Ceramics International 42 (2016) 9785-9795

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

Contents lists available at ScienceDirect

Ceramics International

CERAMICS

INTERNATIONAL

Fabrication of hierarchical Sn-doped ZnO nanorod arrays through

CrossMark

sonicated sol —gel immersion for room temperature, resistive-type

humidity sensor applications

A.S. Ismail ?, M.H. Mamat *”*, N.D. Md. Sin?, M.F. Malek *°, A.S. Zoolfakar?, A.B. Suriani ,

A. Mohamed ¢, M.K. Ahmad ¢, M. Rusop *"

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

> NANO-SciTech Centre (NST), Institute of Science (10S), 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
4 Microelectronic and Nanotechnology — Shamsuddin Research Centre (MiNT-SRC), Faculty of Electrical and Electronic Engineering, Universiti Tun Hussein

Onn Malaysia (UTHM), 86400 Batu Pahat, Johor, Malaysia

ARTICLE INFO ABSTRACT

Article history:

Received 1 February 2016
Received in revised form

1 March 2016

Accepted 9 March 2016
Available online 10 March 2016

Keywords:

Humidity sensor
Sn-doped ZnO
Nanorod

Immersion
Structural properties

Hierarchical tin (Sn)-doped zinc-oxide (ZnO) nanorod arrays (SZO) were deposited onto Al-doped ZnO-
coated glass substrate by using a sonicated sol-gel immersion method for resistive-type humidity sensor
applications. X-ray diffraction patterns revealed that the deposited SZO arrays exhibit a wurtzite struc-
ture. SZO possessed smaller average diameter, crystallite size, and thickness than the undoped sample
did. The SZO film also exhibited compressive strain and tensile stress values of —0.033% and 77 MPa,
respectively. Our result showed the sensitivity of the SZO based-sensor improved compared with that of
the undoped ZnO, with values of 3.41 and 1.41 at 40% to 70% RH and 70% to 90% RH, respectively. The
response and recovery times of the SZO based humidity sensor improved to 230 and 30 s, respectively.
All these results indicated that SZO had high potential for humidity-sensor applications.

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

The monitoring and detection of humidity are of considerable
importance for various technological purposes, including electro-
nic device fabrication, food technology, health care, and industrial
chemicals. The most common material types used for humidity
sensors are metal oxide semiconductors because these materials
exhibit ease in fabrication, controllable size and morphology,
capability for surface modification, and chemical stability. Com-
pared with other sensing materials, metal oxide semiconductors
are characterized by low costs, simple construction, small size, and
easy installation. Zinc oxide (ZnO), a wide bandgap (~3.3 eV) n-
type semiconductor with high chemical/physical stability and
unique electrical and optical properties, has emerged as an im-
portant material in the fields of sensors, field electron emission,
and solar cells [1-4]. Extensive scientific and technological efforts
have been devoted to the preparation of ZnO nanostructure-based
humidity sensors to enhance sensitivity, response/recovery time,
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selectivity, and stability [5-7]. Recently, ordered structured semi-
conductor metal oxides, such as ZnO nanorod arrays, which pro-
vide several advantages, such as extensive surface area, high sur-
face-to-volume ratio, and high electron mobility, have been ex-
tensively investigated in terms of the outlining and development
of highly sensitive humidity sensors. One-dimensional ZnO na-
norod structure exhibits performance superior to nanoparticle
films because the former yields a higher surface-to-volume ratio
than the latter does; moreover, the structure provides a direct
pathway for charge transport along the axis of ZnO arrays; as a
result, electron-hole pair recombination possibilities are con-
siderably reduced [8,9]. Various synthesis approaches of ZnO na-
norod arrays include solution-based processes [10-13], chemical
vapor deposition (CVD) [14], sputtering [15], and metalorganic
CVD [16]. Among these approaches, solution-based methods have
emerged as a promising method because of their simplicity, low
cost, and ability to produce high-quality ZnO nanorod arrays.
Numerous types of humidity sensors have been described. To
date, various sensor types, such as capacitive [5], resistive [17],
optical fiber [18], surface acoustic wave (SAW) [19], and quartz
crystal microbalance (QCM) [20] have been used as humidity
sensors. Resistive-type humidity sensors have received consider-
able attention because they are characterized by several


