Nano-Structures & Nano-Objects 18 (2019) 100262

Contents lists available at ScienceDirect Nano Structures

&Nano Objects

Nano-Structures & Nano-Objects

journal homepage: www.elsevier.com/locate/nanoso

Structural modification of ZnO nanorod array through Fe-doping:
Ramification on UV and humidity sensing properties

A.S.Ismail*, M.H. Mamat ***, .B. Shameem Banu ¢, R. Amiruddin ¢, M.F. Malek ™,
N. Parimon?, A.S. Zoolfakar ¢, N.D. Md. Sin ¢, A.B. Suriani ¢, M.K. Ahmad ', M. Rusop *"

2 NANO-ElecTronic Centre (NET), Faculty of Electrical Engineering, Universiti Teknologi MARA (UiTM), 40450 Shah Alam, Selangor, Malaysia

Y NANO-SciTech Centre (NST), Institute of Science (10S), Universiti Teknologi MARA (UiTM), 40450, Shah Alam, Selangor, Malaysia

¢ Department of Physics, B. S. Abdur Rahman Crescent Institute of Science and Technology, Vandalur, Chennai 600 048, India

d Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), 40450 Shah Alam, Selangor, Malaysia

€ Nanotechnology Research Centre, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris (UPSI), 35900, Tanjung Malim, Perak, Malaysia
f Microelectronic and Nanotechnology-Shamsuddin Research Centre (MiNT-SRC), Faculty of Electrical and Electronic Engineering, Universiti Tun Hussein
Onn Malaysia (UTHM), 86400 Parit Raja, Batu Pahat, Johor, Malaysia

Check for
updates

GRAPHICAL ABSTRACT

Zn'* source

Lattice contraction

ARTICLE INFO ABSTRACT
Article history: Iron (Fe)-doped zinc oxide (ZnO) nanotip arrays (FZO) were prepared using low temperature sol-gel
Received 11 November 2018 immersion method. The X-ray diffraction analysis reveals that the crystallite size reduces from 30.7 to
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28.3 nm after doped with Fe. Besides, it is perceived that the lattice strain metamorphoses from tensile
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to compressive strain after doping with value of -0.23%. Field emission scanning electron microscopy

Keywords: images show that the Fe doping induced a significant modification to the ZnO structure; transforming
Fe-doped the structure from rod-like to tip-like structure. The current-voltage measurement results indicate that
ZnO nanotip the FZO film has good electrical properties with resistance value of 12.34 M£2. The FZO is also capable
Immersion of performing well as UV and humidity sensors. This study points out that FZO films are suitable for
UV sensing multifunctional uses particularly for UV and humidity sensing.

Humidity sensing © 2019 Elsevier B.V. All rights reserved.

1. Introduction

In the new global economy, zinc oxide (ZnO) has become a
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and transistors [2-5]. These varieties of applications are owing to
the advantages of ZnO such as non-toxic, high energy gap (~3.37
eV), high exciton binding energy, and ease of fabrication pro-
cesses [6,7]. The ZnO nanostructure-based devices have been de-
veloped through numerous approaches such as solution-based,
chemical vapor deposition, physical vapor deposition, and thermal
evaporation methods [8-11]. Among these reported methods, the
solution-based techniques still remain the main interest for ZnO
nanostructures preparation due to simple preparation process and
low deposition temperature.

To produce high performance sensor, a very sensitive material,
which responses well to the analytes, is required as a sensing ele-
ment. Most of the sensing mechanism usually involves surface re-
action. Thus, the sensing element that has enormous surface area,
low resistance, and massive amount of free carrier concentrations
are desirable. In case of pristine ZnO, it confronts several casualties
such as poor free carriers and possesses high resistive film. Doping
is an ideal approach to subjugate those deficiencies and ameliorate
the nature of pristine ZnO [12,13]. Previously, ZnO was reported to
be doped with numerous elements such as aluminum (Al), nitrogen
(N), nickel (Ni), and iron (Fe) [14-18].

