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a b s t r a c t

The nanocluster n-CdO/p-Si heterojunction diode was fabricated by sol–gel method. The structural and
optical properties of the nanocluster CdO film have been investigated. The CdO film has a polycrystalline
with a cubic monteponite phase. The scanning electron microscopy images indicate that the surface
morphology CdO film is almost homogeneous and the CdO film is consisted of the clusters formed with
coming together of the nanoparticles. The optical band gap of the CdO film was found to be 2.45 eV using
optical absorption method. The electrical properties of the p–n heterojunction composed of transparent
CdO and p-Si semiconductors were investigated by current–voltage and conductance–frequency meth-
ods. The ideality factor of the diode was found to be 5.41 and the obtained n value is higher than unity
7.84.Bw
3.40.Kp

eywords:
anostructures
anomaterials

due to the interface states between the two semiconductor materials and series resistance. The reverse
current of the diode strongly increases with illumination intensity of 100 mW cm−2 and the diode gives
a maximum open circuit voltage Voc of 0.12 V and short-circuits current Isc of 0.53 × 10−6 A. The interface
state density values for the diode were found to vary from 7.82 × 1013 to 3.02 × 1012 eV−1 cm−2 under
various bias voltages.
xides
eterojunction semiconductor devices

. Introduction

In recent years, metal-oxide films such as ZnO, CdO, SnO2, TiO2,
tc. that are both transparent in the visible region and electrically
onducting have been extensively investigated due to their poten-
ial applications in displays, phototransistors [1–3], photovoltaic
olar cells [4], gas sensors [5], and other optoelectronic devices [6].
or most optoelectronic devices such as flat panel displays, it is
ssential to use a transparent electrode consisting of a transpar-
nt conductive oxide (TCO) semiconductor. All the TCO films have
-type conductivity. The high conductivity of these films results
ainly from stoichiometric deviation. The conduction electrons in

hese films are supplied from donor sites associated with oxygen
acancies or excess metal ions.

TCOs are essential part of electronic technology, which require
oth large-area electrical contact and optical access in the visible
ortion of the light spectrum. High transparency combined with
seful electrical conductivity is achieved by selecting a wide-band

ap oxide. CdO is a one of TCOs and it has a relatively low intrinsic
and gap of 2.3 eV [7]. Despite of its low band gap, it can reach a high
and gap value owing to its low effective carrier mass [8], giving
ise to relatively large shifts due to doping.

∗ Corresponding author. Tel.: +90 424 2370000 3621; fax: +90 424 2330062.
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There are several methods developed on synthesis of CdO films
such as spray pyrolysis [9], sputtering [10], chemical bath depo-
sition (CBD) [11], pulsed laser deposition [12,13], and MOCVD
[14,15]. However, there are a few reports on the synthesis of them
using a sol–gel spin coating method [16–20]. The sol–gel spin coat-
ing method has various advantages such as cost effectiveness, thin,
transparent, multicomponent oxide layers of many compositions
on various substrates, simplicity, excellent compositional control,
homogeneity and lower crystallization temperature.

There exists a strong technological trend to use nanometer
scale structures in semiconductor electronics. In nanoscale, dimen-
sional confinement and the surface effect is substantially greater
than in the bulk, which will result in a better optical properties
and enhanced electrical properties in device. However, assem-
bling nanostructures into devices is still challenging due to the
difficulties in manipulating structures of such small size. In an
earlier paper [21], we have reported the electrical properties
of flower-like CdO/p-Si heterojunction diode in the tempera-
ture range of 80–400 K. The CdO film deposited on p-Si had a
flower-like structure. It was seen that the charge transport mech-
anism of the diode changed from the tunneling mechanism to

the recombination mechanism, when the temperature was varied
from lower temperatures to higher temperatures. In the present
work, the solution preparation conditions of CdO film produc-
tion which was used in our previous study were changed and
the CdO film with nanoclusters formed with the coming together

dx.doi.org/10.1016/j.jallcom.2010.06.174
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. The schematic structure of nanocluster n-CdO/p-Si heterojunction diode.

f the nanoparticles was grown on p-Si(1 0 0). The nanocluster
-CdO/p-Si heterojunction diode was fabricated and the electri-
al properties of the diode were analyzed by current–voltage and
apacitance–conductance–voltage techniques at room tempera-
ure.

