
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

4:
36

:1
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Investigation of c
aDepartment of Physics, Abdul Wali Khan U

Pakhtunkhwa, Pakistan. E-mail: khizar3@a
bMechanical Engineering Department, Colle

Abha 61421, Asir, Kingdom of Saudi Arabia
cResearch Center for Advanced Materials S

Guraiger, P.O. Box 9004, Abha-61413, Asir,
dDepartment of Mechanical Engineering,

University, P. O. Box 380, Al-Ahsa 31982, K
eDepartment of Mechanical Engineering, Co

Box 11099, Taif 21944, Kingdom of Saudi A
fDepartment of Mechanical Engineering, Co

Abdul Aziz University, Al-Kharj, 11942, Sau
gDepartment of Mathematics, College of C

University of Petroleum and Minerals, Dhah

Cite this: RSC Adv., 2023, 13, 20198

Received 18th May 2023
Accepted 28th June 2023

DOI: 10.1039/d3ra03319h

rsc.li/rsc-advances

20198 | RSC Adv., 2023, 13, 20198–2
onduction mechanism and UV
light response of vertically grown ZnO nanorods on
an interdigitated electrode substrate

Khizar Hayat, *a Zubair Ali,a Vineet Tirth, bc Ali Algahtani,bc Tawfiq Al-Mughanam,d

Abdulaziz H. Alghtani,e Hussein Alrobei,f Abdullah Shah,g Ejaz Ahmed a

and Said Karim Shah *a

Vertically aligned zinc oxide nanorod (ZnO-NR) growth was achieved through a wet chemical route over

a comb-shaped working area of an interdigitated Ag–Pd alloy signal electrode. Field-emission scanning

electron microscopy images confirmed the formation of homogeneous ZnO-NRs grown uniformly over

the working area. X-ray diffraction revealed single-phase formation of ZnO-NRs, further confirmed by

energy-dispersive X-ray spectroscopy analysis. Temperature-dependent impedance and modulus

formalisms showed semiconductor-type behavior of ZnO-NRs. Two electro-active regions i.e., grain and

grain boundary, were investigated which have activation energy ∼0.11 eV and ∼0.17 eV, respectively. The

conduction mechanism was investigated in both regions using temperature-dependent AC conductivity

analysis. In the low-frequency dispersion region, the dominant conduction is due to small polarons,

which is attributed to the grain boundary response. At the same time, the correlated barrier hopping

mechanism is a possible conduction mechanism in the high dispersion region attributed to the bulk/

grain response. Moreover, substantial photoconductivity under UV light illumination was achieved which

can be attributed to the high surface-to-volume ratio of zinc oxide nanorods as they provide high

density of trap states which causes an increase in the carrier injection and movement leading to

persistent photoconductivity. This photoconductivity was also facilitated by the frequency sweep applied

to the sample which suggests the investigated ZnO nanorods based IDE devices can be useful for the

application of efficient UV detectors. Experimental values of field lowering coefficient (bexp) matched well

with the theoretical value of bS which suggests that the possible operating conduction mechanism in

ZnO nanorods is Schottky type. I–V characteristics showed that the significantly high photoconductivity

of ZnO-NRs as a result of UV light illumination is owing to the increase in number of free charge carriers

as a result of generation of electron–hole pairs by absorption of UV light photons.
1. Introduction

