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Optoelectronic Properties of ZnO:TiO2 Nanocomposite Thin Films
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Solutions containing ZnO:TiO2 composite nanoparticles were produced in 1:5 and 1:2 molar rates using sol gel
method. ZnO doped TiO2 solutions were drop cast and spin coated on Si wafer and thin films were obtained. Optical
characteristics of the composite thin film structures were characterized using visible UV spectra. Energy bandgap
of photodiodes were calculated as 3.32 eV, 3.19 eV and 3.16 eV for undoped TiOz2, 1:5 ZnO doped TiO2 and 1:2
ZnO doped TiO2 composites, respectively. Enhanced ZnO doping reduced the band gap energy of TiO2
photodiodes. Photoresponsive characteristics of the diodes revealed that thin films show photoresponsive
characteristics that increased illumination intensities increased the measured diode photocurrent. Barrier height of
the undoped TiO2, 1:5 ZnO doped TiO2 and 1:2 ZnO doped TiO2 diodes were found to be 0.478 eV, 0.470 eV and

0.493 eV while ideality factors of the diodes were calculated as 6.04, 5.92 and 6.58, respectively.
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1. Introduction

Thin films are vastly used in different nanotechnology
applications. Light emitting diodes (LED), displays, sensors
and detectors are common topics which are widely used
military, medical and technological applications [1-3].
Different types of thin films were researched in the literature
which were used in such applications; organic films and
metallic films are typical types of thin films which are
frequently reported [4-6]. Organic thin films are composed
of hydrocarbon based materials. Organic material based thin
films have certain advantages such as being flexible and
cheap. Organic thin films can be applied in flexible objects
and surfaces and the cost of hydrocarbon based materials are
found to be cheaper than metals. On the other hand, organic
thin films can easily be affected from external factors such
as humidity, excessive heat, etc. They cannot show high
endurance to physical effects such as tension, stress, and
scratch. Organic thin films can easily be removed from the
surface and/or they can lose their performance. However,

metallic thin films were found to be durable for external
factors such as agueous environment, temperature and
physical effects [7-9]. Metallic thin films also show
outstanding electrical, electrochemical and magnetic
properties with good physical properties [10-15].

Different types of metallic thin films were reported for
different applications. Iron oxide, nickel and cobalt based
films were often preferred magnetic applications [11,12,16].
On the other hand, tungsten, platinum, copper and gold
based films show outstanding catalysis properties [17,18].
ZnO and TiO; based films were preferred for optoelectronic,
photovoltaic and photodetector applications [19,20]. ZnO
films show low bandgap energy, good electrical properties
with outstanding photovoltaic and photoresponsive
properties [20,21]. Therefore, they were vastly used in
photovoltaic properties such as photodiodes, solar cells and
photodetectors. TiO; based thin films also found to show
similar properties that TiO2 based thin films also show good
electrical and photoresponsive properties. Such properties


mailto:muminmehmetkoc@klu.edu.tr

Journal of Materials and Electronic Devices 5 (2021) 21-27

make TiO, thin films a candidate for optoelectronic
applications.

Doping is a frequently used method to alter the properties of
the material. Doping one material with another can adjust
electrical properties, chemical properties, magnetic
properties, catalytical properties, etc [22—-25]. For example,
doping non-magnetic materials with magnetic materials can
give them magnetic properties; on the other hand, doping
insulating materials with metals can give them conductive
properties [2,26-28]. Therefore, doping material with
another often preferred in optoelectronic applications to
adjust electrical and optoelectronic properties such as
conductivity, capacitance, photoresponse, photocurrent, etc.
In this work, the effect of ZnO doping in the optoelectronic
characteristics of TiO; thin films was investigated. TiO, and
ZnO doped TiO; solutions in 1.5 and 1:2 molar
concentrations. Nanoparticle suspensions were dropped on
p-type Si substrates and TiO, and ZnO doped TiO- thin
films were produced. Al contacts were obtained where
photodetectors in  Al/p-Si/ZnO:TiO,/Al  form  were
produced. Optic, photocurrent, photocapacitance, and
photovoltaic ~ properties  were  investigated.  Our
investigations revealed that Al/p-Si/ZnO:TiOJ/Al structures
were responsive the daylight illumination in different
intensities. Band gap energies of the thin films were
calculated using UV visible spectra where increased ZnO
dopant decrease the bandgap energies of TiO, photodiodes.

2. Experimental
2.1. Production of ZnO doped TiO- gels

The sol-gel nanoparticle production protocols were used in
the production of ZnO doped TiO2 photodetectors. 0.5M
Titanium (IV) isopropoxide (Ti[OCH(CHs)2]a) were
dissolved in 10ml 2-methoxyethanol a beaker; and 0.5M
zinc acetate dihydrate ((CHsCO2)2Zn) were dissolved in
10ml 2-methoxyethanol in another beakers. Each beaker
was stirred using a magnetic stirrer for 10 mins. 0.5ml ZnO
solution was added 2.5ml TiO; and 1ml ZnO solution was
added to 2ml TiO; solution where ZnO doped TiO2 solution
in 1:5 molar rates ZnO doped TiO, solutions in 1:2 molar
rates were obtained.

