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Cadmium oxide:titanium dioxide (CdO:TiO3) composite thin films with vari-
ous ratios of CdO contents were prepared on p-type silicon semiconductor
substrates by the sol-gel spin coating method. Al/CdO:TiOo/p-Si/Al hetero-
junction devices exhibited optoelectronic device behavior due to their pho-
tocurrent under solar light illuminations. The photoresponse behavior of the
diodes is controlled by changing the molar ratio of CdO to TiOs. The fabricated
CdO:TiO4 (2:1) based device exhibited the highest photoresponse of about
7.5 x 10°. The interface properties of the devices are changed with the molar
ratio of CdO:TiOs. The obtained results suggest that CdO:TiO, composite film/

p-type Si structure can be used in optoelectronic applications.

Key words: Electrical properties, photodiode, CdO:TiO5 composite,
illumination effect, interfacial layer

INTRODUCTION

Titanium dioxide semiconductors have a great
importance due to their favorable properties for use
in electronic and optoelectronic technologies.'™ The
TiO, thin films can be used to obtain different
electronic devices such as semiconductor-based
diodes, photodiodes or devices with optical proper-
ties, solar cells and transistors.*® Some electrical
and optical characteristics of TiOg films have been
enhanced by stirring with suitable rates of metal
oxides such as Al,O3, NiO, Fe;03, SiOs, Iny0s,
Zr0,." 11

The cadmium oxide (CdO) thin films, which are
transparent conducting oxide material, have been
used in a wide range of optoelectronic applications
such as photovoltaics, diodes, photodevices and gas
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sensors due to its practical electrical and optical
features.'>15 In addition, the CdO semiconductor,
which exhibits a 2.2-2.4 eV bandgap, has a direct
band gap, and this case makes it attractive for
optoelectronic applications.'®

TiOy and CdO have been deposited on substrates
by various techniques such as RF magnetron sput-
tering, SILAR, metal-organic chemical vapor depo-
sition (MOCVD), thermal evaporation, physical
vapor deposition (PVD) and the sol-gel process.'” 2
Among these techniques, the sol-gel technique is
crucial for synthesizing metal oxide films due to
some of its useful advantages such as low cost,
simplicity, homogeneity and control of contents.'”

In this study, we fabricated a heterojunction-
based photosensitive device by preparing CdO:TiO,
composite metal oxide films with various composi-
tions with the sol-gel method. Also, electrical and
optical properties of fabricated photodevices were
investigated by the usage of current—voltage, tran-
sient  photocurrent and capacitance—voltage
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measurements. Research on structure with a CdO-
TiO, composite interfacial layer is novel in the
literature for photodevice applications.

EXPERIMENTAL DETAILS

The Al/p-Si structures with CdO:TiOy composite
interfacial layer, which is TiOg material combined
with various molar ratios of CdO, were fabricated by
using TiOg and CdO solutions. The titanium(IV) n-
butoxide and cadmium acetate were used as pre-
cursors to synthesize TiOy and CdO materials by
the sol-gel method.

Firstly, the sufficient amount of titanium(IV) n-
butoxide was taken and dissolved in ethanol sol-
vent. After this step, the prepared solution was
stirred for 2 h, and some deionized water was added
to solution. For obtaining a clear solution by
arranging pH, some HNOj; drops were added to
the solution. Secondly, the nominal value of cad-
mium acetate was dissolved with 2-metoxyethanol
and etanolamin was used for stabilizing to prepare a
solution, and then prepared cadmium acetate solu-
tion was stirred using a magnetic stirrer for
approximately 30 min to provide homogeneity of
the solution. After preparing the solutions sepa-
rately, the TiO, solution was added to the CdO
solution to obtain a CdO:TiO, composite solution
with various molar ratios of CdO contents (1:1),
(2.1), (3.1). Before coating of prepared solutions to
chemically cleaned p-type silicon substrate, an
ohmic contact was made by the thermal evaporating
method by the use of ultra pure Al metal, and it was
annealed at 570°C for 5 min under nitrogen flow
atmosphere after an evaporating step. After com-
pleting the ohmic contact process, CdO:TiO, with a
different molar ratios solution was dropped onto a p-
Si wafer, and it was covered at 1500 rpm for 40 s
using by spin coating method. Then, CdO:TiO,
covered structures were dried at 150°C for 10 min
with a hot plate. Then, the prepared structures were
annealed at 450°C for 1 h in air atmosphere condi-
tions to obtain homogenous CdO:TiO, solid films.
After the CdO:TiO, composite film coating process,
the top metal was evaporated on CdO:TiOy compos-
ite film as dots of 1 mm radius through the shadow
mask by using thermally evaporated Al metal. The
electrical and photoelectrical characterizations were
investigated by using a Fytronix 5000-ECS Elec-
tronic Device characterization system.

