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Abstract

ZnO thin films were deposited onto p-type (P-Si) Si wafers using atomic layer deposition. The rectifying performance of the deposited ZnO
thin films was confirmed by current–voltage characteristics. P-Si/ZnO-based nanodiodes were subjected to electron irradiation. Depending on the
irradiation conditions, the diode performance changed significantly. At 0.8 MeV, the diode was degraded in terms of both forward and reverse
currents. At 2.5 MeV, the reverse current in the nanodiode decreased and the forward current increased, leading to significant enhancement in the
current ratio. The electrical response was monitored using impedance spectroscopy. Impedance analysis indicated that depletion regions are
significantly affected by electron irradiation.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

p-n junctions are critical circuit elements in electronic and
optoelectronic devices. However, oxide-based nanodiodes have
been limited because of the rarity of p-type conducting oxides
[1–5]. There are no alternative materials equivalent to Si in which
p- and n-type conduction can be easily realized through the use of
alio-valent dopants, e.g., group III or V elements. Indeed, no
semiconducting oxide has shown unambiguous evidence of both
conduction types.

ZnO is a well-known semiconducting oxide used in a
number of optoelectronic applications including transparent
electrodes and channel materials. It has a wide bandgap of
3.3 eV that can be controlled to achieve a wide conduction
range of 10�7

–102 Ω�1 � cm�1 through aliovalent doping
[6,7]. ZnO can be integrated with other p-type conducting
materials for rectifying diode performance [1–5]. Diode
performance has not been extensively studied. Previous work
has focused on the fabrication of p-n diodes and their
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applications [1–4,7]. Artificial control of p-n diode devices
has not been attempted. The corresponding diode performance
is closely related to the depletion regions that originate from
contact between dissimilar materials. Electron irradiation has
been gaining attention because it does not result in any
physical damage or radioactive radiation. Except for e-beam
testing in solid state devices, there have been a limited number
of works focusing on solid state devices composed of
functional thin films: MOS-transistors, graphene field effect
transistors, carbon nanotube transistors, and light-emitting
diodes were affected by electron beam radiation [8–11] in
the form of irradiation defects, oxide charging, efficient
activation in functional dopants, and silicon charging.
Recently, the current research group reported the induction of

charge-trapping behavior in high-k materials [12]. This behavior
can be utilized in nano-floating gate memories that can be used as
next-generation nonvolatile memories.
The current research is based on the interaction of an

electron beam with diode interfaces, which determines the
diode performance. ZnO thin films were selected as a model
system because they offer n-type conduction and a facile
approach to form atomically uniform interfaces using atomic
ghts reserved.
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layer deposition (ALD). The ALD of ZnO is enabled using the
well-known Zn precursor diethyl zinc (DEZ, Zn(C2H5)2).
Well-controlled ZnO thin films contribute to reproducible
p-n junctions with p-Si wafers. This paper reports the fabrica-
tion and characterization of p-n diodes based on atomic layer
deposition, and the artificial control of diode performance
via highly energetic electron beam irradiation. In addition to
the elementary characterization of thin films, electrical
characterization was carried out via dc-based and ac-based
techniques, i.e., current–voltage characteristics and impedance
spectroscopy, respectively. Supplementary features of both
approaches are combined for rectifying current–voltage char-
acteristics in terms of the underlying mechanism and effective
property control.
Fig. 1. Schematic of the nanodiodes based on a p-type Si wafer and an n-type
ZnO thin film.
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Fig. 2. Physical analyses of ZnO thin films deposited through atomic layer d
measurements, (c) calculated refractive index and extinction coefficient as a funct
photon energy for the calculation of bandgap.
2. Experimental procedure