Optoelectronics is one of the essential technological elds
which focused on the electrical devices to recognize and
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regulate light sources. Light sensitive and photon generating
devices are the two categories of optoelectronics that directly
convert photons into electrical signals and vice versa.1 Photo-
detectors or photosensors materials absorb photons and
produce electron–hole pairs.2 Absorb photons can be in the
range of X-rays, ultraviolet (UV), infrared, and visible light
depending upon the characteristics of the materials thus can
nd application in various elds including photonics,
biomedical applications, security, environmental sensing,
safety detectors, photo-sensing and object-tracking, etc.3 Simi-
larly, low noise level and high photosensitive UV light detectors
are needed as some pollution detection relies on measuring the
strength of absorption lines for ozone, nitrous oxide, and
sulphur dioxide as CdS and Si-based light detectors has some
limitations in UV photodetection.4,5 Furthermore, better struc-
tural compatibility, chemical stability and device miniaturiza-
tion with high response speed of photodetectors is the key focus
of researchers which can be achieved via nanostructures of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram showing the synthesis procedure of verti-
cally grown ZnO-NRs on the working area of IDE substrate using wet
chemical route.
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materials that have high surface to volume ratio.6–9 In this
regard, zinc oxide nanostructure based photodetectors have
received more attention due to their high light sensitivity in the
UV range.10 Zinc oxide is a wide-direct-band gap semiconductor
with room temperature bandgap energy of∼3.37 eV and its high
exciton binding energy is around 60 meV.11–13 It has quite high
thermal stability, is a low cost material, non-toxic and trans-
parent, has higher optical gain, a specic crystalline orienta-
tion, electrical conductivity,14,15 and is rich in various
morphologies.16 ZnO is a promising material for use in a variety
of photoelectric elements, including solar cells, and light-
emitting devices.17 Furthermore, ZnO has the favorite wurtzite
structure (along c-axis the polar surfaces terminate in Zn2+ and
O2−) allowing it to create different 1D and 2D nanostructures.18

ZnO nanorods (ZnO-NRs), on the other hand, are more desir-
able because of their improved carrier connement and high
density of surface trap energy states, which can improve the
electrical characteristics and performance of UV photodetec-
tors.19,20 Investigation of various electro-active region and their
qualitative as well as quantitative response to the signal is also
very important which can further improve the performance of
photodetectors. Likewise, for practical implementation, high
temperature stable electrodes, cost effective and suitable
substrate selection for photodetector devices is quite important
whose performance does not affect within operating tempera-
ture variation. Various techniques are used to synthesized ZnO-
NRs including hydrothermal,21 coprecipitation,22 sol-
vothermal,23 wet chemical route,24 chemical & physical vapor
deposition,25,26 etc. Among these techniques, bottom-up wet
chemical route has more advantages such as it is mass
production technique, easy to obtain uniform ZnO nanorods
growth on substrates particularly, controlled growth can be
achieved at temperature of less than 100 °C, almost no use of
surfactants, etc.

In nanotechnology, it is always a keen interest of the
researchers to develop new sophisticated, easy and cost effective
synthesis techniques or modify the existing techniques to
obtain the desired materials at optimum conditions for partic-
ular applications. Secondly, qualitative as well as quantitative
knowledge is necessary regarding various electro-active regions
in the investigating materials which is always reected as
overall measurable response of the material particularly in the
electrical properties. In this manuscript we present a bottom-up
wet chemical route for the growth of ZnO nanorods on comb-
shaped working area of Ag–Pd signal electrode already depos-
ited on alumina substrate by photolithography technique. This
photodetector is named as ZnO-NRs based IDEs device or
metal–semiconductor–metal (MSM) photosensor that may have
the advantage over other photodetectors to work in a wide
operating temperature range. Another key novelty of this work is
to investigate various electro-active regions qualitatively as well
as quantitatively using temperature dependent impedance and
modulus spectroscopy. Possible operating AC conduction
mechanism was investigated by measuring the AC conductivity
of ZnO-NR's based IDE device at different temperatures and
frequency varying from 10 Hz to 5 MHz. UV light response of the
device was carried out using AC conductivity and impedance
© 2023 The Author(s). Published by the Royal Society of Chemistry
formalism. Temperature dependent current vs. voltage charac-
teristics of ZnO-NRs were measured to investigate possible DC
conduction mechanism. UV light photo-response of ZnO-NRs
was also measured at room temperature.

2. Experimental section
2.1. Materials

Ammonium hydroxide (NH3OH, 32%, Merck, analytical grade),
zinc-nitrate hexahydrate (Zn(NO3)2$6H2O, Sigma, purity $

99.0%), deionized water (DIW), interdigitated Ag–Pd signal
electrodes (IDEs), acetone (extra pure) and ethanol (analytical
grade) were used as precursors for the synthesis of ZnO nano-
rods vertical growth on working area of substrate. These
chemicals were used directly without further purication.
Signal electrodes were purchased from Elite Tech. Ltd., Beijing,
China. The details of each signal electrode is summarized as
follows.