www.sciencedirect.com/science/journal/02728842
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2016.03.071
http://dx.doi.org/10.1016/j.ceramint.2016.03.071
http://dx.doi.org/10.1016/j.ceramint.2016.03.071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.03.071&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.03.071&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.03.071&domain=pdf
mailto:mhmamat@salam.uitm.edu.my
http://dx.doi.org/10.1016/j.ceramint.2016.03.071
https://www.researchgate.net/publication/257032853_A_novel_fabrication_of_MEH-PPVAlZnO_nanorod_arrays_based_ordered_bulk_heterojunction_hybrid_solar_cells?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/276364613_Efficient_field_emission_characteristics_from_a_planar-gate_surface-conduction_electron_source_with_ZnO_emitters?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/284360914_Effect_of_Oxygen_Flow_Rate_on_the_Ultraviolet_Sensing_Properties_of_Zinc_Oxide_Nanocolumn_Arrays_Grown_by_Radio-Frequency_Magnetron_Sputtering?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/223256872_Influence_of_doping_concentrations_on_the_aluminum_doped_zinc_oxide_thin_films_properties_for_ultraviolet_photoconductive_sensor_applications?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/283347469_Fabrication_Modeling_and_simulation_of_High_Sensitivity_Capacitive_Humidity_Sensors_Based_on_ZnO_Nanorods?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/283347469_Fabrication_Modeling_and_simulation_of_High_Sensitivity_Capacitive_Humidity_Sensors_Based_on_ZnO_Nanorods?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/261370986_The_role_of_water_vapour_in_ZnO_nanostructures_for_humidity_sensing_at_room_temperature?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/273325002_Photoelectrocatalytic_activity_of_a_hydrothermally_grown_branched_Zno_nanorod-array_electrode_for_paracetamol_degradation?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/276368943_Enhanced_photovoltaic_performance_of_ZnO_nanorod-based_dye-sensitized_solar_cells_by_using_Ga_doped_ZnO_seed_layer?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/281799518_Effect_of_ammonia_on_morphology_wettability_and_photoresponse_of_ZnO_nanorods_grown_by_hydrothermal_method?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/263086391_Fabrication_of_an_ultraviolet_photoconductive_sensor_using_novel_nanostructured_nanohole-enhanced_aligned_aluminium-doped_zinc_oxide_nanorod_arrays_at_low_immersion_times?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/280311514_Effect_of_H2O2_concentration_on_electrochemical_growth_and_properties_of_vertically_oriented_ZnO_nanorods_electrodeposited_from_chloride_solutions?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/253032743_Controllable_Growth_of_Vertically_Aligned_Aluminum-Doped_Zinc_Oxide_Nanorod_Arrays_by_Sonicated_Sol--Gel_Immersion_Method_depending_on_Precursor_Solution_Volumes?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/275891721_Single_and_multi-layered_core-shell_structures_based_on_ZnO_nanorods_obtained_by_aerosol_assisted_chemical_vapor_deposition?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/273621059_Different_defect_levels_configurations_between_double_layers_of_nanorods_and_film_in_ZnO_grown_on_c-Al2O3_by_MOCVD?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/276528172_Graphene_quantum_dots_as_a_novel_sensing_material_for_low-cost_resistive_and_fast-response_humidity_sensors?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/282951691_Humidity_sensor_based_on_power_leakage_at_resonance_wavelengths_of_a_hollow_core_fiber_coated_with_reduced_graphene_oxide?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/277027076_Humidity_responses_of_Love_wave_sensors_based_on_ZnOR-sapphire_bilayer_structures?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==
https://www.researchgate.net/publication/263812477_Humidity-sensing_properties_of_ZnO_QDs_coated_QCM_Optimization_modeling_and_kinetic_investigations?el=1_x_8&enrichId=rgreq-870f5ea2-a39e-4b53-aca0-46bc8868dd19&enrichSource=Y292ZXJQYWdlOzI5Nzc1NTk2ODtBUzozNTI4MTY5NjQwOTYwMDBAMTQ2MTEyOTUyNzMzMQ==

9786 A.S. Ismail et al. / Ceramics International 42 (2016) 9785-9795

advantages, such as easy preparation, low cost, direct current
electrical conductivity, and simple application circuit [21]. Re-
sistive-type humidity sensing materials include metal oxide
semiconductors, polymers, and polyelectrolytes. For resistive-type
ZnO-based humidity sensors, the use of pristine ZnO sensors is
associated with few drawbacks, such as lagging change in re-
sistance values at higher relative humidity (RH) because of the
high resistivity of the material. As a consequence, this condition
limits their practical applications. To overcome this problem and
to improve the properties of ZnO, researchers should subject these
materials to doping. Several metals, such as silver (Ag), iron (Fe),
aluminum (Al), and tin (Sn), have been doped ZnO materials [22-
25]. We investigated Sn because of its promising dopant char-
acteristics; for instance, Sn can enhance conductivity because of
double-ionized donors, which provide extra carriers, improve ZnO
properties, such as field emission (FE) characteristics, and increase
water adsorption for humidity-sensing applications [26-28]. For
example, Hendi et al. investigated the effect of different con-
centration of Sn-doped ZnO-based QCM humidity sensor and
found that crystallite size decreases when ZnO is doped with Sn
[28]. They also observed that the performance of the QCM hu-
midity sensor improves when ZnO is doped with Sn. However,
other studies have demonstrated that Sn degrades sensor perfor-
mance. For instance, Ates et al. prepared Sn-doped ZnO-based
QCM humidity sensors with varying concentrations of Sn through
a sol-gel method [29]. Their result suggested that crystallinity
decreases as the Sn concentration increases. They also observed an
increase in particle size upon Sn doping; as a result, frequency
drifting is induced and humidity sensing capabilities are degraded.
Sn-doped ZnO film-based humidity sensors, particularly for QCM
type humidity sensors, have been described. However, a detailed
investigation has yet to be conducted on the properties of hier-
archical Sn-doped ZnO nanorod arrays (SZO) in terms of structural
and optical characteristics, such as crystallite size, stress/strain, and
Urbach energy, particularly their effects on the humidity-sensing
performance of resistive-type sensor configuration. Furthermore,
SZ0O-based humidity sensors in a resistive configuration has not been
widely studied. Therefore, this particular topic is of particular interest
for understanding SZO behavior in terms of structural and optical
properties, as well as their resulting humidity-sensing performance.
In this contribution, a SZO-based humidity sensor was prepared via
an efficient and simple sonicated sol-gel immersion method. Using
this method, we fabricated the SZO-based humidity sensor to detect
humidity at room temperature. A sensing system in various humidity
levels was established, and sensor response was examined through
electrical measurements, along with structural and optical char-
acterizations to evaluate the properties of the fabricated sensor.

