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Abstract This chapter investigates the improvement of nanocomposited ZnO/
SnO, that was prepared on ZnO coated glass using thermal chemical vapor
deposition (CVD). The sensor properties were characterized using current-voltage
(I-V) measurement (Keithley 2400). The results analyzed were for ZnO agglom-
erate nanoparticle, SnO, nanorod, and ZnO/SnO, composite nanorods. The
structural properties were characterized using field emission scanning electron
microscopy (FESEM) (JEOL JSM 6701F). The thins films were tested using two-
point probe and the sensors characterized using /-V measurement (Keithley 2400)
in a clean humidity chamber (ESPEC SH-261). The chamber was set at the same
room temperature (25 °C) with percent relative humidity (RH%) varied in the
range of 40-90%RH. ZnO/SnO, composite nanorods performed the highest sen-
sitivity with 265 ratio compared to the ZnO agglomerate nanoparticle and SnO,
nanorod. The response and recovery time for ZnO/SnO, composite nanorods were
227 s and 34 s respectively.

1 Introduction

Humidity sensors have been important for the precise control and reliable estimate
of water vapors content in atmospheres from industrial processes to the general
improvement in the quality of life [1, 2]. Generally a humidity sensor has to
possess fast response and recovery time, high sensitivity, good stability, negligible
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hysteresis over periods of usage, and possibly a large operating range for both
humidity and temperature [3]. As an n-type wide bandgap semiconductor
(Eg = 3.6 eV) tin dioxide (SnO,) nanostructures having rutile structure attracted
great interest in recent years. SnO, has good characteristics in optical, electrical,
chemical, and thermal stability [4]. ZnO is one of the most important group of
II-VI semiconductor materials. It is an n-type and a wide bandgap material with a
direct bandgap (3.37 eV) and large excitation binding energy of 60 MeV. ZnO also
comes from Wurtzite-structured semiconductors that can help to mix with SnO,
[5]. Zinc and tin compounds have recently attracted considerable attention because
they display technological properties [6], such as high capacity anode material,
which can also be used for oxygen separation acting as a photo catalyst under the
visible light, humidity and gas sensors action [7, 8]. Doping is an attractive and
effective method for manipulating various applications of semiconductors.

Using single materials can cause low sensitivity of sensor [9] due to the
insufficient exposing surface area and low electron transportation due to the sur-
face morphology. This is because nanogenerators, sensors, and piezoelectric tubes
based on nanostructures strongly depend on the strength and stiffness of the
materials [10]. Combining ZnO and SnO, on thin film can produce high sensitivity
due to the heterogeneous interfaces between them.

Sensitivity, selectivity, response time, recovery time, and stability can be
improved by combining different additives to SnO, [11]. Composite type sensors
were suggested to improve thermal reliability because they contain many heter-
ogeneous boundaries between different phases [12, 13]. For example ZnO/CuO,
SnO,/Cu0, SnO,/ZnO composites showed increased sensitivities in comparison to
single-phase materials [14, 15]. Composites are beneficial because the combina-
tion of materials tend to be more porous. Especially, SnO, can be made more
porous with addition of small amount of ZnO [16]. This porosity may play an
imperative role in humidity sensing because the pores of the materials serve as
adsorption sites. The sensitivity of the sensor directly depends on these pore sizes.

In this chapter, we introduce the technique of chemical vapor deposition
method to prepare ZnO/SnO, composite nanorod on a glass substrates cover with
ZnO thin film for humidity sensor applications. This technical paper investigates
the effect of nanocomposited ZnO/SnO, on the surface morphology and humidity
sensor application. The growth mechanism of ZnO/SnO, composite nanorod has
been discussed.

2 Methodology

The glass substrates were cleaned with acetone, methanol, and deionized water in
the ultrasonic device using several steps before the experiment began. At first, ZnO
thin film was deposited on glass substrates using the radio frequency (RF) mag-
netron sputtering method. ZnO coated glass were deposited (high purity
(99.999 %)) on glass substrate using RF magnetron system at RF power 200 W.
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Fig. 1 CVD process

The pressure of the system was maintained at 7 m Torr and the sputter chamber
was pumped at 5 x 10~* Pa using a molecular pump. The gases were injected into
the chamber with ratio of flow rate argon to oxygen (45:5) sccm. The ZnO thin
films were deposited for 60 min with substrate temperature 500 °C.

In the second process, these ZnO films act as the template for ZnO/SnO,
composite nanorod deposition. Two furnaces were used to grow doped ZnO/SnO,
composite nanorods thin film as shown in Fig. 1. Furnace 1 was used to place
precursor and Furnace 2 was used to place ZnO coated glass. Both precursor and
glasses use a single Quarzt tube. Zinc nitrate and tin chloride act as the precursor,
Argon (Ar) as the carrier gas, and oxygen (O,) as the reactor gas. The flow rates of
the gases were 20 sccm for Ar and 5 sccm for O,. Both precursors were measured
with 3 g. The substrate temperature was deposited at 500 °C and the deposition
time was set at 1 h.