� Length = 6 mm
� Width = 3 mm
� No. of combs in each electrode = 5
� Distance between any two consecutive combs = 0.2 mm
� Electrode material = Ag : Pd (70 : 30) alloy
� Substrate = alumina (Al2O5)

2.2. Synthesis procedure

Interdigitated electrodes (IDEs, also called Ag–Pd signal elec-
trodes) were rst clean subsequently with distilled water,
acetone and ethanol in ultrasonic bath for few minutes at
ambient temperature and then dried in oven at 120 °C/30 min.
Zn(NO3)2$6H2O of 2.975 g was added to 100 ml DIW and stirred
for 30 min to get 0.1 M solution. Then, 3.5 ml ammonium
hydroxide solution was added drop by drop to zinc nitrate
solution and combined solution was further stirred for about
30 min. A clean Teon made electrode holder was placed inside
this nal solution holding IDE horizontally at position around
RSC Adv., 2023, 13, 20198–20208 | 20199
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1 cm down from the surface of solution upper level as shown in
Fig. 1. The signal electrode side of IDE substrate was kept
downward. The glass beaker was covered by aluminum foil and
then heat treated it in oven at 90 °C for 6 h. Aer reaction
completion, IDE substrate was genteelly washed with deionized
water to clean ZnO nanorod's surfaces and to remove any
unwanted residuals. Growth substrate was nally dried in oven
at 60 °C for 2 hours.
2.3. Characterizations

Field-emission scanning-electron-microscope (FE-SEM, made
by TESCAN MAIA3, UK) was used to study the morphology and
uniformity of vertically grown ZnO-NRs on IDE substrate.
Elemental composition was carried out using Octane Elite
Detector equipped with FESEM. X-ray diffractometer (XRD,
Philips) with CuKa1 radiation source (l = 1.5406 Å) was used to
examine the structure and phase purity of ZnO NRs. The angle
2q was varied from 20 to 80°. Precision impedance analyzer
(MICROTEST, 6630, Taiwan) connected with furnace was used
to measure the impedance and AC conductivity of ZnO-NRs
based IDE device at different temperatures. A small AC voltage
of 100 mV was applied to sample. For photo response of device,
a handheld UV lamp analyzer (Model: ZF-5, China) having
wavelengths 254 nm and 365 nm was used. Temperature
dependent I–V characteristics and UV light response of ZnO-
NRs were measured using 2401 Keithley SourceMeter Unit
(SMU).
3. Results and discussion
3.1. Structural analysis

Fig. 2 shows the X-ray diffraction (XRD) pattern of ZnO nano-
rod's powder obtained from growth solution. The red lines show
the standard XRD data of ZnO powder. All crystalline peaks were
indexed with JCPDS card number 00-005-0664. Since, there is no
extra peak in the XRD pattern and matched well with the
Fig. 2 Zinc oxide nanorod's XRD powder pattern obtained from
growth solution.

20200 | RSC Adv., 2023, 13, 20198–20208
standard, this indicates the formation of single phase poly-
crystalline ZnO nanorods.
3.2. Morphological analysis

Fig. 3(a) shows the FE-SEM image of vertically grown ZnO
nanorods on combs-shaped working area of IDEs device via wet
chemical route. A schematic diagram of Ag–Pd signal electrode
is shown in the right top of Fig. 3(a). It is obvious from the gure
that ZnO nanorods are grown uniformly/homogenously over the
entire working are of the electrode. Fig. 3(b) shows the low and
high (inset image) magnication FESEM image of ZnO-NRs on
IDE substrate. This shows that ZnO nanorods are well aligned
and grown vertically on the substrate. Fig. 3(c) shows the energy
dispersive X-ray spectrum of ZnO-NRs. In this spectrum, the
inset table shows the weight and atomic percentages of the
elements in sample while the red spot on the FESEM image
shows the scan area from where the elemental analysis was
carried out. Since, no extra peak is found in EDS spectrum this
indicates the formation of ZnO which support the XRD result as
shown in previous Fig. 2.
3.3. Impedance and modulus spectroscopy

Nyquist plots of impedance formalism of ZnO-NRs based IDE
device measured in a frequency sweep from 10 Hz to 5 MHz as
shown in Fig. 4. Temperature of device was varied from 20 to
130 °C with a step of 10 °C. There are two semicircular arcs at
each Nyquist plot which indicates two different electro-active
regions in the sample. Increasing the temperature, the diam-
eter of semicircular arcs decreased which indicates semi-
conductor nature of the sample. In order to quantitatively
describe these two different electroactive regions, the data was
replotted in impedance and modulus formalisms at a single
temperature i.e., 90 °C as shown in Fig. 5.