Reports regarding Fe-doped ZnO film have been described in
previous studies [19-21]. However, to the best of our knowledge,
the detail investigation regarding the metamorphosis of Fe-doped
ZnO (FZO) from nanorod to nanotip structure and their effects to
the crystalline properties such as formation of strain, surface mor-
phology and topology, optical properties, and electrical properties
particularly for ultraviolet (UV) and humidity sensing performance
has yet to be conducted. Therefore, this topic is of particular inter-
est for learning the behavior of FZO in term of structural, optical,
electrical, as well as their capability in UV and humidity sensing. In
this contribution, we have prepared the FZO films through a facile
sol-gel immersion method. The synthesized FZO films were used to
detect UV light and humidity at room temperature. Our work offers
a new simple alternative for ZnO structural modification which at
the same time engenders suitability for multifunctional purposes.

2. Experimental procedure

The synthesis of FZO film involves two main steps, which are
the deposition of seed layer on a glass substrate using sol-gel spin-
coating and the nanorods growth using immersion method. The
detailed preparation of ZnO seed layer using spin coating method
has been described elsewhere [22]. For the nanorods growth, a
simple solution-based immersion method was used. A combina-
tion of 0.1 M zinc nitrate hexahydrate (Zn(NOs),- 6H,0; 98.5% pu-
rity; Friendemann Schmidt), 0.001 M iron (III) nitrate nanohydrate
(Fe(NOs3)3-9H,0; 98% purity; Merck) and 0.1 M hexamethylenete-
tramine (CgHq2Ny4; 99% purity; Sigma-Aldrich) were used as the
reagents in the preparation of FZO at 1 at.% Fe doping. These
reagents were mixed and dissolved in a beaker filled with deion-
ized (DI) water. Subsequently, the resulting solution was sonicated
using ultrasonic water bath for 30 min to produce homogeneous
mixture. Further, the solution was aged for 3 h and then transferred
into a vessel. At the bottom of the vessel, a glass substrate, which
was coated with the seed layer, was placed. For the growth process,
the vessel was positioned into immersion tank and underwent
growth process at 95 °C for 1 h. Finally, the finished product was
rinsed, dried, and annealed at 500 °C for 1 h. These steps were re-
peated for 0.2 and 0.5 at.% Fe-doped nanorod films using different
concentrations of iron (III) nitrate nanohydrate. For the undoped
ZnO nanorod arrays film (refer as ZnO) preparation, the steps were
conducted identically, except the solution was prepared without
the addition of iron (III) nitrate nanohydrate. For the characteri-
zation purposes, X-ray diffraction measurement (XRD, PANalytical
X'Pert PRO), field emission scanning electron microscopy (FESEM,

JEOLJSM-7600F), and atomic force microscopy (AFM, Park System)
were used to investigate the crystalline, surface morphology, and
surface topology of the films, respectively. The elemental analysis
of the sample was conducted using energy dispersive X-ray spec-
trometry (EDX, Inca). The Raman spectroscopy measurements of
the FZO and ZnO were conducted using micro-Raman spectroscopy
(Horiba Jobin Yvon-79DU420A-0E-325). For the optical measure-
ment, an ultraviolet-visible (UV-Vis) spectrophotometer (Varian
Cary 5000) was used. The electrical characteristics of the films were
analyzed using a two-probe current-voltage (I-V) measurement
system (Advantest R6243) and Hall effect measurement system
(ezHEMS, Nanomagnetics Instrument). For the UV sensing prop-
erties, a UV sensor measurement system equipped with UV lamp
(365 nm, 5 W) was used. For the humidity sensing characteris-
tics, the measurement was managed in a chamber (ESPEC-SH261)
equipped with current-voltage-time (I-V-t) measurement system
(Keithley 2400).

3. Result and discussion
3.1. Structural analysis

The XRD patterns of ZnO and FZO are depicted in Fig. 1. Five
diffraction peaks, which correspond to (100), (002), (101), (102),
and (103) plane orientations, confirm the presence of ZnO hexag-
onal wurtzite structure in accordance to JCPDS data card no. 36—
1451. It is observed that (002) plane orientation peak displays the
dominant intensity, which suggests that the growth of nanorod
and nanotip arrays are along the c-axis plane. Quantitative infor-
mation regarding the preferential crystalline orientation can be
investigated from the texture of the plane which represented by
the texture coefficient (TC) as expressed below [23]:

Lty /ocniy
N=1Y" Loy /Togaky

where Iy is the peak intensity from the XRD measurement, Iogi
is the standard peak intensity obtained from JCPDS data card no.
36-1451, and N is the number of considered diffraction peaks.
The variations of TCy are presented in Table 1. It is noticed that
both of ZnO and FZO exhibited preferred orientation along (002)
plane. Besides, the introduction of Fe element into the ZnO crystal
has increased the TCn) except for the TC(103). The increments of
TC(uiy of certain plane orientations after doping process were also
reported in previous studies [24,25].

