and the film layer was
employed as an interfacial material between the Co and p-type Si for obtaining
Co/ZnO-Rods/p-Si heterostructure. The scanning electron microscopy (SEM)
was used to discover the rods-like structures and uniform morphology of the
ZnO film. The impedance spectroscopy technique was performed on the Co/
ZnO-Rods/p-Si heterostructure to determine electrical and dielectric properties
depending on the frequency. The C—V and G-V characteristics revealed that the
electrical properties related to the frequency and voltage changes. The dielectric
properties were studied depending on frequency by extracting dielectric con-
stant (¢), dielectric loss (&), loss tangent (tan ), ac electrical conductivity (o),

and real and imaginary parts of the electric modulus (M and M ). The results
highlighted that the Co/ZnO-Rods/p-Si heterostructures can be employed for
intermediate frequency applications.

well-known and most studied metal oxide and, it has
a suitable band gap as 3.37 eV for optoelectronic

Metal oxides are very interesting and attractive applications and a high dielectric constant of 8.5
materials due to their adjustable band gap and elec- [4, 5]. Enough high dielectric constant makes it good
trical behaviors with various synthesizing techniques interlayer material for metal-semiconductor devices

and dopants [1-3]. Among the metal oxides, ZnO is a
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to stop unwanted electrical discharging as well as to
provide well-capacitive behaviors [6].

Metal-semiconductor devices have been studied by
various scientist because of their high importance in
electronic and optoelectronic applications such as
rectifying the current, switching the conductivity,
and detecting the light [7-10]. The interface of the
metal-semiconductor devices is important to control
electrical behaviors between the metal and semicon-
ductor because traps, unwanted disorders in the
crystalline structures, and interface states can cause
problems [11, 12]. To decrease these problems, proper
materials such as metal oxides, insulators, or poly-
mers are inserted between the semiconductor and
metal in a good order [13-15]. For that reason, vari-
ous metal oxides, as well as insulator layers, have
been investigated as interfacial layers to manage the
electrical conductivity of metal-semiconductor junc-
tions [16, 17].

Polarization and conduction mechanism for metal-
semiconductor devices are important to understand
the electrical and dielectric properties [18, 19]. The
polarization mechanism can be electronic, ionic, sur-
face, or dipolar; polarization changes by the magni-
tude of the applied frequency [19]. The intermediate
frequencies (10°-10° Hz) are important for metal-
semiconductor devices to reveal the frequency-de-
pendent characteristics, and a non-dipole polariza-
tion is obtained related to the relaxation time () due
to existing impurities, surface charges, as well as
orientable dipoles at that frequencies. [20]. Thus, the
investigation of the polarization mechanism can
provide to disclose the dielectric properties of the
metal-semiconductor devices in the intermediate
frequencies [21].

There are some studies in the literature to charac-
terize the electrical and dielectric behaviors of the
ZnO-based devices. Samuel et al. [22] synthesized
ZnO nanorods by hydrothermal method, and they
studied dielectric properties of the ZnO nanorods by
impedance spectroscopy technique. The results
revealed that the ZnO nanorods exhibited high
dielectric constant at lower frequencies. Saravan
et al.[23] investigated electrical and dielectric behav-
iors of the ZnO nanorods with substitution of various
transition metals obtained by thermal decomposition
process. They used impedance spectroscopy tech-
nique to characterize ZnO nanorods for wide range
frequency and concluded that substitution elements
affected the conductivity, dielectric loss, and
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relaxation time. Buyukbas-Ulusan et al. [24] studied
electrical and dielectric properties of the various Cd-
doped Al/Cd-doped ZnO/p-Si structures by C-V
and G-V characteristics. They concluded that Cd
doping increased the dielectric constant and
decreased dielectric loss.

In this study, we obtained ZnO-rods thin film by
easy and homemade spray pyrolysis technique and
used the film in the interface of the Co/p-Si
heterostructure to control electrical properties as well
as provide passivate unwanted dangling bonds. The
impedance spectroscopy technique was employed to
determine electrical and dielectric characterization of
the Co/ZnO-Rods/p-Si heterostructure for a wide
range of frequencies. According to our best knowl-
edge, there is no study on the Co/ZnO-Rods/p-Si
heterostructure for dielectric characterization by
spray pyrolysis technique.

