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Cadmium oxide (CdO) thin films were synthesized by the sol-gel method. The
films were analyzed by means of XRD, AFM, and UV/Vis spectrophotometry.
X-ray diffraction patterns confirm that the films are formed from CdO with
cubic crystal structure and consist of nano-particles. The energy gap of the
prepared film was found to be 2.29 eV. The current—voltage (I-V) character-
istics of the CdO/p-Si heterojunction were examined in the dark and under
different illumination intensities. The heterojunction showed high rectifying
behavior and a strong photoresponse. Main electrical parameters of the pho-
todiode such as series and shunt resistances (R, and Rg,), saturation current
I, and photocurrent I.,;,, were extracted considering a single diode equivalent
circuit of a photovoltaic cell. Results indicate that the application of CdO thin
films as an electron transport layer on p-Si acts as a photodetector in the field

of the UV/Visible.
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INTRODUCTION

Transparent conducting metal oxides (TCOs) are
highly transparent in the visible region as well as a
unique electrical property. Especially, cadmium
oxide (CdO),"? indium tin oxide (ITO) and ? zinc
oxide (Zn0O)*~® have important places in the thin film
technology. CdO thin films have a high transparency
in the visible region. They have fundamental indi-
rect gaps and direct allowed optical onset. The
intrinsic direct band gap is due to the preparation
method and the Burstein—Moss shift. The oxygen
vacancies or Cd* ions generate donor states. This
renders them n-type as semiconductors. Burbano
et al.” reported that p-type CdO was not achievable,
despite all growth conditions. Shallow donors in the
CdO thin films will become resgaonsible for V, energy
level, while in Gay03,® Sn0s,” Iny05,'° and ZnO,™t
deep donors are found to be dominate for V.

CdO thin films were synthesized bjy various meth-
ods such as magnetron sputtering,'® DC-activated
reactive evaporation,'® chemical bath deposition,'*
pulsed laser deposition,'® spray pyrolysis,'*2! and
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sol-gel.?? Because CdO is synthesized to be a thin
film, it can be used as the electron transport and
blocking layer. Kim and Kwon?? demonstrated that
an energy barrier to keep injected electrons was
formed via a CdO thin film in dye-sensitized solar
cells (DSSCs). CdO has a high electrical conduc-
tivity and mobility value. It is an interesting
material for optoelectronic applications because of
its electron concentration higher than 10'° ecm 3.
Combination by other semiconductor materials of
nanostructured CdO thin films enhances the pho-
tocatalytic performance.?* The electrical and opti-
cal properties of CdO thin films can be modified by
doping of various metallic ions. Dakhel®® investi-
gated the electrical properties of Ge-doped CdO
(CdO:Ge) films deposited on p-Si. Ge-doped CdO/p-
Si heterojunctions exhibited a weak rectifying
behavior. Khan et al.?® reported that the CdO thin
film exhibited a metallic property in a lower
temperature region. A semiconducting behavior
was observed for the whole measured temperature
range with doping of Al. The carrier concentration
of CdO thin film is of the order of 10%! cm 3. n-type
CdO thin film acts as carrier transport layer in
combination with Si.
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In this study, nanostructured CdO thin films were
prepared by the sol-gel method. Some special fea-
tures of CdO films have been investigated using
various techniques such as atomic force microscopy
(AFM), x-ray diffraction (XRD) pattern and ultravi-
olet visible (UV-Vis) spectroscopy. The film was used
as a photoanode-electron transport layer on the
silicon. p—n junction-like structure was characterized
by the light-dependent electrical measurements.