. Experimental

In this work, the sol–gel spin coating method was used to deposit the CdO
lm. The coating solution was prepared by using 0.5 M cadmium acetate dihydrate
C4H6CdO4·2H2O] together with 2-methoxethanol and monoethanolamine (MEA).
-methoxethanol and MEA were a solvent and stabilizer, respectively. The molar
atio of MEA to cadmium acetate dihydrate was maintained at 1:1. The solution was
tirred constantly during its preparation. The procedure was done entirely at room
emperature. The solution was stirred at room temperature for 2 h to yield a clear
nd homogeneous solution. The coating solution was dropped onto silicon and then
he silicon was rotated at 3000 rpm. After the spin coating, the film was dried at
00 ◦C for 10 min. This coating/drying procedure was repeated for ten times and
hen annealed at 450 ◦C in air for 1 h. A CdO film was also deposited on a cleaned
ndium tin oxide (ITO) coated conducting glass substrate at the same experimen-
al conditions by the sol–gel spin coating method. Thus, the CdO films which were
eposited both on the p-Si and ITO were fabricated at the same time and conditions.
he substrate used for the fabrication of n-CdO/p-Si heterojunction diode is a p-type
boron-doped) single crystal silicon 〈1 0 0〉 with a thickness of 600 �m and a resis-
ivity of 1–10 �-cm. First, Si wafer was degreased through RCA cleaning procedure,
.e., a 10 min boiling in NH4OH + H2O2 + 6 deionized (DI) (18 M� DI water), which

as followed by a 10 min boiling in HCl + H2O2 + 6 DI. Before forming an CdO layer
n p-type Si substrate, the native oxide on the polish surface of the substrate was
emoved in HF:H2O (1:10) solution, and finally, the wafer was rinsed in DI water.
he CdO film was deposited on silicon by sol–gel spin coating method. For the elec-
rical measurements of n-CdO/p-Si heterojunction diode, the metal electrodes were
ormed both back surface of the Si wafer and top of the CdO film. Fig. 1 shows the
chematic diagram of an n-CdO/p-Si heterojunction diode.

The crystal structure of the film was investigated using RIGAKU 2200 X-ray
iffraction (XRD) system with a CuK� source. Surface morphology and elemen-
al analysis were studied using a ZEISS SUPRA 50VP model scanning electron

icroscope (SEM) and BRUKER AXS energy dispersive X-ray spectroscopy (EDX),
espectively. The CdO film deposited on the ITO substrate was only used for the
ptical properties. The absorbance of the CdO film deposited on the ITO substrate
as measured in the spectral region of 190–900 nm using a Shimadzu UV 2450

pectrophotometer with an attached integrating sphere at room temperature. The
hickness of the CdO film was determined with Mettler Toledo MX5 microbalance
y using weighing method. It was found to be 573 nm. The current–voltage and
apacitance–voltage characteristics of the diode were performed using a KEITHLEY
200 SCS/CVU semiconductor characterization system. The photocurrent measure-
ents were performed using a white light source under 100 mW cm−2 intensity by
KEITHLEY 6517A Electrometer.

. Results and discussion

.1. The structural and morphological properties of the CdO film

Fig. 2 shows an XRD spectrum of polycrystalline CdO film grown

n silicon. All the peaks belong to cubic monteponite phase of the
dO (JCPDS card no: 05-0640). The texture coefficient (TC) repre-
ents the texture of particular plane, deviation of which from unity
mplies the preferred growth. Quantitative information concern-
ng the preferential crystallite orientation was obtained from the
Fig. 2. XRD pattern of the CdO film.

different texture coefficient TC(h k l) expressed by [22]

TC(h k l) = I(h k l)/Io(h k l)

