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Structure and electrical properties of nanostructured
zinc oxide films prepared for optoelectronic
applications
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Zinc oxide (Zn0O) forms nanostructures with optical and transport properties that render them useful for
a variety of industrial applications. In this study, ZnO nanostructures were elaborated in the presence of
PEG-400 by thermal decomposition of zinc hydroxide formed after precipitation of zinc acetate from
aqueous solution. FTIR transmission spectra, scanning electron microscopy (SEM), UV-Visible
spectrophotometry, and X-ray diffractometry (XRD) were used to characterize ZnO nanostructures.
Inorganic diodes consisting of ZnO layers between indium-thin oxide (ITO) and Al contacts were
elaborated. Current-voltage characteristics and the AC electrical response of the consolidated
nanoparticles of ZnO were studied using impedance spectroscopy. The equivalent circuit parameters
were determined by computer simulation. The grain, grain boundary and electrode interface

contributions to the conductivity are discussed.
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Nanostructure semiconductor metal oxides have

drawn much attention during the last few years due
to their optical and transport properties, and
consequent potential for many optoelectronic
applications [1].Among them, zinc oxide (ZnO) forms
versatile materials used in  different fields for
applications such as solar cells, optical waveguides
and gas sensors [2]. These materials have interesting
properties such as the high chemical stability and
non-toxicity, as well as various morphologies
(nanowire, [3] nanobelt, [4] nanoplate, [5] nanotube,
[6]), rendering them suitable for nanodevice design.

7ZnO0 is a II-VI-semiconductor with a large band gap
of approximately 3.34 eV [7]. It crystallizes in a
hexagonal wurtzite structure [8]. Its crystal growth is
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strongly influenced by external conditions such as
reaction temperature, pH of the solution and the
nature of additives [g-10]. The properties of ZnO
structure consequently depend strongly on the
synthesis method and conditions.

In this paper, we report a simple approach to
fabricate ZnO crystalline nanostructure obtained
from Zn(OH),> in aqueous solution in the presence
of short-chain polymer, polyethylene glycol (PEG-
400). PEG-400 is a surfactant easily adsorbed at the
surface of the metal oxide which modifies the
growth kinetics of growing colloids leading
ultimately to anisotropic crystallization.

Impedance spectroscopic analysis of ZnO grain
and grain boundary properties is accomplished here
on Al/ZnO/ITO diode [11] as well as the
investigation of their electrical properties via I-V
characteristics. Our aim is to give deeper insight
into charge-carrier injection and transport
mechanisms in the device. The obtained
characteristics are simulated to give an electrical



equivalent circuit in order to extract the relaxation
times for grain and grain boundary.

Materials and Methods

Nanostructure synthesis
The synthesis of nanostructure zinc oxide was
carried out using high purity (> 97%) zinc acetate
[Zn (CH;COO),] and sodium hydroxide precursors.
Stock solutions were made by dissolving 0.1 M Zn**
and 5 M NaOH in 20 mLs distilled water for 6o
minutes. Acetic acid was added in order to lower the
solution pH, which was ultimately adjusted to g.5 by
adding NaOH at 100 pl/min while monitoring with an
expandable ion analyzer (HI 8519N). The mixture of
Zn(Ac), and NaOH was then stirred in the presence
of 1g PEG-400 for 30 min, while the ITO substrate
was cleaned in acetone for 15 min. The ZnO films
were grown on ITO substrate by the drop-cast
method and annealed at 3500°C for 3h.

When equivalent volume of zinc acetate dehydrate
and NaOH were blended, the reaction precursors,
[Zn(OH)4]* were formed from Zn*" and OH™ ions:

Zn** + 20H — [Zn(OH)4]* (1)

Subsequent addition of PEG-400 into the reaction
mixture modified the growth kinetics of the growing
structure, inducing [Zn(OH)4]* to become needle-
shaped. The reaction precursor [Zn(OH)4]*
decomposed to form ZnO nuclei (eq. 2) growing
along the direction of the PEG-400 (fig.2).

[Zn(OH)4]>” — ZnO + H,0 + 20H" )]

As the reaction progresses, the function of PEG-400
lessens and agglomerates of needle-shaped ZnO are
formed from [Zn(OH)4]>~ under hydrothermal
conditions [12].

