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Abstract: In present study, NiO:ZnO thin films in molar ratios of 1:0, 0:1, 3:1, 1:1 and 1:3 were formed on p-Si layers with
Aluminium (Al) bottom contact. The dynamic sol-gel spin coating method was used as coating method. The Al top contacts
were deposited on thin films and AIl/NiO:ZnO/p-Si/Al photodiodes were fabricated. The structural and morphological
properties of the photodiodes were determined by X-ray diffraction (XRD), emission scanning electron microscopy (FE-SEM),
and energy dispersive X-ray spectroscopy (EDX). The photoresponse and electrical properties of the produced photodiodes
were investigated by current-voltage (I-V) and capacitance-voltage (C-V) measurements. The AI/NiO:ZnO/p-Si/Al
photodiodes were successfully fabricated. It was determined that the thin films were composed of nanostructures. All
photodiodes are sensitive to light. It was seen that the photosensitivity of composite photodiodes was higher than the pure
photodiodes and photosensitivity decreased as the ZnO ratio increased. It was determined that the most sensitive photodiode
to light was the composite photodiode with a NiO:ZnO ratio of 3:1, and the highest photosensitivity was measured as 3.12 x
103 at 100 mW/cm? light intensity in this photodiode. In all photodiodes, the capacitance values decreased as the frequency
increased. The results show that by changing the NiO:ZnO ratio, the photoresponse and electrical parameters of the photodiodes
can be controlled and the produced photodiodes can be used as a photosensor in solar tracking systems and optoelectronic
applications.
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Giines Enerjisi Takip Sistemleri icin AlI/NiO:ZnO/p-Si/Al Kompozit Fotodiyotlarin Uretimi ve
Karakterizasyonu

0Oz: Mevcut calismada, 1:0, 0:1, 3:1, 1:1 ve 1:3 molar oranlarinda NiO:ZnO ince filmler Aliiminyum (Al) alt kontakli p-Si
tabakalar {izerinde olusturuldu. Kaplama yontemi olarak dinamik dondiirerek kaplama metodu kullanildi. Al iist kontaklar ince
filmler lizerinde biriktirildi ve Al/NiO:ZnO/p-Si/Al fotodiyotlar iiretilmis oldu. Fotodiyotlarin yapisal ve morfolojik 6zellikleri
X-1g11 kirmimu (XRD), emisyon taramali elektron mikroskobu (FE-SEM) ve enerji dagitict X-1sm1 spektroskopisi (EDX) ile
belirlendi. Uretilen fotodiyotlarin fototepki ve elektriksel dzellikleri akim—voltaj (1-V) ve kapasite-gerilim (C-V) dlciimleri ile
arastirildi. AI/NiO:ZnO/p-Si/Al fotodiyotlar basarili bir sekilde iiretildi. Ince filmlerin nanoyapilardan meydana geldigi tespit
edildi. Tim fotodiyotlar 1s18a karst duyarlidir. Kompozit fotodiyotlarin 1g18a kargt duyarliliklarinin saf fotodiyotlara gore daha
yiiksek oldugu ve ZnO orami arttikga azaldigi belirlendi. Isiga karst en duyarh olan fotodiyotun NiO:ZnO orami 3:1 olan
kompozit fotodiyot oldugu tespit edildi ve en yiiksek fotosensitivite bu fotodiyotta 100 mW/cm? 1sik siddetinde 3.12 x 103
olarak 6l¢iildii. Tiim fotodiyotlarda frekans arttikga kapasite degerleri diismiistiir. Sonuglar, NiO:ZnO oranimin degistirilerek
fotodiyotlarn fototepki ve elektriksel parametrelerinin kontrol edilebilecegini ve iretilen fotodiyotlarm giines takip
sistemlerinde ve optoelektronik uygulamalarda fotosensor olarak kullanilabilecegini gostermektedir

Anahtar kelimeler: Yari iletken metal oksit, Sol-jel, Kompozit fotodiyot, Nanomalzeme, Giines 1ginimi.
1. Introduction