The crystallite size, D of the films is estimated using the equa-
tion [26]:

0.94)
D= (2)
B coso

where A is the X-ray wavelength (1.54 A), 6 is the Bragg’s angle
in degree and g is the full width at half maximum (FWHM) in
radian. The value of D, €, and 8 of ZnO and FZO is recorded in
Table 1. It is noticed that the crystallite size slightly reduces after
doping. This may be due to smaller ionic radius of Fe>* ions (0.64
A) substituting the larger ionic radius of Zn** (0.74 A) ion sites in
the ZnO lattice [27]. The substitution of Fe3* ions causes retraction
of ZnO lattice, forming FZO film with smaller crystallite size. This
retraction leads to generation of larger strain in the film. The for-
mation of film strain, &,, is estimated using the given function [28]:

TChky = (1)

_ Cfilm — Chulk % 100% (3)
Chulk

where c¢gm and cpyy are the lattice parameters of the synthesized

films and bulk ZnO (5.2066 A), respectively, of the (002) plane

orientation. The ¢y, is obtained from the following function:

A
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Table 1

Texture coefficient, diffraction angle, FWHM, crystallite size, ¢y, and strain of ZnO and FZO.

Sample TC 26 at (002) plane (deg)  FWHMooy) (deg)  Crystallite size (nm)  cfjm (A)  Strain (%)
(100)  (002) (101) (102) (103)
Zno 031 1252 023 068 1125 3439 0.28 30.7 52093  0.05
FZO 042 1679 040 165 573 3449 0.31 283 51947  —0.23
& F brings upon massive intrinsic strain to the ZnO crystal structure.
= —(b) FZ0 As a result, the lateral strain forced the ZnO crystal to grow with
2 —(a) ZnO smaller diameter and sharp end. In addition, the formation of
nanotip structures may be related to the integration of smaller
—~ ionic radius of Fe3* ions into the ZnO lattice [27]. The composition
~ [~ ~ S of elements and Fe atoms distribution in FZO film are shown in
g = &‘ - Fig. 2(f) and (g), respectively. The EDX spectrum in Fig. 2(f) reveals
- A ;/ (b) FZ0 X that the FZO film consists of zinc (Zn), oxygen (0) and Fe with

Intensity arb.units)

A
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Fig. 1. The XRD patterns of ZnO and FZO.

(a) ZnO

The estimated &,, and ¢y, are shown in Table 1. The positive and
negative signs of &,, indicate that the strains are in tensile and
compressive quantities, respectively. The prepared ZnO film shows
a lower strain with tensile quantity, indicating better relaxation
of lattice structure. As the Fe** ions distributed into the ZnO
lattice, lattice contractions may be occurred, leading to generation
of larger strain across the film. As a result, the lattice parameter
of FZO is decreased after doping, as well as the crystallite size.
Furthermore, the tensile strain of ZnO film has a tendency to
eventually transform to the opposite direction of strain quantity
(compressive) with Fe doping, indicating the presence of more
tense crystal.

Fig. 2 depicts the surface morphologies of ZnO and FZO, and
the elemental analysis of FZO film. Fig. 2(a) and (b) show the
surface views of ZnO and FZO, respectively, captured at 50,000 x
magnifications. It is observed that the ZnO film exhibits nanorod
arrays with hexagonal shape, having average diameters of 105 nm.
Meanwhile, the FZO exhibits nanotip array structures with average
diameters of 10 and 85 nm at tip and middle parts, respectively.
Fig. 2(c) displays the tilted image of the nanotips at 30,000 x
magnification. It is clearly observed that the film consists of sharp
end with a large void area between each of the individual nanotips,
which may lead to the enlargement of surface area. The cross
sectional views of ZnO and FZO are depicted in Fig. 2(d) and (e),
respectively. The images indicate that both nanorod and nanotip
arrays grown perpendicular to the substrate with highly uniform
thicknesses. The average thicknesses of ZnO and FZO films are ap-
proximately 1.51 and 1.44 pm, respectively. No significant changes
to the thickness can be perceived as compared to the modifications
in the nanostructure forms after Fe doping. Most of the previous
reports regarding Fe-doped ZnO nanorods did not observe any
significant alteration to the morphology of the nanorods [29-32].
In this study however, the nanorod structures were transformed
into nanotips structure after doped with Fe. According to the XRD
analysis, Fe doping leads to the decrement of crystallite size and
lattice constant. Further, the incorporation of Fe into ZnO lattice

atomic percentage of 54.93%, 44.86%, and 0.21%, respectively. In
addition, the distribution of Fe element in the FZO in Fig. 2(g) is very
uniform, which suggests that the synthesis technique is reliable for
the doping process.