2.2. Production of ZnO doped TiO, thin films and
photodiodes

Substrates were chemically cleaned before the coating of
ZnO doped TiO; solutions. To clean the residual dirt Si
wafers were stirred using deionized water. Sonication was
applied to the p type silicon wafers for 5 mins in deionized
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water. Si wafer then sonicated in ethanol for 5 mins and
sonicated in deionized water. Lastly, HF:H>O (1:10ml) were
prepared and sonicated for 5 mins and washed using pure
water [29]. Samples were then dried using N2 gas. 2 cm x 2
cm wafers were cut; 6 layers of film were then spin coated
on substrates. Spin coating was applied at 3000 rpm for 30
secs for each layer. Each layer was dried on a hot plate for 2
mins the temperature of which is 100 °C. 6 layers of coating
applied. At 420 °C, film coated substrates were annealed for
1h. When the coating procedure was finished, Al contact was
applied using thermal evaporator. The coating was applied
at 2 - 4 A°/s evaporation rate. Total 100 nm contact were
coated that photodetectors in Al/p-Si/ZnO:TiO/Al
photodetectors were formed. Result products were then
annealed at 570 °C for 5 mins under N2 gas. FYTRONIX
FY-7000 were used in the investigations. Shimadzu 3600
UV/VIS spectrometer were used in the assessment of optic
properties.

3. Results
3.1. Optic Properties

Optic properties of the photodetectors illustrated in Figure 1
where Abs - wavelength (a), reflectance - wavelength (b),
transmittance — wavelength (¢c) and Abs — hv (d)
characteristics were presented. It was seen in Figure 1la and
Figure 1b that TiO; and ZnO doped TiO- films show low
absorbance and reflectance in visible range which illustrates
that photodetectors can be used in solar applications. In
Figure 1c, it was seen that and the transmittance values of
the TiO, and ZnO doped TiO; films were high which is
between 72% and 88%. Such a case also supports the case
that thin films can be used in photodetector and solar
detector applications. Using absorbance data, Eg (energy
band gap) of the thin films were determined. Following
formula was used in the calculations

ahv=A(hv-Eg)" @

where a=F(R)/d, A is a constant, d is the thickness of thin
films, Eg is band gap energy, n is a constant which
determines the optic transfer. Two different kinds of transfer
may be observed: direct transfers (i) indirect transfers (ii).
Indirect transfers were determined as n=1/2, 3/2, 5/2... while
direct transfers were determined as n=1, 2, 3...

(ahv)? —hv characteristics were illustrated in Figure 1d where
Eg for undoped TiO,, 1:5 ZnO doped TiO; and 1:2 ZnO
doped TiO, were calculated as 3.32eV, 3.19 eV and 3.16 eV,
respectively. It was illustrated that increased ZnO dopant
rate decreases the bandgap energy.
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Figure 1: Abs- wavelength (), reflectance - wavelength (b), transmittance — wavelength (c) and Abs — hv (d) characteristics
of the pure TiO2 0.5mol ZnO doped 2.5 mol TiO2 (in 1:5 molar rate), 1 mol ZnO doped in 2 mol TiO2 (in 1:2 molar rate)

thin films.
3.1. Photoresponsive Properties

| - V characteristics of the pure TiO2, 0.5 mol ZnO doped
2.5 TiO; (1:5 molar rate) and 1 mol ZnO doped 2 mol TiO;
(1:2 molar rate) photodiodes were assessed between -5V
and 5V. 1 -V characteristics were presented in Figure 2. The
increased photocurrent was seen for increased illumination
intensity. Increased photocurrents confirm that photodiodes
exhibit photoresponsive and photovoltaic characteristics.
Such a case was also confirmed in Figure 3 and Figure 4, as
well.
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Figure 2: 1 -V characteristics of pure TiO2 (a), 0.5 mol ZnO

doped 2.5 TiO; (1:5 molar rate) (b) and 1 mol ZnO doped 2

mol TiO; (1:2 molar rate) (c) photodiodes.

In Figure 3, current — time (I - t) characteristics of the pure
TiO2 and ZnO doped pure TiO, photodiodes were
illustrated. Photodiodes were investigated under 20
mwW/cm?, 40m W/cm?, 60 mW/cm?, 80 mW/cm? and 100
mW/cm? illumination. [llumination simulating the daylight
was turned on and off for 5 secs intervals. All graphs show
that measured photocurrent increased rapidly when
illumination was on. The measured photocurrent decreased
dramatically when the light was off. Such a case proves that
photodiodes respond to the applied light. The maximum
photocurrent was obtained at 100 mwW/cm? illumination
where minimum photocurrent was obtained at 20 mwW/cm?.
It was seen that increased illumination results in increased
photocurrent  which illustrates that nanocomposite
nanoparticle based devices can be used in solar tracking
applications. The maximum photocurrent was obtained at
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TiO, photodiodes. ZnO doping decreases the measured
photocurrent. Increased ZnO dopant rate decreased the
maximum photocurrent.
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Figure 3: | —t characteristics of pure TiO; (a), 0.5 mol ZnO
doped 2.5 TiO (1:5 molar rate) (b), and 1 mol ZnO doped 2
mol TiO; (1:2 molar rate) (c) photodiodes.