In recent years, advanced and functional materials are needed in photovoltaic applications [1]. Solar tracking
systems are one of the most important systems used in recent years to increase the gathering efficiency of solar
energy [2, 3]. In these systems, photodiodes are generally preferred sensors for direct detection of light [4, 5]. The
researches on metal oxide semiconductors are increasing day by day in many fields. This is because metal oxide
semiconductors such as ZnO, TiO,, SnO,, NiO and CdO have unique physical and chemical properties. Therefore,
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these oxides have become very interesting materials in electronic and optoelectronic applications [6-8]. Among
these metal oxide semiconductors, ZnO (n-type) is very interesting because of its properties such as, has a direct
and wide (~3.3 eV) energy band gap, can be directed optical and electrical properties by doping, high exciton
binding energy, relatively low toxicity and relatively low processing temperature. Due to these properties, it finds
use in many electrical and optoelectronic applications [9, 10]. NiO is another promising p-type metal oxide
semiconductor in electronic and optoelectronic devices due to its excellent optoelectronic properties, wide band
gap (3.6-4.0 eV), low cost, high chemical and thermal stability [11-14]. The properties of photodiodes can be
modified and improved by doping with a different element. One of the methods used to change and improve the
properties of photodiodes is to obtain a new composite structure by mixing various semiconductor metal oxides in
different ratios, in addition to doping [15-18]. The devices consisting of (p-n) NiO:ZnO heterojunction thin films
are one of the promising alternatives for optoelectronic and photovoltaic applications [19].

ZnO and NiO thin films can be produced by methods such as (Direct Current) DC and RF (Radio frequency)
sputtering, sol-gel, chemical vapour deposition (CVD), pulsed laser deposition and spray pyrolysis [20]. Among
these methods, the sol-gel spin coating method has advantages such as allowing a large area to be coating,
simplicity of the process, controllable thickness, low temperature and low cost [12, 19, 20].

Park et al., have performed gradual ZnO and NiO composite coatings on ITO glass using the sol-gel spin
coating method. They performed the structural characterization of the thin films they produced and investigated
the photodiode properties [19]. Again, Tyagi et al., first coated ZnO thin film with RF magnetron sputtering
technique on ITO glass, and then formed a composite structure by coating NiO on ZnO with the same method.
They investigated the structural, electrical and photoresponse properties of the photodiode they produced [21].
Demirezen et al., obtained ZnO:NiO thin film on the p-Si layer by spin coating method by mixing 2%, 10% and
20% NiO with ZnO and PCBM was coated on this layer. Thus, composite Al/(PCBM/NiO ZnO)/p-Si photodiodes
were produced. They investigated the electrical and photo-sensing properties of the photodiodes they produced
[22]. As seen in the literature, there is not much work on the coating of NiO:ZnO on p-Si by dynamic spin coating
method and investigating its electrical and photoresponse properties. Therefore, in this study, NiO:ZnO/p-Si
composite photodiodes were produced to obtain photodiodes with different properties and their photodiode
properties were investigated.

In this study, NiO:ZnO/p-Si composite photodiodes were fabricated by dynamic sol-gel spin coating. The
structural and morphological properties of the thin films coatings were characterized by XRD, FE-SEM and EDX.
The photoresponse and electrical properties were investigated by I-V and C-V analyses.

2. Experimental Details

In this study, NiO:ZnO thin films were formed on p-Si layers by dynamic sol-gel spin coating method. The
(100) orientation, 600 um thickness and 1-10 cm-Q resistance p-Si layers were first cleaned in acetone in an
ultrasonic bath for 5 minutes. After this process, it was rinsed in an ultrasonic bath in deionized water at the same
amount of time. The same procedures were repeated with ethanol and distilled water, and finally, p-Si plates were
immersed in HF:H>O solution mixed at a ratio of 1:10 for 30 seconds and then rinsed in deionized water in an
ultrasonic bath for 5 minutes. The opaque sides of the plates dried with nitrogen gas were coated with 150 nm
thick Al (99.99% purity) by Nanovak brand vacuum thermal evaporation device. Then, the plates were annealed
under nitrogen gas in an oven at 570 °C for 5 minutes. To produce pure NiO thin films, 0.5 M Carlo Erba brand
Nickel (I1) acetate tetrahydrate (Ni(OCOCHs), - 4H,O) was poured into 10 ml of Chemsolute brand 2-
methoxyethanol (CH;OCH,CH,OH) and mixed with a magnetic stirrer. After all the powders were dissolved,
Chemsolute brand monoethanolamine (NH,CH,CH,OH) was added to this mixture in the same molar ratio while
the mixing process was continuing, and the sol-gel was obtained by mixing together at 80 °C for 2 h. After resting
for one day, this sol-gel was coated on p-Si plates cut into certain sizes at 3000 rpm for 30 seconds. The coating
process was performed on the FYTRONIX spin coating device in dynamic mode. The coated samples were dried
at 150 °C for 10 minutes, and after this process, they were allowed to cool at room temperature for 10 minutes. By
repeating the same processes, one more layer of coating was formed. The produced thin films were annealed at
450 °C for 1 h. The coated surfaces were covered with 99.99% pure Al using a Nanovak brand vacuum thermal
evaporator with a physical mask, and thus top contacts were obtained on thin films. The same procedures were
repeated to produce pure ZnO photodiodes, with the only difference being that Sigma Aldrich brand Zinc acetate
dihydrate (Zn(CH3COO); - 2H,0) was used instead of Ni(OCOCHj3) - 4H20. In composite NiO:ZnO photodiodes,
on the other hand, Ni(OCOCH?3). - 4H>0O/ (CHsCOO):Zn - 2H-0 was used in molar ratios of 3:1, 1:1 and 1:3 with
a total of 0.5 M. XRD analyses of thin films were performed in PANalytical Empyrean brand XRD device at 45

