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ABSTRACT

A UV detector based on the zinc oxide (ZnO) thin film was fabricated by using
sol-gel process with zinc acetate dehydrate (Zn(CH;COO),2H,0) as a precur-
sor. The hexagonal crystal structure of the ZnO sample was revealed by X-ray
diffraction patterns (XRD). Field emission scanning electron microscopy
(FESEM) results indicated that the ZnO film’s surface is smooth and uniform,
having grain size of about 50 nm. Photoluminescence spectroscopy (PL)
revealed UV light and broadband emissions, which were attributed to near
band-edge (NBE) and deep level-edge emissions (DLE), respectively. The
metal-semiconductor-metal (MSM) device based on the fabricated ZnO film
showed a sensitivity of 43% upon exposure light (0.66 pW/cm?®) at 5V and a
response peak of 4.3 A/W upon exposure to UV light, respectively. The UV
detector showed excellent stability with time and a strong photocurrent
response under 380 nm light. These results show a low-cost method of fabri-
cating a high-performance ZnO MSM UV photodetector with a quick response,
fast recovery, and high responsivity.
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addition, it possesses a substantially higher binding
exciton potential (60 meV) as compared to other

1 Introduction

In the recent, researchers are trying to build up high-
performance photodetectors by using wide band-gap
semiconductors such as SnO,, WO3, NiO, MoO3, ZnO
etc. [1, 2]. Among these, ZnO thin film has a wide and
optical band gap of 3.37 eV at ambient temperature
with the hexagonal wurtzite structure [3-5]. In
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materials such as gallium nitride (GaN) (20 meV) at
room temperature [3]. ZnO has provided many
advantages like high photosensitivity, non-toxicity,
and low cost [6]. Hence, ZnO film is extremely useful
for a wide range of engineering applications,
including chemical sensors, biosensors, pH sensors,
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light-emitting sensors, and UV detectors [7]. ZnO
thin film can be deposited via different processes,
such as chemical vapor deposition [8], magnetron
sputtering method [9], molecular beam techniques
[10], spray pyrolysis technique [11], and sol-gel
coating method [12]. ZnO films deposition by sol-gel
method has been largely investigated in the past [13].
The sol-gel process offers several advantages over
others methods, including low reaction temperature,
simple procedure, and inexpensive cost [14]. Because
it is extremely effective at creating thin films, the sol-
gel approach has emerged as one of the most
promising processing routes, to form transparent,
uniform, multi-component oxide films with a wide
range of compositions on a variety of substrates at
low cost.

Numerous research groups are interested in
obtaining high-quality ZnO thin films in optoelec-
tronic applications. The UV photodetector based on
ZnO has unique advantages that possess high sensi-
tivity and responsivity. However, the performance of
the ZnO UV photodetector is based upon its struc-
tural and optical properties. Mun et al. [15] fabricated
ZnO flexible UV photodetector (PDs) on the flexible
polydimethylsiloxane (PDMS) by using water-soluble
sacrificial (NaCl) crystals. The influence of tensile
stress on the PDs performance was investigated. The
photocurrent increased to 2.5 pA under UV light,
while the off-current was 0.6 pA, resulting in a UV
on/off photocurrent ratio of 4.2 at applied bias volt-
age of 5 V. Yadav et al. [16] prepared ZnO film via
using RF-sputtering method. ZnO thin film that
indicated high responsivity of 8.57 kA/W and the
sensitivity of 31.3 x 10°. The enhanced photo-re-
sponse of ZnO thin films was related to changes in
the surfaces conductivity of the film due to the
induced electric charge. Panda et al. [17] deposited
ZnO thin films onto glass substrates via using ther-
mal evaporation technique for application as UV
sensor. The maximum value of the photocurrent gain
was 2, attributed to annealing process. Hanna et al.
[18] developed a visible-blind UV detector based on
the ZnO films at zero applied bias voltages. The
results indicated that the responsivity and quantum
efficiency of the film at 5 V under 360 nm light illu-
mination were 0.037 A/W and 12.86%, respectively.
Pon et al. [19] fabricated UV detector based on the
ZnO thin films via using cost-effective nebulizer
spray pyrolysis process. The device demonstrated
significantly higher selectivity of about 1.22 x 10"
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Jones at peak wavelength of 390 nm. ZnO thin films
showed extremely responsivity of 0.38 m A/W. ZnO
thin film indicated a good candidate for photodetec-
tor applications. Ali et al. [20] investigated UV pho-
todetectors based on the ZnO thin film. Thin film was
deposited on silicon substrates via using thermal
evaporation method. The device showed a good
sensitivity and efficiency upon reverse applied volt-
age. Conversely, the UV detection sensitivity
decreased proportionally under forward bias voltage.
In this study, sol-gel coating method was used to
deposit ZnO thin films using zinc acetate dehydrate
(Zn(CH3CO0),-2H,0) solution onto Corning glass
substrates. The solution concentration was used form
0.5 M. The aim of this research is to create a UV
detector on a low-cost substrate with a quick
response, fast recovery, and high responsivity.