A simple growth mechanism of the FZO is illustrated in Fig. 3.
The prepared solution, which consists of Zn?* and Fe3* ion sources,
was poured into the vessel for nanostructure growth. For the
growth process, a temperature of 95 °C was applied to the solu-
tion to enhance the nanorod growth. During the initial growth,
nanorods with fine hexagonal structure were formed. At this stage,
the nanorods only consist of intrinsic ZnO (without the appearance
of Fe). The bonding energy of Zn-0 (159 kJ/mol) is lower compared
to Fe-0 bonding energy (174 kJ/mol) [33,34]. Thus, it is harder for
Fe,03 to form compared to ZnO. However, as the reaction time
continues, Fe3* ions started to substitute the Zn?* ion sites in ZnO
crystal. Due to small size and high electrostatic charge of Fe3*
ions, they induced contraction to the ZnO crystal, forming the tip
structures. The formations of FZO nanotips are further supported
by varying the concentrations of Fe. Noticeably, the increase of Fe
contents induced the formations of fine nanotip structures.

Surface topologies of the films analyzed using AFM are shown
in Fig. 4. The two-dimensional (2-D) and three-dimensional (3-D)
images (inset) were captured in 10x 10 wm? area. It is witnessed
that the surface of FZO film [Fig. 4(b)] is rougher than that of ZnO
film [Fig. 4(a)]. The surface roughness, R, of ZnO and FZO films
is estimated about 12.5 and 17.2 nm, respectively. According to
Yusoff et al., the surface roughness of nanostructure films with
deep pore channel (i.e., high thickness) measured using AFM is not
precise and need to be corrected. The correction can be done using
the following relation [35]:

T

RZ = ERa (5)
where Ry is the corrective average roughness, T is the film thick-
ness (including seed layer), and Z is the maximum z-range reach-
able by the AFM probe tip (190 nm). The corrected average rough-
ness is recorded to be approximately 99.3 and 130.4 nm for ZnO
and FZO samples, respectively. The increment of surface roughness
after Fe doping may be contributed to the structural changes in-
duced by the substitution of Fe atoms into ZnO crystal. Besides, we
observed a slight deviation to the film thickness after Fe doping
which may lead to rougher film surface. The findings in AFM
analysis is in agreement with the XRD and FESEM analysis.

Raman spectroscopy is a non-destructive technique which is
employed to analyze the crystallinity and to detect defects in ZnO
host lattice. Fig. 5 demonstrates the Raman spectra of ZnO and FZO
films taken using the 514-nm line of argon laser. The zone-center
optical phonons of wurtzite ZnO crystals are typically classified
based the given expression [36]:

I = A, +2B; +E; +2E, (6)
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Fig. 2. Surface views of (a) ZnO and (b) FZO. (c) Tilted image of FZO film. Cross sectional views of (d) ZnO and (e) FZO. (f) EDX spectrum and (g) elemental mapping of FZO

film.

Here, A; and E; are polar modes, B, are silent modes, and E, are
nonpolar modes. A; and E; are Raman and infrared active while
E, are Raman active only. In these spectra, two strong peaks were
appeared, which centered at around 437 and 565 cm~!. These
peaks corresponded to E, (high) and A; (LO) vibration modes,
respectively. The E; (high) mode is the band characteristic of the
wurtzite phase, whereby the A; (LO) vibration mode associates
with the structural defects such as oxygen vacancies and zinc
interstitials [37]. Besides, the reduced peak intensity of E, (high)
mode signifies the occupation of Fe into the ZnO crystal and the
degradation of crystalline quality, leading to the enhancement of
structural defects.