EXPERIMENTAL PROCEDURES

High purity (99.99%) cadmium acetate dihydrate
was purchased commercially (Sigma Aldrich com-
pany). A sol-gel of CdO was prepared at the molar
rate of 0.5. Soda-lime glass (SLG) substrate was
cleaned to remove the contaminants, and, thus, to
obtain high quality films. SLG substrate was boiled in
H,0, NH3 and Hy0 (5:1:1) for 20 min at 85°C and
then in Hy0, HyOz, and HCI (5:1:1) for 20 min at
80°C. A CdO thin film was deposited on glass
substrate by the sol-gel spin coating method. The
sample was then heated at 150°C for 5 min to remove
the solvent and organic residuals. Finally, the sample
was annealed at 400°C for 60 min in a furnace and
then cooled to room temperature. The cleaning
procedure was also repeated for p-type silicon wafer.
To obtain the ohmic contact, aluminum (Al) was
deposited on silicon substrate by means of thermal
evaporation and exposed to a thermal treatment at
550°C for 5 min in N, atmosphere. The CdO film was
deposited onto a p-Si wafer. After coating of CdO film,
Al contacts were formed through a molybdenum
mask with diameters of 1 mm. The crystal structure
of the CdO thin film was characterized by XRD
(Rigaku) using CuKu radiation. Surface morphology
of the CdO thin film was evaluated using a PARK
system XE 100E AFM (PSIA Corp., Korea). Optical
data was obtained by UV-Vis spectroscopy (Shi-
madzu UV-VISNIR 3600 spectrophotometer). A
LCRmeter (2400 Keithley) was used to obtain the
electrical characteristics. The photoresponse charac-
teristics were measured using a solar simulator
(ABET class A, US patent 8116017).

RESULTS AND DISCUSSION
Structure, Surface and Optic Properties

The structural characterization of the CdO thin
film is estimated by the XRD technique. Figure 1
shows the x-ray diffraction pattern of pure CdO thin
film. Peaks define a cubic structure with the card
number of JCPDS: 05-0640. Peak intensity at (111)
is higher when compared with others. The lattice
constant (a) is related to the crystal structure and
calculated using the following relation:

1 4 (h?>+k*+hE\ 2
2 3\ g2 )t (1)
dp, 3 a c
where dp;; is interplanar spacing for planes and
(hkl) is the Miller indices. The lattice constant of
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Fig. 1. XRD spectra of CdO thin film growth on glass substrate.
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4.69 angstroms for the dominant peak of the CdO
thin film is given in Table I, indicating a good
agreement with the reported values.?”?® Texture
coefficients, (TC;)), which are defined as the
preferential orientation of crystallographic planes,
are expressed by equation®’:

Ly [ Tomny
T =

Couat N3 5 Lwrny /Tonrr)’ @)
where Iz is the relative intensity of the plane
(hkl), I,pnry the standard intensity, and N the
number of reflections. The values of the texture
coefficient of CdO thin films for the diffraction peak
(111) and (200) are listed in Table I. It is seen that
the value of TC(111) is greater than that of TC gqq).
The higher value of TC(;1;) implies a low-energy
crystallographic plane. The particle size (D) can be
calculated by the following equation®®3!:

0.944
" Bcosf’ (3)

where B is the full width at half maximum (FWHM)
value, 4 is the wavelength, and 0 is the Bragg angle.
The value of the average crystallite size (D) was
found to be 35.02 nm, exhibiting a good crystallinity
(Table I). Figure 2 shows AFM images of a CdO thin
film. It consists of nano-sized particles. It is seen
that the surface is homogeneously covered. Surface
roughness (R,) is a parameter of surface texture.
The roughness parameter was calculated to be
116.32 nm, indicating the raw profile data. Smooth
surfaces are an indicator of the device performance.