2 Experimental details
2.1 Synthesis of ZnO thin film

ZnO thin film was deposited onto Corning glass
substrates via using sol-gel method. The reaction
mixture was produced utilizing zinc acetate dehy-
drate and ethanol-ethanolamine (NH,CH,CH,OH) as
solution and stabilizer, respectively. The concentra-
tions of the zinc acetate dehydrate and ethanol
ethanolamine were varied between 0.5 and 1 M, with
a 1:1 molarity of zinc acetate dehydrate ethanola-
mine. The mixture of solution was stirred at ambient
temperature for 1 h by using a 3000 rpm magnetic
stirrer. Finally, before the solution was spin coated on
the Corning glass substrate, the substrate was aged
for 3 days. The deposition was conducted utilizing a
spin coater of 60 s with a speed of 3000 rpm. ZnO
thin film was pre-annealed for 1 h after coating at
150 °C. To achieve the crystallization of the thin films,
ZnO film was annealed in air at 350 °C for 2 h. The
structural characteristics of the film were examined
using an X-ray diffractometer (PANalytical X'Pert
PRO) equipped with Cu-Ko a radiation
(. = 1.5418 A). The morphological characteristics
were studied via using a field emission scanning
electron microscopy (FESEM) model (FEI/Nova
Nano SEM450) with energy-dispersive X-ray spec-
troscopy (EDX). The optical characteristics were
performed using a photoluminescence (PL) spec-
troscopy (Jobin Yvon HR800 UV, Edison, NJ, USA)
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with a He-Cd laser (325 nm, 20 mW). As determined
by the optical reflectometer (Filmetrics F20), the
thickness of the ZnO thin film is calculated to be in
the range of 150 nm—200 nm. Using a computer-
controlled integrated source meter (Keithley 2400) at
room temperature, the current-voltage (I-V) mea-
surements were obtained. Using light filters, spectral
responsivity measurements were taken out at differ-
ent wavelengths. All the tests were carried out under
atmospheric conditions at room temperature.

2.2 Device fabrication

The UV detector device was manufactured by
depositing 120 nm thickness of platinum (pd) grid as
the front connection on the top of ZnO film at 650 °C
using a metal mask in the presence of junctions.
There were two conductive contacts (electrodes) with
a five fingers each in the contact metal structure. The
length and width of each finger were 3.4 mm and
0.35 mm with a distance of 0.4 mm between the two
fingers. The shadow mask’s structure and dimen-
sions are shown in Fig. 1a. By using DC-magnetron
RF-sputtering system at ambient temperature, the
electrodes were deposited; the power was fixed at
120 W with an evacuation force less than 3 x 107° -
mbar. High-purity Ar was used at a fixed ratio of
17%. Figure 1b displays schematic a diagram of UV
semiconductor devices structure. The active area was
found to be 0.25 cm?.

2.3 Mechanism of photodetection

The photodetection in the ZnO thin film is mainly
produced via desorption and adsorption processes of

the oxygen molecules on the film surface [21]. The
energy band structure of a ZnO thin film under dark
condition and under UV irradiation condition is
shown schematically in the Fig.2a, b. When an
external voltage is given to the sensor, O, should be
adsorbed at the surface of the dense diffusion layer
material [22]. The oxygen molecules are primarily
adsorbed onto the surface of the film layer in dark
conditions, then, as illustrated in the Fig. 2a, the
oxygen molecules capture the free electrons, which
can be summarized as follows:

Ozg) + ¢ = Opaay (1)

As a result of the oxygen ions, a depletion area is
formed, reducing the conductivity of ZnO film. In
contrast, electron-hole pairs (e =h™) are formed in
ZnO thin-film layer [23] under UV illumination with
higher photon energy (hv) than the band gap of the
Zn0O (hv < Eg), as follows:

ho — e + It 2)

