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p-nickel oxide (NiO,)/n-indium tin oxide heterostructure p-n junction diodes were fabricated on
glass substrates and showed rectifying characteristics or negative differential resistance (NDR)
characteristics depending on the content of oxygen in the NiO, films. After annealing the
heterojunction diodes at 450 °C in air for about 30 min, the characteristics of NDR disappeared and
transparent rectifying diodes were observed. The oxygen content could be observed by inspecting
the characteristics of the NiO, films before and after annealing using x-ray photoelectron spectrum
and thermogravimetric analysis as well as atomic force microscopy. The released oxygen in the
NiO, films could be responsible for the disappearance of NDR characteristics and the change of the
nonideal rectifying diode characteristics. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2404466]

I. INTRODUCTION

The diversity in oxide semiconductor junctions and their
functions were rather limited compared to conventional
semiconductors, even though oxide semiconductors have ex-
cellent stability in harsh environments and have unique func-
tions such as optical transparency, chemical sensing,1 as well
as photoluminescence. For exploiting the full potential of
oxide semiconductors, the combination of a p-type oxide
semiconductor with a n-type oxide semiconductor has been
made for electronic and optoelectronic applications, such as
rectifying diodes, transistors, photodetectors, and light-
emitting diodes.”® Most oxide semiconductors have n-type
properties because cation interstitials (donors) are formed
much more easily than anion interstitials (acceptors). There-
fore, synthesizing p-type oxide-based semiconductors is a
major challenge in forming p-n junctions. Transition metal
oxides, such as Li-doped NiO (Ref. 7) and Cu-related oxide
compounds,g_lo are exceptional because these oxides are
generally p-type semiconductors, since the transition metal
ions can be easily oxidized with the consequent formation of
Ni and Cu vacancies. Like Li-doped NiO, excess O, in the
NiO film has similar properties and is also a p-type semicon-
ductor. Although the conducting mechanism in the NiO has
long been the subject of much controversy, resistivity of the
NiO film can be lowered by an increase of the Ni** ions
resulting from the excess oxygen in the NiO crystallite.7 Re-
cently, NiO-related and oxide-based heterojunction with
characteristics of rectifying and photon sensing has also been
reported.s‘é’11 These innovative materials and applications are
pushing the progress of oxide-based semiconductors steadily.

In this work, the p-n heterojunction diodes based on the
nickel oxide (NiO,)/indium tin oxide (ITO)/glass were fab-
ricated with different ratios of O, in the sputtered NiO, films
on the same ITO glass. I-V curves of p-n heterojunction
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diodes exhibit the characteristics of negative differential re-
sistance (NDR) with excellent performances at room tem-
perature. The characteristics of NDR disappeared, and trans-
parent nonideal rectifying diodes were observed after these
samples were annealed for about 30 min at 450 °C in air.
Combining the studies of the x-ray photoelectron spectrum
(XPS), thermogravimetric analysis (TGA), and atomic force
microscopy (AFM), the role of oxygen in the NiO, film in
the determination of the characteristics of heterojunction di-
odes has been analyzed.

Il. EXPERIMENTS

Figure 1 shows the schematic structure of the
NiO,/ITO/glass heterojunction diode. The NiO, films of
about 0.3 um were deposited on the ITO glass by the reac-
tive rf magnetron sputtering with different Ar/O, ratios in
the chamber. The target was the NiO (99.99%) with a diam-
eter of 3 in. The Ar/O, ratios were 100/0, 100/36, 25/100,
and 0/100 for samples (a), (b), (c), and (d), respectively. The
sheet resistance of the ITO glass was about 70 Q)/(J]. The
deposition was performed at a total pressure of 20 mTorr and
a rf power of 200 W. The temperature of the ITO substrates
was maintained below 60 °C during sputtering. The x-ray
(CuK,) diffraction (XRD) patterns of the NiO, films have
shown the first five peaks of the NiO lattice, which are iden-
tical to the 26 peaks of cubic nickel oxide. The samples for
TGA were obtained by scratching the films on the glass

n-ITO

Glass

FIG. 1. A schematic structure of the NiO,/ITO/glass heterojunction diode.
The sheet resistances of the ITO and NiO, are 70 and (6—18) X 10° /01,
respectively.