Optical features such as transmittance, absor-
bance, and reflectance are evaluated with an UV/Vis
spectrophotometer. Figure 3a—c shows the optical
measurements. The CdO thin film is transparent
80% above in the visible region. Reflectance spectra
changes with wavelength and shows a wide peak
after ~500 nm. Low reflectance becomes a crucial
point for the performance of the photovoltaic
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Table I. Some structural and optic parameters of CdO thin film

Texture
coefficient

Molarity 20 FWHM (111) (200)

Average crystallite
size (D) (nm)

Lattice

constant (a) (A) E, (eV) (PL) R, (nm)

0.5 33.02 0.272 2.560 1.701

35.02 4.6949 2.23

116.32

Fig. 2. AFM microphotograph in 40 x 40 um? area of CdO thin film
(inset shows the image of 5 x 5 um? area).

application. The absorption edge is characterized by
a blue shift. The optical band gap (E,) is determined
using the equation®?:

ohy = C(hv — Eg)", (4)

where C is a constant coefficient, £, is the optical
band gap, and Av the photon energy. Figure 4 shows
the plot of (ahv)? versus hv for the CdO film. The
optical band gap can be determined by extrapolating
the linear portion of the plot of (x4 v)® versus hv. The
value of E, was found to be 2.29 eV. Photolumines-
cence spectroscopy is one of the ways of determining
the semiconductor band gap.?® Figure 5 shows the
photoluminescence (PL) intensity versus wave-
length for pure CdO thin film. The excitation
wavelength is 325 nm. The approximated band gap
of 2.23 eV is low when compared to that obtained
from the optical absorption spectra (Table I).

Electrical Characteristics of CdO/p-Si
Heterojunction

Energy band diagram of the heterojunction
between CdO and Si semiconductor materials can
be formed using the Anderson model.>* Figure 6
shows the energy band diagram of the CdO/p-Si
heterojunction. In this diagram, E.(Si) = 1.12 eV,

E,(CdO) = 2.29 eV, #(Si) = 4.05 eV, and »(CdO) =
4.51 eV.%® y is the electron affinity. As it is seen in
Fig. 6, the conduction-band offset is the difference
between the electron affinities of semiconductors
(AEq = y(CdO) — #(Si) = 0.46 €V) and the valance-
band offset, AEy, is 1.63 eV (E4(CdO) — E.(Si) +
AEc). AEy is higher than AEq. The hole injection
from p-Si to CdO is lower compared to the injection of
electrons from CdO to p-Si. In this case, electrons are
faced with a smaller potential barrier. The work
function for the Al metal is 4.08 eV. This means that
the work function of the Al metal is close to the
electron affinity of the Si. A metal-semiconductor
junction results in an ohmic contact if the barrier
height is zero. Lee et al.?® fabricated a transparent
conducting inorganic (n-ZnO)/organic (p-type PED-
OT:PSS) vertical heterojunction diode (Au/PED-
OT:PSS/ZnO/In). They reported that the I-V
characteristics showed the ohmic behavior between
the AWPEDOT and In/ZnO contact. The rectifying
characteristics were attributed to the junction
between p- and n-semiconductor layers.

Contacts with Al metal at the top and bottom
exhibit ohmic -V behavior, indicating that elec-
trons can pass through the CdO thin film. The
current—voltage (I-V) plots of the CdO/p-Si
heterostructure under dark and various illumina-
tion intensities are shown in Fig. 7. The I-V char-
acteristics for the heterojunction containing nano-
particles exhibit rectifying behavior and a signifi-
cantly high rectification ratio (RR) of 8.4 x 10° at
2V in dark conditions. The calculations (Igyg/Irev)
based on I-V measurements also rationalize the
voltage dependence of transport for the rectifying
structure, since the forward bias (Vg,q) obtained is
greater as compared to the reverse bias (V). RR in
different light intensities is presented in Table II.
The turn-on voltage and the reverse leakage current
were determined to be 0.62 V and 3.91 x 10710 A,
respectively. A device with a lower turn-on voltage
deviates from the ideal I-V behavior. The turn-on
voltages extracted by the dark and illumination
intensity-dependent forward I-V curves do not
remain constant.