110



Ezgi GURGENC, Aydin DIKICI, Fehmi ASLAN

kV/40 mA, CuKa (A = 1.5406 °A) radiation and 26 = 20 - 80°. Surface properties and compositions of thin films
were determined with Zeiss Crossbeam 540 brand FE-SEM device and EDX. The photoresponse and electrical
characterizations were performed using KEITHLEY 4200 semiconductor analysis system and FYTRONIX brand
solar simulator.

3. Results and Discussion
3.1. Structural and Morphological Properties of NiO:ZnO/p-Si Thin Films

The XRD analysis results of the produced NiO:ZnO thin films are shown in Figure 1. As can be seen, intense
peaks occurred at 37.26°, 43.30°, 62.92°, 75.48° and 79.44° 26 degrees in pure NiO. These peaks are consistent
with JCPDS card no. 47-1049 [23-25] and correspond to planes (111), (200), (220), (311) and (222), respectively.
The peaks in (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes in pure ZnO
observed at 31.85°, 34.50°, 36.32°, 47.63°, 56.67°, 62.94°, 66.46°, 68.01°, 69.14°, 72.63° and 77.07° 20 degrees,
respectively. The peaks are in agreement with the JCPDS card no. 36-1451 and literature studies and show that
the produced ZnO films are in hexagonal wurtzite structure [26-29]. The (111) and (200) planes seen in high
density in pure NiO are attributed to the crystalline nature of NiO [23-25] and different peaks in pure ZnO indicate
that ZnO is polycrystalline [30]. On the other hand, characteristic peaks of both oxides were found in composite
thin films. Although the intensities and positions of the peaks change, they are in agreement with the XRD patterns
of pure NiO and pure ZnO. The intensities of characteristic peaks of NiO and ZnO increased as their ratio in the
composite increased. No impurities or peaks of a different phase were found in pure and composite thin films. This
indicates that the NiO:ZnO films were successfully formed and high purity.
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Figure 1. The XRD patterns of NiO:ZnO thin films.

Figure 2 shows FE-SEM images and EDX analysis results of NiO:ZnO thin films. All thin films were
successfully coated on p-Si in a crack-free and homogeneously. Thin films are composed of nanostructures. These
structures are in the form of aggregated fine-grained nanoparticles in NiO. In ZnO, on the other hand, it is
composed of fiber-like structures in addition to the same structures [31]. The composite thin films are composed
of aggregated fine-grained nanoparticles that are somewhat larger than pure NiO and ZnO. When the EDX analysis
results were examined, it was seen that they were in agreement with the XRD analysis results and the doping ratio.
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These results show that NiO:ZnO thin films were successfully formed on p-Si by dynamic sol-gel spin coating
method.

yo

Figure 2. The FE-SEM images and EDX analysis results of NiO:ZnQ thin films.

3.2. 1-V Characteristics of Prepared Photodiodes

The I-V characteristics of the produced NiO:ZnO/p-Si photodiodes in the dark and at light intensities varying
between 20 and 100 mW/cm? are shown in Figure 3. All samples showed rectifying properties. Except for the
photodiode with a NiO:ZnO ratio of 3:1, it was observed that the current in the forward region was not affected
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much by the light intensity in other photodiodes. In this sample, on the other hand, variations in current values
were observed in the range of approximately 2.5-3.5 V. In the reverse region, the current was affected by the light
intensity and as the light intensity increased, the current increased. This shows that the produced devices exhibit
photodiode behaviour and it is thought that this is due to the spread of the electron-hole pair over a wider area in
the reverse bias region [17, 27]. The results indicate that photodiodes exhibit photoconductive behaviour and the
photoconductive behaviour can be controlled by changing the NiO:ZnO ratio. The photosensitivity values of the
photodiodes were found at -5V using the Equation 1 given below [5].

PS = Iph_ldark (1)

ldark

In this equation, Iyn represents the photocurrent and lqark represents the current in the dark. The photosensitivity
values of the produced photodiodes are shown in Figure 4. The photosensitivity of photodiodes under illumination
was higher than in the dark state and increased with increasing illumination intensity. The composite photodiodes
are more sensitive to light than pure ones and decrease as the ZnQO ratio increased. The photodiode with the highest
sensitivity to light is the NiO:ZnO ratio of 3:1 and the highest photosensitivity is 3.12 x 10 at 100 mW/cm? light
intensity in this device. The results show that photoresponse can be controlled by changing the NiO:ZnO ratio and
the produced photodiodes can be used as photodiodes in solar tracking systems [1]. The photoresponsivity (Pr) of
the produced photodiodes was determined using Equation 2 given below [12].