2. Experimental procedure
2.1. Preparation of ZnO seed layer

For the preparation of the seed layer, 0.4 M zinc acetate dihy-
drate (Zn(CH3COO), - 2H,0; 99.5% purity; Aldrich), 0.4 M mono-
ethanolamine (MEA, H,NCH,CH,OH; 99.5% purity; Aldrich),
0.004 M aluminum nitrate nanohydrate (AIl(NOs)s-9H,0; 98%
purity; Analar), and 2-methoxyethanol were used as a precursor,
stabilizer, dopant source, and solvent, respectively. The reagents
were mixed together and stirred on a hot plate stirrer at 80 °C for
3 h. Then, the solution was aged for 24 h at room temperature to
obtain a homogeneous solution. The prepared solution was spin-
coated on glass substrate at 3000 rpm for 1 min. Film-coated
samples were then heated and dried at 150 °C for 10 min. The
process was repeated five times to increase the thickness of the
seed layer prior to final annealing at 500 °C for 1 h.

2.2. Preparation of undoped ZnO and SZO films

Nanorods were grown via a sonicated sol-gel immersion
method. The solution was prepared using 0.1 M zinc nitrate hex-
ahydrate (Zn(NOs), - 6H,0; 98.5% purity; Schmidt), 0.1 M hexam-
ethylenetetramine (HMT, CgH{3N4; 99% purity; Aldrich), and
0.001 M tin (IV) chloride pentahydrate (SnCl,-5H,0; 98% purity;
Aldrich) as a precursor, a stabilizer, and a dopant source, respec-
tively. Undoped and Sn-doped solutions were prepared by mixing
and dissolving the reagents in deionized (DI) water and then so-
nicating at 50 °C for 30 min. Afterward, the solutions were aged at
room temperature for 3 h. Then, the solutions were poured into
Schott bottles; the seed layer-coated glass substrates were placed
at the bottom of the bottles. The bottles were then immersed in a
water bath immersion tank at 95 °C for 2 h. Then, the samples
were cleaned with DI water, heated, and dried at 150 °C for 10 min.
The samples were annealed at 500 °C for 1h. Gold (Au) metal
contacts were deposited on top of the samples as electrodes at a
thickness of 60 nm through sputtering (Emitech K550X) with aid
of a physical mask. The configuration of the fabricated humidity
sensor with SZO films is shown in Fig. 1.

2.3. Characterizations

The surface morphology/cross-sectional images and crystal-
linity properties of samples were characterized through field
emission scanning electron microscopy (FESEM; JEOL JSM-7600F)
and X-ray diffraction measurement (XRD; PANalytical X'Pert PRO),
respectively. The prepared nanorods were characterized through
compositional analysis by using an energy dispersive X-ray spec-
troscopy (EDX, INCA). The optical properties of the nanorod arrays
were investigated using an ultraviolet-visible spectrophotometer
(Varian Cary 5000). The sensor performance was determined
using a humidity chamber (ESPEC-SH261) equipped with a sensor
measurement system (Keithley 2400).

3. Result and discussion

The XRD patterns of undoped ZnO and SZO films are shown in
Fig. 2. The XRD patterns of the films correspond to the four main
diffraction peaks of ZnO, namely, (100), (002), (101), and (102). The
observed peaks for the nanorod arrays are attributed to a poly-
crystalline structure with hexagonal wurtzite structure films
(zincite phase JCPDS #36-1451) and exhibit a preferred (002) or-
ientation. Sn peaks were not detected and secondary phases and
clusters, such as SnO,, were not formed. The intensity of the (002)
peak exhibits a dominant diffraction; thus, the films are pre-
ferentially oriented along the c-axis and perpendicular to the
substrate. High atomic density and surface energy minimization at

Au contact

SZ0

ZnO0 seed layer

IHANIIIIII I I

AAIANAAN

<« Glass substrate

Fig. 1. Schematic of room temperature, resistive-type humidity sensor using SZO
film.
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Fig. 2. XRD pattern of undoped ZnO and SZO films.

the c-axis orientation may explain the easy growth of along the c-
axis orientation [30]. On the basis of the diffraction peaks, we also
observed that the intensity of the preferred c-axis orientation
(002) peaks is slightly decreased with Sn doping. This finding in-
dicates that Sn atoms are successfully incorporated into the ZnO
lattice.