Illumination related trend was also observed for capacitance
—time (C - t) investigations. C —t characteristics of TiO, and
ZnO doped TiO; diodes were presented in Figure 4 where
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daylight light illumination was turned on and off for 5 secs
intervals. Illuminations in 20 mW/cm?, 40 mW/cm?, 60
mwW/cm?, 80 mwW/cm? and 100 mW/cm? were used in the C
— t investigations. It was seen that enhanced illumination
intensities resulted in increased photocapacitance values.
The maximum photocapacitance was obtained at 100
mW/cm? while minimum photocapacitance was observed at
20 mW/cm?. It was seen that ZnO doping decreases the
measured maximum photocurrent. For instance, the
maximum photocapacitance was measured as 5.2x10° F for
pure TiO, photodiodes while maximum photocapacitance
values obtained for 1:5 and 1:2 ZnO doped TiO;
photodiodes were found to be around 2.3x10° F and 1.5x10°
9F, respectively.
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Figure 4: C—t characteristics of pure TiO2 (a), 0.5 mol ZnO
doped 2.5 TiO; (1:5 molar rate) (b), and 1 mol ZnO doped 2
mol TiO; (1:2 molar rate) (c) photodiodes.

Photoelectric properties like ideality factor, photosensitivity,
saturation current and barrier height were assessed using
data obtained under daylight illumination. Thermionic
emission theory was used in the assessment of photodiodes.
Following formula were used in the calculation of barrier
height(¢,) and ideality factor (n) [30]:

I:Io[exp (%) - 1] 2

where “n” is the ideality factor, “q” is the charge of the
electron, k is Boltzman constant, “T” is absolute
temperature, “I,” backward bias saturation current, “V” is
applied voltage and “Rs” is serial resistance. I, is calculated
using Eq (3).

lo=AA*T?exp (— %) 3)
In Eq 3, A represents the area of the diode, “A™” is the
Richardson constant which was defined in the literature as
32 Alcm?K? for the p-type Si semiconductors and 112 A/
cm?K? for the n-type semiconductor, and “dy,” is the barrier
height. Calculated results were presented in Table 1.
Thermionic emission theory claims that the ideality factor
should be 1. In our assessment ideality factors of the diodes
were found to be 6.04, 5.92 and 6.58 for pure TiO;
photodiodes, 1:5 and 1:2 ZnO doped TiO, photodiodes,
respectively. ldeality factor bigger than 1 is a common case
which is repeatedly reported in the literature [2,27]. For
example, Aslan et al. find the ideality factor of ZnO doped
carbon photodiodes between 3.76 and 6.37, Koc reported the
ideality factor of CuO doped carbon photodiodes 3.74
[27,31]. The ideality factor above 1 is attributed to different
conditions such as series resistance, the existence of
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interface states, inhomogeneity of barrier height, etc. [20].
Barrier height of the diodes was found to be 0.478 eV, 0.470
eV and 0.493 eV for pure TiO, photodiodes, 1:5 and 1:2
ZnO doped TiO; photodiodes, respectively. Aslan et al find
barrier height for ZnO doped carbon diodes 0.528 eV, Ilhan
et al. find the barrier height of the Cu,CoSnS, photodiodes
as 0.461 eV, Koc find the barrier height of CuO doped
carbon photodiodes as 0.51 eV [13,27,31]. Our results about
ideality factor and barrier height were found to be coherent
with the results reported in the literature.

Table 1: Ideality factors, barrier heights and saturation
current were obtained by I-V method.

Photodiode n du(eV) | 1o(A)

Undoped TiO, 6.04 0.478 | 1.98x10*
1:5 ZnO doped TiO, | 5.92 0.470 | 2.67x10*
1:2 ZnO doped TiO, | 6.58 0.493 | 1.10x10*

4. Conclusion

In the study, TiO, and ZnO doped TiO, photodiodes were
produced using sol gel method. Optic properties were
checked, it was seen that photodiodes show good high
transmittance with low reflectance. Using UV-vis data
bandgap energies of the photodiodes were calculated. ZnO
doping decreases the bandgap energies of the photodiodes.
Photovoltaic properties of the photodiodes confirmed that
photodiodes are responsive to the light where increased
photocurrent and photocapacitance were observed for
increased illumination intensity. Such a case was confirmed
that photodiodes have the potential to be used in solar
tracking applications.
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