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ABSTRACT (002)-oriented ZnO nanostructure for NO gas sensing application was successfully grown
on glass substrates by two-step processes, which are seeding process via dip-coating method using
diethanolamine (DEA) as chelating agent and growth process via chemical bath deposition (CBD). The sam-
ples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). Two ZnO film samples, named samples A and B, were fabricated without and
with DEA addition in the seeding process, respectively. XRD observation results show that ZnO film was
successfully deposited on both samples, where sample A has a random crystal orientation; while sample B
has a very dominant (002) orientation. Further, the selected area electron diffraction (SAED) observation
with TEM confirmed that sample A has a random orientation indicated by a ring-shaped diffraction pattern;
while sample B has a hexagonal crystalline structure diffraction pattern which is oriented towards the
normal direction of the substrate surface, indicated that ZnO film was grown along this (002) orientation for
sample B. SEM images of both samples showed that the ZnO film is ZnO nanorods with hexagonal wurtzite
structure shape and sample A is clearly more randomly oriented than sample B. During the investigation of
NO gas sensing performance, it is found that the highest response towards NO gas was occurred at a lower
operating temperature of 200°C for sample B compared to a higher operating temperature of 300°C for
sample A. Furthermore, sample B has a higher dynamic gas response and sensitivity than sample A. These
results indicate that the (002) oriented ZnO film has a better performance than the randomly oriented ZnO

film as NO gas sensor.

INDEX TERMS Gas sensor, nitric oxide, orientation, ZnO.

I. INTRODUCTION

Recently, the rapid development of industrial technology
encourages the increase of air pollution due to the production
of exhaust gases such as a nitric oxide (NO), by industrial
activities. These gases can cause irritation of the eyes and
respiratory system even though in low concentration, while
in higher concentration, it can cause death [1]. Unfortunately,
these gases cannot be detected by human senses because they
are colorless and odorless. To solve this problem, different
kinds of materials have been developed as a gas sensor [2].
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ZnO is an II-IV semiconductor material that has a wide
direct bandgap (3.37 eV), large exciton binding energy
(60 meV), high electron mobility, non-toxicity, tunable mor-
phology, good chemical and thermal stability. These char-
acteristics make ZnO being one of the promising material
which is widely used as gas sensor [3]-[5]. Many factors can
affect the performance of ZnO as a gas sensor, one of them
is ZnO crystalline orientation [6]—[8]. ZnO thin film with
(002) growth orientation, where the c-axis of ZnO growth
perpendicular to the substrate, is widely utilized for many
different purposes such as field effect transistor [9], gas sen-
sor [10], [11], surface acoustic wave (SAW) [12], photocatal-
ysis [13], photovoltaic [14] and piezoelectric devices [15].
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FIGURE 1. Experimental procedure of ZnO seed layer formation.
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FIGURE 2. Experimental procedure of ZnO nanostructure formation.

The (002)-oriented ZnO films can be prepared using var-
ious methods including sol gel method [16], [17], chemical
bath deposition (CBD) [18], [19], magnetron sputtering [20],
plasma-enhanced chemical vapor deposition (PECVD) [21],
and pulsed layer deposition (PLD) [22]. Among them, CBD
method is selected in this experiment due to its simple,
low cost, easy, and large area deposition result [23], [24].
Diethanolamine (DEA) is a chelating agent that mostly used
in the sol-gel method to prepare ZnO. However, reports on
ZnO growth tendency along (002) orientation using DEA
as a chelating agent are still rarely found in the litera-
ture [25]. In this study, (002)-oriented ZnO thin film on a
glass substrate has been successfully fabricated using DEA.
The gas sensing properties of (002) oriented ZnO nanorod
and randomly ZnO nanorod are compared in order to find
the effect of the growth orientation to the NO gas sensor
properties.