Sample analysis

The purity of the product was analyzed by the IR
spectroscopy and the crystal structure of ZnO the
nanoparticles  was  characterized by X-ray
diffractometer equipped with a monochromated Cu
ko (A =1.54249 A °) radiation. The nanoparticle
X-ray diffraction (XRD) patterns were recorded from
25 to 70° in 26 .The impedance spectroscopy (IS) and
I(V) studies were done on Al/ZnO/ITO
heterostructures. These devices consist of a single
inorganic 7ZnO layer sandwiched between two
electrodes on top of a glass substrate. They were
fabricated on indium tin oxide (ITO)-coated glass
substrates (sheet resistance 20Q per unit surface)
used as anodes. The ITO substrates were supplied by
Merck Display Technologies (MDT). Before the
etching process, the ITO substrates were
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successively pre-cleaned for 15 min in acetone in an
ultrasonic bath and dried by a nitrogen gas flow.

The ITO thin films were used here due to their
good efficiency as a hole injection material into
inorganic film. The aluminum top electrode was
grown on ZnO film by thermal evaporation through
appropriately shadow masks in high vacuum
conditions (10° Torr).

DC measurements were made with a Keithley
236 source measure unit and AC measurements
were performed with an HP 4192A LF impedance
analyzer. The general term for excitation potential
for AC measurements is given by equation 3:

V = Vs + Vinodacos(ot) 3)

where V, is the DC bias, V,,,q is the oscillation level
and o/2n is the frequency. In our case, the
measurements were performed in the following
conditions V, : 0-2V and Ve of 50 mV over a
frequency range of s5Hz-13MHz using a computer
controlled HP4192ALF. All electrical measurements
were performed in the dark, at room temperature
T= (25+3)°C, and with relative humidity (RH%) set
to 55+5%.

Results and Discussion

FTIR spectroscopy

Figure 1 shows the nanostructure IR spectrum
which was acquired in the range of 400-4000 cm™'
for the powders calcined at 300°C. Absorption bands
near 3400 cm’' represent O-H mode of vibration,
those at 2980 cm™' are C-H stretching mode and
those at 1400-1600 cm™ are the C=0 stretching
mode. The band arising from the absorption of
atmospheric CO, on the metallic cations at 2550
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Figure 1. FTIR spectrum of the ZnO nanostructure

cm™' and bonding between Zn-O (434 cm™, 532 cm’



") are also visible [13].
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Figure 2. Representative SEM micrograph of the
synthesized ZnO nanostructure

Scanning electron microscopy

SEM images of ZnO film are presented in figure 2.
The needle-like morphology of ZnO nanostructures
obtained was a result of in initial action of PEG-400.

X-Ray diffractomeltry Results

XRD results indicate that the ZnO nanostructure has
a crystalline structure with a hexagonal wurtzite
structure. The main significant peaks for ZnO
nanostructures are (100), (0o2), (101), (102) and
(110), (103), (200), (112) and (201) in seen in figure
3.

The crystalline size was evaluated from the XRD
data. The width of the Bragg peak is a combination of
both instrument-and sample-dependent effects. In
order to dissociate these contributions, we collected
a diffraction pattern from the line broadening of a
standard material, silicon, to determine the
instrumental broadening [14]. The corrected
instrumental broadening fsi = 0.075 rad; Pna
corresponding to the diffraction peak of ZnO was

estimated by using equation 4 [15]:
) 1 4
2
ﬂhkl = [(ﬂhkl )measured - (ﬂinstrument )]5

The crystallite size of the ZnO was determined from
Brki of (1 0 1) diffraction peak using the Scherrer
formula:
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D= 0.891 )
B, cos @

Where D, A, 6 and p are the mean grain size, the x-
ray wavelength and the Bragg diffraction angle of
the (101) peak, respectively. The XRD pattern of the
sample indicates enhanced intensity for the peak
corresponding to (101) plane, indicating preferential
orientation along the c-axis. The crystallite size was
found to be (40 + 0.23) nm.
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Figure 3. Typical X-ray diffraction pattern of synthesized
ZnO nanostructure film deposited on ITO. The labelled
peaks correspond to the wurtzite hexagonal phase. (*) peaks
indicate ITO

Current-voltage characteristics

Figure 4 represents the forward and reverse bias
current-voltage  (I-V) characteristics of the
Al/ZnO/ITO structure. In our experiment, we
adopted an asymmetric AlL/”ZnO seed filmATO
contact. The contact between ZnO seed filmATO
junction was a barrier-free ohmic contact due to the
lower work function of ITO itself [16]. Therefore, we
found that the nonlinear and approximated
behavior of the I-V characteristic resulted from the
single Schottky contact between the Al and ZnO.
The I-V characteristics show typical diode behavior
with a threshold bias voltage of 4.98V. The current
was observed in both forward and reserve bias
voltage. The electrically symmetric I-v
characteristic, for low voltages, can be explained by
the localized-state theory with defects providing the
localized gap states. The asymmetric -V
characteristic at higher voltages is due to the
difference of injection barriers to electron and hole
due to different work functions for the ITO anode
(4.7 eV) and the Al cathode (4.3 eV). The I-V
characteristics of the device indicate that this
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Figure 4. Forward and reverse bias current-voltage
characteristics of the Al/ZnO contact on ITO substrate
heating in ambient air at room temperature