The crystallite sizes, D(go2), of the undoped ZnO and SZO were
estimated from the full width at half maximum (FWHM, f) of the
(002) plane orientation peak by using the Scherrer's equation [31]:

0942
002 = 4 cos 0 o))

where A is the X-ray wavelength (1.54 A), /8 is the FWHM in ra-
dians, and @ is the diffraction angle. # and @ were obtained from
the diffraction peak of (002) plane orientation as shown in Table 1.
On the basis of Scherrer estimation, we found that the crystallite
sizes of the undoped ZnO and SZO were 30.7 and 27.8 nm, re-
spectively. These results show that crystallite size slightly de-
creases with Sn doping. This behavior could be related to the
difference between the ionic radii of Zn’>* (0.74 A) and Sn**
(0.69 A) [32]. The reduction of crystallite size may reduce the
average diameter and thickness of SZO.

The interplanar distance, d, and the lattice parameters, a and c,
for the hexagonal structure of the undoped ZnO and SZO were
determined by using the Bragg's equations [33,34]:

Zdhkl Sin 9 = TM. (2)

a 2

1 _3[h2+hk+k2]+ P
c 3

di 3 2

where (hkl) represents Miller index, dpy, represents the interplanar
spacing for indices (hkl), a and c represent the lattice constants of
the ZnO, n is the order of diffraction (usually n=1), A is the X-ray
wavelength of Cu Ko radiation (1.54 A), and @ is Bragg's angle.
Using Egs. (2) and (3) with the first order approximation, n=1,
the lattice constants agm and cpm correspond to the (100) and
(002) plane orientations, respectively, were determined. Egs.

Table 1
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(2) and (3) can be simplified by the following equations [35]:

A
Ay = ————
fim =3 sin 0 )
o 2
fim = sin ¢ (5)

For agm, @ is the diffraction angle corresponding to the (100)
peak. For cgm, 0 is the diffraction angle corresponding to the (002)
peak. According to the XRD pattern, the diffraction angles 26 at
(002) and (100) plane orientations of undoped ZnO were 34.39°
and 31.71°, respectively. On the other hand, the diffraction angles
20 at (002) and (100) plane orientations of SZO were 34.42 and
31.82°, respectively. The calculated dy,, fiim, and csm of undoped
ZnO were 2.6047, 3.2544, and 5.2093 A, respectively, whereas
those for SZO were 2.6025, 3.2434, and 5.2049 A, respectively, as
presented in Table 1. The results show that dpy, gfim, and Cam
decreased with Sn doping. These changes may occur because of
lattice contraction when Sn replaces the Zn sites [36].

Moreover, the diffraction angle of SZO at (002) peak orientation
shifted to a higher value, as shown in Table 1. The peak shift of SZO
also provides an evidence for the partial substitution of Sn atoms
into the ZnO lattice [37]. This finding may be attributed to the
change in the crystallographic properties of thin films because of
the difference between the ionic radii of Sn** and Zn?™*. Thus, the
incorporation of Sn into ZnO lattice leads to a change in inter-
planar spacing (d-value) and an increase in the diffraction angle of
(002) plane orientation according to the Bragg's equation [38].
This shift may be attributed to the deterioration of intrinsic stress
in the crystal lattice. This shift is also consistent with that de-
scribed by Ajili et al., who prepared a Sn-doped ZnO thin film
through pulverization [39]. Other components affecting the crystal
growth include the formation of stress and strain in the lattice
because of the doping process. The strain &,, in the ZnO nanorod
along the c-axis can be calculated by using XRD data based on the
biaxial strain model, as expressed in the following equation [40]:

C — (
_ film bulk « 100%
Cputk (6)

where cgrm, signifies the lattice parameter of the ZnO nanorod films
and cpy is the unstrained lattice parameter for bulk ZnO
(5.2066 A). The positive and negative strain values represent the
tensile strain when the film is stretched and the compressive
strain when the film is compressed [41], respectively; by contrast,
the residual stress of the film og, was obtained on the basis of the
biaxial stress model expression [42]:

P 2G5 - GGy + G,
" 2G; “ )

€2

where C; are the elastic stiffness constants of bulk ZnO
(C11=208.8 GPa, C12=119.7 GPa, C13=104.2 GPa, and
(C33=213.8 GPa) and ¢,, is the lattice strain. This equation yields
the following relationship for stress: omm= —233€ezz (GPa). The
positive and negative values of stress represent the tensile stress
and compressive stress, respectively [41]. On the basis of these
equations, we obtained the strain/stress of the undoped ZnO and
SZ0 of 0.051%/ — 119 MPa and —0.033%/77 MPa, respectively. After

Diffraction angle at (002) and (100) plane orientations, FWHMo2), crystallite size, interplanar distance, lattice parameters, strain, and stress of undoped ZnO and SZO films.