_ Ipn—Idark
Pp=—"— (2)
where P is the light intensity and A is the surface area of the photodiode. The Pr values of the devices under 100
mW/cm? light intensity are 4.83 x 10* A/W, 1.49 x 103 A/W, 2.46 x 10 A/W, 1.54 x 10* A/W and 2.12 10* A/W
for 1:0, 0:1, 3:1, 1:1 and 1:3 respectively according to the NiO:ZnO ratio. All photodiodes are sensitive to light.
The Pr values of photodiodes can be varied by changing the NiO:ZnO ratio.

The I-t characterizations of photodiodes have an important place in understanding their photoconductive
behaviour. The I-t graphs of the produced NiO:ZnO/p-Si photodiodes at light intensities varying between 20 and
100 mW/cm? and at -5V are shown in Figure 5. As can be seen, the photocurrents increased as the light intensity
increased. This proves that the photodiodes show photoconductive behaviour [27, 32]. When the devices were
illuminated, the photocurrent suddenly increased to a certain level and fell back to its previous level after the
lighting was turned off. When the illumination is first turned on, there is an increase in free charge carriers and in
this case photogenerated electrons contribute to the photocurrent. When the illumination is turned off, the charge
carriers are trapped in the lower levels, thus reducing the photocurrent [17, 27, 32]. The highest photoconductivity
value was obtained in pure ZnO photodiode and the photoconductivity of composite photodiodes is lower. The
results show that the photoconductivity properties of the photodiodes can be controlled by the NiO:ZnO ratio.
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Figure 3. I-V graphs of NiO:ZnO/p-Si photodiodes under dark and various illuminations.
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Figure 4. The photosensitivity values of NiO:ZnO/p-Si photodiodes.
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Figure 5. I-t graphs of NiO:ZnO/p-Si photodiodes.
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3.3. C-V Characteristics of Prepared Photodiodes

The C-V characteristics of photodiodes are used to better characterize their electrical behaviour. The C-V
characteristics of the produced photodiodes at frequencies ranging from 10 kHz to 1MHz are shown in Figure 6.
As can be seen, the capacitance decreased as the frequency increased in all photodiodes. In the NiO photodiode, a
peak occurred in the reverse bias region at a frequency of 10 kHz. At frequencies higher than this, the peaks
occurred in the forward bias. It is thought that the peaks in the C-V graphs occur due to the presence of interfacial
charge carriers and series resistance. In ZnO and composite photodiodes, while the photodiode capacitance
changes with frequency in the reverse bias region, the capacitance in the forward bias region generally does not
change with frequency. It is thought that the change in the negative region is due to the change of the depletion

region of the device depending on the applied voltage and the response of the interface states in different frequency
and electric fields [1, 33].
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Figure 6. C-V characteristics of NiO:ZnO/p-Si photodiodes.

Series resistance (Rs)-V curves are shown in Figure 7. The Rs values decreased as the frequency increased in
the accumulation and depletion region and was especially high at low frequency. In the non-ideal behaviour of
diodes and deviations have an important place, and therefore Rs has a great importance. The peak values of the
Rs-V curves also decreased as the frequency increased, and the peak positions changed depending on the Voltage
and the NiO:ZnO ratio. It is thought that this situation is caused by the interface conditions that follow the AC
signal more easily at low frequencies and the relaxation time of the charges [22].
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Figure 7. Rs-V characteristics of NiO:ZnO/p-Si photodiodes.

4, Conclusions

The NiO:ZnO/p-Si composite photodiodes were successfully fabricated using the dynamic sol-gel spin
coating method. Characteristic peaks of NiO and ZnO were found in the composite thin films and it was observed
that their intensity increased as their ratio in the composite increased. It was determined that NiO:ZnO thin films
consisted of aggregated fine-grained nanoparticles. It was concluded that NiO:ZnO/p-Si composite Photodiodes
are light sensitive. It has been seen that the photoresponse, photocurrent and capacitance properties of photodiodes
can be controlled by light. The highest photosensitivity value was measured as 3.12 x 102 in the photodiode with
a NiO:ZnO ratio of 3:1. It was seen that NiO:ZnO/p-Si composite photodiodes showed rectifying property and it
was concluded that they exhibited photoconductive behaviour. It was observed that the voltage and frequency
affected the electrical properties of the photodiodes. It was concluded that photodiodes with different properties
can be obtained according to the NiO:ZnO ratio. The results show that, NiO:ZnO/p-Si composite photodiodes can
find use in solar energy tracking systems and optoelectronic applications.
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