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In this study, ZnO nanorods (ZnO-NR) were prepared on n-Si wafer by hydrothermal method.
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(20-100 mW/cm?) between + 1.5 V bias voltage range. The Schottky diode barrier height value
had an increasing trend with increasing illumination intensity from 20 to 100 mW/cm? while the

Keywords ideality factor had a decreasing trend with the increase of photocurrent. The temporary

photocurrent increases as illumination intensity increases. The slope (a) of the loglph-logP curve
;%‘irggi‘ggma' was obtained as 0.618 and this slope confirmed that this ZnO nanorod shows photoconducting
Photovoltaic behavior. The short-circuit current (lsc) and open-circuit voltage (Voc) values were obtained to be

774.08 pA and 0.24 V under 100 mW/cm? illumination intensity, respectively. The prepared
Al/ZnO-NR/n-Si diode showed both photodiode and photovoltaic properties under different light
intensities. It was concluded that the prepared Al/ZnO-NR/n-Si diode can be used in the
optoelectronic applications, especially for the photodiode industry.

nanorod

1. INTRODUCTION

In metal-semiconductor (MS) structures, the interfacial layer between the MS structure will affect many
parameters of the diode, and changes in the thickness and concentration of the interface material affect the
electrical behavior of the structure. The study of changes in the properties of MS structures using many
materials as interfaces still attracts great interest. By using different production techniques and various
materials, doped or layered structures are obtained and the changes in the electrical properties of these
structures are examined. ZnO is a well-known semiconductor and functional material used in many places
such as chemical sensors, conductivity electrodes, photoelectric devices, and solar cells, etc. The
development of photovoltaic technology is to increase the efficiency of cells and reduce the cost of
production, making them more suitable for various applications.

It can be produced by many methods such as physical [1-4] (ball milling, chemical and physical vapor
deposition, lithographic, laser ablation, etc.), chemical (solution-oriented synthesis, gas phase reaction) and
biological methods, and the properties of nanostructures change according to the production methods.
Compared to other methods, solution-oriented methods show advantages such as low production cost,
scalability, ease of application, and relatively low temperatures (<200 °C) are required for production. Due
to these advantages, solution-oriented methods attract attention and ZnO can be produced by
hydrothermal/solvothermal [5-7], precipitation, sol-gel [8], chemical bath deposition [9, 10], and
electrochemical deposition [11]. Because there are too many effects in solution-oriented methods, the
nanoscale effects are different, and ZnO can be produced in different structures such as nanorods [12],
nanoflowers [13, 14], nanoarrays [15, 16], and nanospheres [17, 18]. The electrical conductivity and optical
properties of ZnO change with the change of their morphological structure. ZnO nanorod structures attract
research attention due to their large surface area, low cost and ease of use in potential applications in
optoelectronic fields. ZnO nanorods can be produced effectively using the hydrothermal method [19]. ZnO

e-mail: neslihanturan@gazi.edu.tr DOI: 10.29109/gujsc.1185766


http://dergipark.gov.tr/gujsc

1060 Neslihan TURAN / GU J Sci, Part C, 10(4):1059-1069(2022)

nanowires/nanorods are used in various nanodevice applications such as solar cells [20], nanogenerator
[21], field emitters [22], gas sensors [23], and UV detectors [24].

In this article, the Al/ZnO-NR/n-Si/Al device was prepared using the hydrothermal method, and it was
investigated whether it is practical for photovoltaic devices with |-V measurements in the range of + 1.5V
in the dark and various illumination intensities.

2. MATERIALS AND METHODS

In this study, ZnO-NR were synthesized on n-Si wafer by hydrothermal method. Before the growth of ZnO-
NR, a thin ZnO seed layer was coated on the surface of n-Si wafer. First n-type Si wafer (orientation 100,
thickness 525 um, and resisivity 1-20 Q-cm) was cleaned with an ultrasonic cleaner using cleaning steps
with chloroform, acetone, and methanol. The oxide structure was removed using a mixture of HF-deionized
water (1:10), rinsed with deionized water, and dried. Aluminum (99.99% purity) was evaporated as a ohmic
contact on the back of the wafer under 10 Torr vacuum using the thermal evaporation system.

Secondly, the seed layer was prepared by spin coating technique using zinc acetate dihydrate
(Zn(CH3C0O0)2+2H,0), methanol, and NaOH precursors. Zinc acetate dihydrate was dissolved in 100 ml
methanol on the magnetic stirrer. Then, NaOH (33%) was dropped slowly to the 0.02 M zinc acetate
dihydrate solution. The solution was stirred at 60°C for 2 h on magnetic stirrer. The resultant transparent
solution was cooled room temperature and was dropped on n-Si wafer. 500 rpm for 5 s and 3000 rpm for
30 s were chosen as the spin coating parameters. After the coating, the substrate was annealed at 130°C for
5 min in oven and this coating procedure was repeated four times.