Fig. 5(a) and (b) shows the Nyquist plots of impedance and
modulus formalism at a temperature 90 °C. Impedance
formalism highlights the resistive region of the sample while
modulus formalism reects the conductive electro-active region
in the sample. In both formalisms the direction for frequency
variation is shown by a curved arrow. The impedance Nyquist
plot indicated two different electro-active regions while the
modulus shows a single conductive region in the sample. For
more in depth understanding the real components of imped-
ance and modulus were plotted against frequency as shown in
Fig. 5(c). There are two Debye peaks in impedance spectroscopic
plot while one Debye peak is found in modulus spectroscopic
plot. In impedance spectroscopic plot the Debye peak maxima
is proportional to resistance “R” while in modulus spectro-
scopic plot the Debye peakmaxima ðM 00

maxÞ is inversely related to
the capacitance “C” as given in eqn (1) and (2).27,28

Z
00
max ¼ R=2 0 R ¼ 2Z

00
max (1)

M
00
max

�
3o ¼ 1

2C
0 C ¼ 1

2
�
M

00
max

�
3o
� (2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) FE-SEM images of vertically grown ZnO nanorods on combs-shaped working area of IDEs device via wet chemical route. (b) Low &
high (inset image) magnification FE-SEM image of ZnO-NRs on IDE substrate. (c) Energy dispersive X-ray spectrum of ZnO-NRs.

Fig. 4 Nyquist plot of ZnO rod's based IDEs device recorded at
different temperatures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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If any of these two parameters (R or C) is given, then one can
easily calculate the other parameter using the following eqn (3).

umax = RC (3)

where umax = 2pfmax and fmax is the maximum frequency at
Debye peak maxima.

Capacitance vs. frequency plot is shown in Fig. 5(d). In low
frequency region the capacitance value is high and its value is in
“nanofarad” which represents a resistive region and is named
as the grain boundary response. While in high frequency region
the capacitance value is small and in “picofarad” which indi-
cates the grain response of the sample. In order to further
explore these electro-active regions, the capacitance values
extracted from Debye peak maxima in both impedance and
modulus formalisms and are plotted against temperature as
shown in Fig. 5(e). It is obvious from this graph that in
impedance spectroscopic plot the associated capacitance with
peak-1 at lower frequency is high which corresponds to a resis-
tive region in the sample and hence attributed to the grain
boundary region. However, the capacitance values associated
with peak-2 and that in the modulus formalism corresponds to
RSC Adv., 2023, 13, 20198–20208 | 20201
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Fig. 5 Graph of impedance spectroscopy results recorded at 90 °C.
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same conductive region or grain based on low capacitance
values. Debye peak maxima in both formalisms were used to
calculate the conductivity of these electro-active regions.
Fig. 5(f) shows Arrhenius conductivity plot extracted fromDebye
peak maxima. A straight line was t in the data and the value of
slope “s” was used to calculate the activation energy. Obtained
activation energy values for bulk/grain and grain boundary
regions are 0.11 eV and 0.17 eV, respectively.

