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Flexible UV Photodetector: Current study involves fabricate a photodetector based on ZnO nanorods for
CBD Method:; ultraviolet sensing application deposited onto a low cost flexible substrate of

polyethylene terephthalate (PET) using chemical bath deposition (CBD)
method. XRD diffraction data approved hexagonal structure (Wurtzite).
Nanorod structure of Zinc Oxide were noticed utilizing field emission
scanning electron microscopy with an average diameter of 150 to 225 nm. The
energy bandgap of 3.27eV were obtained using UV-Vis spectroscopy
measurement. The maximum responsivity value was 0.023A/W at a
wavelength of 375nm. The photosensitivity (Sph), quantum efficiency (1)),
response time, and recovery time were 1347.2, 837.53, 90.87s, and 114.57s
under a UV light of 375nm at a bias voltage of 10V, respectively.

Introduction

The nanostructures based on flexible substrate have attracted great interested in the recent years. [1]. Flexible
electronic devices exhibit special features and interface links with other components such as sensors of
biomedical[2], electronics of organic, low-cost photovoltaic cells, [3] transistors[4]. Low-cost polyethylene
terephthalate (PET) substrate has reactivity of low chemical, high resistivity and dielectric resistance across
wide range of frequencies, which are consider the motiva ting points for the microelectronic applications[5]. In
the last decade, a numerous researcher has been interested with flexible ultraviolet (UV) detectors using the ZnO
nanostructure as active detection layer. Zinc oxide (ZnO) possesses a significantly large energy bandgap,
denoted as Eg, measuring approximately 3.36 electron volts (eV), Additionally, a high exciton binding energy,
is estimated to be over 60 (meV), nontoxic, inexpensive, and available in abundance, and ease of synthesis with
various morphologies[6]. Numerous manufacturing techniques have been commonly used to produce ZnO
nanorods (NRs) including chemical vapor deposition, epitaxy of molecular beam, pulsed laser deposition[6],

[7], sol-gel, hydrothermal, chemical bath deposition (CBD)[3], [8]. One of the approaches utilized in this study
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is the chemical bath deposition (CBD), which is a straightforward and cost-effective process employed for the

manufacture of ZnO NRs on a (PET) substrate, with the aim of facilitating UV sensing applications.

Experimental procedure

Utilized The CBD method was used to synthesize ZnO NRs onto PET substrate. The PET substrate was
ultrasonically cleaning with deionized water (DI), acetone, ethanol, and again with DI with 10 minutes for each,
then dry it in air flow. After dissolving 0.1M Zn(CH3COOH),.2H,0 in ethanol and stirring for 20 hours at room
temperature, a clear, homogeneous solution was obtained. A Spin coating technique was used to achieve a
homogeneous seed layer, where the prepared solution was poured onto PET substrate with 3500 rpm utilizing a
dropper for 36s, then heated at 130 °C for 4min. The aforementioned procedure was iterated for a total of Saven
instances. The seed layer was thereafter subjected to an annealing process for a duration of 1.25 hours at a
temperature of 170 °C. The ZnO/PET seed layer was vertically suspended in a solution consisting of equimolar
concentrations of Zn(NOs).6H,0) and (C¢H,,N,) in deionized water (DI) at a temperature of 94 °C for a duration
of 2 hours. This article summarizes the chemical events that occur during ZnO NRs production on various
substrates [9]:

C¢Hy2N, + 6H,0 - 6HCHO + 4NH,

NH; + H,0 - NHf + OH~

20H™ + Zn*™ - Zn(OH),

Zn(NO3), - Zn** + 2NO3

Zn(OH), - Zn0 + H,0

By allowing the (C¢H,,N,) complex to decompose thermally, OH~ anions could be introduced into the solution,
controlling the reaction’s kinetics. In addition, presence of ZnO seed layer leads to quick nucleation process.
These factors could affect the energy of activation between the substrate and ZnO crystal layers. [8]
The thin film of vertically aligned ZnO NRs was subjected to annealing at a temperature of 180°C for a duration
of 2 hours. To complete the fabrication of the flexible ZnO/PET detector, aluminum comb-like electrodes were
deposited onto the ZnO/PET using a thermal evaporation process (Fig. 1a and b). The structure and morphology
were characteristics by SIEMENS D500 X-ray diffractometer and FEI NOVA SEM 450 provided with an EDX
system to investigate the stoichiometric ratio of the ZnO/PET. A Shimadzu-1650 UV-Vis spectrometer was
utilized to analyze the optical properties. Current-voltage (I-V) characterization under UV wavelengths of 405,
385, and 375 nm were calculated using a source meter (Keithley-2430) connected to a personal computer (PC)