2 Experimental details

Zinc chloride (ZnCl,) was bought from Sigma-
Aldrich Company and solved in distilled water to
obtain 0.5 M solution by stirring 2 h on a magnetic
stirrer by keeping the solvent temperature at 60 °C
throughout the stirring process. A couple of HCl
drops was added to the solution. Meanwhile, a p-type
silicon with 5-10 Q cm resistivity, 600 pm thickness,
and (111) crystal plane orientation was used as a
semiconductor material and divided into 2 cm” area
pieces. Then, an ultrasonic cleaner was used to clean
the sliced wafers in acetone, distilled water, and
propanol solvents for 10 min of each solvent. HF:H,O
(ratio of 1:1 volume) mix solution was used to remove
impurities and native oxide layer from the surfaces
by dumping into the mix solution for 30 s. The wafer
pieces were transferred into DC magnetron sputter-
ing system to obtain 100 nm aluminum (Al) ohmic
contact on the back of the substrates. The N, gas-
filled oven was employed to anneal pieces for 3 min
at 500 °C temperature. The ZnO solution was
sprayed onto the p-Si substrates by a homemade
spray pyrolysis system at 500 °C substrate tempera-
tures. The substrate-nozzle distance and angle were
kept at 40 cm and 45°, respectively. The Co metal was
sputtered onto the ZnO layers as 150 nm thicknesses
by DC magnetron sputtering system to obtain recti-
fying contact via 3.14 x 107> cm? squared hole array
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mask. Figure 1 shows the schematic and band dia-
grams of the Co/ZnO-Rods/p-5Si heterostructures.

The morphology of the ZnO surface was analyzed
by FEI/Quanta 450 FEG SEM. The Co/ZnO-Rods/p-
Si heterostructures were characterized by HP 4192A
LF Impedance Analyzer System to obtain C-V as well
as G-V characteristics.

3 Results and discussion

Figure 2 reveals the SEM image of the fabricated ZnO
films by spray pyrolysis technique. The ZnO film
surfaces exhibit homogenously distributed rods and
smooth surfaces, and there are no cracks and pin-
holes. The morphology of the fabricated ZnO layer on
the silicon substrate highlights the proper interfacial
layer behavior for metal-semiconductor devices. The
rod radii change between 100 and 800 nm according
to the SEM image in Fig. 2. This kind of rod behavior
can be found in the literature for the ZnO layer
obtained by spray pyrolysis technique [25, 26].

C-V plots of the Co/ZnO-Rods/p-Si heterostruc-
ture are displayed in Fig. 3 depending on the
changing frequency from 10 kHz to 1 MHz. The
capacitance profile exhibited peaks for the frequency
range of 10 kHz and 700 kHz owing to having the
defects that were formed during the film producing
process or interface states in the heterostructure [27].
The peaks region shifted to forward bias, and their
intensity decreased with increasing frequency due to
that alternative current (ac) signal could not be fol-
lowed by interface states [21]. Normally, the peak
position is seen in the accumulation region for the

Fig. 1 The schematic (left)
and band (right) diagrams of
the Co/ZnO-Rods/p-Si
heterostructures
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metal-semiconductor device. However, the peaks
were seen in the depletion region due to a low or
negligible series resistance effect [28]. The measured
capacitance values of these kinds of devices normally
change both frequency and bias voltage due to
forming of Schottky barrier between metal and
semiconductor, series resistance, the impurity level,
and the interface states. Whereas the total capacitance
value is determined by the only bias-dependent
depletion capacitance at lower frequencies, it is con-
trolled by depletion capacitance as well as frequency-
dependent bulk resistance at higher frequencies [29].
These results caused the bias-independent capaci-
tance values at higher frequencies according to Fig. 3.