Il. EXPERIMENTAL

The ZnO films were prepared by two-step process namely
seeding process using dip-coating method as is shown
in Fig.1 and growth process using chemical bath deposi-
tion (CBD) as is shown in Fig.2. The substrate used in
this work was silica glass that was cleaned by ethanol and
deionized water using ultrasonic bath in sequence prior to the
process.
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A. SEEDING PROCESS

ZnO seed layers were synthesized via dip-coating method
using zinc acetate dihydrate (Zn(CH3COO),.2H,0) as a zinc
source. The preparation of precursor solution for ZnO seed
layer was described as follows; 0.4 M Zn(CH3COO),.2H,0
and 0.4 M DEA (HN(CH;CH,OH),)) were first dissolved
separately in 2-propanol solution at room temperature for
30 minutes. Subsequently, both solutions were mixed for
30 minutes using a magnetic stirrer. A multilayer (5 layers) of
ZnO seed was deposited onto the glass substrates by dipping
the glass substrates into the prepared solution and withdraw-
ing it at the speed of 3.0 cm/min followed by drying process
at 300°C for 10 min of each layer. Finally, the prepared
multilayer films were post-heated at 500°C for 1 hour. The
same procedure but without DEA was also performed to
investigate its effect on the growth orientation. Two ZnO film
samples named samples A and B, were fabricated without and
with DEA addition in the seeding process, respectively.

B. GROWTH PROCESS

During growth process of ZnO nanostructure, precursor solu-
tion was prepared by dissolving zinc acetate dihydrate and
HMTA separately and then mixed those solutions together
using a magnetic stirrer for 30 minutes. The concentration
of zinc acetate dihydrate and HMTA were 0,02 M with
equimolar ratio. After stirring process, the resultant solution
was transferred into a beaker glass where the seeded glass
substrate were placed vertically inside the glass. The solution
temperature was maintained at 60°C for 20 hours. After
cooling process, the glass substrate was rinsed with deionized
water followed by drying at 100°C for 15 minutes and post-
heating at 500°C for 1 hour.

C. CHARACTERIZATION

Both ZnO film samples, A and B, were characterized in
order to elucidate their structure, orientation, and morphol-
ogy. XRD spectra were examined using Bruker D8 Advance
Diffractometer with a Cu-Ko radiation (A = 1.54 A) and
operating voltage of 40 kV and current of 40 mA. XRD obser-
vation were carried out with 26 range of 20°-70°, step length
of 0.02° and scan rate of 5°/min. The morphology of ZnO film
samples was observed by SEM Hitachi SU3500 operating at
an accelerating voltage of 10 kV. The orientation of ZnO film
samples were elucidated using SAED method in HRTEM
Hitachi H9500 with an accelerating voltage of 300 kV. TEM
samples were fabricated using micro-sampling method on
focused ion beam (FIB) Hitachi FB2200 with 40-20 kV
operating voltage.

D. GAS RESPONSE TESTING OF ZNO FILM

Investigation on gas sensing characteristic of both ZnO film
samples, A and B, were conducted in a gas sensing system.
The gas responses were obtained by measuring the resistance
of ZnO film under various operating temperature (160°C,
200°C, 250°C, 300°C, and 350°C) and NO gas concentration
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(10 ppm, 30 ppm, 50 ppm, 70 ppm, and 90 ppm). Then the
dynamic gas response is defined as [26]:

_Rg

R,
Response = ( )xlOO% (1)

a
where Ra and Rg are resistance of the ZnO film in dry air
and gas target (NO) atmosphere, respectively. In this mea-
surement, the NO gas was mixed with Nitrogen as a carrier
gas to control the concentration of NO. Since nitrogen is an
inert gas, there is no reaction occurred between the nitrogen
and NO gas. Before exposed to NO, dry air was introduced
to the samples in the testing chamber until a stable state of
resistance was obtained. Sequently, the samples were exposed
to NO gas at a certain concentration for 10 min followed by
cleaning phase using dry air to reach a stable resistance.