3.4. AC conductivity analysis

Total AC conductivity of materials can be expressed mathe-
matically as follows.29

stotal = sdc + sac (4)

where “sdc” is dc type conductivity which dependents on
temperature while almost independent of frequency. This is
Fig. 6 AC conductivity of ZnO nanorod's based IDEs device recorded a

20202 | RSC Adv., 2023, 13, 20198–20208
due to the dri of accumulated charge carriers at the grain
boundaries. In eqn (4), “sac” is the frequency dependent
conductivity of the material, where “A”, u (=2pf) and “s” are
constant, angular frequency, and exponent of frequency,
respectively. Variation of “s” with temperature predicts the
possible operating conduction mechanism inside the material.
For example, decrease in “s” with increase in temperature
predicts correlated barrier hopping (CBH) mechanism while
Small Polaron Conduction (SPC) is predominant if “s” rises with
increasing temperature. Furthermore, if the value of exponent
“s” is temperature-independent then quantum mechanical
tunneling (QMT) is expected while in the overlapping large
polaron tunneling (OLPT) conduction mechanism, “s”
decreases with increasing temperature reaching a minimum
value and then increases again.30,31

Fig. 6 shows the plot of total AC conductivity of ZnO-NR's
based IDE device recorded at various temperatures. At each
t different temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature, in the low frequency region, the conductivity is
almost frequency independent which increased with increasing
the temperature. This indicates dc type conduction mechanism
which is thermally activated and it is attributed to the dri of
accumulated charge carriers at the boundary region. By further
increasing the frequency, at each temperature two dispersion
regions were observed indicating frequency dependent
conductivity (sac = Aus) in the sample as shown in Fig. 6(a). The
value of exponent “s” was evaluated as follows.

sac = Aus 0 ln(sac) = ln(Aus) = ln(A) + s × ln(u)

As, ln(x) = 2.303 log(x)

2.303 log(sac) = 2.303 logA + 2.303s log(u)

log(sac) = 2.303 log(A) + s × log(u) (5)

Eqn (5) represents a straight line equation between log(sac)
vs. log(u), where “2.303 log(A)” denotes the y-intercept of
straight line and u = 2pf.

According to eqn (5), in both region-1 and region-2, an
equation of straight line was tted in the data points and slope
“s” value was noted in both regions at all temperatures. Fig. 6(b)
shows the plot of parameter “s” with temperature for both
regions. It is obvious that in region-1, parameter “s” slightly
increases with increasing the temperature which suggests Small
Polaron (SP) conduction in the sample at grain boundary
region. However, in region-2, parameter “s” decreases with
increasing temperature. This suggests correlated barrier
hopping (CBH) type mechanism in sample that operate in the
bulk or grain region of the sample.32,33
3.5. UV light response via IS and AC conductivity

Fig. 7 shows the UV light response of ZnO nanorod's based IDEs
device. Data is measured in dark, ambient light, UV light of
wavelength 254 nm, 365 nm and combined 354 & 365 nm.
Fig. 7(a) shows the Nyquist plots with and without light illu-
mination. In dark, the sample resistance is quit high and under
Fig. 7 Light response of ZnO-NRs based IDEs device recorded at room

© 2023 The Author(s). Published by the Royal Society of Chemistry
ambient light the resistance decreased. However, there is
a signicant decrease in resistance under the UV light illumi-
nation of wavelength 254 nm which further decreased under
365 nm and combined 254 & 365 nm wavelengths as shown in
the inset in Fig. 7(a). AC conductivity plots in Fig. 7(b) also
indicates a signicant increase in conductivity of ZnO-NRs
based IDE device under the illumination of UV light photons.
Overall impedance of device was also measured under the same
condition which also shows a signicant decreased in total
impedance of the sample under UV light illumination as shown
in Fig. 7(c). The substantial photoconductivity under UV light
illumination can be attributed to the high surface-to-volume
ratio of zinc oxide nanorods. As, the free surfaces are the
origin of trap energy states and high density of these trap states
causes an increase of carrier's injection and transport which
leads to a persistent photoconductivity.34,35 Furthermore,
another factor including in the signicant promotion of
carrier's transport through investigating ZnO-NRs based IDE
device is the applied frequency sweep which facilitates the
carrier's ow. This suggests that the investigating ZnO-NRs
based IDE device can be useful for the application of UV
detection.
3.6. Current–voltage characteristics

DC conduction mechanisms are generally classied into
following two categories.

� Electrode or injection limited conductionmechanisms that
operate at electrode–sample interface or contact. Some of these
mechanisms include Schottky-emission, Fowler Nordheim
tunneling, direct tunneling, thermionic eld emission, etc.