N−1
∑

n

I(h k l)/Io(h k l)
(1)

where I(h k l) is the measured relative intensity of a plane (h k l),
Io(h k l) is the standard intensity of the plane (h k l) taken from the
JCPDS data, N is the reflection number and n is the number of diffrac-
tion peaks. A sample with randomly oriented crystallite presents
TC(h k l) = 1, while the larger value, the larger abundance of crystal-
lites oriented at the (h k l) direction. The texture coefficients were
calculated for all the peaks. I(h k l)/Io(h k l) and TC(h k l) values were
found to be 1.54, 1.13 and 0.33 for planes (1 1 1), (2 0 0) and (2 2 0),
respectively. So, the CdO film is polycrystalline with the prefer-
ential orientation along the (1 1 1) crystal plane, and this agrees
well with the structure of CdO film prepared by the same method
[4,18–21,23]. The average crystallite size of CdO film was calculated
using the well known Scherrer’s equation [24]. The average crystal-
lite size for the CdO film was found to be 26 nm for the (1 1 1) plane.
No metallic cadmium phases were observed in the XRD pattern.

Fig. 3a and b shows the SEM images of the CdO film which were
used on the nanocluster n-CdO/p-Si structure at two different mag-
nifications. In Fig. 3a, the clusters which homogenously spread on
the whole of the film surface are seen. Also, as seen in Fig. 3b, the
clusters are formed from the nanoparticles. The sizes of the clusters
are approximately 300–500 nm and the diameters of nanoparticles
are about 30–40 nm.

The EDX spectrum of the CdO film is presented in Fig. 4. Only Si,
Cd and O signals were detected. The Si element that is not expected
to be in solid film may probably result from the Si substrate. So,
EDX results confirm the chemical structure of the CdO.

3.2. The optical band gap of the CdO film

The following relation [25] was used to calculate the optical
band gap with direct transitions of the CdO film,

(˛h�) = B(h� − Eg)1/2 (2)

where h� is the photon energy, ˛ is the absorption coefficient, Eg is

the optical band gap and B is a constant. For calculation of the opti-
cal band gap of CdO film, the curve of (˛h�)2 vs. h� was plotted. The
Eg value of the CdO film was determined from Fig. 5 and it was found
to be 2.45 eV. This value is in agreement with the known range of
values (2.2–2.6 eV) for the CdO [16,19–21]. Bulk CdO is a semicon-
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ig. 3. SEM image of the nanocluster CdO film under 46,000 (a) and 202,000 (b)
agnifications.

uctor with one direct band gap of 2.3 eV and one indirect gaps of
.36 eV [26,27]. The obtained band gap value is larger than the bulk

alue. If the crystallite size decreases, the band gap energy should
ncrease. As a similar result was also reported by Vigil et al. [28].
hey reported that the optical band gap value of CdO was 2.53 eV
nd the particle size of this film was 18 nm. Also, they observed a
ecrease of the band gap energy when the diameter of CdO crystal-

Fig. 4. Elemental analysis of the nanocluster CdO film an
Fig. 5. The plot of (˛h�)2 vs. h� of the nanocluster CdO film.

lites becomes larger. We found the average crystallite size as 26 nm.
So, the results are in agreement with each other.

3.3. The current–voltage characteristics of the nanocluster
n-CdO/p-Si heterojunction diode

The current–voltage (I–V) characteristics of the nanocluster n-
CdO/p-Si heterojunction diode are shown in Fig. 6. As seen in Fig. 6,
the diode indicates a rectifying contact between n-CdO and p-Si
semiconductors and the rectifying ratio of the diode is 37 at ±2 V.

The I–V characteristics of the diode can be analyzed by the following
relation [29],

I = Io

[
exp

(
qV

nkT

)
− 1

]
(3)

d SEM image of the region analyzed (inset image).
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shows the constructed band structure of the n-CdO/p-Si hetero-
ig. 6. Current–voltage characteristics of the nanocluster n-CdO/p-Si heterojunc-
ion diode.

here V is the applied voltage, n is the ideality factor, k is the Boltz-
ann constant, T is the temperature and Io is the reverse saturation

urrent. The ideality factor of the diode was determined from the
lope of the linear region of forward bias of Fig. 6 and it was found to
e 5.41. The obtained n value is higher than unity due to the inter-
ace states and series resistance. The obtained n value suggests that
he charge transport mechanism is controlled by recombination in
he space charge region.