A local electric field separates the (e"-h™) pairs in
zone of the depletion. The holes (h™) are moved
towards to the film surface by the electric field, where
they recombine with electrons from the adsorbed
oxygen ions. As illustrated in the Fig. 2b, this condi-
tion leads to the release of the oxygen atoms from
film surface, which can be summarized as follows:

+ — —
h™ + Opa)) = Oxg) (3)

At same time, photo-generated electrons contribute
to photoconduction by filling the conduction band
(CB). As a result, a rise in the number of electrons
leads to a rise in conductivity [24]. As an outcome,

V pY

UV light

Fig. 1 a Schematic of the metal shadow used for the fabrication of MSM-structured UV detector and b fabricated ZnO-based UV detector
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Fig. 2 a, b Photoconduction
in ZnO thin film and energy (a)
band diagram a under dark
condition, and b Under UV
light illumination

the significant photocurrent measured can be related
to the light-induced charge carrier production in the
depletion zone [25].

3 Results and discussion
3.1 Structural properties

Figure 3a—c displays XRD patterns of the ZnO thin
film with as-grown prepared onto Corning glass
substrate via using sol-gel technique. XRD peaks
show that three major peaks of the diffraction corre-
spond to the ZnO with planes (100), (002), and (101)
corresponding to 20 = 34.45°, 36.16°, and 47.52°
comparable to JCPDS card No. 36-1451 [5]. The
results indicated that ZnO film is polycrystalline in
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nature and has a hexagonal wurtzite crystal structure
[26]. Further study of the XRD patterns demonstrates
that the prefer orientation towards the growth of
crystals is along the plane (002). The c-axis orienta-
tion, particularly in the (002) plane, may be a com-
mon occurrence in the chemical deposition of ZnO
films employing organo-zinc compounds [27]. The
preferred orientation is assumed to be due to the
reduction of surface energy and internal tension. The
result could be associated to the c-orientation of the
dominant development of crystals. The increase in
the annealing temperature caused ZnO to increase its
crystallinity [28]. The peak intensity increases to
some amount as the annealing temperature is
increased to 350 °C, which is due to increase in the
crystallite size of ZnO thin film. This suggested a
high preferential value for the thin films c-axis
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Fig. 3 a—c X-ray diffraction patterns of ZnO thin film synthesized on Corning glass substrate

direction, aligned perpendicular to the substrate
surface. The insufficient supply of thermal energy for
recrystallization, grain development, and the powder
nature of the films may be to cause for these results
[29]. The crystallite sizes (D) of thin film were
determined via using the following formula [30]:

K
N ﬁhleOSG ’

(4)

where D is the average crystallite size, / is the X-ray
wavelength (1.5406 A); P is full-width at half-
maximum (FWHM) (0.189), and 6 is XRD diffraction
angle (34.375°), respectively. The Scherrer constant is
denoted by k. The Scherrer constant is gener-
ally ~ 0.9; however, it was later shown that the size
of the Scherrer constant is dependent on the
shape/geometry of the crystallite. There is uncer-
tainty in k unless the shape/geometry of the crystal-
lites and their distribution are determined. The value
k was found to be varying from 0.62 to 2.08 with the

actual shape of the crystallites [54]. Figure 3c displays
a fitting plot of the XRD results. The new findings are
consistent with a recent work that found stress in
ZnO along the c-axes and a-axes during deposition
when organic chemicals were incorporated into the
lattice [31]. The crystallite size was estimated to be
50 nm. The grains tend to combine during annealing,
resulting in bigger grains. The decreased FWHM
value and higher crystallite size in this case indicate
that crystallization is better. When the energy is suf-
ficient to permit the diffusion and recrystallization of
the element or compound, the nucleation of small
grains into bigger grains happens during annealing
treatment [32].

3.2 Morphological properties

The FESEM images with two magnification of ZnO
film are shown in Fig. 4a, b. The surface morphology
of the films consists of spherical grains that are
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uniformly distributed throughout the substrate [33].
It can be seen from the figure that the film’s surface
annealed at 350 °C is rough with the gully shaped
surface, and the grain boundary blurred. It illustrates
that the thin film is continuous and packed without
voids or porosity. Moreover, no cracking is observed
[34]. The production of larger grains from small
grains on the ZnO surface was resulted by a rise in
substrate temperature, which in turn reduced defect
centers and surface defects. Furthermore, because to
the coalescence of tiny particles, the mean crystallite
size increases as the substrate temperature rises [35].
The particle size measured in an electron microscope
is approximately 50 nm, which is in accordance with
the XRD results. The EDX analysis was used to
evaluate the elementary composition of ZnO film.
The results of EDX spectrum are shown in Fig. 4c.
The figure shows two peaks corresponding to the
elements zinc (Zn) and oxygen (O). The inset of
Fig. 4c depicts the compositions of atomic percentage
(O =6224%, Z = 37.79%) of the constituents of ZnO
thin film. The results indicated the purity of the thin
film [36].