To fabricate oxide-based nanodiodes, ZnO thin films were
deposited onto p-type Si wafers (resistivity of 1–20 Ω � cm and
dopant concentration of 7� 1014–1� 1016/cm3) using ALD
where DEZ and H2O were employed as the sources of Zn and
oxygen, respectively, at 140 1C. Excess DEZ and H2O were
removed by purging with Ar gas. The deposition rate was
calculated to be approximately 1.4 Å per cycle. After the
calculation of ALD cycles, ZnO thin films were deposited onto
p-type Si wafers by controlling the film thickness to approxi-
mately 30 nm. Before film deposition, the Si wafers were
cleaned using organic solvents and native oxides were
removed using buffered oxide etchants.
The deposited ZnO thin films were subjected to physical

and chemical characterization. Physical characterization
involved X-ray diffraction for structural analysis, atomic force
microscopy for surface morphology, and spectroscopic ellip-
sometry for thickness monitoring. Chemical characterization
involved X-ray photoelectron spectroscopy (XPS). The films
were subjected to electron beam irradiation using a commercial
electron beam accelerator (EBTech. Co., Daejeon, Korea).
For electrical characterization, the deposited ZnO thin films

were subjected to the thermal evaporation of Al electrodes
(thickness of 1000 Å and diameter of 160 μm), which function
as top electrodes in p-Si/ZnO diodes, as schematically shown
in Fig. 1. The underlying Si wafers were wired using silver
paste to guarantee ohmic contacts between the electrodes.
A two-point electrode configuration was applied to dc-based
current-voltage characteristics determination (Agilent 4156C,
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Semiconductor Parameter Analyzer, Palo Alto, CA, USA) and
ac-based impedance spectroscopy (Solatron 1260, Frequency
Response Analyzer, Hampshire, UK). The obtained impedance
spectra were analyzed using the commercial software
“ZVIEW” (Scrivner, London, UK).
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Fig. 3. Current–voltage characteristics of ZnO thin films as a function of
electron dose: (a) 1000, 5000, 10,000 kGy at 0.8 MeV, and (b) 1000, 5000,
10,000 kGy at 2.5 MeV.

Table 1
Summarized Diode Performance before and after electron irradiation on p-Si/ZnO

Experimental condition Reverse current at �3.0 V

No irradiation �6.6E�8
0.8 MeV and 1000 kGy �8.8E�7
0.8 MeV and 5000 kGy �1.3E�7
0.8 MeV and 10,000 kGy �1.2E�6
2.5 MeV and 1000 kGy �1.2E�6
2.5 MeV and 5000 kGy �8E�10
2.5 MeV and 10,000 kGy �1.9E�9
3. Results and discussion

The deposited ZnO thin films were characterized in terms of
their physical and chemical properties. The physical character-
ization of ZnO included surface morphology, crystal structure,
and bandgap measurements. The X-ray diffraction patterns of
the thin films (Fig. 2(a)) showed distinct diffraction peaks,
unlike amorphous structures whose patterns do not show any
crystalline peaks or large degree of peak broadening. The
crystalline features somewhat corroborate the larger values of
surface roughness represented by their root-mean square (RMS)
values, i.e, 0.796 nm. The X-ray photoelectron spectroscopy
(XPS) analysis supports the formation of ZnO with Znþ2,
confirmed by Zn 2p3/2 and Zn 2p1/2 peaks as shown in Fig. 2(b).
Spectroscopic ellipsometry was applied to obtain the optical
constants, i.e., n (refractive index) and k (extinction coefficient).
The resolved optical constants, i.e., n and k can be exploited in
order to estimate the optical bandgap through the absorption
coefficient including the wavelength-dependence of the extinc-
tion coefficient through the following equation [13],

αðEÞ ¼ 4πk
λ

ð1Þ

The semiconductors are classified into either direct and
indirect bandgaps depending on the relative position in the
wave-vector describing the minimum in the conduction and the
maximum in the valence band. ZnO is known to be a direct
bandgap semiconductor. In the direct bangap semiconductor, the
corresponding absorption coefficient is defined by the following
equation

αðEÞ ¼ AðE�EgÞ1=2 ð2Þ
From the information of α2 versus E (photon energy), the optical
bandgap is estimated to be the intercept at α2¼0. Based on
Fig. 2(c) and Eqs. (1) and (2), the optical bandgap is extra-
polated to be 3.24 eV. The fully characterized ZnO thin films
were combined onto p-type Si wafers with a resistivity in the
range 1–20 Ω � cm and a dopant concentration in the range
1015–1016 per cm3. The crystallinity of the ZnO thin films
allows for high performance in terms of both forward and
reverse currents (see Fig. 3 for an example).
ZnO-based nanodiodes were subjected to electron irradiation

to affect the electrical responses in diode performance.
At 0.8 MeV, the forward and reverse currents of the irradiated
nanodiodes deteriorated. Detailed information is summarized in
Table 1. That is, the forward current decreased and the reverse
diode (Electrode radius: 80 mm and Al thickness: 100 nm).

