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Influence of Mn-oxide Nanoclusters on the Electric Properties
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Polycrystalline ZnO:Mn films have been deposited on Si substrates by using ultrasonic spray
pyrolysis methods. ZnO:Mn (3%) films show hysteretic behaviors in the I-V curves and these
behaviors are related to charging and discharging of Mn-oxide nanoclusters. The conditions for
hysteresis to appear depend on the sizes of the formed Mn-oxide nanoclusters close to the electrode
interfaces.
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and Mn-doped ZnO films grown by using the ultrasonic
spray pyrolysis technique. ZnO:Mn (3%) samples exhibit
I-V hysteretic behaviors that are caused by charging of
the formed Mn-oxide nanoclusters.

I. INTRODUCTION
The zinc-oxide semiconductor has been the subject of
extensive research in recent years for their wide device
applications [1,2]. It has a unique combination of piezoelectric, conductive, and optical properties [3, 4]. ZnO
films are also promising materials for their chemical and
mechanical stability, in addition to their optical and electrical properties [5–7]. ZnO and ZnO-doped films are
starting to be used as transparent conducting coatings
in liquid crystal displays and solar cells [8, 9]. Also,
reversible resistance switching behaviors have recently
been reported in ZnO thin films at room temperature
[10,11]. In addition, transition-metal-doped ZnO is expected to be a spinelectronics material, exhibiting antiferromagnetism or ferromagnetism if it is simultaneously
doped with carriers [12]. A variety of growth techniques,
such as molecular beam epitaxy (MBE), pulse laser deposition (PLD), RF magnetron sputtering, and the sol-gel
method have been employed to prepare ZnO:Mn films.
Ultrasonic spray pyrolysis is an attractive method because large-area films with good uniformity can be grown
at low cost.
In this work, we report the electrical properties of ZnO
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II. EXPERIMENTAL DETAILS

ZnO and ZnO:Mn (at Mn doping rates of 1, 3, and 7%
in the sprayed solution) films were deposited on Si (100)
substrates by using the ultrasonic spray pyrolysis method
at ambient atmosphere pressure, the method is similar to
that described in Ref. 13. Aqueous solutions of the zinc
acetate (0.5 mol/l) and manganese acetate (0.5 mol/l)
were used as the sources of Zn and Mn. The substrate
temperature was set at 400 ◦ C, and the thickness of ZnO
films was about 200 nm. The structural phase and the
orientation of films were characterized by using an Xray diffractometer (XRD, Rigaku mini flex). In order to
measure the electrical properties, Pt top electrodes with
300-µm diameters were deposited. A direct-current planar two-terminal method was used in order to measure
the current-voltage (I-V ) curves at room temperature by
using a Keithley 2400 source-meter. C-V characteristics
were measured using a 4284 LCR meter.
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Fig. 1. Current-voltage (I-V ) characteristics of a doped
ZnO: Mn (3%) sample deposited on a Si substrate measured
(a) in the positive- and the negative-voltage regions and (b)
only in one (negative) voltage region.

III. RESULTS AND DISCUSSION
The XRD patterns of ZnO:Mn films showed three
prominent lines. All films had polycrystalline structures,
and the crystal systems of all the peaks for ZnO films
were hexagonal ZnO. Some additional diffraction peaks
were present in the case of ZnO:Mn films. These peaks
arise from MnO2 and Mn3 O2 .
While measuring the I-V characteristics, the applied
voltage protocol was 0 → V max→ 0 → –V max → 0,
with a constant sweep velocity. A positive bias was defined by the current flowing from electrode B to electrode
A, and negative bias was defined by the opposite direction. Fig. 1(a) shows the I-V curve for the positive- and
the negative-voltage regions of the ZnO:Mn (3%) films
measured at room temperature. The I-V curves exhibit
hysteretic behaviors in both voltage regions after several
repeated voltage sweeps. In the measurements for only
one region (positive or negative), the hysteretic behaviors were not observed (Fig. 1(b)). The ZnO films grown
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Fig. 2. Current-voltage (I-V ) characteristics of a doped
ZnO: Mn (3%) sample (a) at an empty B domain and discharging of A during the increasing-decreasing negative side
of the voltage protocol and (b) the opposite case.

without Mn doping and with doping at a level of 1% and
7% did not show any hysteretic properties in either voltage region. For an explanation of these phenomena, we
use the model presented in Ref. 14.
This model is required for an insulator and assumes
that an insulting medium contains three types of domains, which correspond to charge traps in the real system such as dopants, vacancies, metallic clusters, nanodomains, and so on. We assume these charge trap domains mainly consist of Mn-oxide nanoclusters formed
during the growth process. The current in and out of
the system is given by the carriers entering the B domain (under the B electrode) and leaving the A domain (under the A electrode), respectively. The current value of the sample scales with the area of the electrode/semiconductor interface. For simplicity, the domains are initially half-filled by electrons. During the
first positive side of the voltage protocol, electrons transfer from the B domain and quickly fill all the traps in the
A domain, thereby charging it. The transfer of electrons
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mains consisting of large nanoclusters of Mn oxide have a
big initial charge. These charging domains change conditions in the electrode interfaces (for example, reduce the
Schottky barrier), so they cannot additionally accumulate charges. Thus, there is no influence on the electric
properties.

IV. CONCLUSION

Fig. 3. C-V characteristic of a doped ZnO: Mn (3%) film.

from the filled A domain to the electrode is limited by
the Schottky barrier and weakly depends on the filling
level. Thus, during the decreasing positive-V ramp, hysteretic behaviors are not observed (Fig. 2(a)). At the
negative side of the voltage protocol (after positive) during the increasing negative-V ramp, the current value is
much lower than it is for the positive side, due to two reasons. First, there is too low a quantity of electrons in the
B domain. Second, there is a forward biased condition
for the Schottky barrier on interface A domain/electrode
that leads to a discharging current of the charged A domain in the opposite direction through the power sourse
at low external voltage. When the A domain is trap
depleted (the discharging current in the opposite direction vanishes), then the current in the negative side of
the voltage protocol will be same as that in the positive side. Thus, during the decreasing negative-V ramp,
the current value corresponds to the current value during
the decreasing positive-V ramp (Fig. 2(a)). The same
results were observed when the first voltage protocol was
negative (Fig. 2(b)).
We also measured the C-V characteristics of our samples. As shown in Fig. 3, the capacitance value of the
ZnO:Mn (3%) films increases with the dc bias. This increase in the capacitance implies a space-charge accumulation associated with Mn-oxide nanocluster charging.
As noted above, there are no hysteretic behaviors in
pure ZnO films and in ZnO:Mn films with 1% and 7%
levels of doping. We assume that this is related to the
sizes of the formed Mn-oxide nanoclusters. At the 3%
level of doping, unique physical conditions are created
close to the electrode interfaces. Domains consisting of
the Mn-oxide nanoclusters in these films can accumulate charges without appreciable changing the conditions
close to the electrode interfaces. At low concentrations of
Mn (1%), the size of the Mn-oxide nanoclusters is small,
and their filled or emptied states do not influence the
electric properties of ZnO. At high concentrations of Mn
(7%), the size of the Mn-oxide nanoclusters is large. Do-

We have investigated of I-V characteristics in ZnO:Mn
films grown on Si substrates by using the ultrasonic spray
pyrolysis technique. Obvious hysteresis is observed only
in the ZnO:Mn (3%) samples. This can be explained
by charging and discharging of Mn-oxide nanoclusters
formed close to the electrode interfaces.
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