� Bulk or transport limited conduction mechanisms that
exists inside the material under investigation. These mecha-
nisms are Poole–Frenkel mechanism, ohmic conduction,
hopping conduction, space charge limited conduction, grain
boundary limited conduction, etc.

Since various conduction mechanisms contribute to the
overall current response in the given applied eld region fol-
lowed by temperature variation; therefore, it is necessary to
investigate and distinguish these conduction mechanisms.

Fig. 8(a) shows current vs. voltage characteristic curves of
ZnO-NRs based IDEs device measured from −10 to +10 V at
temperature via impedance spectroscopy and AC conductivity.

RSC Adv., 2023, 13, 20198–20208 | 20203

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03319h


Fig. 8 (a) Current versus voltage curves of ZnO-NRs based IDEs device recorded at different temperatures, (b) ln(J) vs. ln(V) curve at 20 °C, & (c)
slope “n” variation with respect to temperature.
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different temperatures. The I–V curves are non-linear and are
inuenced by the temperature. This indicates a semiconductor
type behavior of ZnO nanorods as a result of change in the
carrier's concentration, mobility and recombination rates. The
temperature dependent I–V characteristics provide quite fruitful
investigations regarding transport properties such as mobility,
carrier's concentration, activation energy, operating conduction
mechanism according to power law Jf Vn, where “n” is a power
index which predicts the possible operating conduction mech-
anism. In order to investigate the conduction mechanism, the
data was replotted on logarithmic scale in the form of ln(J) vs.
ln(V) as shown at temperature 20 °C in Fig. 8(c). Each ln(J)–ln(V)
curve shows two different regions. Low voltage region is named
as “region-I” while that of high voltage is called “region-II”. A
linear is tted in both regions at all temperatures and the slopes
value are plotted against temperature as shown in Fig. 8(c). At
the lower voltages “region-I” the slopes of 0.988 # n # 1.035
show ohmic conduction while at the higher voltages the slopes
of 1.356 # n # 1.274 indicate some non-ohmic conduction.

Three worth mentioning conduction processes namely
space-charge-limited current, Schottky and Poole–Frenkel
mechanisms are responsible for high voltage non-ohmic region.
At medium elds, charge injection from metal electrode to
material sample (a semiconductor or an insulator) may take
place by eld-assisted-thermionic emission called Richardson–
Schottky effect or simply Schottky emission. During this process
an image force induced which tries to lower the potential energy
barrier for the emission of charge carriers under the inuence
of applied electric eld. Secondly, in bulk of the material, the
carriers are produced by the dissociation of donor–acceptor
centers due to eld-enhanced thermal excitation of trapped
electrons in to the conduction band which is termed as the
Poole–Frenkel (PF) generation. Furthermore, if carrier's gener-
ation process is slower than carrier's transport via the bulk then
the conduction is called either the Schottky or PF mechanism
and if the carrier's transport is slower than carrier's generation
then the conduction is termed as SCLC mechanism.36,37

The space-charge-limited current density (J) is given by the
following eqn (6);

J ¼ 9

8
3m

V 2

d3
(6)
20204 | RSC Adv., 2023, 13, 20198–20208
where 3, m, V, & d are permittivity of the material, permeability of
the material, applied voltage and the separation between the
electrodes having the material under investigation, respec-
tively.38 It is obvious from eqn (6) that in SCLC mechanism the
current density (J) versus V2 curve may be quadratic in nature.
However, it can be observed from Fig. 9(a) that the nature of J–V2

curve illustrates the absence of the SCLC conduction mecha-
nism in ZnO nanorods.

In the case of Schottky mechanism, the applied eld at
electrode–material interface interacts with the image force
resulting in lowering the potential barrier. Due to this decrease
in potential barrier, the electrode limited current does not
saturate according to the Richardson law,39

J ¼ AT2 exp

�
� 40

kbT

�
(7)

but rather obeys the Richardson–Schottky law,

J ¼ AT2 exp

 
�
�
bSE

1=2 � 40

�
kbT

!
(8)

where A ¼ 4pmk2e
h3

ð¼ 1:20173� 106 A m�2 K�2Þ is the effec-
tive Richardson constant, kb is the Boltzmann constant,

bS ¼
�

e3

4p3030

�1=2

is the Schottky coefficient, E (=V/d) is the

static electric eld, and 4o is the potential barrier without
eld.