Forward current at þ3.0 V Current ratio Von

2.5E�4 3.79Eþ3 2.3
1.2E�4 1.36Eþ2 2.1
2.1E�4 1.62Eþ3 2.2
0.2E�4 1.67Eþ1 1.9
2E�5 1.67Eþ1 1.9
5.03E�5 6.29Eþ4 1.7
4.5E�4 2.37Eþ5 1.5
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Fig. 4. Impedance spectra as a function of bias voltages obtained from p-Si/ZnO diodes (a) before electron beam irradiation. (b) shows an enlarged view of Fig. 4(a)
(The inset shows an enlarged view of Fig. 4(a) at near the origin.) (c) and (d) describe bias-dependent absolute impedance and capacitance Bode plots, respectively,
obtained as a function of applied bias voltages from p-Si/ZnO diodes.
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current increased in comparison to the unirradiated ZnO-based
nanodiodes. These current changes led to a lower current ratio.
However, the high energy at 2.5 MeV induced significant
changes not observed after irradiation at 0.8 MeV. As shown
in Fig. 3(b), a low electron dose of 1000 kGy affected the ZnO-
based nanodiodes in a manner similar to that at 0.8 MeV.
Beginning with 5000 kGy, the electrical performance enhanced
as the forward bias current increased and the reverse bias current
decreased. These changes resulted in a high current ratio—60
times higher than that obtained in the case of nanodiodes
unirradiated by an electron beam. After electron irradiation, the
reverse current exhibited noticeable changes in magnitude.
However, the ON-voltage for the forward current exhibited a
small change in magnitude from 2.3 V to 1.5 V. Especially, the
electron irradiation of 10,000 kGy at 2.5 MeV induced highly
significant change in both forward and reverse currents, leading
to the highest current ratio of 2.37� 105.

Impedance spectroscopy was employed to understand the
underlying mechanism in addition to the supplementary
characterizations compared to the dc-based current–voltage
characteristics (See Figs. 4 and 5). Figs. 4 and 5 show bias-
dependent behaviors of resistance and impedance along with
the effect of electron irradiation. First, the real-axis intercept of
the real impedance part is denoted by the overall resistance
provided by the nanodiodes. As shown in Figs. 4 and 5, the
bias-dependent responses exhibit current–voltage characteris-
tics and the resistance increases with increasing reverse voltage
in the negative direction. However, as the bias voltage is
changed to positive, the corresponding resistance decreases
significantly, supporting the high conduction features found in
the dc-based current–voltage characteristics of Fig. 3.
Impedance information can be transformed to the dielectric

parameters through a conversion factor. The relationship
between the impedance and capacitance is defined through
the following equation involving complex variables

ReðCÞ ¼ Re
1

2πf Z

� �
¼ �ImðZÞ

2πf ½ðReðZÞÞ2þðImðZÞÞ2� ð3Þ

where C and Z are the complex capacitance and impedance
(whose components are real and imaginary ones), f is the
frequency in Hz. Only the real capacitance, Re(C), is employed
in order to describe the charging capability, or equivalently
dielectric constants. As found in impedance-based responses,
the capacitance also shows a bias-dependent behavior. For
example, at 1 MHz, the capacitance increases with increasing
applied bias from negative to positive bias. The increase in
capacitance is attributed to the presence of depletion regions
between p-type Si and n-type ZnO materials, corroborated by
an extremely high dielectric constant of approximately 10,000.
The effective dielectric constant is attributed to the shallow
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Fig. 5. Impedance spectra as a function of bias voltages obtained from p-Si/ZnO diodes (a) after electron beam irradiation at 2.5 MeV, (b) shows enlarged view of
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Fig. 6. Equivalent circuit models employed for impedance analysis of Figs. 4
and 5. (a) equivalent circuit model at negative bias and (b) equivalent circuit
model at no and positive bias.
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thickness of the depletion region (approximately 30 nm) [14].
Moreover, the continuous change in capacitance at 1 MHz is
believed to be associated with the dynamic change in volume
that is responsible for charge storage as capacitors. As a result,
the depletion region becomes narrower with increasing applied
bias in the positive direction. Depending on the magnitude of
applied voltage, the shape of the impedance spectra shows
significant changes when analyzed by the unique equivalent
circuits in which the resistors and/or capacitors (or constant-
phase elements) are connected in series or in parallel [15].
At �2.5 V, the impedance becomes extremely large, showing
only a partial portion of a single arc described by R0(R1C1)
where R0 is connected in series with a parallel connection of R1