© 2006 American Institute of Physics
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FIG. 2. Room temperature /-V curves of the NiO,/ITO/glass diodes sput-
tered with different gas mixing conditions before thermal annealing.

(Corning 7059). Both the films on the glass and on the ITO
glass were deposited at the same conditions. Measurements
of TGA were conducted under normal conditions. TGA data
were also used to determine the composition of x of the NiO,
films. In addition, XPS was performed to characterize the
properties of NiO, films of the heterojunction diodes.

lll. RESULTS AND DISCUSSION

Figure 2 shows the I-V curves of the as-deposited
NiO,/ITO/glass heterojunctions at room temperature. The
characteristics of NDR can be observed to heavily depend on
the ratios of sputtering gases Ar and O, during the deposition
of NiO, films. From sample (a) to sample (d), the character-
istics of the devices change from a rectifying diode to a
diode with NDR, and both peak voltage and valley voltage
increase. Apparently, the peak-to-valley current ratio (PVCR)
I,/1, also increases from 1 to 5 when the O, in the gas
mixture increases. In addition, the swing voltage V, is ap-
proximately 1.05 V for every diode.

Figure 3 shows the PVCR and turn-on voltage as func-
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FIG. 3. Ratio of /,/I, and turn-on voltage of the NiO,/ITO/glass hetero-
junction diodes sputtered with different gas mixing ratios of O,/Ar+0,.
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TABLE I. Resistivity of the NiO, films.

Ar/O, ratio 100/0 100/36 25/100 0/100
Resistivity 653 303 333 170
(Q cm)

tions of the mixture ratio of O,/Ar+0,. Both the PVCR and
the turn-on voltage increase as the mixture ratio of O, in-
creases. To realize the effect of O, in the NiO, films, the
resistivity of the NiO, films was measured at room tempera-
ture and shown in Table I. Bransky and Tallan had reported
the decrease of resistivity as the partial pressure of O, in the
Ar—0, mixture increases.'” The decreasing resistivity has
been attributed to the excess O, in the NiO, films causing the
following reactions:

%Oz—’oo‘FVNi, (1)
VNi — VNi, + hOle, (2)
Vaii — Vi + hole, (3)

where O is an oxygen ion on the normal site, Vy; is a nickel
vacancy with two Ni** ions next to the vacancy, and V" and
Vyi are ionized vacancies with one and two electrons on the
vacancy, respectively.7’12 Based on Egs. (2) and (3), excess
O, in the NiO, film enhances the concentration of hole and
decreases the resistivity. The increased hole concentration
also increased the difference between the Fermi level of the
p-type NiO, and the fixed Fermi level of the n-type ITO.’
Due to the low voltage drop across the p-side NiO, and the
n-side ITO film, both built-in and turn-on voltages of the
NiO,/ITO increased as the ratio of O,/Ar+0, increased.
Since ITO is a degenerate n-type semiconductor, the depleted
region is mainly on the p-side of NiO, of the diodes.
Figure 4(a) shows the I-V curves of the NiO,/ITO/glass
diodes annealed at 450 °C in air for about 30 min. The char-
acteristics of NDR disappeared and the characteristics of the
rectifying diodes were observed. In the meantime, the trans-
mittance of the rectifying diodes is over 60% and is about
two times larger than the diodes with NDR at the visible
region. The differential resistance also increases about ten
times, from a few hundred ohms to a few thousand ohms.
Sample (d) has the lowest differential resistance of about
1000—-2000 €. As a result of high differential resistance,
turn-on voltage also shifts to a higher value of 1.6-2.2 V.
By investigating the I-V curves of Figs. 4(a) and 2 at a for-
ward bias larger than the turn-on voltage, the operation cur-
rent is not similar to the rapidly rising diffusion current in the
conventional semiconductor p-n junctions. Instead, other
factors dominate the current transport. This kind of I-V
curves has been observed in the oxide-based p-n homojunc-
tions and heterojunctions.n_16 In the homojunction, a linear
I-V has been attributed to a change of stoichiometry in the p
and n regions by increasing the voltage at high
temperature.13 In our case, two different oxide-based materi-
als NiO, and ITO formed a p-n heterojunction, and a change
of stoichiometry of NiO, and ITO at room temperature could
not occur. In an oxide-based p-n heterojunction, both the
high series resistance and the space-charge-limited current
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FIG. 4. (a) I-V curves of the samples (a), (b), (c), and (d) after annealing at
450 °C in air for about 30 min. Measurements were conducted at room
temperature. (b) I-V? curves of the annealed and unannealed samples at
forward bias larger than the turn-on voltage.