The humidity sensor measurement was conducted on Au metal contact
deposited on the thin film as the electrode using thermal evaporation. The thin
films were tested using two-point probe and the sensor was characterized using
I-V measurement system (Keithley 2400) in a clean humidity chamber (ESPEC
SH-261). The chamber had been set at the same room temperature (25 °C) with
percent relative humidity (RH%) varied in the range of 40-90%RH. Structural
properties were characterized using FESEM (JEOL JSM 6701F). Then the I-V was
plotted using the Leios TMXpert software.

3 Result and Discussion
3.1 Structural Properties

Figure 2a shows the FESEM image of nanoparticle of ZnO template at 30,000
times magnification. The size of nanoparticle is in range of 75—85 nm. This ZnO
template acts as a holder for ion zinc in thermal CVD method. The FESEM image at
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Fig. 2 FESEM images for a ZnO template b ZnO nanoparticle ¢ SnO, nanorod and d ZnO/SnO,
composite nanorods at magnification 30 kx

30 K magnification, as shown in Fig. 2b—d, shows the SnO, nanorods, ZnO
agglomerate particle, and ZnO/SnO, composite nanorods. The surface images show
that all films are uniformly deposited on ZnO template layer. The size of tip of SnO,
nanorods was around 80—110 nm while the size of ZnO/SnO, composite nanorods
was in the range of 35-50 nm. From the surface image, the size of nanorod of ZnO/
SnO, composite nanorods reduces compared with SnO, nanorods as shown in
Fig. 2c and d. This reduction of size enhances the high surface area that can
increase the sensitivity because of larger site area to absorb the water vapor [17, 18,
19]. Besides, Fig. 3a and b shows the cross-sectional view of the SnO, nanorods
and ZnO/SnO, composite nanorods respectively. The image shows the growth of
well-aligned SnO, nanorods and ZnO/SnO, composite nanorods on ZnO template.
It can be observed that the thickness of the SnO, nanorods is on average 5.4 um.
The thickness of ZnO/SnO, composite nanorods was on average 840 nm. The
growth of SnO, nanorods on ZnO template for humidity sensor is come newly in
this study. The growth of aligned SnO, nanorods is promoted by ZnO template as
shown in Fig. 3a. Although it is hard to grow the SnO, nanorods on ZnO template
since both materials are not in the same lattice group of structure, it is still possible
for growth due to homogeneous nucleation [20, 21]. Salehi et al. [22] fabricated
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Fig. 3 The cross-sectional
view of a SnO, nanorods and
b ZnO/SnO, composite
nanorods
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SnO, pore structure-based gas sensor deposit on glass substrate using chemical
vapor deposition method and SnCl4 as the precursor. Based on the ZnO/SnO,
composite nanorods cross-sectional view, a porous structure is observed, as indi-
cated in Fig. 3b, that promotes improvement in sensor performance [23-25].
Compared to other findings, Wang et al. [26] prepared Zn,SnO,4 nanowire using
thermal evaporation method by heating Sn and Zn powder as the precursor without
any catalyst with diameter thickness of 50 nm. The use of two precursor of ZnO and
SnO, deposit on ZnO template became a novelty in this study.

Table 1 shows the atomic percent for all the samples, refer to the EDS spectrum
images in Fig. 4 (a) SnO, nanorods (b) ZnO agglomerate particle and (c) ZnO/
SnO, composite nanorods. Table 1 and Fig. 4 show the possible corresponding
chemical composition. It reveals that zinc (Zn), oxygen (O), and tin (Sn) are the
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Table 1 Atomic percent of ZnO nanoparticle, SnO, nanorod, and ZnO/SnO, composite nano-
rods thin films

Atomic percent (%) Zn Sn Si (6]

SnO, 0 28.47 5.28 66.26 0
ZnO 11.32 0 20.72 62.89 5.07
Zn0/Sn0O, 0.87 71.59 3.75 23.79 0

constituent parts of ZnO/SnO, composite nanorods. The EDS measurements show
that the dominant compositions for ZnO/SnO, composite nanorods thin film are Zn
(0.87 %), Sn (71.59 %), and O (23.79 %).