and C1. However, at higher voltages (equal to or greater than
0 V), the impedance spectra is best modeled as R0(R1C1)
(R2C2). The equivalent circuits are shown in Fig. 6. The
analyzed circuit parameters are summarized in Table 2. In
particular, the electron beam irradiation is believed to decrease
the high-frequency capacitance, compared to that before
irradiation. The presence of two RC circuits indicates that
two different origins contribute to the effective impedance
spectra. This implies that two different regimes are dependent
on the applied bias. In the case of reverse bias, the impedance
is determined by a single depletion. However, at higher
voltages, the impedance spectra is controlled by either two
depletion regimes of different time constants or a relative
higher contribution of the electrode-related responses added to
that of the depletion region.
Noticeably, electron irradiation induces a reduction in the

thickness of the depletion region. These phenomena are believed
to be associated with electron injection into the junction regimes,
affecting the additional change in transport from Si to ZnO or



Table 2
Analyzed equivalent circuit parameters from impedance spectra of Figs. 4 and 5.

R0 R1 CPE1 R2 CPE2

No irradiation at 0 V 618 7.0613Eþ04 2.6850E�10 1.1274Eþ04 5.8797E�08
No irradiation at þ2.5 V 385.8 359.5 1.7730E�10 416.6 3.2823E�08
No irradiation at �2.5 V – 2.5588Eþ07 5.1020E�11 – –

2.5 MeV and 10,000 kGy at 0 V – 4.9728Eþ05 1.4320E�11 2.0211Eþ07 8.9060E�10
2.5 MeV and 10,000 kGy at þ2.5 V 2103 5914 1.5600E�10 2.3561Eþ04 2.0330E�09
2.5 MeV and 10,000 kGy at �2.5 V – 1.9040Eþ08 1.6040E�11 – –
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from ZnO to Si. The interaction of the electron beam results in a
reduction in the geometrical thickness in the depletion regions
between p-Si and ZnO. This effect is reflected in the impedance
spectra and capacitance Bode plots (Figs. 4 and 5). This can be
explained using the energy band diagram proposed previously.
The electron injection increases the thickness of the depletion
region because of electronic concentration adjacent to or at the
depletion zone between p-Si and ZnO. Moreover, the additional
contribution of the injected electrons seems to increase the
potential barrier compared to that observed in the case of un-
irradiated p-n diodes.

In summary, electron irradiation influences nanodiodes
comprising p-type Si and n-type ZnO. At lower acceleration
voltages, the electron beam degrades the current–voltage
characteristics. However, a higher acceleration voltage induces
improvement in the diode performance, i.e., reduction in the
reverse current and increase in the forward current. The
improvement in nanodiode performance is attributed to the
presence of bias-dependent depletion regions formed between
heterogeneous semiconductors.

4. Conclusions

ZnO-based nanodiodes were fabricated through the atomic
layer deposition of ZnO thin films onto p-type Si wafers. The
current–voltage characteristics showed rectifying responses,
depending on the polarity of the applied bias. Electron irradiation
improved diode-based performance, i.e., reduction in the reverse
current and increase in the forward current without significantly
changing ON-voltages. This effect was probed using frequency-
dependent impedance spectra, which demonstrated that the bias-
dependent impedance and capacitance are attributed to the
depletion regions formed between heterogeneous semiconductors
and the modification of the energy band diagram due to electron
injection in the depletion regions.
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