could be the reasons of this kind of I-V curve. *'*1

The space-charge-limited current is proportional to
[(uV?)/(N,)]exp(-E,/kT), where u, V, N,, I, and E, are the
mobility of carriers, applied voltage, density of traps, thick-
ness of the space charge layer, and energy level of traps,
respectively.'*''® Figure 4(b) shows the I-V? curves of
samples (a)—(d) before and after annealing. Linear relations
of I and V? were obtained for all samples at room tempera-
ture, while the forward bias voltage was larger than the
turn-on voltage. The linear relation of 7 and V? indicates that
the carrier transport in the NiO,/ITO/glass heterojunction
diode is dominated by the space-charge-limited current.
Since ITO is a metal-like n-type semiconductor, the region of
the space-charge-limited current is mainly in the p-NiO, re-
gion. In Fig. 4(b), both space-charge-limited current and
slope of I-V? curves decrease after annealing, where the
slope is a function of N,, [, and E, at a fixed temperature.
To realize the changes in the characteristics of the het-
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FIG. 5. Thermogravimetric analysis profile of the sample (d).

erojunction diodes before and after annealing, we inspect the
characteristics of NiO, films by XPS, TGA, and AFM. Fig-
ure 5 shows the TGA profile of sample (d) and indicates that
heating NiO, films leads to the loss of weight of NiO, par-
ticles. As the annealing temperature was below 300 °C, the
lost weight might be due to the oxygen release from the grain
boundaries of nanosized NiO in the film. A clear transition
appears at about 300 °C, which implies a new compound but
not NiO in the NiO, particles because the decomposed tem-
perature of NiO is over 550 °C. While the annealing tem-
perature is above 550 °C, the decomposition stops and the
weight is retained.

Figure 6 shows XPS spectra of the NiO, film before and
after annealing. XPS spectra show two peaks at 529.5 and
532 eV. The peak of 529.5 eV represents a binding energy of
O 1s peak in the NiO and the peak of 532 eV represents a
binding energy of O 1s peak in the Ni,Os, where a nickel ion
in Ni,O5 is Ni**."”?° It is known that a Ni** jon is equivalent
to an acceptor and a nickel vacancy in Egs. (2) and (3) con-
necting two Ni** ions via a quadruple force.” On the other
hand, the increasing relative content of NiO in the film indi-
cates a chemical process connecting NiO and Ni,O5 while
the NiO, film is annealed. Based on the TGA results, heating
causes the black NiO, particles to decompose and change
into green particles finally. Combining the results of TGA
and XPS, the decomposed compound Ni,O5 via a reaction of
Ni,0;—2 NiO+30, or a reaction of NiO,—NiO+(x
—1)/2 O, in the film can produce green NiO particles and
O,. Based on Le Chételier’s principle, releasing O, in Eq. (1)

2000
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1500+
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e

g
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FIG. 6. X-ray photoelectron spectrum of the sample (d) before and after
annealing.
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FIG. 7. (Color online) (a) AFM images of the sample (d) before annealing
and (b) after annealing.

causes the concentration of holes or Ni** ions to decrease,
which is responsible for the increase of the resistance and
turn-on voltage of the heterojunction diodes. Besides, the
Ni3* ion is also a color center in the ﬁlm,21 where the lower
concentration of Ni** ions increases the transmittance of rec-
tifying diodes.