Having a high performance of a diode depends on the high crys-
alline quality of the semiconductor, low surface-state density and
deal ohmic and Schottky contacts being made. Thus, as the crystal-
ite size decreases, the surface plays an increasingly important role
n the device performance. The surface has to be homogeneous and
ree from the defects.

In order to determine the series resistance and the barrier height
f the diode, we used Norde method given by the following relation
30],

(V) = V0

�
− kT

q

(
I(V)

A∗AT2

)
(4)

here � is the integer (dimensionless) greater than n. I(V) is the
urrent obtained from the I–V characteristic. Fig. 7 shows the plot
f F(V) vs. voltage for the diode. In Norde model, the barrier height
s defined as follows,
b = F(V0) + V0

�
− kT

q
(5)

here F(Vo) is the minimum point of F(V). The barrier height was
ound to be 0.56 eV. The series resistance is given by the following
Fig. 7. Plot of F(V) vs. V for the nanocluster n-CdO/p-Si heterojunction diode.

relation

Rs = kT(� − n)
qI1

(6)

where � is the integer (dimensionless) greater than n, q is the charge
of an electron and I1 is the current obtained from the minimum
point of F(V). The Rs value for the diode was determined using Eq.
(6) and was found to be 6.41 k�. The obtained Rs value is consider-
able high due to CdO and oxide layers and this causes a non-linear
behavior.

In order to characterize the photovoltaic behavior of the diode,
the I–V characteristics of the diode under dark and illumination
conditions were performed, as shown in Fig. 8. As seen in Fig. 8, the
reverse current strongly increases with illumination intensity of
100 mW cm−2 and the diode gives a maximum open circuit voltage
Voc of 0.12 V and short-circuits current Isc of 0.53 × 10−6 A. These
values indicate that the n-CdO/p-Si diode exhibits a photovoltaic
behavior, because the photovoltaic effect involves the creation of a
voltage and current in a p–n heterojunction upon exposure to light
intensity. The open circuit voltage Voc of the n-CdO/p-Si diode is
low. Thus, this device can be used as a photodiode rather than solar
cell in optoelectronic devices applications and furthermore, the
photodiodes are routinely designed to achieve a spectral response
or a rapid time response [31].

The phototransient current plot of the diode is shown in Fig. 9.
As seen in Fig. 9, the photocurrent changes with time after turning
on and off situations. The diode exhibits good photoconductivity.
After the switching light on the diode, the photocurrent indicates
an abrupt increase and in short time, the photocurrent shows a
stable plateau value. This increase in the photocurrent of the diode
depends on the difference between the electron affinities of the p-Si
and CdO semiconductors. After the light off switching, the current
reaches the first situation.

3.4. The band structure of the nanocluster n-CdO/p-Si
heterojunction diode

The band structure of nanocluster n-CdO/p-Si heterojunction
diode can be constructed using Anderson model [32]. In the con-
struction of the band structure, the effect of interfacial state is
neglected. The presence of an ultrathin silicon oxides layer that
may occur between the CdO film and silicon substrate is neglected.
So, its effect on the energy band structure is also neglected. Fig. 10
junction diode under forward bias. In this diagram, the values of
band gaps of Eg(CdO) = 2.45 eV and Eg(Si) = 1.12 eV, the electron
affinity for CdO, �(CdO) = 4.51 eV and the electron affinity for Si
�(Si) = 4.05 eV were used. As shown in Fig. 10, the conduction-band
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Fig. 8. Current–voltage characteristics of the nanocluster n-CdO/p-Si heterojunc-
tion diode under dark and illumination conditions.