Conductance-voltage (G-V) plots of the Co/ZnO-
Rods/p-Si heterostructure are shown in Fig. 4
depending on the increasing frequencies from
10 kHz to 1 MHz. The G-V plots revealed the accu-
mulation, inversion, and depletion regions. The con-
ductance values slowly decreased from the
accumulation region to the depletion region. How-
ever, the conductance values remained stable in the
inversion region for voltage changes. In the case of
frequency changes, they exhibited increasing profile
with increasing frequency towards 500 kHz and then
decreased up to 1 MHz frequency. This kind of
behavior can be attributed to reordering and
restructuring of the interface states by changing fre-
quency [30].

Interface states and resistance (R;) are critical

parameters to affect the behaviors of metal-
0.4 4, —=— 10 kHz—— 50 kHz —— 100 kHz
L —v—200 kHz —— 300 kHz
: 5 —<— 400 kHz
— 03 ——500 kHz
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g —e— 800 kHz
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3
5
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Fig. 4 G-V  characteristics of the Co/ZnO-Rods/p-Si
heterostructure
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semiconductor heterostructures. Nicollian and Brews
technique is usually used to determine the resistance
profile of the heterostructure. The R; is expressed by
the following equation [31]:

Gma

T G2t (0Cma)? M)

i

where G, is measured conductance and C,, is
measured capacitance, respectively. The w shows
radial frequency.

Figure 5 indicates the R; versus voltage plot of the
Co/ZnO-Rods/p-Si heterostructure based on the
frequency changes. The R; values suddenly increased
toward reverse biases due to the shunt resistance
effect of the Co/ZnO-Rods/p-Si heterostructure [6].
However, the resistance values exhibited decreasing
profile with increasing frequency due to that the ac
signals could not be followed by interface states or
they were not effective at higher frequencies [32].

Figure 6 shows the C™>-V plots of the Co/ZnO-
Rods/p-Si heterostructure depending on the chang-
ing frequency. The C>-V plots have exhibited that
the increasing y-intercept values increase with
increasing frequency. The slope and extrapolated x-
axis intercept of the C™>-V plots can provide to
determine barrier height (®y), doping concentration
of the acceptor atoms (N,), and fermi level (Eg) for the
Co/ZnO-Rods/p-Si heterostructure. The &, can be
calculated by the following equation [33]:

O, = (Vd + Ep) — AD (2)
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Fig. 5 R~V characteristics of the Co/ZnO-Rods/p-Si

heterostructure
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where A® and V4 show barrier lowering of image
force and diffusion potential, respectively. The Vg is
the diffusion potential and calculated by V4=V,
+ kT/q formula (V; shows x-intercept extrapola-
tion). The obtained ®,, values are tabulated in Table 1
for changing frequency, and their magnitudes usu-
ally increased by increasing frequency due to the
increasing diffusion potential. The Eg values gener-
ally decreased also by decreasing frequency due to
increasing slope of the C >~V plots. The similar
results for these parameters can be found in the lit-
erature [34, 35].

The other parameters such as length of depletion
region (Wy), maximum electric field (E,,), and N,
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values also were calculated from the C™>-V plots, and
their calculated results are listed in Table 1 for the
Co/ZnO-Rods/p-Si heterostructure depending on
the frequency. The Wy values increased while the N,
values usually decreased by increasing frequency.
However, the E,, values usually increased by
increasing frequency until 500 kHz and then slightly
decreased.

The Hill-Coleman method can be employed to
determine the interface states (N ) related to the
frequency changes. The Ny is addressed by next
formula related to the capacitance (Cy) and conduc-
tance values (G,,) [36]:

= i (Gm/w)max
GA ((Gpa/ @)/ Cox)> + (1 = Can/Cox)?

where A is the device contact area. The Cy, is inter-
face capacitance and calculated by the next equation
from Cp, and Gp, values in the case of strong accu-
mulation region:

(3)

COx = Cma
(wCina)

1+ &Z] )

The Ny values usually decreased by increasing
frequency due to that their effectiveness decreased
toward higher frequencies [37]. Their values are in
good agreement for a kind of metal-semiconductor
device [38].