3.2. Optical properties

The transmittance spectra of the ZnO and FZO films are depicted
in Fig. 6. The transmittance of the films was measured in the wave-
length ranges between 350 to 800 nm. For the ZnO film, the light
is steadily transmitted in the visible region but rapidly declined in
the UV region. In case of FZO film, the transmission of light started
to reduce in the visible region (around 700 nm of wavelength) and
then significantly reduced once the light wavelength reaching in
the UV region. The average transmittance values of the ZnO and
FZO films in the visible region are 72% and 64%, respectively. The
significant reduction of transmittance may be closely related to
the optical scattering effect as reported in previous study [38].
The appearance of more pore areas in between the ZnO nanotips
causes obvious light scattering to happen. Besides, the shape of
nanotips may also cause reflection of the light when it reached the
surface, avoiding the light to pass through the film. In addition,
we noticed that the transmittance of the FZO film is higher than
that of undoped ZnO at around 700-800 nm of wavelengths. This

condition may be correlated with the slight reduction of film thick-
ness after doping. On the basis of previous reports, doping with
Fe can shift (red shift) the band edge of the transmittance which
resulted from the reduction of optical band gap energy [39,40]. This
reduction of band gap energy is closely related to the deviation of
particle size, owing to the substitution of the Fe atoms into the
ZnO crystal. The increased transmittance values of the Fe-doped
ZnO films at wavelength higher than 600 nm were also reported
by other researchers [41,42].

Utilizing the («hv)? versus hv curve (Fig. 7), the optical band gap
energy, E; of the ZnO and FZO films were estimated to be 3.28 and
3.26 eV, respectively. A slight decrease in E; can be observed for
the FZO. According to Singh et al., E; of intrinsic ZnO was reduced
after the substitution of Fe atoms may be due to the decrement
in grain size and transition tail width [43]. Ziabari et al. reported
that many-body effects, which happen either among free carrier
themselves or among free carriers and ionized impurities, may lead
to band gap narrowing [44]. The width of restricted states known
as Urbach energy is presented as followed [45]:

a(v) = aoe(%) (7)

where «°, E,, and v are constant, Urbach energy and the frequency,
respectively. The plot of In («) versus hv is described in Fig. 8. E,
was determined from the slope of the linear region of the plot.
The estimated values of E, for ZnO and FZO are 42 and 66 meV,
respectively. The value of E, increases after the Fe doping. This
increment is associated with the enrichment of local disorders
introduced by the extrinsic element. This can be clearly observed
from the significant transformation of structures, from nanorods
to nanotips. Furthermore, the addition of excess electrons from the
substitution of Fe>* ions may be escalated the electronic transition
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Fig. 3. Growth mechanism of FZO on seed layer-coated glass substrate.

mechanism in the band structure [46], leading to the broadening of
band tail.

3.3. Current-voltage (I-V) characteristics

In order to investigate the electrical properties of the ZnO and
FZO films, [-V measurement was performed in room temperature
with bias ranges of —5 V-5 V. The I-V plot in Fig. 9 indicates that
the Ohmic characteristics are obtained for the samples, where the
current signals are linearly changed over the supplied bias. One
can clearly observe that the current signal of FZO exceeds that
of the generated current by ZnO film. The film resistances were

analyzed via Ohm'’s law (V = IR) and the resistances were recorded
to be 54.05 and 12.34 M for ZnO and FZO films, respectively. A
significant reduction to the film resistance can be observed when
the film is doped with Fe. In accordance to Kroger Vink notation,
when Fe3* ions occupying the Zn sites in ZnO crystal, free electrons
will be generated. In the notation below, the generation of free
carriers is explained [47];

F€203 — 2F€2n + 30; + 23/ (8)

where Fez,* and O, signify the positive charge of Fe and oxygen
ions that inhibit the ZnO crystal while “X” denotes the neutrality of
0,. From the notation, substitutions of two Fe atoms engender two
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Fig. 4. Surface topology of (a) ZnO and (b) FZO films.
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Fig. 5. Raman spectra of ZnO and FZO.
100
(€))
g 80-
g 60
E i
: (b)
E 40-
g
=20
—(a) ZnO
0 — (b) FZO
400 500 600 700 800
Wavelength (nm)

Fig. 6. Transmittance properties of ZnO and FZO films.

free electrons. As a consequence of this, a film with high electron
concentrations is produced. Based on the report by Hong et al., high
concentration of free carriers produced low resistive films [48].