The current (I) through a rectifying barrier is
evaluated according to thermionic emission (TE)
theory®”:

Q(V - IRS)
I1=1, exp( BT ), (5)
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Fig. 3. (a) Transmittance, (b) absorbance and (c) reflectance spec-
tra of CdO thin film.

where I is the reverse saturation current given by:

Io = AA*T? exp (— %), (6)

where A is the effective area, g is the electronic
charge, V is the forward-bias voltage, A* is the

Cdo
1 E, =229V
6_
N/\
‘e 54
O
S
°
8 44
o
; 4
N? 3
N
3
2_
1 T T T T T T T
2.10 225 2.40 2.55

hv (eV)

Fig. 4. Plot of («hv)? versus hv for CdO thin film.
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Fig. 5. PL spectra for CdO thin film.

Richardson constant, T is the absolute temperature,
k is the Boltzmann constant, &, is the barrier
height, and n is the ideality factor. The values of n
and @, were determined from the slope and the
intercept of the forward bias In(I) versus voltage
(V) plot and found to be 1.43 and 1.03 eV, respec-
tively, in dark conditions. A high barrier height was
obtained at room temperature, confirming the bar-
rier between semiconductor materials. Barrier
heights and ideality factors are listed as a function
of light intensity in Table II. The resulting mea-
surements show a strong photoresponse. The
reverse bias current increases with increasing illu-
mination intensity (compared to dark conditions).
The device exhibits the single-junction photovoltaic
cell behavior. With the incident light, electrons are
excited above the band gap and free electron—hole
pairs occur. Even if the energy amount that pene-
trates to the junction is less than the band gap, a
bound electron—hole pair is created, resulting in
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an increase in the current. The barrier height
decreases partly linearly with increasing light inten-
sity (Fig. 8). ®po(P) = ®pg — oP, P is the intensity of
illumination and « is the illumination coefficient.
Here, o= —-6.14 x 107*eV/W. This value has
the same order of magnitude of the temperature
coefficient for the Siband gap (—4.73 x 107* eV/K).?8
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Fig. 7. The forward and reverse bias semi-logarithmic /~V charac-
teristics of the Al/CdO/p-Si heterojunction diode in the dark and un-
der various illumination intensities.
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The variation in illumination intensity dependent
photocurrent (I,,) versus barrier height shows a
nonlinearity. This effect can be described with the
load resistance, the interface states, and the series
resistance as well as others (i.e., biasing voltage,
illumination conditions, the current-limiting barrier,
thermal conditions, and the physical dimension of the
device).

It is seen in Fig. 7 that the photocurrent, I.,;, = (I-
light — Idark), Where Ljjgh¢ is the current in the presence
of light, while I4. is the current in the absence of
light, increases step by step with increasing illumina-
tion intensity. The photocurrent depends on the
increasing illumination intensity. I, = kP?, I, is
the photocurrent, x is a constant and y is an expo-
nent.® Figure 9 shows the variation of I, ph versus P.
The value of y was found to be 0.5 < y < 1.0. The
localised states are assumed to arise from trap levels,
indicating defects and impurities in the mobility
gap.*® Photons absorbed to generate photoelectrons
and electrons collected in the dark display the current
gain (g) from a fully linear dependence on illumination
power.*! The current gain is determined from the I-V
characteristics using the equation:

b (7)

The g value was obtained to be 30.94 at a light
intensity of 80 mW/cm?, applying a bias voltage of
2 V. The saturation of the trap states leads to an
increased gain at higher illumination power.*? The
performance of a photodiode depends on basically
the photo-induced generation and transport of car-
riers. Higher dark current and photocurrent can be
provided with better transport properties of the
contact elements.