for data processing purposes.
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Figure 1. (a) Schematic diagram of Al comb-like electrodes onto the ZnO/PET NRs; (b) Real image of the ZnO/PET
photodetector.

Results and discussion

Crystal structure and surface morphology: Figure 2 illustrated the XRD pattern of the ZnO NRs film which
reveal the polycrystalline with hexagonal wurtzite phase with dominant orientation of (002), which matches to
JCPDS card No. 36-1451. [8], [10]. The full width at half maximum FWHM, B, of (002) peak was 0.179, which
indicate a good crystalline quality. The peaks at 20 of 26.030, 47.460, and 53.740 in Fig. 2, were assigned to the
PET substrate. [11]. The size of crystallite, D, was determined employing Debye-Scherrer formula. [8].

092
~ Bcose

M

where A is the wavelength and ©: is Bragg diffraction angle. The size of crystallite was decided to be 46.48nm. The strain,
£,5, 1S directly dependent on the lattice constant ¢ and its value, which is a criteria of crystal quality, could be determined

by the following relation. [3], [8]:

_ leastm—cxrol % 100 @)
cASTM

Where ¢cXRD and cASTM were the c-lattice constant which matches to XRD pattern and the ASTM card, respectively.

SZ 4

The calculated ¢,, value was 0.16. Figure 3(a) illustrate the surface morphology of ZnO/PET photodetector.
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Figure 2. shows ZnO nanorods on a PET flexible substrate by X-ray diffraction.

The ZnO was grew as nanorods with a uniform distribution, homogenous, hexagonal morphology and vertically
alignment onto the PET polyester. The average nanorods diameter estimated to be between 150 and 225 nm, as
display in Fig. 3(b). The height of the ZnO NRs was determined to be 2.98 um based on the cross-sectional
analysis, as depicted in Fig. 3(c). Figure 3(e) reveals the peaks in the EDX spectrum, which have been identified

as carbon (arising from PET polyester), oxygen, and zinc. The carbon element results from the PET polyester.
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Figure 3. displays the surface morphology of the film dependent on ZnO NRs; (a) FESEM image; (b) diameter histogram

distribution; Panel (c) showcases a cross-sectional view, and panel (d) exhibits the EDX spectrum.

Optical properties: The absorption spectrum of ZnO NRs on PET substrate illustrated in Fig. 4(a). High

absorbance was observed in the ultraviolet range, exhibiting a distinct threshold at a wavelength of around

378nm. The essential absorption of ZnO NRs film attributed to the permitted direct transitions, which given by

3], [6]:

ahv = A, (hv — Eg)1/2 ?3)

Where hv is the incident photon energy, a is the absorption coefficient, Eg is the energy bandgap and Aa is the

parameter associated with transition probability. By plotting (ahv)2 vs hv, Fig. 4(b), the calculated Eg was

3.27eV. This value is well agreement with previous results. [3], [6], [8].
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Figure 4. Optical properties of the film dependent on ZnO NRs: (a) The absorbance spectrum; (b) Plot of (ahv)2 vs. hv.

Photodetector Characteristics: The spectral response considered a significant photodetector parameter which

determines the detection efficiency at a Specific wavelength. The responsivity, R;, is provided by [12]:

_ Iph(A)
R = P W) )

where I, and P;,, were photocurrent and incident photon power, respectively. Fig. 5(a) depicts the spectral
response of the ZnO/PET PD under 5V bias voltage. Increasing the wavelength to 375nm leads to increase the
responsivity to 0.023A/W, which is decreases with further increasing the wavelength. This value was higher
than reported previously. [13]. Fig. 5b shows the I1-V curves under dark and 375, 385, and 405 nm wavelength
illuminations with incident power of 50 pW/cm2, 40 uW/cm2 and 0.45 mW/cm2, respectively. I-V curves
reveals the ohmic behavior of the detector. The photocurrent of 375nm was higher those obtained from 385 and
405nm.
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Figure 5. (a) Spectral response of ZnO/PET detector at 5 V bias; (b) The 1-V characteristics in the dark and under UV

wavelength.