structure behaves like a Schottky barrier diode in the
continuation of an interfacial layer and other effects,
the barrier height depends on the bias voltage.
Figure 5 shows the forward bias logarithmic plots of
the I-V description for the Al/ZnO contact. It is
represented by three distinct linear regions,
corresponding to changed conduction mechanisms.
The existence of these limits is explained by the
charge transport profile which influences the slopes
of the current-voltage characteristics. At low voltages
(I) an ohmic conduction mechanism is dominant
where the logarithmic slope is in relation to unity.
The ohmic regime with a current density is
described by equation 6:
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Figure 5. Log-log plot of dark I-V characteristics of the Al-
7ZnO Schottky diodes measured at room temperature
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Where V is the applied voltage, L is the thickness of
the film, p is the field-independent mobility, e is the
elementary charge and n is the free charge carrier
densities.

In this region, injection of charge transporters
from the electrodes into the semiconductor material
is significantly reduced due to the low bias voltage.
At higher voltage level (II) the slope is measured as
4.4, indicating that a space charge-limited current
(SCLC) mechanism is controlled by the presence of
traps within the band gap of the ZnO. The SCLC
regime occurs when the equilibrium charge
concentration less than to the injected charge
concentration. This drive forms a space charge
region near the injecting electrode [17].

When SCLC is dominant, one expects linearity on
a plot of log(I) versus log(V) with a slope of 2 [18].
The high-voltage region corresponds to the trap-
free space-charge-limited-current regime, obeying
the Mott-Gurney law:

_ 9ee ul V'’
- 8L’ @

Where V is the applied voltage, L is the thickness of
the film, and p is the field-independent mobility.
The third region of figure 5 shows a slope of 2. Thus
this region also indicates a SCLLC mechanism. In
this region, the slope of the plot tends to decrease as
the device approaches the ‘trap-filled’ limit [19].

AC spectroscopy measurements

Impedance spectroscopy was used to study the
interface of Al/ZnO/ITO assembly. The variation of
conductance and capacitance of ZnO derivative-
based diodes versus frequency at different bias
voltages were plotted in figures 6 and 7,
respectively. Figure 6 shows the frequency
dependence on AC conductivity of typical ZnO at
different fixed voltages on a log-log scale. At low
frequencies AC conductivity was found to be weakly
frequency dependent. At all bias voltages the
conductivity increases with increasing frequency,
though there were different slopes over two
frequency regions:

(1) 0.01-100 kHz; (II) 100-10000 Hz.

Figure 7 illustrates the capacitance measurements
as a function of frequency for o to 2 V. In general,
the interface states in equilibrium with the
semiconductor do not contribute to the capacitance
at sufficiently high frequencies since the charge at
the interface states cannot follow the AC signal. In



2V
—e— 15V
|

1x10°°4 1V o
— —v—05V et
7] Re e
\-_—/ 7 /"nf
> .
-g ‘..Ia'/
'E — nEE "“:Y
S wnt® oo™ ¥
o Y N_\r""“""“ =

& g
}_ y Y yvTT—
1x107

10 100 1000
Frequency (kHz)

[

Figure 6. The forward bias conductivity-frequency
characteristics of the Al/ZnO contact in different bias
voltages heating in ambient air

this case, the capacitance of the diode is the single
space charge capacitance [20]. As can be seen in
figure 7, the capacitance is weakly dependent on
frequency, especially at low frequencies. When the
frequency was increased further, the capacitance
shows strong frequency dependence and tends to
decrease. Generally, the capacitance measured for a
Schottky diode is dependent on the frequency. The
higher values of capacitance at low frequency are
due to the excess capacitance resulting from the
interface states in equilibrium with the n-type ZnO
that can follow the AC signal. From figure 7, it can be
seen that AC conductance increases with frequency
at both voltages and the measurement conductance
varies with applied voltage and frequency. This
dependence can be attributed to both the presence of
the Schottky barrier and impurity levels.

