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a b s t r a c t

Thin film of CuNiO2 was prepared by sol gel method to fabricate a photodiode. The surface morphology of
the CuNiO2 thin film was investigated by atomic force microscopy (AFM). AFM results indicated that CuNiO2

film was formed from the nanoparticles and the average size of the nanoparticles was about 115 nm. The
optical band gap of CuNiO2 film was calculated using optical data and was found to be about 2.4 eV. A
photodiode having a structure of Al/p-Si/CuNiO2/Al was prepared. The electronic parameters such as ideal-
ity factor and barrier height of the diode were determined and were obtained to be 8.23 and 0.82 eV,
respectively. The interface states properties of the Al/p-Si/CuNiO2/Al diode was performed using capaci-
tance–voltage and conductance–voltage characteristics. The series resistance of the Al/p-Si/CuNiO2/Al
photo diode was observed to be decreasing with increasing frequency. The diode exhibited a photoconduct-
ing behavior with a high photosensitivity value of 1.02 � 103 under 100 mW/cm2. The obtained results
indicate that Al/p-Si/CuNiO2/Al can used in optoelectronic device applications.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction advantages such as low cost, low temperature processing and easy
In recent years, p-type metal oxides such as CuAlO2, CuGaO2

and CuInO2 have been investigated for various applications such
as electronics and optoelectronics [1,2]. The improvement of p-
type metal oxide semiconductors opens up a new optoelectronic
device field to form transparent metal oxides based p–n junction
diodes [3]. Although metal oxide semiconductors have many appli-
cations, there is a very little work on fabrication of active devices
because the most of metal oxides are n-type semiconductors.
This restricted the use of transparent metaloxides in optoelectronic
device applications. The discovery of p-type transparent conduc-
tive oxides opens up a novel Transparent Electronics [4]. On the
other hand, the nanostructured materials can be prepared using
various methods such as sol–gel spin coating technique, DC mag-
netron sputtering, radio frequency sputtering, spray pyrolysis,
pulsed laser deposition, chemical bath deposition [5–9]. Among
these techniques, sol–gel spin coating method has many
mass production [10]. The other advantage of sol–gel spin coating
method is that a wide range of accessible shapes such as nano
fibers, nano particles, thin films can be produced [10]. This method
has been extensively used for various applications such as sensor,
optoelectronic devices, photovoltaic applications [11]. Among vari-
ous metal oxide semiconductors, nickel oxide, titanium oxide, tin
oxide, zinc oxide are particularly attractive [12]. The nickel oxide
has been used for different applications such as in solar cells, bat-
teries, antiferromagnetic layer and electrochemical capacitors [13].
While most of the metal oxide semiconductors exhibit n-type
conductivity, the delafossite metal oxide semiconductors exhibit
p-type conductivity. The delafossite metal oxide semiconductors
show the high electrical conductivity and transparency which
make them very suitable for optoelectronics. Thus, it would be
interesting to study the effect of light on the electronic properties
of these materials. In the present study, we deposited CuNiO2 thin
film on p-Si silicon substrate to fabricate a photodiode. The
detailed electrical and photoresponse properties of Al/p-Si/
CuNiO2/Al diode were studied using current–voltage (I–V), capaci-
tance–voltage (C–V), conductance–voltage (G–V) and series
resistance–voltage (Rs–V) measurements.
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2. Experimental details

The CuNiO2 film was deposited by sol–gel spin coating method to prepared
p-Si/CuNiO2/Al diode. The copper acetate monohydrate, Cu(Ac)2, nickel nitrate
Ni(Nit)2, ethanol amine and ethanol were used as precursors. The precursors were
dissolved in ethanol and stirred for 2 h. The film of CuNiO2 film was spin coated
onto the p-Si/Al at 2000 rpm for 20 s and was dried on a hot plate at 150 �C for
10 min. The obtained solid film was annealed at 500 �C for 1 h. Al metal contact
was evaporated on the CuNiO2 film as top electrode under vacuum. The schematic
diagram of the device is shown in Fig. 1. The diode top contact area was
3.14 � 10�2 cm2. For the transmittance measurements, the CuNiO2 film was pre-
pared under the same conditions on microcopy glass substrate. The optical spectra
of the CuNiO2 film were measured using a Shimadzu 3600 UV–VIS–NIR spectropho-
tometer. Surface morphology of the CuNiO2 thin film was investigated using a PARK
system XEI 100E atomic force microscopy (AFM). The roughness and grain size of
the CuNiO2 film was determined using PARK system XEI software. Electrical mea-
surements of the diode were performed using KEITLEY 4200 semiconductor
characterization system. Photoresponse measurements were performed using a
solar simulator.
Fig. 2. AFM image of the CuNiO2 film.
3. Result and discussion

The surface morphology of the CuNiO2 thin film was investi-
gated using atomic force microscopy. The microstructural image
of the CuNiO2 film is shown in Fig. 2. As seen in Fig. 2, the film
of the CuNiO2 is formed from the nanoparticles. The roughness of
the film was determined to be 9.66 nm and the grain size was
about 115 nm.