Figure 6(a-c) illustrates the photocurrent dependent of the interval time (I — t)at a bias voltage of 5 and 10V
with ON/OFF UV wavelengths lighting of 375, 385, and 405nm. Under 10V bias, the photocurrent gain
(Ipn/1aark) under a UV wavelength illumination of 375, 385, and 405nm were 14.47, 11.93, and 3.49, compared
with 12.4, 9.61, and 3.69, respectively; under 5V bias. Fig. 6(d) depicts the (I — t) curve under various UV
wavelengths for several cycles under 10V bias. These results revealed high stability, repeatability, and
reproducibility of the ZnO/PET PD. The photosensitivity (Sph) and quantum efficiency (1) of the detector
achieved using the following relationships. [6]
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Spn(%) = (Z—28) x 100 (5)
Ipnh hv
n (%) =[5 1x100 (6)

where I;4.1, v, q and h are the dark current, incident photon frequency, electric charge, and Planck constant,

respectively. Based on Fig. 6 and equations (4) and (5), the calculated photodetector properties were listed in
Table (1).
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Figure 6. Photocurrent response spectra as a function of time under ON/OFF UV wavelength of 375, 385, and 405nm

with various bias voltages.

The value of photosensitivity for ZnO/PET PD under 375 nm light was 1140.8 and 1347.2 at 5 and 10V bias
respectively, were higher than that obtained from 385 and 405 nm. These results were better than previously
published. [10], [14], [15]. Generally, the quantum efficiency values under 10V bias were higher than those of
5V bias for all wavelength, and its maximum value was 837.53 under 375nm light, Table 1. The response time,

denoted by the symbol tRes, is defined as the amount of time that elapses before the Iph current reaches 90%
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of its maximum value. The recovery time, denoted by the symbol tRec, refers to the amount of time that elapses
before the Iph current falls to 10% of its maximum value. Both times were obtained using Fig. 6(a-d). For 375nm
wavelength, the estimated values of tRes were 89.83 and 90.87s and tRecwere113.37 and 114.57s under 5 and
10V bias respectively. However, Table (1) shows the short recovery and response times under 405 nm compared
with 375 and 385 nm light, which might attribute to the high intensity of 405 nm wavelength (0.45 mW/cm2).
In additions, Table (1) explain that the tRec is comparatively longer than the TRes, which resulted by the carrier's

slow relaxation time in the deep defect state and the interspaces between the ZnO NRs. [16].

Table 1- ZnO/PET Photodetector properties under various UV wavelength exposure.

Bias Wavelength TRes tRec I % Liark
vo(l\t/a)ge (om) Gain ef(fgig:g:g;]% Photosensitivity%

©) ©) (MA) | (WA
375 89.83 113.37 | 12.793 124 311.14 1140.8
5 385 *92.55 | 134.32 9.913 1.031 9.61 286.06 861.49
405 *83.64 | 105.35 3.81 3.69 7.56 269.54
375 *90.87 | 114.57 | 34.011 14.47 837.53 1347.2
10 385 94.96 145.97 28.04 2.35 11.93 827.14 1093.1
405 77.83 92.30 8.216 3.49 15.96 249.61

Conclusion

The ZnO NRs deposited onto PET flexible substrate employing CBD technigque was investigated. The structural
and morphology characterizations showed that the ZnO possessed hexagonal wurtzite polycrystalline structure
that vertically well alignment onto PET substrate. The results showed high stability of the ZnO/PET PD over
the time with photosensitivity of 1347.2% toward UV wavelength of 375nm under 10V bias with quantum
efficiency of 837.53%. The photosensitivity toward 375nm was high compared with those obtained toward 385
and 405nm. The exceptional performance of the potential flexible photodetector can be attributed to the

nanorods' high surface-to-volume ratio.
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