The polarization and conduction mechanisms can
be understood by studying various dielectric
parameters. Complex dielectric permittivity is given

by ¢ =¢ —je formula with real and imaginary

Table 1 Some of electrical parameters for Co/ZnO-Rods/p-Si heterostructure by changing frequency

f (kHz) N, (10'® cm™ R, (Q) ®, (eV) Er (eV) E.. (10* v/cm) Wy (107° cm) Ni(10'" eV~ cm™?)
10 16.3 487.25 0.21 0.059 8.76 0.38 39.8
50 15.0 213.89 0.18 0.061 7.42 0.36 45.6
100 14.5 226.27 0.13 0.062 5.56 0.30 26.7
200 14.4 192.63 0.26 0.062 9.55 0.46 7.53
300 13.9 158.51 0.63 0.063 15.7 0.76 438
400 115 121.64 0.70 0.068 15.0 0.88 3.91
500 125 149.10 1.90 0.066 26.6 1.41 3.56
600 10.8 108.56 1.72 0.070 23.4 1.44 3.88
700 7.69 112.54 223 0.079 22.6 1.94 8.28
800 8.10 83.30 243 0.077 242 1.98 11.4
900 7.48 65.73 2.62 0.079 242 2.14 11.9
1000 6.71 57.44 2.92 0.082 242 238 9.77
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parts. While the real part represents stored energy as
well as dipole strength against the applied electric
field and called dielectric constant (¢), the imaginary
part is dielectric loss (¢') and shows absorbed energy
due to frictional dampening [39].

The complex permittivity can be addressed as the
next equation depending on the capacitance (C) and
conductance (G) values:

.. C .G

R ®
where C, represents free capacitor value. If the free
capacitor formula (Cy = gA/d; where A, d;, and &
are the surface area of the device, interlayer thick-
ness, and vacuum permittivity) is written in the &
and ¢', following equations can be obtained [20]:

E = — = ——

CO SOA (6)
" G Gdl
&= wCy  &wA )

Another dielectric parameter is the loss tangent
(tan ¢) and is given the ratio of the dielectric loss and
dielectric constant by the following equation:

¢ G
tand = 7ol (8)

The &-V plots of the Co/ZnO-Rods/p-Si
heterostructure are indicated in Fig. 7 for the chang-
ing frequencies in the range of 10-1000 kHz. The ¢
values exhibited peaks at around 0 for lower fre-
quencies, but the peak positions shifted toward for-
ward biases. While the peaks at the dielectric
constant depended on the interface states (N) as
well as series resistance, the decrease at the dielectric
constant by increasing frequency can be ascribed to
that higher frequencies cannot be followed by N
[40, 41]. These kinds of changes with voltage and
frequency at the ¢ values might depend on the
Maxwell-Wagner-type polarization owing to charge
accumulation at the grain boundaries [42]. The
results are in good harmony with the dielectric con-
stant of ZnO-based devices [43, 44].

The dielectric loss (¢') when plotted against to
voltage changes of the Co/ZnO-Rods/p-Si
heterostructure is exhibited in Fig. 8 for various fre-
quencies. The ¢ values displayed inversion, deple-
tion, and accumulation regions, and their values
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Fig. 7 The ¢-V plots of the Co/ZnO-Rods/p-Si heterostructure
depending on the frequency changes

remained stable in the inversion region with chang-
ing frequency and voltage. However, the ¢ values
exhibited decreasing profile with increasing fre-
quency in the case of accumulation region. This kind
of behavior at the ¢ values can be ascribed to the
interface states and series resistance effects [45].
Figure 9 and its inset close look graph show tan o
versus voltage plots of the Au/ZnO/p-Si
heterostructure related to the changing frequency.
The tan ¢ values almost did not change in the
inversion region depending on the voltage and fre-

quency, but they decreased with increasing
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Fig. 8 The ¢ -V graphs of the Co/ZnO-Rods/p-Si heterostructure
for frequency changes
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Fig. 9 The tan J-V curves of the Co/ZnO-Rods/p-Si

heterostructure for changing frequency

frequency in the accumulation region. This behavior
also can be attributed to presence of the interface
states and series resistance in the heterostructure [46].