E. DFT CALCULATION

We simulate the adsorption NO gas on ZnO(100) surface
using density functional theory-based (DFT) calcula-
tions [27], [28]. Spin-polarized DFT calculations is per-
formed using the Quantum-Espresso 5.4 [29]. Exchange
and correlation effects are incorporated within the gen-
eralized gradient approximation, using the Perdew-Burke-
Ernzerhof (PBE) functional [27]. We use plane wave basis
sets with 42 Ry cut-off energy. Valence-core interactions
are represented by the projector augmented wave formalism
(PAW) [30]. The Brillouin zone sampling for all systems,
except isolated molecule, are performed with a 2 x 2 x
1 k-point mesh for the structural and electronic properties.
Calculation for isolated molecule is done at the gamma point
ina 30 x 30 x 30 A cubic cell. Hubbard-U correction
is added by amount of 7.5 eV for Zn 3d states, following
refs. [31], [32]. The effect of van der Waals interaction
is described using the semi-empirical correction scheme
of Grimme (DFT-D2) [33]. The systems are relaxed until
the residual force on each atomic component is less than
0.025 eV/A.

The non-polar ZnO (100) surface is modeled by repeated
slab approach where the slabs are separated by vacuum space
of about 15 A. The slab model contains eight layers of Zn-O
using a 2 x 2 supercell. The surface model is shown in Fig. 3.
In all of the adsorption cases, atoms in adsorbed molecules
and in two topmost Zn-O layer are fully relaxed during
optimization, while the rest are fixed in their bulk positions.
Visualization of atomic structures and charge density are done
by using Xcrysden software [34]. Saddle points of some
reactions are calculated by the nudged elastic band method
(NEB) [35]-[37].

IIl. RESULTS AND DISCUSSION

A. STRUCTURE, ORIENTATION, AND MORPHOLOGY OF
ZNO FILM

XRD measurement was performed on both ZnO film sam-
ples, A and B, to find out the structural information of the pre-
pared ZnO films. The XRD patterns are shown in Fig.4 where
Fig.4(a) shows the XRD pattern of sample A and Fig.4(b)
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FIGURE 3. The top view (a) and side view (b) of unit cell model of
Zn0(100) surface with an adsorbed O atom (0295 site).
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FIGURE 4. XRD pattern of ZnO films synthesized (a) without DEA
(sample A) (b) using DEA (sample B).

shows the XRD pattern of sample B. All of the diffraction
peaks consistent with the wurtzite hexagonal zinc oxide phase
based on JCPDS (Joint Committee on Powder Diffraction
Standards) card number 36-1451.

XRD pattern of the sample A which was synthesized with-
out DEA in Fig.4(a), shows several peaks at 20 of 31.8°,
34.4°, and 36.2°. Those peaks are assigned to (100), (002),
and (101) planes, respectively. That pattern confirms that
ZnO nanorods in sample A were grown with random ori-
entation. Whereas, XRD pattern of sample B which was
synthesized using DEA in Fig.4(b), shows one dominant peak
at20 = 34.4° which s assigned to (002) ZnO plane.That peak
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FIGURE 5. Cross section (a) and top view (b) of SEM images of ZnO seed
synthesized by dip coating method.

FIGURE 6. SEM images of ZnO films synthesized without DEA (sample A)
(a) top view (b) cross section view.

FIGURE 7. SEM images of ZnO films synthesized using DEA (sample B)
(a) top view (b) cross section view.

suggested that the ZnO film growth along (002) orientation.
Furthermore, the peak has a sharp and strong intensity, indi-
cated that sample B has a good crystallinity. Based on this
result, we can conclude that the presence of DEA in the seed
layer precursor solution can affect the orientation of ZnO.
That phenomenon can be explained as follows; The role of
DEA as complexing agent allow the formation of zinc oxy-
acetate and condensation of Zn>*. The amine group in the
DEA can increases the condensation rate of Zn>" ions along
the ZnO plane which has minimum surface energy ((002)
plane). This condition encourages the growth of ZnO along
c-axis resulting preferable (002)-oriented ZnO [38].