RESULTS AND DISCUSSION

Figure 1la, b and c indicates the measured for-
ward and reverse bias I-V characteristics at room
temperature and different light intensities. The
measurements of I-V characteristics are crucial to
understand electrical properties of devices based on
diodes. Therefore, the electrical characteristics of
the device, such as reverse bias leakage current,
series resistance, barrier height and idealit%/ factor,
were determined using I-V measurements.**
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Figure 1 presents a good example of the rectifying
behavior of the device. Here, data is analyzed with
the help of thermionic emission (TE) theory. This
theory simply states that current can be calculated
as a function of voltage by the following
equation?®2¢:

I=1, {exp (q—Vn;;Rs) - 1} , (1)

where saturation current, effective diode area,
absolute temperature, ideality factor, Boltzmann
constant, voltage and electron charges are repre-
sented as I, A, T, n, k, V and q, respectively. I, can
be calculated from the strai%ht line intercept of In(1)
at V =0, and it is given by,*’

(o
I, = AA*T? exp (‘2—,;) ) (2)
where the effective Richardson’s constant is illus-
trated with A* and it is equivalent to 32 A/ecm? K2
for p-Si. @, and A are the barrier height value at
zero bias and metallic top contact area, respectively.
The n values of devices are calculated by the use of
the linear region of the -V graph at forward bias. If
Egs.1 and 2 are rearranged as the following
equations, n and ®, can be determined?®??;

and
Q= %Tln <AAIZT2> : (4)

For the studied device, we used the Richardson
constant for p-Si, because the doping concentration
of p-Si is higher than that of a TiO45 semiconductor.
This suggests that the p-Si is dominant in the
charge transport mechanism of the diode. Thus, we
take the Richardson constant as 32 A/em? K2
Table I provides the ideality factor values and
shows that the sample made of CdO:TiO5 composite.
The structure with 1:1 composition has the lowest
ideality factor: 5.79. Beside, it is found that the
values for CdO:TiO5 composite devices change by
the increase of CdO molar ratio. The calculated
ideality factor values show that the diodes exhibited
a non-ideal behavior due to the higher ideality
factor values. In addition, the barrier height values
presented at Table I were changed by the usage of
different CdO contents in the composite interfacial
layer. Here, it is found that the lowest barrier
height value was 0.49 eV for CdO:TiOy composite
film with 1:1 molar ratio. In other words, the high
value of the ideality factor illustrates the existence
of interface states originating from the oxide layer of
silicon, the presence of Schottkgf barrier inhomo-
geneities, and series resistance.?’ Mohanraj et al.!
have fabricated Ag/CdO/p-Si devices for investigat-
ing its electrical and optical characteristics. They
found the high ideality factor values between 8.42
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Fig. 1. Current-voltage plots of the fabricated photodiodes with various ratios of CdO contents under dark and various illumination intensities (a)
CdO:TiO, (molar ratio 1:1), (b) CdO:TiO, (molar ratio 2:1), (c) CdO:TiO, (molar ratio 3:1).