1.0
—(a) ZnO
— () FZ0
0.8
:E 0.6
30
S
L 044
=
c}
0.2
0.0 - r B
3.10 3.15 3.20 3.25 3.30 3.35
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Fig. 7. Optical band gap energy, E, estimation using Tauc’s plot of ZnO and FZO
films.

17
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In ()
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Photon Energy (eV)

&
310 315

Fig. 8. Urbach energy, E, estimation using In («) versus photon energy plot of ZnO
and FZO films.

This statement is also in agreement with the study reported by Can
and co-workers [49]. These reports supported our findings.
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Fig. 9. I-V plot of ZnO and FZO films.

In order to further analyze the electrical properties, Hall effect
measurement was conducted at room temperature to observe the
resistivity, conductivity, Hall mobility, and carrier concentration of
the ZnO and FZO films. The measured data were listed in Table 2.
When Fe was doped in the ZnO nanorods, the resistivity of the film
reduced and the conductivity increased. The increased conductiv-
ity was demonstrated to be contributed from the enhancement of
free carrier concentrations as observed in Table 2. Meanwhile, the
Hall mobility depicted an inverse behavior. The incorporation of Fe
in the structure has caused the Hall mobility to reduce, due to the
enhancement of film stress (tensile) [48]. Figure of merit (FOM) is
an important parameter in opto-electronic applications. FOM can
be determined by the following formula [50]:

FOM = 1 In(T) (9)
0

where p is the resistivity and T is the film transmittance. Interest-
ingly, the FOM value in Table 2 was significantly increased after Fe-
doped, indicating high potential of the FZO film in opto-electronic
applications.

3.4. UV sensing performance

The UV-sensing performance of ZnO and FZO films were inves-
tigated under 365 nm of UV illumination. In this measurement, 5 V
of DC bias was applied and the effect of the current signal changes
upon with and without UV illuminations were thoroughly inves-
tigated. It is important to note that the thicknesses of undoped
ZnO and FZO films are almost similar (around 1.5 pwm). The UV
response plot can be observed in Fig. 10. The current value before
UV light illumination (dark current) displayed a stable signal. Upon
UV illumination, the photocurrent swiftly elevated until it reached
saturation level. When the UV light was turned “OFF”, the cur-
rent signal rapidly dropped until they made it to the preliminary
current values. From the response plots, one can witnessed that
the current signals of FZO films are greater than that of ZnO film
after the exposure of UV light. The UV sensing performances were
further analyzed by measuring the response parameters (i.e., rise
time, decay time, sensitivity, and responsivity). Rise time and de-
cay time constants are referring to the time constant of current
signal during rising and decaying process, respectively, upon UV
illumination and after UV illumination. Herein, we estimated the
rise time and decay time constants using the given equations [51]:

Dark current
UVON UV OFF
16 +——p < »
—(a) 0 at.%
—(b) 0.2 at.%
12- —(c) 0.5 at.%
—(d) 1 at.%

i

Current (UA)

=
1

0 I T T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Fig. 10. UV photoresponses of undoped ZnO and FZO films.

Rising process;

I=1, (1 — exp (—%)) (10)

Decaying process;

1=1, (exp (—%)) (11)
d

The rise/decay time of the films under and after UV illumina-
tions are recorded in Table 3. 1 at.% FZO-based sensor seems to
possess the fastest rise time and decay time. These reduction of
times are benefited from several factors such as the enhancement
of surface roughness and the increment of free carriers which
improve the rate of oxygen adsorption and desorption [52]. The
responsivity, R value is obtained as follows [53]:

Ly —1
R = ph dark (12)
Pop
while sensitivity, S is determined from the given formula:
I
s=- «100% (13)

I dark

Here, I, represent the photocurrent (under illumination), Iyqr is
the initial current before illumination, and P, is the optical power
of the UV lamp. The measured values of sensitivity/ responsivity of
Zn0 and FZO films are listed in Table 3. Noticeably, both responsiv-
ity and sensitivity are gradually improved over the introduction of
Fe up to 1 at.% compared to ZnO. The FESEM analysis and growth
indicate that the appearance of Fe atoms inside ZnO structure
coerces the crystal to grow with tip ends. With the increase of
Fe content, more nanotip structures were successfully formed.
Accordingly, a massive increment of void areas appeared between
each individual nanotip, inducing more surface interactions with
the UV light. Thus, when the UV light is illuminated to the film,
more surface reactions and excitation of electrons can be induced.
As a result, high sensing response is produced. This increment
of surface interactions may be supported by the rise of surface
roughness of FZO film shown by AFM analysis. Moreover, the
substitutions of Fe3* ions into Zn sites in the ZnO lattice effectuate
more carrier concentrations, promoting high photocurrent value.
The augmentation of carrier concentrations due to Fe doping also
being reported in literature [54]. At the interface of FZO film and Au
electrodes, there is a thin depletion layer appeared. This layer ex-
ists due to the difference in their band structure. As the free carrier
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Table 2

Resistivity, conductivity, Hall mobility, carrier concentration, and figure of merit of ZnO and FZO.