Figures 7(a) and 7(b) show the AFM images of the NiO,
film on the ITO glass before and after annealing, respec-
tively. In Fig. 7(a), the film composed of grains with size of
about 30 nm shows clear boundaries. The XRD analysis in-
dicated that crystallite NiO was embedded in the grains and
TGA showed the excess oxygen in the film. On the other
hand, XPS showed two states of oxygen in the film, i.e., NiO
and Ni,Os. The results of XRD and XPS indicated that the
excess oxygen had to be located between grain boundaries of
NiO forming V,;" and V)" vacancies, as shown in Egs. (2)
and (3). As is well known, semiconductor grain boundaries
formed a double Schottky barrier with a space-charge region
along the boundaries.*” In Fig. 4(b), the space-charge-limited
current is the evidence that holes transport across the bound-
ary region. In Fig. 7(b), the grain structure of NiO, is similar
to Fig. 7(a), but the shape of the grains is different and the
size of the grains increases. The space between grain bound-
aries was also enlarged when the sample was annealed. The
increased size of the crystallite NiO was consistent with the
XRD analysis that the full width at half maximum (FWHM)

J. Appl. Phys. 100, 124503 (2006)

of NiO 26 peaks was narrowed. The increased grain size
could be the result of grains merging together due to the
excess oxygen released between grain boundaries. After oxy-
gen was released, the decreased hole concentration caused
the space-charge-limited current and slopes shown in Fig.
4(b) to decrease since the space-charge-limited current is
proportional to free carriers."”

Since the energy states of Vy;" in the NiO, were higher
than the Fermi level,’ the property of the NiO, was analo-
gous to a p*-type (degenerate) semiconductor. Therefore, the
pt-n" heterojunction structure of NiO,/ITO/glass could be
the cause NDR at small forward bias since the electrons at
the ITO side could tunnel to the finite energy states of Vy;'.
After oxygen was released from the NiO, film, the decreased
concentration of VNi', as shown in Eq. (2), caused the disap-
pearance of the NDR.

Results of TGA, XPS, AFM, and XRD indicated that
oxygen in the NiO, film was responsible for the characteris-
tic changes. Furthermore, the depleted region of the diode
was mainly on the NiO, layer. Therefore, decreasing oxygen
content in the NiO, layer leads both to the disappearance of
NDR characteristics and to the decrease in the space-charge-
limited current as well as the slope of the I-V2. In the mean-
time, the diodes with higher transmittance and higher differ-
ential resistance are also due to the released oxygen content.

IV. CONCLUSIONS

p-NiO,/n-ITO/glass heterojunction diodes were demon-
strated. The ratios of sputtering gaseous Ar and O, during the
NiO, film were formed and heavily changed the characteris-
tics of the heterojunction diodes from rectifying diodes to
diodes with NDR. After annealing at 450 °C in air for about
30 min, all diodes showed properties with higher transmit-
tance and differential resistance in comparison with the di-
odes before annealing. Linear I-V? curves indicated that the
space-charge-limited current dominates the current transport
in the NiO, layer. By analyzing the properties of NiO, films
with XPS spectra, TGA data, and AFM image, the released
oxygen in the NiO, films was found to be responsible for the
disappearance of NDR characteristics and the for the change
of the nonideal rectifying diode characteristics. The results
should be useful and helpful in optimizing the process of the
transparent oxide-based heterojunction diodes.
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