To examine the photovoltaic performance of the
CdO/p-Si structure, the J-V measurements were
performed using a power supply (voltage source).
Figure 10 shows the photocurrent density—voltage
characteristics (J-V) at irradiances of 20 mW/cm?,
40 mW/cm?, 60 mW/cm? and 80 mW/cm? We cal-
culate the open-circuit voltage (V,.) value of the n-/
p-type photovoltaic cell using the equation:

Voo = Voln (J— + 1), (8)
Jo

Table II. Illumination dependent values of various parameters determined from the I-V characteristics of a

CdO/p-Si heterojunction

Power (mW/cm?) @y, (eV) n RR R, () Jo (mA/cm?) Voe (mV) FF (%)
0 1.03 1.43 8.40 x 10° 1.24 x 10° 1.24 x 1078 - -
20 1.01 1.47 7.78 x 10* 3.64 x 10° 2.22 x 1078 28 20
40 0.99 1.60 3.81 x 10* 7.94 x 10° 5.73 x 1078 57 26
60 0.99 1.75 3.39 x 10* 6.77 x 10° 6.01 x 1078 96 34
80 0.97 1.86 2.25 x 10* 1.91 x 10° 1.06 x 1077 128 37
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Fig. 9. Variation of I, versus P for an Al/CdO/p-Si heterojunction
diode.

where Vi =25.7mV is the thermal voltage at a
temperature of 25°C. Some photovoltaic parameters
are summarized in Table II. It is seen that the V.
increases with increasing illumination intensity.
The value V.. of 128 mV can be judged to be
inadequate for solar cell applications. However,
the investigated diode can be used for developing a
device that integrates optical sensing elements. A
new method has been suggested to extract the
photovoltaic parameters.***® The current-voltage
characteristics of an ideal photovoltaic cell are
described by the well-known Shockley equation:

. R — Ve qVoc
IO - (ISC + Rsh ) eXp (_ nkT) (9)

RSISC
Rsh

where I Ipn, Rs and Ry, are the saturation current,
photo current, series and shunt resistances,

Iph =I5 +

_IOa (10)
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Fig. 10. Current density—voltage characteristics at irradiances of
20 mW/cm?, 40 mW/cm?, 60 mW/cm? and 80 mW/cm?.
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Fig. 11. IV characteristics (open circle) with fitting curve (blue line)
at an irradiance of 80 mW/cm?. (Inset shows a diode equivalent
circuit of the device including diode and parasitic resistances.).

respectively. Figure 11 shows the I-V characteris-
tics of a photovoltaic device with fitting curve (open
circles and blue line indicate the experimental and
fitted plots, respectively). Inset shows a diode
equivalent circuit of the device containing parasitic
and diode resistances. The resulting parameters for
the photovoltaic cell were obtained from the fitting
curve. In the light (intensity of 80 mW/cm?), series
and shunt resistances (R;, Ry,) were found to be
2.1 x 10° Q and 1.8 x 10* Q, respectively. Also, to
determine the series resistance, Norde*” suggested
an alternate way and defined the equation:

Vo_kT< I(V) )

FV) =74 \war
where ¢ is the integer greater than n and dimen-
sionless. Figure 12 shows the plots of F(V) versus
voltage. The barrier height (®,) and the series

resistance (R,) can be found by the equation:

(11)
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where F(V,) is the minimum point of F(V). The
values of R are listed in Table II. The values of
series resistance obtained from fitting and Norde
plots are in close agreement with each other.

CONCLUSIONS

CdO thin films were synthesized by the sol-gel
method. The films were analyzed by means of XRD,
AFM, and UV/Vis spectrophotometry. Measure-
ments revealed the polycrystalline nature of the
highly transparent conducting CdO film. The n-
CdO/p-Si heterojunction diode was fabricated, and
its photovoltaic performance was investigated. The
heterojunction diode showed a high rectifying ratio
and a strong photoresponse. CdO thin films seem to
have the potential to contribute as the electron
transport layer for a Si-based photodiode. Despite
the weak solar cell performance, the heterojunction
diode demonstrates a photoconducting behavior.
Thus, the n-CdO/p-Si heterojunction can be used
as a photodetector in the UV/Visible, improving the
device quality.
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