Fig. 9. Time dependent photocurrent response of the nanocluster n-CdO/p-Si het-
erojunction diode under 100 mW cm−2 illumination.
Fig. 10. The band structure of the nanocluster n-CdO/p-Si heterojunction diode
under forward bias.

offset is �EC = �(CdO) − �(Si) = 0.46 eV, and the valance-band offset
�EV = Eg(CdO) − Eg(Si) + �EC = 1.79 eV. �EV has a higher value the
�EC. This means that, the injection of electrons from n-CdO to p-Si
is greater than the hole injection from p-Si to n-CdO. Under forward
bias, electrons can be easily injected into the p-Si side because of
the small potential barrier. Thereby the forward current rapidly
increases under a higher voltage bias.

3.5. The capacitance–voltage characteristics of the nanocluster
n-CdO/p-Si heterojunction diode

Fig. 11 shows the plot of 1/C2 vs. V of nanocluster n-CdO/p-Si het-
erojunction diode. The capacitance increases with the bias voltage
and reaches a constant value. As seen in Fig. 11, the plot of 1/C2 vs. V
deviates from the linearity. This non-linear behavior is attributed to
the more electronic states and expanding of the depletion region
width. This non-linearity of the 1/C2 vs. V curve is in agreement
with the poor I–V characteristics of the diode.

For the determination of the interface state density of the diode,
we used the admittance spectroscopy. The admittance for studied
diode can be expressed by the following relation

Y = Gm + iωCm (7)

where Gm and Cm are the measured conductance and capacitance
values, respectively.

The conductance of the interface states can be expressed as [33],

Git ωGmC2
ox
ω
=

G2
m + ω2(Cox − Cm)2

(8)

where Git is the conductance of the interface states, Cox is the capac-
itance of oxide layer. The interface conductance for the diode is

Fig. 11. Capacitance–voltage characteristics of the nanocluster n-CdO/p-Si hetero-
junction diode under 500 kHz.
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ig. 12. Plots of Git/ω vs. frequency of the nanocluster n-CdO/p-Si heterojunction
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xpressed as follows [33],

Git

ω
= qω�itDit

1 + (ω�it)
2

(9)

here Dit is density of the interface states, q is the charge of an
lectron, ω is the angular frequency, �it is the time constant of the
nterface states. The plots of (Git/ω) vs. log f of the diode under var-
ous bias voltages are shown in Fig. 12. The plots of (Git/ω) vs. log f
how peaks and the position of the peaks shifts to the lower fre-
uencies with applied voltages. The interface state density of the
iode was determined from Fig. 12 using the relation

it = (Git/ω)max
0.402qA

(10)

here A is the diode contact area. The Dit values for the diode vary
rom 7.82 × 1013 to 3.02 × 1012 eV−1 cm−2, when the applied volt-
ge changes from 0 to 0.5 V. The Dit values decrease with increasing
ias voltages. The value of 3.02 × 1012 eV−1 cm−2 is considered

high’ for the fabrication of n-CdO/p-Si heterojunction diode with
igh performance. It is evaluated that the role of nanoclusters in
ransport phenomena as nanoparticles will introduce the energy
evels in band gap of the material and results in the increase the
nterface state density at the interface. For device with high per-
ormance, it is need to be reduced and further work is required in
rder to achieve values as low as 1010 eV−1 cm−2.
. Conclusions

The nanocluster n-CdO/p-Si heterojunction diode was fabri-
ated by sol–gel spin coating method. The structural and optical
roperties of the CdO film were investigated. As a result of these

[
[

[

d Compounds 506 (2010) 188–193 193

characterizations, it was observed that the CdO film had a poly-
crystalline with a cubic monteponite phase and its optical band
gap was 2.45 eV. The SEM images indicated that the surface of the
CdO film consists of the clusters formed with the coming together
of the nanoparticles. The nanocluster n-CdO/p-Si heterojunction
diode exhibited a non-ideal behavior with ideality factor of 5.41 and
a photovoltaic behavior under illumination. The obtained results
show that the nanocluster n-CdO/p-Si heterojunction diode can
be used for the sensor and optoelectronic applications. The high
ideality factor of nanocluster n-CdO/p-Si heterojunction diode is
not fully understood, although such high value can be commonly
attributed to the interface states and series resistance. So, we will
effort to improve the quality of this device.
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