The complex electric modulus (M") is another
important parameter to understand the relaxation
process and can be obtained by the formalism of
¢*=1/M" by reciprocal of the complex electric mod-
ulus [47]. The M* has a real and imaginary part and is

given by M*=M' + jM". The M and M" values can be

written as the next formula related to the ¢ and &’
values:

1 ¢ g

M* = — = +
&* 8’2 +8”2 ]8’2 —‘,—8”2

=M +jM" (9)

M'-V plots of the Co/ZnO-Rods/p-5i heterostruc-
ture are indicated in Fig. 10 for the frequency range
of 10 kHz and 1 MHz. The M’ values generally
enhanced by enhancing frequency in accumulation,
depletion, and inversion regions. However, they
exhibited different profiles for changing frequency.
The altering at the M’ values due to voltage change
and frequency can be attributed to the relaxation of
the polarization [48].

The M"-V plots of the Co/ZnO-Rods/p-5i
heterostructure are displayed in Fig. 11 related to the
frequency changes. The M" values increased with
enhancing frequency for the first three frequencies of
10 kHz, 50 kHz, and 100 kHz and then diminished
periodically with enhancing frequency in the deple-
tion and accumulation regions. In the case of the
inversion region, the slight increases are seen at the
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Fig. 11 The M'-V plots of the Co/ZnO-Rods/p-Si

heterostructure related to the changing frequency

M" values with increasing frequency. This alteration
at the M” values with changing frequency can
depend on relaxation time of interface states [6, 49].
The ac electric conductivity (o) can be given by the
following equation depending on the ¢’ values:

o= (%) oCtand = € g (10)

Figure 12 shows the ¢-V plots of the Co/ZnO-
Rods/p-Si  heterostructure for the frequencies
between 10 kHz and 1 MHz. The ¢ values dimin-
ished from accumulation to depletion region and
stayed without change in the inversion region for a
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given frequency. In the case of changing frequency,
the ¢ values generally increased up to 600 kHz fre-
quency and then diminished except 1 MHz fre-
quency. These kinds of fluctuation at the ¢ values
might depend on the reordering and restructuring of
the interface states with changing frequency. The
increase of the ¢ values caused by eddy current due
to decreasing series resistance as well as hoping of
charge carrier from the traps [37, 48, 50]. The reduc-
tion at the ¢ values with increasing frequency after
600 kHz may be ascribed to the interface states that
cannot be able to have enough time to follow higher
frequencies.

4 Conclusion

ZnO-Rods film was obtained by spray pyrolysis
technique on the p-Si substrate to fabricate Co/ZnO-
Rods/p-Si heterostructure. SEM image of ZnO-Rods
confirmed the smooth and homogenous surface as
well as rod-like structures. The C-V and G-V mea-
surements were employed for the Co/ZnO-Rods/p-
Si heterostructure to characterize the electrical and
dielectric properties depending on changing fre-
quency. The C-V characteristics indicated that the
Co/ZnO-Rods/p-Si heterostructure showed peaks
and the position of the peaks shifted due to interface
states. The G-V characteristics clearly showed accu-
mulation, depletion, and inversion region of the Co/
ZnO-Rods/p-Si heterostructure. The C~>-V plot was

—=—10 kHz
—4&— 100 kHz

—e— 50 kHz

—v— 200 kHz
—— 300 kHz
—<—400 kHz
—— 500 kHz
—e— 600 kHz
—+—700 kHz
—e— 800 kHz
—a—900 kHz
. —— 1 MHz

10

=<}
1

ac Electrical Conductivitiy (o) x 10

Voltage (V)

Fig. 12 The o-V plots of the Co/ZnO-Rods/p-Si heterostructure
depending on various frequencies
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used to determine various electrical parameters and
examined paper related to the changing frequency.
The Co/ZnO-Rods/p-Si heterostructure exhibited
higher ¢ values, but their values decreased by
enhancing frequency. Both the ¢ and tan J values
displayed decreasing profile with enhancing fre-
quency in the accumulation region. While the M
values increased with increasing frequency, the M"
values had an increasing profile up to 200 kHz and
the decreasing profiles up to 1 MHz frequency in the
accumulation region. The o values have both
increasing and decreasing profile due to restructur-
ing and reordering of the interface states related to
frequency changes. The results highlight that the Co/
ZnO-Rods/p-Si heterostructure can be employed for
switching applications.
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