Table I. Ideality factor and barrier height values of various doping concentrations

Molar ratios of composite

IlIlumination conditions

Ideality factor (n) Barrier height (&},)

CdO:TiO, (1:1) Dark 5.79 0.49

100 mW/cm? 9.74 0.48
CdO:TiO, (2:1) Dark 6.40 0.55

100 mW/cm? 7.96 0.52
CdO:TiO; (3:1) Dark 9.31 0.50

100 mW/cm? 10.38 0.49
and 12.87 under dark and different light conditions 4.61. In other research, Ocaya et al.*® have inves-

and very small rectification ratios compared with
the present study. Pakma et al.?? have prepared Al/
p-Si structures with TiO, interfacial layers. They
reported ideality factor values between 2.17 and

tigated the diode with organic interfacial layers for
understanding its electrical characteristics. They
reported barrier height values about 0.76 eV and
very high ideality factor values for diodes between 9
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and 20. Based on these researches, the obtained
values of fabricated diodes are sufficient in compar-
ison with the ideality factors and barrier heights of
previous studies.

9
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Fig. 2. Log(lpn) versus log(P) plots of the photodiodes with various
ratios of CdO contents (at — 4 V).
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The usage of the following equation helps to
determine the photoconduction mechanism of the
photodiodes made of TiOy; combined with various
molar ratios of CdO contents interfacial layers®’:34;

Iph :BPmu (5>

where B is constant and m is the exponent. I,;, and
P stand for the photocurrent and solar light power,
respectively. Figure 2 shows a log I, versus log P
histogram.

The m value of an Al/CdO:TiOg (1:1)/p-Si/Al
heterojunction-based photodiode was determined
as 1.24 while they are found as 1.64 and 1.54 for
Al/CdO:TiOs/p-Si/Al photodiodes with (2:1) and (3:1)
molar ratios of CdO materials, respectively. If the
extracted value is within the 0.5 < m < 1 condition,
it can be safely stated that there is the existence of
continuouslg localized states in the mobility-gap of
structures.® The meaning of these results is that
there is an observation of a lower density of the
uninvaded trap level at higher m values, while m is
greater than unity.®® In addition to this, based on
the m values, a non-linear photoconduction behav-
ior is expected for the photoconduction mechanism
of the Si-based photodiodes. The value of m is
provided to understand the type of photoconducting
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Fig. 3. Transient photocurrent-time plots of the photodiodes with various ratios of CdO contents at — 5 V. (a) CdO:TiO, (molar ratio 1:1), (b)
CdO:TiO, (molar ratio 2:1), (c) CdO:TiO, (molar ratio 3:1) at 100 mW/cm?.
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mechanism of the fabricated photodiodes. Al-Hazmi
et al.?” investigated the ZnO:TiOy composite based
heterojunction photodiode for its determining pho-
tovoltaic and photoconducting properties. They
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Fig. 4. Photoresponse behavior of the fabricated photodiodes with
CdO:TiOs.
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found 1.36 for value of m. In another research,
Tataroglu et al.'® studied to obtain electrical and
optical parameters of silicon based NiO doped TiO,
film by using the sol-gel method. The m values of
prepared diodes were determined to be between 1.09
and 1.52 by them. Time for the reaction in photo-
diode by the effect of illumination gives the response
for a fast changing optical signal, which is a crucial
situation in optoelectronic devices.

Figure 3 is shown for the various light intensities
with the practice of the transient photocurrent
measurements to be able to make better conclusions
about the photoresponse analysis of the device.
Once it is turned on, the photocurrent quickly
reaches a certain value, and it shows a behavior
prone to the maximum value for different solar light
irradiations which are ranging from 20 to 100 mW/
em?: 20, 40, 60, 80, and 100. Then, once it is turned
off, the photocurrent reverted back to its initial
state. The photocurrent changes from the light on to
off stem from trapping of the charge carriers in the
deep levels.?? The rise times of prepared devices
were found as 0.504, 0.701 and 0.424 for (1:1), (2:1)
and (3:1) molar ratios of CdO:TiO,, respectively.
While the fall times of prepared devices were found
as 0.444, 0.449 and 0.413 for (1:1), (2:1) and (3:1)
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Fig. 5. Capacitance—voltage (C-V) plots of the fabricated heterojunction devices at various frequencies. (a) CdO:TiO, (molar ratio 1:1), (b)