Sample (GPa) 20 at (002) plane 20 at (100) plane FWHM(g2) (deg) Crystallite size Interplanar distance,d  dagm (A) Clilm (A) Strain (%) Stress

(deg) (deg) (nm) (A) (MPa)
Undoped ZnO 34.39 31.71 0.282 30.7 2.6047 3.2544 5.2093 0.051 -119
Sz0 34.42 31.82 0311 27.8 2.6025 3.2434 52049 -0.033 77
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the sample was doped with Sn, the sample evidently exhibited
compressive strain/tensile stress. In a previous report, doping with
sn** induces a change in crystal structure because the ionic radius
of Sn** is smaller than that of Zn?* [43]. Thus, Sn doping likely
increases the relative stress and strain in the ZnO crystal. The
stress and strain in the lattice may induce the formation of phy-
sical defects and dislocations in the crystal structure [44]. The
dislocation in the crystal can be represented as dislocation density
(6), which refers to the length of dislocation lines per unit volume
(line/m3). Dislocation densities can be obtained by using Wil-
liamson and Smallman estimation [45]:

— 1mm  UiTM 4/7
5.0kV SEI SEM WD 4.5mm 1.
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where D refers to the crystallite size. The estimated dislocations
for the undoped ZnO and SZO were 1.06 x 10'® and 1.29 x 10"®
lines/m>, respectively. The increase in the dislocation density of
SZ0 suggests that doping Sn into ZnO nanorods enhances the re-
lative compressive strain and tensile stress, which provide lattice
imperfections.

The surface morphologies of the undoped ZnO and SZO are
shown in Fig. 3(a) and (b), respectively. The images show that both
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Fig. 3. Surface morphology of (a) undoped ZnO and (b) SZO films prepared through sonicated sol-gel immersion. Cross-sectional images of (¢) undoped ZnO and (d) SZO

films. (e) EDX spectrum of the SZO film.
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undoped ZnO and SZO exhibits hexagonal-shaped structures. The
morphology images of the undoped ZnO displayed high uni-
formity and dense arrays. Similarly, SZO shows uniform and dense
arrays, but with a smaller diameter. The surface morphology image
of SZO displays the existence of more voids between the nanorods
in comparison with undoped ZnO. The diameters of the undoped
ZnO and SZO were estimated as 100 and 70 nm on the basis of the
FESEM images, respectively. This finding is consistent with the
results of the XRD crystallite size depicted in Table 1. Wang et al.
demonstrated that the crystallite size of SZO is reduced because
the smaller ionic radius of Sn** facilitates the substitution of Zn
sites during immersion [46]. The increase in the relative tensile
stress from the XRD data of Sn-doped ZnO may induce retraction
to the nanorod structure, which tends to produce nanorods with a
small diameter.

Fig. 3(c) and (d) shows the cross-sectional images of the un-
doped ZnO and SZO. The images show that both undoped ZnO and
SZO were grown in a vertical alignment with substrates. The
average thickness of the nanorod arrays decreases with Sn doping.
The average thickness values (nanorods and seed layer) of the
undoped ZnO and SZO films were 1.48 and 1.34 pm, respectively.
The chemical compositions of SZO were analyzed through EDX, as
presented in Fig. 3(e). The EDX spectrum reveals that the film is
composed of Zn, O, and Sn. This finding demonstrated that Sn has
been successfully doped into the ZnO lattice during growth. The
atomic ratio of the Zn:Sn:0 was 47.14:0.19:41.74. The existence of a
dopant element is consistent with the changes in structural
properties, as indicated by the XRD data and FESEM images.

The optical properties of undoped ZnO and SZO films were
determined from the transmission and absorption coefficient
measurements in the range of 350-800nm, as shown in
Figs. 4 and 5, respectively. Fig. 4 shows the transmittance prop-
erties of the undoped ZnO and SZO films. We observed that the
transmittance of films slightly decrease with Sn doping. The
average transmittances of the undoped ZnO and SZO films in the
visible region (400-800 nm) were 63.85% and 61.22%, respectively.
Transmission decreased significantly at 380 nm, and this finding
corresponds to the band gap energy of ZnO. Fig. 5 shows the ab-
sorption coefficient spectra of undoped ZnO and SZO films. The
absorption coefficient has been estimated from Lambert's law, as
given in the following equation [36]:

a= lln(l)
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Fig. 4. Transmittance spectra of undoped ZnO and SZO films.
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Fig. 5. Plot of absorption coefficient of undoped ZnO and SZO films.

where t is the thickness of the thin film and T is the transmittance
of the thin film. This figure suggests that both films exhibit high
UV absorption properties with sharp absorption edges at wave-
lengths below 400 nm.

The effect of Sn doping on optical properties can be exposed by
the change in optical band gap energy, E,. E; could be expressed by
Tauc's relation as follows [47]:

ahv = Bthv - Eg)% (10)

(ahvy* = Bhv - E,) an

where « is the absorption coefficient, hv is the photon energy, E, is
the optical band gap energy, and B is an energy-independent
constant ranging from 1x 10° and 1 x 10°cm~'eV~!, which is
depending on electron-hole mobility [48]. Fig. 6 shows the plot of
(ahv)? versus the photon energy of the undoped ZnO and SZO. E,
of the films was obtained from the intercept at the x-axis of the
plot. According to Tauc's plot, E, of the undoped and SZO films was
estimated as 3.20 and 3.22 eV, respectively. We observed that E,
increases upon Sn doping. The increase in E; can be explained by
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Fig. 6. Estimation of the optical band gap energy, E;, undoped ZnO, and SZO films
by using Tauc's plot.
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Burstein-Moss effect [49]; in this effect, E; increases because of
band filling that causes Fermi level to move higher than the band
edge. In addition, E; is dependent on the interatomic spacing of
semiconductors, which due to stress alterations in films [36]. R.
Ghosh and V. Srikant stated that the increase in E; is in phase with
the increase in compressive strain/tensile stress along the c-axis
but is inversely related to the increase in tensile strain/compres-
sive stress [50,51]. Normally, the stretched lattice provides a
broader Eg because of the decrease in repulsion between Zn 4s and
O 2p bands [50]. This statement supports our XRD results because
the compressive strain/tensile stress could be observed in the
sample upon Sn doping; as a result, E; increased.