Furthermore, the PF mechanism, which is a eld assisted
thermal ionization process, is the bulk analogue of the Schottky
effect at an interfacial barrier. The corresponding expression for
current density in PF mechanism is,

J ¼ soE exp

 �
bPFE

1=2 � 40

�
kbT

!
(9)

where so is the low eld conductivity, 4o is the ionization
potential of the PF centers and bPF is the PF coefficient.

It is obvious from eqn (8) and (9) that the current density
changes exponentially as the square root of the applied eld.
Both these equations suggest that ln(J) vs. E1/2 or ln(J) vs. V1/2

plot should be linear in nature for Schottky as well as PF type
conduction mechanism. Therefore, it is suggested that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Plots of (a) J vs. V2, (b) log(J) vs. V1/2, & (c) log(J/T2) vs. 1000/T measured at different temperatures.

Table 1 Experimental and theoretical values of b (i.e., field lowering
coefficient) for ZnO nanorod's based device

Temperature
(°C)

b (eV m1/2 V−1/2)

bexp. bS bPF

4 2.30 × 10−5 2.67 × 10−5 5.34 × 10−5

12 2.42 × 10−5

20 2.54 × 10−5

28 2.48 × 10−5

36 2.52 × 10−5

48 2.61 × 10−5

56 2.69 × 10−5

64 2.69 × 10−5

80 2.77 × 10−5

−5
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a general expression for the current density can equally be valid
for both PF and Schottky mechanisms of the following form,40,41

J ¼ Jo exp

 �
bE1=2 � 4

�
kbT

!
(10)

where Jo is the low eld current density and b is the coefficient.
It has been shown from mathematical calculations that the bPF

is twice to that of bS as given in the following form,

bPF ¼ 2

�
e3

4p3030

�1=2

¼ 2bS (11)

Fig. 9(b) shows plot of ln(J) vs. V1/2 at different temperatures.
It is clear that at all temperatures in the high eld region the
ln(J) is proportional to V1/2 which suggest that the possible
operating conduction mechanism in ZnO nanorods may either
be Schottky or PF type.

In order to differentiate these two mechanisms and to
investigate the possible operating conduction mechanism, one
must compare the experimental values of eld lowering coeffi-
cient (bexp) with the theoretical values (i.e., bTh). bexp can be
evaluated by taking the natural logarithm of both sides of eqn
(10) as follows;

lnðJÞ ¼ lnðJoÞ þ
�
bexpE

1=2 � 4
�

kbT

or

lnðJÞ ¼
�
lnðJoÞ � 4

kbT

�
þ
 

bexp

kbTd1=2

!
V 1=2 (12)

where E = V/d. Eqn (12) is a straight line equation between ln(J)
and V1/2. The value of bexp can be obtained from the linear t of
the ln(J) vs. V1/2 data at high voltage region which is given
bellow;

bexp = dkbTd
1/2 (13)

where d ¼ DlnðJÞ
DV1=2

is the slope of linear t. From the slope of

straight line at high eld region of ln(J) vs. V1/2 plots (as shown
in Fig. 9(b)) at different temperatures, bexp can be evaluated
© 2023 The Author(s). Published by the Royal Society of Chemistry
using eqn (13). Also, high frequency dielectric constant value of
ZnO nanorods (i.e., 2.02 at frequency > 1 MHz) was used to
calculate theoretical values of bS & bPF using eqn (11). Values of
bexp, bS & bPF are tabulated in Table 1. It is obvious from Table 1
that the values of bexp matched well with the theoretical value of
bS. This suggests that the possible operating conduction
mechanism in ZnO nanorods is Schottky type. Since, ln(J) vs. V1/
2 graph shows a linear behavior, however, in Fig. 9(b) there is
a nonlinear behavior at low voltage region. This divergence is
most likely due to the accumulation of space charges near the
electrodes, result in non-uniform eld distribution between the
electrodes.