For the hydrothermal process, ZnO was prepared using Zinc acetate dihydrate, deionized water, and
ammonia (25%). Zinc acetate dissolved in deionized water (0.05 M), then 1.5 ml ammonia dropped slowly
in the solution on magnetic stirrer. Wafer inserted into teflon container with the seed layer side down, and
the solution was added to hydrothermal system which was set to 90 °C for 12 h. After the system cooled
down to room temperature naturally, wafer was taken out of the hydrothermal system, rinsed with deionized
water, and dried. Finally, For the Al/ZnO-NR/n-Si/Al structure, the top contact was obtained by deposition
of Al with a thickness of 150 nm and a diameter of 2.75 mm, under 10 torr pressure, with a thermal
evaporation system. Schmetic representation of experimental procedure is shown in Fig. 1.

Voltage (V)

Source meter

Fig. 1. Schematic representation of experimental procedure
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The crystallographic and morphologic properties of ZnO-NR were characterized by Bruker D8 Advance
diffractometer and FE-SEM (Hitachi SU5000) respectively. The (I-V) measurements of the Al/ZnO-NR/n-
Si/Alin+ 1.5 V bias voltage range was performed under the dark and various illumination intensities using
the FYTRONIX solar simulator and Keithley 2400 at room temperature.

3. RESULTS

The surface morphology of the sample identified by FE-SEM is shown in Fig 2. a and b are the surface
views above, and c is the cross-section view. It was observed that nanorods were formed on the surface and
their orientation was random in the c direction. When the c-oriented nanorods in Figure 2b were examined,
it was seen that the ZnO nanorods had a hexagonal structure. The thickness of the ZnO nanorod layer on
the surface is approximately 350-400 nm, as can be seen in the cross-sectional view in Figure 2c.
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Fig. 2. SEM images of the Al/ZnO-NR/n-Si structure a) X50k b) X100k c) cross-section view

Fig. 3 shows the XRD pattern of ZnO-NR grown on n-Si recorded in the range of 26=10-80°. The
diffraction peak of the (002) of ZnO-NR was marked in the diffraction pattern. The peak is compatible with
the JCPDS 36-1451 pdf card belonging to ZnO hexagonal wurtzite (space group P6smc). The peak
belonging to the n-Si in the XRD diffraction pattern were also observed.
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Fig. 3. XRD pattern of the Al/ ZnO-NR/n-Si structure

The current-voltage (I-V) measurements of the fabricated Al/ZnO-NR/n-Si Schottky diode according to
thermionic emission (TE) theory were investigated from in dark and various illumination intensities. The
current-voltage equation in reverse and forward bias can be defined by the following relation [25-29]

=)l -22)

Where
qPp
Iy = AA*T? [—— 2

where @5 is the Schottky barrier height, k is the Boltzmann constant, q is the charge of electron, T is the
absolute temperature, n is the ideality factor, A* is the effective Richardson constant of 112 Acm2K2 for
n-Si, A is the area of effective diode and | is the saturation current of reverse. From the forward bias In/-V
measurement by using Eq. 1 and Eq. 2, the barrier height and ideality factor of the fabricated sample can
be estimated using the Eg. 3 and Eq. 4 [30-32]

_q dav 3

"= kT dnD @)
kT [(AA*T?

(‘DB = 7111 IO (4)

The logarithmic current-voltage (I-V) measurements of the ZnO-NR film deposited in Al/n-Si interface,
including the illustration of the between £1.5 V and in the illumination intensity range of 20-100 mW/cm?

and in dark are indicated in Fig 4.
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Fig. 4. Current-voltage characteristics of Al/ZnO-NR/n-Si dark and under various illumination

intensities

As can be seen from the forward bias part of Fig. 4, the I-V curve shifts toward the positive voltage as the
illumination intensity increases. This situation corresponds to photovoltaic behavior. The dark
characteristics of the produced Al/ZnO-NR/n-Si diode showed good rectification behavior. While the ratios
of the forward current and reverse current in the dark and 100mW/cm? intensity are 50.9 and 8.9 at 1.5 V,
respectively. As can be seen from the different illumination characteristics in Fig. 4, the produced diode
showed both photodiode properties in reverse bias and photovoltaic properties in forward bias. Using Eq.
3and Eq. 4, n, @5, and I, values were calculated in the dark and at various illumination intensities and are
given in Table 1.

Table. 1. Variation of electrical parameters with various illumination intensity of Al/ZnO-NR/n-Si Schottky

diode
[llumunation n bp Iy Lyp R, R Ve Ise
intensity (eV) (uA) (UA) @) @ \%) (nd)
(mwW/cm?)