The absorption coefficient near the fundamental absorption
edge is dependent on the incident photon energy and follows
Urbach relation. The occurrence of Urbach relation with band
bending is dependent on structural defect [3G]. The relation re-
presents Urbach energy, E,, where E, refers to the width of
available localized states in the optical band gap of films. E,, can be
determined according to the following relation [52]:

a=aq exp[ h—v)
" E, 12)

where «a is the absorption coefficient, ag is the pre-exponential
factor, hv is the photon energy, and E,, is the Urbach energy. Taking
the natural logarithm of Eq. (12) yields Eq. (13) below:

. ( ddn a))_1
U dchv) 13)

The Urbach plot of the undoped ZnO and SZO is shown in Fig. 7.
E, was obtained from the inverse of the slope acquired by fitting
the linear division of the respective In a versus hv curves. The
estimated E, of the undoped ZnO and SZO were 120 and 133 meV,
respectively. We observed that E, shows an increment as the
compressive strain/tensile stress of the crystal structure increases,
whereas Eg changes inversely. The obtained E, also supports the
increase in dislocation densities and the decreased XRD peak in-
tensities, as discussed previously.

The humidity-sensing response of the undoped ZnO and SZO
films, as represented by current (I) versus time (t) plots, is shown
in Fig. 8. Measurement was conducted in a humidity chamber with
RH ranging from 40% (initial humidity) to 90% RH and a bias vol-
tage of 5 V at room temperature. RH was changed from 40% to 90%
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Fig. 7. Plot of In(«) versus photon energy of undoped ZnO and SZO films for Urbach
energy estimation.

RH to characterize sensor response toward elevated humidity, and
RH was subsequently decreased from 90% to 40% RH for in-
vestigating sensor response at decreased humidity. Fig. 8(a) shows
the humidity response plot of the undoped ZnO-based humidity
sensor at different humidity levels. The figure shows that the
undoped ZnO nanorod array-based humidity sensor exhibits poor
current signal stability at the low humidity level of 40% RH. At
humidity levels ranging from 40% to 70% RH, the current signal
gradually increases with a slow response. After a high humidity
level of 70% to 90% RH was reached, the sample exhibited high
response to humidity and was saturated when humidity reached
90% RH. The current signal gradually decreases when the humidity
level was reduced from 90% to 40% RH. The change in resistance
value of the undoped ZnO nanorod array-based sensor at elevated
humidity levels ranging from 40% to 90% RH are depicted in Fig. 8
(b). The plot was derived by using current signals at elevated hu-
midity levels in Fig. 8(a). These signals are converted into re-
sistance values by using Ohm's law on the basis of a fixed bias
voltage of 5 V. The resistance of the undoped ZnO at 40%, 70%, and
90% RH were measured as 57.74, 45.05, and 32.90 GC2, respectively.
The result suggested that the undoped ZnO nanorod array-based
humidity sensor exhibited a slight change in resistance when ex-
posed to different humidity levels from 40% to 70% RH. This pat-
tern is also observed at increased humidity level of 70% to 90% RH.

Fig. 8(c) shows the humidity response plot of the SZO-based
humidity sensor at different humidity levels. The result shows that
SZ0-based humidity sensor exhibits good response in the hu-
midity level ranging from 40% to 70% RH, as shown by a rapid
increase in current signal with humidity levels. However, the
current signal slightly increased and became saturated when the
humidity level increased from 70% to 90% RH. This condition could
be due to the generation of ions for ionic and electrolytic con-
ductivities in SZO has become saturated. The surface of SZO may
be fully covered through water adsorption; as a result, constant
conductivity is obtained at a high humidity level. When humidity
level was reduced from 90% to 40% RH, the Sn-doped sample
displayed a rapid decrease in current signal compared with that of
the undoped ZnO. Fig. 8(d) depicts the resistance plot of the SZO-
based humidity sensor at different humidity levels. From the plot,
the resistance of SZO at 40%, 70%, and 90% RH were calculated as
2.69, 0.79, and 0.56 G2, respectively. The results clearly show the
fast response of the sensor to humidity change from 40% to 70%
RH, as shown by the rapid decrease in resistance with humidity
levels. However, the resistance slightly changed when humidity
level increased from 70% to 90% RH.