CdO:TiO, (molar ratio 2:1), (c) CdO:TiO, (molar ratio 3:1).
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molar ratios of CdO:TiO,, respectively. In addition
to photocurrent measurements, the photoresponse,
which was altered with the different solar light
power intensity, is given in Fig. 4. For all measure-
ments of fabricated photodiodes, it has been taken
at 17 s and 1 s for I, and I, respectively. As seen
in the figure, the ratio of current I,,/I. for the
fabricated Al/CdO:TiOy (2:1)/p-Si/Al structure has
the best photoresponse value, which was deter-
mined to be approximately 7342 at 100 mW/cm?.
The determined value of I,,/I ¢ ratio suggests that
the fabricated photodiode shows a high photore-
sponse behavior compared with many previous
studies (6411, 2262, 840).%"3*°

Figure 5a, b and c indicates the C-V plot of the
diodes with a CdO:TiO; interfacial layer containing
different CdO content ratios obtained at various
frequencies in the range of 10 kHz to 1 MHz. As can
be concluded from Fig. 5, the capacitance values of
the device decrease by the increase of frequency.
The applied electric field does not affect the capac-
itance of the diode in forward bias voltages although
the capacitance changes once negative voltages are
applied. In addition, the observed change decreases
by the increase of frequency. This is the indication
that the interface charges do not follow the signal of
alternating current since there is decrease of the

Karabulut, Dere, Al-Sehemi, Al-Ghamdi, and Yakuphanoglu

interface charges.*"*? Figure 6a, b and ¢ indicates
the conductance-voltage (G-V) graphs of the Al/
CdO:TiOg/p-Si/Al structures which have various
molar ratios of CdO contents in composite interfa-
cial layers. It is confirmed that the conductance
values increase by the increase of the frequency.
The reason for this situation in the conductance
behavior can be attributed to the existence of
interface states and series resistance.*® There is a
peak observed in capacitance—voltage histograms
due to series resistance and the existence of the
interface states. Therefore, the capacitance and
conductance are adjusted with the series resistance
with help of the next equations.?”**

(G§+mwcmf)
a? + (wChp)*

adj — m (6)

and

[G;+«wcmf}
-~ —=a
a2 + (wCp)?
in the above equations, a term is equal to
[Com — [GZH(wWCW?]] R, Cag and Gag terms are

adjusted capacitance and adjusted conductance,
respectively.

Gadj = (7)
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Fig. 6. Conductance—voltage (G-V) plots of the fabricated heterojunction devices at various frequencies. (a) CdO:TiO, (molar ratio 1:1), (b)
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Fig. 7. Adjusted capacitance (a—c) and conductance (d—e) plots of the fabricated heterojunction devices at various frequencies for (1:1), (2:1),

(3:1) molar ratios of CdO:TiO,.

Figure 7a, b, ¢, d, e and f exhibits the series
resistance adjusted values of capacitance and con-
ductance at the different frequencies. As seen in
Fig. 7a, b and c, it is observed that the C,q4; changes
with changing frequency in the reverse bias voltage
region, in addition to this, the frequency was
constant with varying voltage in the forward bias
region. Furthermore, we determined a peak in the
Gagi—V characteristics for fabricated photodiodes in

the reverse bias region, and they are demonstrated
in Fig. 7d, e and f. The cause of this case is based on
the effect of interface states and series resistance. In
addition to these, some diode parameters such as
built-in potential, depletion region width and donor
concentration can be determined by C~2-V charac-
teristics and shown in Fig. 8. These values was
calculated for 10 kHz frequency conditions and are
given in Table II.
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Table II. Some electrical parameters obtained by C~2-V graphs at the 10 kHz frequency value

Molar ratios of composite Ny (em™3)