Cole-Cole representation

The IS technique consists in the measurement of the
electrical impedance Z as a function of the frequency
of the input signal over a wide frequency range
(fig.8). The composed data was then visualized as
Nyquist graph or Cole-Cole plot, represented by the
imaginary component Z" of the impedance as a
function of Z' the real component. The Cole-Cole
plots of Al/ZnO/ITO device at several DC bias
voltages are shown in figure 9. The spectrum
exhibits one semicircle asymmetrical part and a
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linear part. The low frequency was interpreted as a
consequence of the electrode-sample interface. The
higher frequency arc is due to the grain and grain
boundary effects [21]. This general relaxation is
attributed to the inherent properties of the ZnO,
since the behavior of the ZnO cannot be adequately
drawn by means of frequency-independent
resistances and capacitances for all the frequency
ranges [22]. Restated, the observed relaxation
provides evidence for a deep electronic defect
within the depletion regions formed at the grain
boundaries of the ZnO. It is neither an electrode
effect nor a simple Maxwell-Wagner dielectric
relaxation, which is suitable for heterogeneous
materials with different resistivity and dielectric
constants. It has been concluded by some
researchers that the common relaxation is
associated with the singly ionized oxygen vacancy
[23]. The nonlinearity in nanocrystalline
semiconducting oxides has been attributed to the
potential barriers at the grain boundaries [24]. To
investigate the microstructure components that
have contributed to the electrical properties, we
used impedance spectroscopy under bias voltages at
(23+3°) in ambient air. Results are plotted in figure
9. Only one semicircle is observed in all applied DC
cases. As the bias voltage increases, the diameter of
the semicircle becomes smaller. The appearance of
a single semicircular response indicates that one
component or several components with identical
time constants are dominating the electrical
properties. The mechanisms which contribute to the
electrical properties belong either to a single grain
or to an interface such as a grain boundary.
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Figure 7. The forward bias capacitance-frequency
characteristics of the Al/ZnO contact in different bias
voltages heating in ambient air
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Figure 8. The frequency-dependent real (a) and imaginary (b) part of the impedance of ITO/ZnO/Al at different bias

voltages in ambient air

AC spectroscopy modelling and measurements

IS results were interpreted in terms of an equivalent
circuit (inset of figure 10). In this figure a Constant-
Phase Element (CPE) is introduced because the
semicircles in the Nyquist plots are depressed due to
surface roughness and heterogeneity of the surface
[15]. In this case, the impedance of a CPE is given by:
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Figure 9. Impedence spectra of Al/ZnO/ITO at various bias
voltages heating in ambient air.

1

=0(jo) (8)

Z CPE

Where Zcpr is the impedance of CPE, Q is a
proportional factor,  is the angular frequency, and
nis a factor which takes values between o and 1. In
an impedance spectrum, the grain, grain boundary
and interface electrode contributions to the
conduction process can be easily separated out
using the modified Cole-Cole expression and with
the aid of an equivalent circuit model.

The ZnO layer is here modeled by a series
association of three parallel RC circuits, attributed
to grain (g), grain boundary (gb) and interface
electrode (Al) ZnO. In this circuit the parallel (A C)
elements corresponding to the grain (g), grain
boundary (gb) and electrode (e) are connected in
series. The total grain resistance (/A,), total grain
boundary resistance (/f;) and the electrode
resistance (f;) can be obtained from the
intersections on the real axis of the corresponding
semicircular arcs. The total grain resistance (/Ay),
total grain boundary resistance (/) and the
electrode resistance (A.) can be obtained from the
intersections on the real axis of the corresponding
semicircular arcs. The frequency corresponding to
the peak of each arc is given by o; =1/ R C;. Typically
the capacitances are such that C. > Cy, > C; and for
this reason the high-mid and low-frequency arcs
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correspond to the grain, grain boundary and
electrode-sample interface impedances [20]. Each
RC circuit is described by a semicircle and in the

complex plane plot of Z' versus Z" (Nyquist
diagram), the total impedance given by:
Z(io) = Z'(0) - iZ" (o) )
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The deformation of the experimental semicircle arc
is taken into description by parameter n. n = 1
corresponds to the parallel combination of pure R
and C components, (b) 1 = o represents a circuit
equivalent to a pure resistance represented by one
point in the Nyquist diagram, and the intermediate
case 0 < 1 < 1, represents a scenario in which the
diffusion phenomena are described by the parallel
combination of a resistance A and a constant phase
element (CPE). The mathematical demonstrations
of the Z(w), and Z (w) expressions were performed
geometrically [21].

The asymmetric circular diameter in the
impedance plane which relates to the resistance of
the grain and grain boundaries of the ZnO
decreases with rising bias voltages or applied
electric field. This, we believe, is due to the increase
of conduction charge carriers from the ZnO grains
that flow into the grain boundaries. In general, the
trapping states within the interface layers are due to
various metal oxide additions. There is a large
quantity of mobile electrons in the n-type ZnO
grains. The electrons tend to diffuse away to reach
the interface layers and be trapped by the trapping
states, leaving behind a positive fixed charge of
ionized donors in the locality of the interface layers.
Consequently, a depletion region is formed on both
sides of the grain boundary and thus there are a
series of Schottky barrier diodes in the ZnO [7-g].