From the sensor measurement result in Fig. 8, we can observe
that the SZO-based sensor presents a larger current value in
comparison with undoped ZnO, as attributed to a larger tensile
stress value. By contrast, the undoped ZnO exhibits compressive
stress, which contributes to the large resistance of the sample.
Shelke et al. reported that compressive stress was observed in the
films with higher resistivity [53]. By comparison, tensile stress was
detected in lower-resistivity films. In the whole process affected by
humidity levels from 40% to 90% RH, the acquired response/re-
covery times of the undoped ZnO- and SZO-based humidity sen-
sors were 300/350 and 230/30s, respectively. Response time
(adsorption process) and recovery time (desorption process) are
obtained by a sensor to achieve or reduce 90% of the total current
change. The higher response and recovery times of the undoped
ZnO nanorod arrays can be explained by the higher density of
nanorods compared with SZO; this finding indicated lower por-
osities that inhibit water vapor access [31]. Moreover, the small
crystallite size and presence of wider pore channels in SZO facil-
itate a smoother propagation of charge carriers across the surface;
as a result, the sensing response/recovery times of the doped ar-
rays were lower than that of the undoped ZnO nanorod arrays. In
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Fig. 8. Humidity response of (a) undoped ZnO- and (c) SZO-based humidity sensors at humidity level ranging from 40% to 90% RH with 5V bias. Resistance change in
(b) undoped ZnO and (c) SZO samples at different humidity levels (during increased humidity levels).

addition, the surface condition of the undoped ZnO may be less
sensitive to humidity than SZO because of the lower electron
concentration and lower cationic charge density of Zn?* than
those of Sn**. The generation of free electrons when doped with
Sn and high cationic charge density of Sn**, which is attributed to
the smaller ionic radius of Sn** ions in comparison with Zn?+,
was expected to improve the adsorption/desorption rate of water
in SZO. Subsequently, this condition helps to reduce the response
and recovery times of the SZO-based sensor.

The sensitivity of the undoped ZnO- and SZO-based humidity
sensors at two humidity ranges (namely, 40% to 70% RH and 70% to
90% RH) were estimated by using resistance data, as shown in
Fig. 8(b) and (d). Sensitivity was quantified by using the following
equation [54]:

R

§S=_o

Rrh (14)

where S is the sensitivity, R, is the resistance of the sensor exposed
to the initial humidity level, and R, is the resistance of the sensor
at the maximum humidity level. These calculations indicated that
the undoped ZnO exhibited sensitivities of 1.28 (40% to 70% RH)
and 1.40 (70% to 90% RH). SZO yielded sensitivities of 3.41 (40% to
70% RH) and 1.41 (70% to 90% RH). The highest sensitivity pro-
duced by SZO at 40% to 70% RH may be attributed to the con-
tribution of the more porous surface and the smaller crystallite

size than those of the undoped ZnO, as estimated on the basis of
the FESEM image and XRD data, respectively. This condition en-
hanced the diffusion of water vapors and increased water ad-
sorption on the nanorod surface. At increased RH level, water
adsorbed on the surfaces produce H* ions to the sensing layers.
This condition significantly reduced the resistance of the sensor
and subsequently increased the sensitivity of the sensor. The re-
sistance of SZO significantly changed because of the more porous
surface and the smaller crystallite size of SZO than those of the
undoped ZnO; thus, sensitivity was improved. A larger surface area
results in a higher content of adsorbed water. As a result, the
density of the charge carrier increases, and sensitivity subse-
quently increased. However, the samples yielded similar sensitiv-
ities at humidity levels between 70% and 90% RH possibly because
the generation of ions for ionic and electrolytic conductivities in
ZnO nanorod arrays has become saturated. The surface of the ZnO
nanorod arrays may be fully covered by adsorbed water; as a re-
sult, constant conductivity was obtained at a high humidity level.
The results indicated that humidity-sensing performance im-
proved with Sn, particularly at low humidity levels ranging from
40% to 70% RH. Throughout the doping with Sn, more free carriers
can be generated, as expressed in the following reaction [55]:

1 _
Sn0, - Sng,,, + Eoz(g) + O} + 2e a5)

where Snz,*® represents two positive charges of Sn ions that
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occupy the Zn lattice and act as a donor; O, is the oxygen ion in
the inherent lattice; and x represents the neutrality of O,. In air
with a low humidity level, oxygen molecules are likely adsorbed
on the nanorod surface. These oxygen molecules receive free
electrons from n-type ZnO and form negatively charged oxygen
species, as shown by following equation [56-58]:

0, +e" = 0; (16)

This electron trapping process reduces the carrier concentra-
tion in the nanorod arrays and creates the depletion layer on the
nanorod surface. The doping with Sn, which generates excessive
electrons in the process, increases oxygen adsorption on the na-
norod surface. At the beginning, water molecules may replace 0,
molecules and release electrons when humidity level was initially
increased to 70%, as shown in the following equation:

2H,0 + 0; — 2H,0, + e~ a7

The released electrons increased the carrier concentration on
the nanorod surface, which in turn increased the conductivity of
the ZnO nanorod arrays. The conductivity of SZO was increased
more rapidly than that of the undoped ZnO nanorod arrays be-
cause of the release of more electrons. The depletion layer partially
disappeared. In addition, SZO possessed a more porous surface, as
observed from the FESEM image in Fig. 3(b), as well as a smaller
crystallite and diameter size, as estimated by XRD data and FESEM
image, respectively; thus, the surface adsorption of water