Furthermore, in the plot of log(J/T2) vs. 1000/T at certain xed
voltage, the Richardson line shows a linear behavior with
a negative slope. Fig. 9(c) shows plot of log(J/T2) vs. 1000/T at two
different voltages 5 V & 10 V. The linear behavior with negative
slope again conrm the existence of Schottky type conduction
mechanism in ZnO nanorods sample.
3.7. UV light response via I–V curves

Fig. 10 shows current vs. voltage curves of ZnO-NRs based IDEs
device recorded at room temperature under dark and illumi-
nation of visible and UV lights. Fig. 10(a) shows the I–V curves
on the linear scale. Since, the I–V curve of the device measured
in the dark is not visible clearly; therefore, the data is replotted
92 2.85 × 10

RSC Adv., 2023, 13, 20198–20208 | 20205
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Fig. 10 Room temperature light response of ZnO-NRs based IDEs device measured in the form of current–voltage characteristics.
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on logarithmic scale as shown in Fig. 10(b). It is obvious that the
I–V characteristics of ZnO-NRs are signicantly affected by the
illumination as well as intensity of UV light. This strong UV light
absorption and emission properties of ZnO-NRs making them
suitable candidates for nding potential applications speci-
cally in optoelectronics and photonics. ZnO-NRs response to UV
light can be explained in terms of their electronic and optical
properties. When expose to UV light, ZnO-NRs exhibit a signi-
cant increase in the photoconductivity. Which is attributed to
the increase in number of free charge carriers as a result of
generation of electron–hole pairs by absorption of photons
from UV light illumination. It is obvious from Fig. 10(b) that the
photoconductivity also increased with increasing the wave-
length of the UV light. Furthermore, other factors that
contribute to the enhancement of photoconductivity of ZnO-
NRs include the intensity of light, the presence of any surface
defects, the doping level of ZnO-NRs (not in the present case),
etc. However, in general, the signicant UV light sensitive
response of ZnO-NRs based IDE's device makes them promising
materials for a wide range of applications such as optoelec-
tronics, photonics, photocatalysis, sensors, solar cells, etc.
4. Conclusion

In this research work, zinc oxide nanorod's vertically growth
conditions are optimized on over a comb-shaped working area
of interdigitated Ag–Pd alloy signal electrode via wet chemical
route. Morphology and uniformity of these nanorods were
checked via FE-SEM. FE-SEM images conrmed uniform
vertical growth of ZnO-NRs on IDE substrate. Crystal structure
of sample was investigated via X-ray diffractometer which
revealed the formation of single-phase polycrystalline zinc oxide
with hexagonal structure. Energy dispersive X-ray spectrometer
was used for elemental analysis to check sample purity and to
support the XRD results. Impedance and modulus formalisms
were used to investigate qualitatively as well as quantitatively
various electro-active regions. Both formalisms have shown two
different electro-active regions. These regions were names as
grain and grain boundary based on the associated capacitance
and conductivity values. Grain and grain boundary have
20206 | RSC Adv., 2023, 13, 20198–20208
activation energy ∼0.11 eV and ∼0.17 eV, respectively. AC
conductivity analysis showed that in the low-frequency disper-
sion region, the dominant conduction is due to small polarons,
which is attributed to the grain boundary response while
correlated barrier hopping mechanism is the possible conduc-
tion mechanism in the high dispersion region and it is attrib-
uted to the grain. Furthermore, photosensitivity of the device
was checked using UV light of two different wavelengths i.e.,
254 nm & 365 nm. Substantial photoconductivity under UV light
illumination was achieved which can be attributed to the high
surface to volume ratio of ZnO-NRs as they provide high density
of trap states which causes an increase of carrier's injection and
transport that leads to a persistent photoconductivity.
Furthermore, carrier's transport in ZnO-NRs based IDE device is
also facilitated by frequency sweep applied to the sample which
suggests that ZnO-NRs based IDE devices can be useful for the
application of efficient UV detectors. Experimental values of
b (i.e., bexp) matched well with the theoretical bS which indicates
that Schottky type conduction mechanism is possible to operate
in ZnO nanorods. Furthermore, the signicantly high photo-
conductivity of ZnO-NRs in I–V curves as a result of UV light
illumination is due to the increase in number of free charge
carriers as a result of generation of electron–hole pairs by
absorption of UV light photons.
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