The optical properties of the CuNiO2 film were studied to deter-
mine band gap and transparency of the film. The transmittance
spectra of the CuNiO2 film are shown in Fig. 3a. As seen in
Fig. 3a, the average percentage transmittance of the CuNiO2 film
was about 80%. The optical band gap of the CuNiO2 was deter-
mined using optical absorption data. For this, the transmittance
data of the CuNiO2 film was converted to absorption coefficient
by the following equation,

a ¼
ln 1

T

� �
d

ð1Þ

where in T is the transmittance and d is thickness of the CuNiO2

film. We used the relation between absorption coefficient and pho-
ton energy given by [17],

ðahvÞ1=n ¼ Aðhv � EgÞ ð2Þ

where A is the constant, Eg is the band gap of the CuNiO2 film, n
depends on the type of optical transitions between valance and con-
duction bands. The band gap of the CuNiO2 film was determined by
plotting (ahv)2 vs. hv [17]. The optical band gap of the film was
determined from the linear region of the plot. The optical band
gap CuNiO2 film was obtained to be 2.44 eV.

The current–voltage characteristics of the Al/p-Si/CuNiO2/Al
photo diode were studied under dark and various light intensities.
I–V characteristics of the diode is shown in Fig. 4. It is clear from
Fig. 1. Schematic diagram of th
this figure that the diode exhibited a light sensitive behavior. The
forward current of the diode at lower electric fields increases
exponentially and deviates from the linear I–V behavior which
could be due to presence of series resistance. The charge transport
in an isotype heterojunction is similar to that of thermionic emis-
sion in Schottky diode [18,19]. Thus, it is evaluated that at room
temperature, the thermionic emission mechanism is dominant in
p-Si/CuNiO2 diode and that is why, we can analyzed I–V character-
istics of the diode by thermionic emission model given by the fol-
lowing relation

I ¼ I0 exp
qðV � IRsÞ

nkT

� �
ð3Þ

where n is the ideality factor, q is the electronic charge, k is the
Boltzmann constant, T is the temperature, V is the applied voltage,
Rs is the series resistance and I0 is the reverse saturation current
given by

IO ¼ AA�T2 exp
�qUb

kT

� �
ð4Þ

where Ub is the barrier height, A⁄ is the Richardson constant which
is equal to 32 A/cm2 K2 for p-type silicon, and A is the diode contact
area. The ideality factor and barrier height of the Al/p-Si/CuNiO2/Al
e Al/p-Si/p-CuNiO2 diode.
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Fig. 3. (a) Plots of transmittance vs. wavelength and (b) (aht)2 � ht of the CuNiO2

film.
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Fig. 4. I–V characteristics of the Al/p-Si/CuNiO2/Al photo diode under dark and
illuminations.
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Fig. 5. Plot of Iph–P of the Al/p-Si/CuNiO2/Al photo diode.
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photo diode were calculated to be 8.23 and 0.82 respectively. The
barrier height of the diode depends on the diode contact area. We
prepared a small contact area to reduce contact resistance of the
diode. Also, the effects of ohmic contact of the diode were mini-
mized with the thermal treatment near the eutectic temperature
of Al/p-Si interface. The higher n value indicates that I–V character-
istics of the diode exhibit a non-ideal behavior. This behavior is
resulted from the series resistance and interface states at interface
of the diode. As seen in Fig. 4, while the reverse bias current of the
Al/p-Si/CuNiO2/Al diode increases with increase in the illumination
intensity, the forward bias current does not change with the illumi-
nation. This indicates that the separation of photo generated
charges is higher than that of separation in forward bias. The varia-
tion of photocurrent with light intensity is shown in Fig. 5. It was
observed that the photocurrent of the diode increases with increas-
ing illumination intensity. The photoconduction mechanism of the
Al/p-Si/CuNiO2/Al photo diode was analyzed by the following equa-
tion [20],
Iph ¼ BPm ð5Þ
where Iph is the photocurrent, B is the constant, m is an exponent, P
is the illumination intensity. The value of the m was determined
from the slope of log(Iph) vs. Log(P) plot and it was calculated to
be 1.2. The obtained m value indicates that the photocurrent exhib-
ited a linear behavior. The Al/p-Si/CuNiO2/Al photo diode showed a
high photosensitivity value of 1.02 � 103 under 100 mW/cm2. This
suggests that the fabricated device could be used as an optical sen-
sor in various optoelectronic applications.