Table 1. Magnitudes of parameters obtained by simulation of experimental data at various bias voltages.

ov 0.5V 1v 1.5V 2V
Rs (22) 21.59 23.46 21.65 23.35 21.52
R, () 1 .624045){106 1 .474400}(106 1.595520X106 1 .565620){106 1. 158044}(106
Rep () 9.014‘054)(106 8.1664ﬁ5x106 6.672252X106 5.968085){106 4.552980){106
Re () 6.189652){106 5.026560}(106 44.968082)(106 4.679784)(106 5.121256}(106
Ce; (F) 4.541){10‘6 5.85){10'6 5.47){10'6 2.71)(10‘6 1.21x10°
Cep (F) 5.97X10°" 4.89x107 3.75X10 / 3.7X10°7 1.006x107
C. (F) 9.72x10°° 8.01x10° 7.64x10° 6.09x10° 4.79X10°
ng 0.87 0.91 0.89 0.86 0.81
gy, 0.95 0.96 0.94 0.94 0.99
N, 0.71 0.71 0.71 0.71 0.71
7 (8) 7-37 5.67 4.83 3.70 1.40
Tgb (S) 5-38 3.99 2.50 2.20 0.453
R’ (fiv) 0.99995 0.99998 0.99992 0.9998 0.9997
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Therefore, the nature of the interface layer is of
considerable interest, the knowledge of which plays
an important role in understanding the highly non-
ohmic property of the ZnO nanostructure.

The aluminum electrode behavior of our
specimens is described in terms of the resistance R,
and the capacitance C., in parallel. Our present
hypothesis is that C. represents the double layer
capacity of the electrode, and R. represents an
effective resistance for the overall electrode reaction
[22]. In our case, the redox couple being able to exist
has vapor humidity, the rest potential of the Al

electrode is mixed potential fixed by the
electrochemical reaction:
2H,O0+2e < H,+20H  10)

Impedance spectra of the Al/ZnO/ITO diode at
different bias voltages are show in figure 10. These
dependences are well-approximated by the CPE
equivalent circuit and corresponding parameters are
summarized in table 1. While the grain boundary
resistance decreases with DC bias, grain resistance
increases. Our experimental studies showed that the
electrical properties of the ZnO are affected by a
large number of factors. It was therefore clear that
the development of equivalent circuits would be very
useful or would be necessary to achieve a better
understanding of the characteristics of the ZnO. The
time constant t,, decreases as the bias voltages
increase (table 1), due to the the diffusion potential
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Schottky barriers, which is in the neighbourhood of
the grain boundaries, tends to decrease with rising
bias voltages. This occurs as a result of the shift of
the Fermi level towards the middle of the forbidden
gap [23].

For clarity, the R and C fitting parameters are
plotted as a function of DC bias in figures 11a and
11b respectively. The observation that R, and Rg,
decrease with increasing DC bias is reasonable
because the oxide grain boundary and metal-oxide
interfaces generally contain some defects, which in
turn result in the trap of carriers. The trap states
can provide conducting channels when carriers are
injected from an electrode. The decrease of R, and
Rgy, with increasing Vpc can be related to the
increase of conducting channels because of the
provision of more injected carriers. Conversely, C,
and Cg, remain almost unchanged with the increase
of DC bias, while C¢ decreases with increasing DC
bias from o to 2V. The independence of C; and Cg,
on DC bias suggests that the oxide grain and grain
boundary act as simple capacitors in spite of the
increase of injected carriers by additional DC bias.
In contrast, the decrease of C. with dc bias increase
implies the existence of depletion-region-like
Schottky barriers in metal-oxide interfaces, likely
due to the interfacial polarization effect [24].

Conclusion

In summary, a needle-like ZnO nanostructure film
was effectively obtained by a colloidal solution



method using PEG-400. This method exemplifies the
utility of polymer chains to direct the growth of 1D
nanomaterials. PEG-400 played an important role in
both construction of the nuclei and directing
hexagonal wurtzite-type morphology of the ZnO
crystal. Current-voltage and electric impedance
measurement were used to investigate the transport
characteristics of holes Al/ZnO/ITO diodes
structures. The fabrication and testing of a ZnO
diode have been reported and discussed. The
mechanism exhibited symmetric I-V characteristics
in both forward and reverse bias.
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