0 2.92 0.631 1540 - 84.4 5955 e e

20 2.49 0.672 3.13 613 89.5 5462 0.16 244

40 2.28 0.693 1.38 887 91.2 5206 0.20 417

60 2.05 0.713 0.64 1161 92.8 5003 0.22 566

80 1.97 0.728 0.37 1423 93.5 4844 0.22 685

100 1.66 0.758 0.11 1646 94.4 4628 0.24 774

The fourth region data of the 1-V measurements are shown in Fig. 5. The open circuit voltage (V,.) and
short circuit current (I,.) values are determined from the points where the curves of |-V intersect the voltage
and current axis, respectively. As observed in Fig. 5 and Table 1, the I,. and V,. values increase as
illumination intensity increases. For example, the values of I, and V,. are found 244 uA and 0.16 V for 20
mW/cm? and 774 uA and 0.24 V for 100 mW/cm?, respectively. This depicts that the Au/ZnO-NR/n-Si
Schottky diode is completely sensitive to illumination intensity and shows photovoltaic behavior.
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Fig. 5. I-V plots for the Al/ZnO-NR/n-Si Schottky diode

As the illumination intensity increases, the n and I, values decrease, while the @5 value increases. For
example, The n values decreased from 2.92 in the dark to 1.66 at 100 mW/cm? and the @5 values increased
from 0.631 eV in the dark to 0.758 eV at 100 mW/cm?. It was determined from Fig. 4 that the diode
produced due to the photocurrents (I,,;) increasing in reverse bias as illumination intensity increases was a
photodiode. I,,, values for 20 mW/cm? and 100 mW/cm? were found as 613 uA and 1646 uA, respectively.

Both the series resistance (Ry) in the forward bias and the shunt resistance (Rgy,) in the reverse bias affect
the electrical properties of the produced diode. R, and R, values were found by Ohm's law (R; = dV /dI)
and are illustrated in Table 1 and Fig. 6.
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Fig. 6. The R;-V plots at dark and under various illumination intensities
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While R, values almost do not change under illumination, R, values decrease with increasing illumination
intensity. Hence, R, values in dark and 100 mW/cm? were found as 84 Q and 94 Q at 1.5V for the produced
diode, respectively. R, values in dark and 100 mW/cm? were found as 5748 Q and 2578 Q at -0.4V for
the produced diode, respectively.

In addition to the 1-V measurements, current-time (I-t) measurements were performed under different
illumination intensities to investigate the photosensitivity of the produced diode at -1V and are illustrated
in Fig 7. From Fig. 7, it has been observed that the current increases when the light is on and decreases
when the light is off. That is, the photocurrent for Al/ ZnO-NR /n-Si diode was observed when the light
was on. This photocurrent increased as the light intensity increased from 20 to 100 mW/cm?. This behavior
is due to charge trapping at deep levels [33].
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Fig. 7. Transient photocurrent characteristics of AI/ZnO-NR/n-Si at various illumination intensity.

To determine the variation of the photoconduction via the various illumination intensity, the double-
logarithmic photocurrent (I,,,) versus illumination intensity (P) at -1.5V was plotted and shown in Fig. 8.
The mechanism of photoconduction can be found by the Eq. 5 [34].

Ipn = P© ()

Where, a, I,,,, and A are a power exponent, the photocurrent, and a constant, respectively.
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Fig. 8. log (Ipn) vs log (P) plot for the Al/ZnO-NR/n-Si

The a value was found from the slope of the logl,,-logP curve and obtained as 0.618 The linear variation
of the photocurrent from Fig. 8 is due to trapping of charge carriers at deep levels [35]

4.CONCLUSIONS

ZnO nanorods were successfully produced on n-Si by hydrothermal method. It has been observed by SEM
images that the diameter of the hexagonal ZnO nanorods is around 60 nm and the thickness on the surface
is approximately 350-400 nm. In XRD analysis, the characteristic 002 peak of the hexagonal wurtzite
structure of ZnO nanorods was observed. The reverse and forward bias current-voltage (I-V) characteristics
of the prepared Al/ZnO-NR/n-Si photodiode have been analyzed under dark, 20, 40, 60, 80, and 100
mW/cm? illumination intensity at room temperature. The main electrical parameters such as,n ®g,ly,L,p,
R, Rsn, Vo, and I Of the fabricated Schottky barrier diode were investigated. It was observed that as the
illumination intensity increased, the n values decreased and the @5 values increased. The results showed
that the electrical parameters are sensitive to illumination intensity and the Al/ZnO-NR/n-Si Schottky
barrier diode has photovoltaic and photodiode properties. It is concluded that the produced diode can be
used as a photodiode in optoelectronic applications.
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