The capacitance–voltage of the Al/p-Si/CuNiO2/Al photo diode is
shown in Fig. 6. As seen in Fig. 6, the capacitance of photo diode
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does not change with frequency at the positive voltages. But the
capacitance of photo diode increases with increasing frequency
at the negative voltages. In order to analyze the interface states
of the diodes, the C–V and G–V curve of Al/p-Si/CuNiO2/Al photo
diode were corrected with the series resistance by the following
relation [21,22].

Cadj ¼
½G2

m þ ðxCmÞ2�Cm

a2 þ ðxCmÞ2
ð6Þ

Gadj ¼
½G2

m þ ðxCmÞ2�a
a2 þ ðxCmÞ2

ð7Þ

where Cadj is the corrected capacitance, Gadj is the corrected conduc-
tance, Cm is the measured capacitance, Gm is the measured conduc-
tance, x is the angular frequency and a is the variable parameter
given by the following relation [21,22],

a ¼ Gm � ½G2
m þ ðxCmÞ2�RS ð8Þ

The C and G values were corrected and Cadj and Gadj plots of Al/
p-Si/CuNiO2/Al photo diode at the various frequencies are shown in
Fig. 7a and b, respectively. As seen in Fig. 7b, a peak was observed
in Gadj plots that confirms the presence of interface states. The den-
sity of interface states Dit of the Al/p-Si/CuNiO2/Al photo diode is
expressed by the following relation [20,24],

Dit ¼
2

qA

� �
ðGmax=xÞ

½ðGmax=xCoxÞ2 þ ð1� Cm=CoxÞ2�

" #
ð9Þ

where Cm is the measured capacitance, Cox is the capacitance of the
insulator layer, x is the angular frequency. The Dit values of the
photo diode as a function of frequency are shown in Fig. 8. It was
observed that the density of the interface states of diode decreases
with increasing frequency. The variation in Dit value with frequency
indicates that the interface states follow the frequency of the
applied electric field. The decrease in the interface states is due to
the reordering of the interface trapped charges.

The plots of Rs–V of the Al/p-Si/CuNiO2/Al photo diode is shown
in Fig. 9. The Rs value of the photo diode is calculated from capaci-
tance and conductance values in the accumulation region [9–21].
The Rs plots indicate a peak and the peak position shifts with
increase in frequency. This shift is due to interface charges
following frequency of applied voltage. The C–V at 1 MHz of the
Al/p-Si/CuNiO2/Al photo diode was plotted and is shown in
Fig. 10. The C�2–V behavior of the Al/p-Si/CuNiO2/Al photo diode
was plotted to determine the built-in potential and carrier
concentration. These parameters for the diode can be calculated
by following relation [23,25,26],
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1

C2 ¼
2ðVbi þ VÞ

A2esqNa

ð10Þ

where Vbi is the built-in potential, es is the dielectric constant of p-Si
(es = 11.8) [20], Na is the acceptor concentration of p-Si, q is the
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electronic charge. The Vbi value of diode was calculated to be
0.51 eV. The barrier height of diode is calculated by the following
relation [26],

UbðC�VÞ ¼ Vbi þ
kT
q

ln
Nv

Na

� �
ð11Þ

where Nv is the density of states in valence band of p-Si
(1.82 � 1019 cm�3), Vbi is the built-in potential. The barrier height
(Ub(C–V)) and Na values of diode were calculated using Eq. (11)
and were determined to be 0.78 eV and 4.68 � 1014 cm�3. The cal-
culated Ub(C–V) value is smaller than that of Ub(I–V) obtained from
I–V. This difference is resulted from the nature of I–V and C–V
characteristics.

The transient photocapacitance characteristics of the diode at
various frequencies under 100 mW/cm2 were studied (Fig. 11).
As seen in Fig. 11, the capacitance of the diode increases with
various illuminations. The diode exhibited a photocapacitance
behavior which depends on the frequency. The highest photoca-
pacitance change was observed at 100 kHz. On illuminating the
diode, the photocapacitance of the diode rises rapidly to a constant
value and then decreases to original value after turning off the
illuminating. The increase in photocapacitance with illumination
could be due to the increase in numbers of photo-generated charge
carriers at in interface states. The decay of the photocapacitance is
due to transfer of the photo-generated charge carriers back to the
original level. The photocapacitance gain of diode was found to be
about 7 times under 100 kHz.
4. Conclusions

The electrical and photoresponse properties of Al/p-Si/CuNiO2/
Al diode were investigated by current–voltage and capacitance–
voltage characteristics. The ideality factor and barrier height of
the Al/p-Si/CuNiO2/Al photo diode were found 8.23 and 0.82 eV,
respectively. The diode exhibited a photocapacitance behavior
depending on frequency. The obtained photoconductivity and
photocapacitance results suggest that the Al/p-Si/CuNiO2/Al diode
can be used as a photo diode or photocapacitor in optoelectronic
applications.
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