The XRD patterns of SnO, nanorods, ZnO agglomerate particle, and ZnO/SnO,
composite nanorods show polycrystalline as depicted in Fig. 5. The diffraction of
SnO, nanorods contained diffraction peaks from tetragonal SnO, (JCPDS card no.
41-1445). While the ZnO agglomerate particle match with hexagonal wurzite ZnO
(JCPDS card no. 36-1451). ZnO/SnO, composite nanorods diffraction peaks can
be indexed with the tetragonal SnO, and hexagonal wurzite ZnO. It is observed
that the peaks of SnO, nanorods reveal at diffraction peaks (101) (211) (002)
(301). The higher intensity is at (101) and (002) of SnO, compared to other peaks.
This indicates that SnO, nanorods enhance to the (002) peak that are preferably
orientated in [001] direction [27, 28]. The diffraction peak of ZnO agglomerate
particle depict at (100) (002) (101) (102) (110), and (103). However, ZnO/SnO,
composite nanorods perform peak of ZnO at (100) orientation whereby the
dominant peaks belong to tetragonal SnO, show at peaks (110) (101) (211) (002),
and (301). The (100) peaks of ZnO indicate that the ZnO precursor acts as the
holder to the ZnO/SnO, composite nanorods.

The possible growth of ZnO/SnO, composite nanorods is discussed as indicated
in Fig. 6. In this study, no metal catalyst has been used. The growth of ZnO/SnO,
composite nanorods was influenced with ZnO thin film that acts as the template
layer. The growth mechanism can be understood based on vapor solid growth (VS)
process. The chemical reaction can be explained as:

SnCl; 4+ O, — SnO, + Cl, (1)
2Zn(NOs),— 2Zn0 + 4NO; + O, (2)

SnCly and Zn(NOs), were reduced to Sn and Zn vapor by reaction at 500 °C.
The source SnCl, and Zn were carried by the flowing Ar gas and react with O, gas
(Egs. (1) and (2)). The Zn was directly deposited on the ZnO template. Then the
ZnO templates act as the nucleation sites for the growth of ZnO nanostructures.
Once the initial nucleation starts, the crystal grows in epitaxial ways, which results
in the preferential orientation of ZnO/SnO, composite nanorods in the end.
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Fig. 4 EDS spectrum images for a ZnO nanoparticle, b SnO, nanorod, and ¢ ZnO/SnO,
composite nanorod thin films
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Fig. 5 The XRD pattern of a SnO2 nanorods, b ZnO nanoparticle, and ¢ ZnO/SnO, composite
nanorods

3.2 Optical Properties

Figure 7 shows PL spectra of (a) SnO, nanorods (b) ZnO agglomerate nanopar-
ticle, and (c) ZnO/SnO, composite nanorods excited by He-cd laser operating at
325 nm. The SnO, nanorods show a broad peak at around 630 nm as the ZnO
agglomerate nanoparticle and ZnO/SnO, composite nanorods depict two emission
bands at ultraviolet (UV) emission and broad visible region. The UV emission and
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Fig. 6 The possible growth mechanism of ZnO/SnO, composite nanorods on ZnO template

visible region of ZnO agglomerate nanoparticle is indicated at around 400 nm and
650 nm, respectively, while the ZnO/SnO, composite nanorod signifies at around
380 nm and 585 nm respectively. Both samples show a weak peak at UV region
and a dominant peak at visible area. The UV emission corresponds to the
recombination of free excitons of ZnO [29]. The visible peak corresponds to
existence of the Zn and Sn interstitial defect, oxygen vacancies in ZnO and SnO,,
and residual strain tempt during the growth process. These prominence peaks may
contribute to better interaction between the adsorbed water vapor and the active
layer [30]. From the graph, the peaks of ZnO/SnO, composite nanorods move to
the left (blue shift) from the peaks of ZnO agglomerate nanoparticle and SnO,
nanorods. The blue shift can be explained due to the transition of electron tran-
sition, mediated by oxygen vacancies [31]. The high intensity level of ZnO/SnO,
composite nanorods was high compared with ZnO agglomerate nanoparticle and
SnO, nanorods. It may contribute by the rougher surface of ZnO/SnO, composite
nanorods.

3.3 Humidity Sensor Fabrication

Figure 8a—c shows I-V plots for thin films for ZnO nanoparticle, SnO, nanorod,
and ZnO/SnO, composite nanorods with relative humidity of 40-90 % at 25 °C.
The samples were given supplied voltage from —5 to 5 V. The current increases
when relative humidity increases so the resistance is decreased. This is because the
water vapor on the surface of thin films was absorption. This water vapor can
increase the flow of the current through the thin film with less resistance. The
water vapor in air has a strong influence on the conductivity of the thin films [32].
In any RH atmosphere, I-V curves of the device exhibit good linear behavior,
which proves a good ohmic contact between the surfaces and Au electrodes.
The composite ZnO/SnO, composite nanorods sensor exhibited significantly
higher sensitivity than sensor constructed solely from ZnO nanoparticle or SnO,
nanorod itself due to the heterogeneous interfaces between them and more
adsorption site was created that can help more water vapor to be absorbed [16].
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Fig. 7 Photoluminescence spectra a SnO, nanorods, b ZnO agglomerate nanoparticle, and
¢ ZnO/SnO, composite nanorods