1.66481 x 10%°
1.32358 x 10'°
1.36317 x 10%°

CdO:TiO, (1:1)
CdO:TiO4 (2:1)
CdO:TiO, (3:1)

Vo (V) Va (V) W4 (m)

0.222 0.247 4423 x 10°°
0.265 0.290 5.274 x 107°
0.172 0.198 4.370 x 10°°

The series resistance versus voltage graphs for
different fabricated photodiodes are shown in Fig. 9.
In order to obtain the series resistance of the
fabricated diodes with CdO:TiOy composite interfa-
cial layers the following equation is used*’;

(Gm/wCrm)® 1

_— 8
1+ (Gm/wCi)? G’ (8)
where G, is measured conductance and C,, is
measured capacitance. As seen in Fig. 9, there are
strong peaks at lower frequencies, and the observed
peak intensity is decreased with increasing fre-
quency. In addition to this, the series resistances of
the prepared samples were not affected by the
frequency change at high frequencies and remain

s =

approximately constant. Besides, the series resis-
tance peaks of samples with 2:1 and 3:1 molar ratios
at low frequencies are more apparent. The R, values
yield a maximum in the biasing range of — 1.0 <
x < — 0.5V for samples with a 3:1 molar ratio, but
there are two big peaks for samples with a 2:1 molar
ratio and decrease as the frequency increases. Many
researchers have investigated the effect of frequency
on series resistance and reported that the series
resistance decreases with increasing frequency.*5°
Furthermore, the peak intensity of series resistance
characteristics is dependent on the amount of inter-
face states under different frequencies. Thus, we can
obtain the density of interface states (D;;) by using an
equation as follows;
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Fig. 9. Series resistance versus voltage plots of the fabricated heterojunction devices at various frequencies. (a) CdO:TiO, (molar ratio 1:1), (b)
CdO:TiO, (molar ratio 2:1), (c) CdO:TiO, (molar ratio 3:1), (in inset: the zoomed state of the series resistance values at different frequencies).

DitziA (Ga‘;j/w)max 5T
| )+ ()]

where (Gagf/w)max, w, A, Cox and Cp, terms stand for
the measured conductance, angular frequency, the
area of the diode, the capacitance of the insulator
layer and the measured capacitance, respectively.
The calculated interface state densities for fabri-
cated diodes, which are a function of frequency, are
given in Fig. 10. As seen in figure, D; values
decrease with increasing frequency for devices
which are 1:1 and 2:1 molar ratios of CdO:TiOs,
and increase with increasing frequency for 3:1 molar
ratios of the CdO:TiO5 diode. It is seen that the
interfacial state densities are close to constant at the
higher frequencies. This behavior is attributed to the
interface state charges that can not follow the ac
signal at high frequencies.*>*%°12 On the other
hand, the high values of D;, are one of the crucial
causes of the non-ideal behavior of diodes.®

CONCLUSIONS

CdO:TiOg composite thin films with various CdO
contents were prepared by the sol-gel technique.
Photodiode-based Al/CdO:TiOs composite/p-Si/Al
structures were fabricated by the spin coating
method. The electrical parameters of the fabri-
cated diodes were investigated from I-V and C-V
characteristics. Rectifying behavior was observed
for the fabricated diodes and ideality factors of
diodes were calculated higher than unity. Fur-
thermore, the illumination effects for electrical
properties of the diodes were determined under
varying solar light power intensities. The experi-
mental results exhibit that the electronic and
optoelectronic characteristics of the prepared
structures are changed with varying CdO contents
in an interfacial composite layer. It is seen that
the fabricated diodes are sensitive to light power
intensity strongly. Finally, it is reported that
the fabricated structures in this present work
might be used as photodiodes in optoelectronic
applications.
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Fig. 10. Plots of D; value versus frequency of the devices. (a) CdO:TiO, (molar ratio 1:1), (b) CdO:TiO, (molar ratio 2:1), (c) CdO:TiO, (molar
ratio 3:1).
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