Sample  Resistivity (2 cm)  Conductivity (2~ em™1)

Hall mobility (cm? V ~!s71)

Carrier concentration (cm~3)  Figure of merit (Q~')

7.6 x 1072 5.2
41.7 x 1072 1.3

Zn0 13.2
FZO 24

2.5 x 1072
18.6 x 1072

9.1 x 10"
19.9 x 10"

Table 3

UV sensing performance which involves the rise time constant, decay time constant, sensitivity, and responsivity of undoped ZnO (0 at.%)

and FZO.

Concentration (at.%) Rise time constant, t; (s)

Decay time constant, 74 ()

Sensitivity, S (%) Responsivity, R (mA/W)

0 83 166
0.2 85 186
0.5 77 138
1 21 69

252 0.71
508 0.98
806 1.34
1173 273

concentration increases, this depletion layer may reduce, allowing
efficient mobility of electrons across the metal-semiconductor
interface [51].

Based on the UV sensing performances, the surface reaction
happened on the surface of the film is explained [55]. Before UV
illumination, the electrostatic field on FZO surface attracted is
oxygen from ambient to the surface. Then, the oxygen is chemically
reacted with the FZO structure and trapped free electrons on the
surface. They formed adsorbed oxygen ions and due to this, the
initial current (dark current) before UV illumination is very low.
Once the UV light is introduced to the film surface, the electron is
excited to the conduction band leaving the hole in the valence band
to produce photogenerated current. Owing to the photogeneration
of electron-hole pairs, the current signal is rapidly increased as
observed in the response plot (Fig. 10). Another contributing fac-
tor to the increment of current signal is related to the adsorbed
oxygen ion. When electron is excited to the conduction band, it
leaves behind the positively charged hole in the valence band. This
positively charged hole attracts the negatively charged, adsorbed
oxygen ion and the reaction between them releases the trapped
electron back to the FZO surface. Accordingly, the film conductivity
is intensified. There are various studies reported on the different
types of doping for ZnO-based UV sensors. For instance, Shinde
and his co-worker studied on the Ga-doped ZnO-based UV sensors
which were synthesized on top of alumina substrate using spray
pyrolysis method [56]. The UV sensor exhibited a responsivity
of 1187 A/W. In other study, they also prepared Ga-doped ZnO-
based UV sensors using the same method on top glass substrate
which then produced a responsivity of 1125 A/W [57]. In addition,
they also reported on N-doped ZnO-based UV sensors which also
displayed high responsivity to UV light [58].

The response of 1 at% FZO has been tested for nice cycles
to observe their repeatability behavior and depicted in Fig. 11.
The response is highly identical, indicating that the FZO-based UV
sensor has good stability for long period.

3.5. Humidity sensing performance

In addition to the UV sensing performance, we also investigated
the humidity sensing performance of ZnO and 1 at.% FZO films.
The humidity sensing responses of the films can be observed in
Fig. 12. The measurement was conducted using 5 V bias at humidity
levels between 40%-90% RH. From the responses, the samples
displayed a stable signal at 40% RH. Subsequently, the humidity
level was elevated to 90% RH, and the current signal started to rise
up until they reached the maximum value at humidity level of 90%
RH. Then, the humidity level was reduced to 40% RH to complete
the response curve and it was remarked with the prompt current
signal dropped until they grasped the initial current level. From the
response plots, the response time, recovery time, and sensitivity
of the films to humidity were measured. Response/recovery times

UVOQ UV OFF
14 v

12 {

[y
*. <

=)
[

Current (pA)

il

1000 1500

Time (5)

0 500 2000

Fig. 11. Repeatability behavior of UV photoresponse of 1 at.% FZO taken for nine
cycles.