molecules is improved [29]. Fig. 9 illustrates the adsorption me-
chanism of water molecules during initial, intermediate, and final
conditions of humidity on the ZnO nanorod array surface. Initially,
the adsorbed H,0 molecules are separated on the ZnO surface. In
addition, no hydrogen bonds may be formed among the H,O
molecules, as can be observed in Fig. 9(a). Therefore, the electrons
released through water adsorption mainly contribute to the in-
crease in the conductivity in ZnO nanorod arrays. Thus, the gen-
eration of higher carrier concentrations in SZO explained the im-
provement of humidity sensing than that of the undoped ZnO. As
RH further increased up to 70%, the adsorbed water molecules may
gradually form a monolayer on the ZnO surface, as shown in Fig. 9
(b). In this stage, OH™ electrostatically attaches to Zn?* on the
surface and form a chemisorbed layer because of the high elec-
trostatic field produced by OH~ and Zn?*. Sn doping improves
water adsorption because Sn** replaces Zn?*. This substitution
provides more possible reaction sites at the nanorod surface. The
surface reaction between the positively charged cationic sides of
the metal oxide and water molecules can be expressed as follows
[59]:

M* + H,0 - M — OH + H* (18)
where M* represents positively charged metal ions (Zn?>* and
Sn**). Therefore, high charge density regions are created in SZO

because of the presence of Sn** species, which provide active
surface centers for the adsorption of water molecules; as a result,
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Table 2
Response time, recovery time, and sensitivity of undoped ZnO and SZO based hu-
midity sensor.

Sample Response time (s) Recovery time (s)  Sensitivity
40-70%RH  70-90%RH

Undoped 300 350 1.28 1.40
Sz0 230 30 3.41 1.41
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Fig. 10. Repeatability behavior of SZO-based humidity sensor.

highly dense H* ions are generated for electrical conduction. This
reaction supports the increase in the humidity sensing response of
the SZO sample. At a specific RH level, the adsorbed H,O molecules
can form hydrogen bonds among themselves; thus, water dissocia-
tion possibly occurs. This process occurs when the hydroxyl layer
forms on top of the chemisorbed layer; thus, another physisorbed
layer is formed [60]. Each successive layer of water sticks with the
first layer because of hydrogen bonding between the oxygen atom of
water molecules and the base hydroxyl layer. The physisorbed water
near the chemisorbed water layer can decompose into HsO" and
OH™ ions because of the high electrostatic field in the chemisorbed
layer. The protons are generated from the hydration of H;0% to
produce H' ions at these layers and become the main source of
charge carriers across the surface; as a result, surface conductivity
significantly changes. This process can be explained by Grotthuss
chain, as expressed in the equations below [61]:

2H,0 — Hy0* + OH" (19)

H;0" - H,0 + H* (20)

Charge conveyance is secured by protonic transfer among hy-
dronium ions (HsO™"). This process is called proton hopping that
occurs along a series of hydrogen bonds between hydronium ions
and water molecules. These ions provide ionic conductivity, which
contributes to the increased conductivity of the ZnO nanorod ar-
rays at high RH. As RH increased to 90% RH, numerous H™ (or
H307") and OH™ ions are formed, and ionic conductivity may
perform a dominant function on nanorod conductivity at high RH,
as could be seen in Fig. 9(c). However, at high humidity level,
another process involved in the humidity adsorption called ca-
pillary condensation is expected to occur [62,63]. At extremely
high humidity level, water molecules condense between nanorods.
Electrolytic conduction occurs simultaneously with protonic

transport and achieves an equilibrium state because of capillary
condensation [64]. This mechanism is supported by the rapid in-
crease in conductivity of the undoped ZnO and SZO samples when
RH exceeds 40% RH. Our result revealed that the sensing perfor-
mance of the SZO sample is more efficient than that of the un-
doped ZnO possibly because of carrier density and high cationic
charge from dopant, pore channels, and small crystallite size.
These parameters also provided numerous humidity adsorption
sites and promoted easy diffusion. The performance of the un-
doped ZnO- and SZO-based sensors is summarized in Table 2.

Fig. 10 shows the recycling response of SZO, as measured by
repeatedly exposing the film to 40% and 90% RH for five cycles.
Nearly identical curves over five cycles were observed in the re-
sponse plot. This finding indicated that the fabricated humidity
sensor was highly stable. The result also demonstrated that the
humidity-sensing process with SZO is reversible, with fast re-
sponse, good repeatability, and stability.

4. Conclusion

SZ0 was successfully deposited on seed layer-coated glass substrate
via sonicated sol-gel immersion method. The XRD pattern revealed
that SZO exhibits a wurtzite structure with a preferred (002) plane,
which presents a slightly higher intensity than the undoped ZnO. SZO
exhibits smaller crystallite size, diameter, and thickness than undoped
Zn0 does. The SZO film shows compressive strain and tensile stress of
—0.033% and 77 MPa, respectively. The band gap and Urbach energy of
SZO were approximately 3.22 eV and 133 meV, respectively. The sen-
sitivity of the SZO-based sensor was higher than that of the undoped
sample. The sensitivities were 3.41 and 1.41 at 40% to 70% RH and 70%
to 90% RH, respectively. The response and recovery times of the SZO-
based humidity sensor also improved to 230 and 30 s, respectively.
This improvement is contributed by high carrier density and cationic
charge from Sn dopant, pore channels, and small crystallite size; as a
result, humidity adsorption on nanorod arrays is enhanced.
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