3.3 Optical properties

Figure 5 displays the photoluminescence spectra (PL)
of the prepared ZnO film with laser excitation (He-
Cd) source. Two optical bands converge at about
380 nm and 760 nm. The near band-edge (INBE)
emission, which is responsible for the recombination
of free excitons in ZnO, emits UV approximately
380 nm [37]. The band at wavelength of 760 nm is
due to second item diffraction from the grating for
band at 380 nm. The violet/blue band at 380 nm can
be attributed to a pair of donor-acceptor transitions
[38]. The wide band centered at approximately
760 nm with a maximum width of approximately
26.3 nm (FWHM) can be attributed to the transition
from the conductive band to oxygen vacancy levels.
This can be established that the band gap of ZnO film
deposited on glass substrate is similar to band gap of
bulk ZnO (E; = 3.26 eV), which can be correlated
with the low level of defects [39].

I

IElemelt Atomic

3

62.24
37.79
100

Fig. 4 a, b FESEM images of ZnO thin film synthesized on glass substrate ¢ EDX spectra of ZnO thin film synthesized on glass substrate
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Fig. 5 Photoluminescence spectrum of ZnO thin film synthesized
on Corning glass substrate

3.4 UV photodetector application

Figure 6 indicates the I-V (current-voltage) diagrams
of the UV sensor based on the ZnO thin film under
darkness and UV light at wavelength of 380 nm with
incident energy of 0.66 pW/cm? The light and dark
currents are found to be 1.32 pA and 0.83 A,
respectively. It is established that the I-V (current-
voltage) diagrams are symmetrical and linear,
showing the strong Ohmic interaction between ZnO
thin film and pd electrodes [40]. The ohmic interac-
tion of the UV detector can be attributed to
enhancement of the light-sensitive properties [41].
This improvement of the light—current confirms that
the thin film has more photo-excited-free electrons,
which is related to higher crystallinity and a sub-
stantially prevented recombination of photo-

4.0x10™ | —s— Dark current

4 |L—*—ZnO thin film
3.0x10™ 1

2.0x10™ -
1.0x10 4
0.0-

Current (A)

-1.0x10™ 4
-2.0x10™ 4

-3.0x10™ 4

L i ) L L}

Voltage (V)

Fig. 6 Dark and illuminated -V characteristics of the ZnO UV
sensor device

generated carriers. Furthermore, residual contami-
nants, surface asperities, and asperities all have a
significant impact on the electrical contact
characteristics.

Figure 7a, b displays the photo-responsivity of UV
detector based on the ZnO thin film. The photocur-
rent rose until it reached 360 nm, after which it
drastically fell until it reached 385 nm. The maximum
value of response is reported in the range 360 nm-—
380 nm with the break off-wavelength of 390 nm. The
optimum response value of UV detector under light
of 385 nm is 4.3 A/W. This greater responsivity can
be attributed to ZnO film providing high density
with larger and rougher surface areas, as well as the
ZnO/glass system forming a good MSM detector.
More carriers gathered under illumination in the ZnO
thin film can be attributed to the high photocurrent
density and responsivity [42]. Because the excitation
is proportional to the amount of the excess carriers’
generation rate and lifetime, the amount of the
observed response is most likely influenced by this.
At 390 nm, the cut-off was reached. The progressive
cut-off at 385 nm corresponds to the 3.26 eV band-
gap energy of ZnO thin film [17]. The light-current
decreases dramatically over break off-wavelength,
revealing good light sensing of ZnO film for light-
blinded UV sensor and these findings are in agree-
ment with PL spectra. This value of UV response
exhibits a full-width half-maximum of 20 nm for thin
film. This full-width value indicates that ZnO UV
detector responds to a very small slight spectral
region of light spectrum which means good spectrum
selectivity for this detector. The response value of the
detector (R) can be defined as the light-current (I,
generated per light power (P;,) on the activity area of
detector, which is calculated as follows [43]:

In(A) (A

R= Pi(W)  E(W/cm?2)A(cm?)