The graph in Fig. 8 shows that sensitivity increases when RH increases. This
phenomenon is related to water adsorption on the thin films. At low RH, water
adsorbing on the surfaces will not donate electrons to sensing layers and will
significantly lower the sensitivity of thin films. The larger the surface area, the
larger the content of water adsorbed, so the density of charge carrier becomes larger
and hence the sensitivity increases [33]. The sensing mechanism is based on the
absorption and desorption process between the surface structure and humidity [34].
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Table 2 The value of sensitivity and response and recovery times of SnO, nanorods, ZnO
agglomerate nanoparticle and ZnO/SnO, composite nanorods are summarized

Sample (ZnO/Sn0O5,) Sensitivity Response (s) Recovery (s)
SnO, 16 371 114

Zn0O 11 392 259
Zn0O/Sn0O, 265 227 34

For sensitivity, the value was calculated using Eq. (3) [35]:

I A
g — loorns 3)
Lyoru%

where S as sensitivity, I4orye as current of the sensor in dry condition, and Iygrye
as current at 90RH% (relative humidity). The sensitivity values are listed in
Table 2. The sensor current of SnO, nanorods and ZnO agglomerate nanoparticle
at 40%RH were 1.94 x 1072 A and 1.61 x 107° A respectively. Whereas at
90%RH, the current of SnO, nanorods and ZnO agglomerate nanoparticle was
2.16 x 107% A and 2.54 x 10~® A respectively. The changes in current are based
on the equation performed 11 and 16 times for SnO, nanorods and ZnO
agglomerate nanoparticle respectively. The changes in current at about two orders
at 40%RH is 1.67 x 107® A is 265 times than 90%RH is 4.42 x 107 A of ZnO/
SnO, composite nanorods. From Table 1, the ZnO/SnO, composite nanorods
sensor exhibited significantly higher sensitivity than sensor constructed solely
from ZnO agglomerate nanoparticle and SnO, nanorod itself due to the hetero-
geneous interfaces between them and more adsorption site was created that could
help more water vapor to be absorbed [16]. Besides, the high surface area facil-
itates the reaction with water vapor and sensing layer of ZnO/SnO, composite
nanorods sensor [36, 37]. Moreover, the advantage of one-dimensional structure
(1D) of ZnO/SnO, composite nanorods sensor could assist the electron to trans-
verse along the rods’ structure [37].

Figure 9 shows the response and recovery time of (a) SnO, nanorods, (b) ZnO
agglomerate nanoparticle, and (c) ZnO/SnO, composite nanorods with the time
taken for the transition total current to become constant from 40 to 90%RH
(adsorption process) is assigned as response time and 90 to 40%RH (desorption
process) for the recovery time. The sensor was given bias 5 V. Table 1 shows the
calculated response and recovery time using Eq. (4) [38]:

t
I(t) =1 <1 —e (— —) > for the response time (absorption process)  (4)

r

t
I(t) = Ipe ( t) for the recovery time (desorption process)
d

where [ is the magnitude of current, I, is saturated current, ¢ is time, ?, is response
time constant, and f; is the recovery time constant. When the thin films were
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Fig. 9 The response and (@)
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exposed to the 90%RH, the current through the sensors increased. When the thin
films switched to dry condition again (40%RH), the current decreased and reached
a relatively stable value. According to Table 2, the response times of the SnO,
nanorods and ZnO agglomerate nanoparticles were 371 s and 392 s, respectively,
while the recovery time of the SnO, nanorods and ZnO agglomerate nanoparticles
were 114 s and 259 s respectively. ZnO/SnO, composite nanorod has the fastest
time to response and recovery time with 227 s and 34 s respectively.

The sensing mechanism is based on the absorption and desorption process
between the surface structure and humidity [34]. At low humidity, the tips and
defects of the thin films present a high local charge density and a strong elec-
trostatic field, which promotes water dissociation. The dissociation provides pro-
tons as charge carriers of the hopping transport [39]. At high humidity, one or
several serial water layers are formed among thin films, and electrolytic conduc-
tion between sensing materials takes place along with photonic transport and
becomes dominating in the transport process [39].

4 Conclusion

In this chapter, ZnO/SnO, composite nanorods were successfully synthesized
using thermal CVD. The SnO, nanorods, ZnO agglomerate nanoparticle, and ZnO/
SnO, nanoflower were successfully grown on ZnO template layer. The SnO,
nanorod and ZnO agglomerate nanoparticles produce sensitivity with 16 and 11
ratios of times. The ZnO/SnO, composite nanorods give the highest sensitivity
with ratio of 265 times. The response and recovery time for these ZnO/SnO,
composite nanorods are the fastest among ZnO nanoparticles and SnO, nanorods
with 227 s and 34 s respectively.
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