are referred to the time taken for the film (sensor) to reach 90%
of current changes during adsorption/desorption processes. The
response/recovery times taken by ZnO and FZO samples for the
adsorption and desorption of water molecules are 336/370 and 287
s/119 s, respectively, and the results are displayed in Table 4. For
sensitivity measurement, the following formula is used:

I
g — 9%

x 100% (14)
Laoy

Here, S represent the sensitivity of the films to humidity, Iggy is the
current when humidity is at 90% RH, and I4¢4 is the current when
humidity is at initial humidity level (40% RH). For ZnO sample, the
I40% and Iggy are 9.40 and 15.20 nA, respectively, while I43 and
Igoy of FZO are 24.9 and 49.1 nA, respective. Using those values,
the sensitivity of ZnO and FZO films to humidity is calculated
to be 162% and 197%, respectively. The calculation results are
summarized in Table 4. The FZO sample displays a promising
potential in humidity sensing application. The FZO-based humidity
sensor depicts an enhanced performance with better response and
recovery times and also higher humidity sensitivity than that of
ZnO. This improvement of humidity sensing performance may be
closely related to the shape of nanotips which have wide opening
at the surface. This may allow ease of adsorption and desorption of
water molecules on the film surface.

The mechanism of humidity detection is further discussed [59,
60]. For this explanation, an illustration of water molecule adsorp-
tions on a single nanotip is depicted in Fig. 13. At initial stage of
adsorption, water molecule from ambient is chemically reacted
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Table 4
Humidity sensing performance which involves the response time, recovery time,
and sensitivity of ZnO and 1 at.% FZO.

Sample Response time (s) Recovery time (s) Sensitivity, S (%)
ZnO 336 370 162
FZO 287 119 197
60
| —(a) ZnO
<0. 90%RH — () FZO
(W)
Z W
~—~
% 30
E T 40%RH 40%RH
S —
20 (Q‘
10-
0 200 400 600 800 1000 1200

Time (s)

Fig. 12. Humidity sensor responses of ZnO and 1 at.% FZO with a bias voltage of 5
V.

Physisorption
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Fig. 13. Humidity sensing mechanism on FZO surface.

(hydrogen bond) with the FZO surface and forms chemisorbed
layer. This attraction of water molecules is also assisted by the high
carrier concentrations in the film. These free carriers induce high
electrostatic field on the surface, enhancing the attraction of water
molecules from ambient [61]. When the condition becomes more
humid, another layer of water molecule is physically adsorbed on
the chemisorbed water layer. Owing to high electrostatic field on
top of FZO surface, water molecules from physisorbed layer can
be decomposed into H;0" and OH™ ions. This H30" ions is then
became the source of electrical conduction in which the positively
charge H* continuously hop from one water molecules to the
neighboring water molecules and this mechanism induces electri-
cal conduction. This mechanism is also known as Grotthuss chain.
In addition, the wide pore channel on top of FZO film provides an
easy route for the water molecules to be adsorbed on and desorbed
from the film surface. This leads to the fast response and recovery
time, and improves the humidity sensitivity.

4. Conclusion

FZ0O was successfully synthesized using low temperature sol-
gel immersion method. The XRD analysis shows that the crystallite
size and lattice constant of FZO reduce as compared to that of ZnO.
In addition, the lattice strain enlarges and changes from tensile to
compressive strain after Fe doping with the strain value of —0.23%.
Furthermore, the FZO sample displays smaller diameter than those
of ZnO with the tip and middle parts having average diameter of 10
and 85 nm, respectively. Besides, the FZO film has lower thickness
than that of the ZnO. The AFM analysis indicates that the film
surface became rougher after Fe doping, with corrected average
roughness value of 130.4 nm. The optical characterizations indicate
that the Fe doping suppresses the Eg, from 3.28 to 3.26 eV. The
E, also increased after doped with Fe. From the I-V measurement
results, the FZO film displays good electrical properties with re-
sistance value of 12.34 MQ. The FZO shows promising results for
the UV and humidity sensing. For the UV sensing performance,
the FZO-based sensor at 1 at.% concentration produced the best
performance with rise time, decay time, sensitivity and respon-
sivity of 21 s, 69 s, 1173%, and 2.73 mA/W, respectively. As for
humidity sensing performance, the response time, recovery time,
and sensitivity of FZO-based sensor are 287 s, 119 s, and 197%,
respectively.
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