(5)

where E is equal to 0.66 pW/cm?, which represents
the irradiance of the UV light. A is an active area
equal to 0.25 cm®. The high rise in responsivity with
applied bias indicates that the photodetector has a
large photoconductive gain. UV detector’s perfor-
mance could be improved as a result of ZnO thin film
has a high UV responsivity and a large excitation area
to volume ratio [44]. It indicates the high surface area
of film as well as the existence of the deep level
surface trap states within the film, extending the
photo-carrier  lifetime  significantly.  Figure 7b
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Fig. 7 Spectral responsivity of the ZnO thin-film photodetector

displays a fitting plot of the responsivity results. The

following formula can be used to calculate the devi-

ce’s sensitivity (S) to UV radiation:

Ipn — 14
d

5= x 100. (6)

At a5 V bias, the S value of 43% was tested against
UV radiation with a wavelength of 380 nm and an
intensity of 0.66 mW/cm?. The sensitivity improves
dramatically when the grain size is lower than the
width of the space charge zone or the generated
depletion layer.

Figure 8 displays the exchanging behavior of UV
detector by controlling the UV light source (incident
energy = 0.66 tW/cm?) at applied bias voltage of 5 V
with duration of 20 s. The light—current of the ZnO
UV detector increases gradually when the UV illu-
mination is turned on, the light—current of the ZnO
UV detector decreased dramatically to its initial
stage, showing improved product steadiness and
repeatability of detector. The response and recovery
times of ZnO UV detector are found 3.7 s and 5.3 s,
respectively. This means that sensor with complete
transparency is exceptionally apposite for good speed
activity due to its excellent UV sensor performance,
such as rapid rise and decay times. As shown from
Fig. 8, it is seen to that changing in both states (on/
off) is flexible and rapid, acting as an extremely
effective light-sensitive change. It is found that the
dark current is experiencing a small temporal dis-
tortion due to the persistent influence of photocon-
ductivity [45]. In the two states (on/off), the
calculated photocurrent indicated a steadily
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increasing value when exposed to UV light and that
the current decreased in the dark exponentially. Also,
the UV detector can be used to examine the photo-
response with incident light of various wavelengths,
various intensities, as studied in the research [46]. As
compared to the other values obtained in the litera-
ture [20, 45, 47-53] from the ZnO-based UV detector
using different methods (Table 1), our ZnO-based UV
detector demonstrates relatively better values of UV
responsivity and rapid response. The study shows
that sol-gel-derived devices exhibit better photo-re-
sponse as compared to those using thin film depos-
ited by vacuum deposition technique.

4 Conclusion

In this study, ZnO thin film was deposited via using a
sol-gel method onto Corning glass substrate. Thin
film has a strongly preferred hexagonal wurtzite
structure with orientation of the c-axis along (002)
plane peak with crystallite size of around 50 nm. The
crystalline nature verified the good crystal structure
formation as shown in the XRD spectrum. From the
FESEM image, the ZnO film is continuous and dif-
ferent size grains to form polycrystalline. The surface
morphology properties are rough and the surface is
gully shaped and the boundary of the grain blurred.
The band gap of the thin film is 3.26 eV by the linear
fit of band-edge absorption. PL spectra of the ZnO
thin film indicated that the coalescence of small
crystals caused the displacement of grain boundaries
at 350 °C, leading to the formation of non-radiative
recombination centers. The response and recovery
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Fig. 8 Response and recovery-current characteristics of fabricated ZnO thin-film sensor

Table 1 Comparison between the literature and the current study of the responsivity and sensitivity for the ZnO thin-film UV

photodetector
Materials Bias voltage A(nm) Responsivity (A/ Sensitivity Response time Recovery time Reference
) W) %) ®) ®)
ZnO film 2 390 0.617 10 - - [20]
ZnO nanowires 1 370 - 137.5 25 254 [45]
ZnO film 5 365 - 66 18 24 [47]
ZnO nanoparticles 2 365 0.04 49 x 10° 14.4 33.6 [48]
ZnO nanorods 1 360 0.046 746 89 106 [49]
ZnO nanofibers 2 360 0.00128 2.5 x 10* 3.90 4.71 [50]
ZnO tetrapods 5 365 0917 1522 x 10° 1.4 1.2 [51]
ZnO thin film 5 375 - 800 16 8 [52]
ZnO 1 360 0.046 570 89 106 [49]
nanostructures
ZnO/diamond film 10 220 0.004 - - - [53]
ZnO thin film 5 380 4.2 43 3.7 5.3 This
work
times of ZnO UV detector are found as 3.7 sand 53s, ~ Acknowledgements
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