The morphology of ZnO films were characterized using
SEM as are shown in Fig.5, 6 and 7. The seed layer was suc-
cessfully deposited on the substrate with thickness ~600 nm
and no rod was observed on the substrate (Fig. 5 (a,b)).
It could be seen from Fig. 6(a) and 7(a) that both samples
A and B have the same structure, nanorods with hexagonal
shape with the diameter of about 80 nm. Cross-section SEM
images in Fig. 6(b) and 7(b) show that ZnO nanorods of
sample A were grown randomly, while most of ZnO nanorods
of sample B were grown towards one certain direction.
Furthermore, the length of ZnO nanorods of sample A is
1.6 pm, which is twice the length of nanorod of sample B.
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FIGURE 8. TEM images (left) and SAED patterns (right) of ZnO films
synthesized (a) without DEA in (sample A) (b) with DEA (sample B) in
seeding process.

The difference of the length is due to the oriented nanorod
need more energy to grow than the random nanorod. More-
over, from cross section SEM image, the length of oriented
nanorods indicated the thickness of the thin film, which is less
than 1 um and belong to thin film category, while the average
thickness of random nanorods is more than 1 xm and belong
to thick film category.

TEM images and their SAED patterns of ZnO film,
A and B, can be seen in Fig.8(a) and 8(b), respectively.
The TEM images in Fig.8(a) and 8(b) shows three layers
with different contrast where the bright base layer indicates
glass substrate, the center layer shows ZnO nanorods, and
the dark top layer shows tungsten layer that was deposited
during FIB fabrication for sample protection during ion beam
thinning process. SAED pattern in Fig.8(a) shows several
circular patterns indicating that ZnO nanorods are oriented
randomly on sample A. The radius of the circles in the SAED
pattern in Fig.8(a) indicate the dy values for (110), (101),
(110), and (002) ZnO planes, which is in a good agreement
with the result obtained from XRD spectrum for sample A.
Moreover, SAED pattern in Fig.8(b) shows hcp crystal zone
axis pattern for (2-10) foil plane. The g-vector analysis on
the observed diffraction spots show the normal direction of
each plane, that are (002), (0-11), and (0-10) as shown by
yellow arrows in Fig.8(b). It is known that the normal direc-
tion of (002) plane, that is parallel to the direction of ZnO
nanorod c-axis, is oriented towards normal direction of glass
substrate, confirming the XRD spectrum result for sample B,
that the ZnO nanorods were grown along (002) orientation in
sample B.

155449



IEEE Access

Fitriana et al.: Enhanced NO Gas Performance of (002)-Oriented Zinc Oxide Nanostructure Thin Films

== (002)-Oriented
60 0,
(a) 200 C 250°C | Random Orientation
50 300°C
= o
£ 40 160°C
]
w
=
E_ 30
35 350°C
(=4
204
104
0 T T T T T T
0 1000 2000 3000 4000 5000
Time (s)
604 (b) #— (002)-Oriented
- #— Randomly Oriented
554
50 /
o / N
2 45 | TN
= / ~ \ \
< 40 » -~ \ \
%‘ 4 /// b
v '.’ A \\
354 7 \ \,
7 [ 1 \
30 o ~ \
1 .
254 ]
20 - T T T T T
150 200 250 300 350

Temperature (C)

FIGURE 9. The dynamic response characteristic of ZnO films (a) and ZnO
films response value to 30 ppm NO (b) at various temperature.

B. GAS SENSING PROPERTIES

In this work, we compare the gas sensing properties between
sample A and B to find out the effect of the growth orien-
tation on NO gas sensing properties. ZnO film dynamic gas
responses was measured according to the method described
in experimental section. In this case, the DEA is indirectly
affecting the NO gas measurement result. The used of DEA
in seeding process result in (002) oriented nanorod which
has more active site for gas exposure than random nanorod
will give better sensing activities. Fig.9 shows the response
of ZnO films to 30 ppm NO gas at different temperatures
to investigate the optimum working temperature of ZnO
films. The optimum working temperature is defined as the
temperature where ZnO nanorods films show the highest
response [39]. It can be seen that the response of ZnO
films changes when the temperature was varied between
160°C-350°C. Firstly, the response was increasing up to
47.5% as the temperature increase to 300°C for sample A and
up to 57.28% as temperature increase to 200°C for sample
B, then the response keep decreasing at higher temperatures.
The response has a tendency to increase and reach the max-
imum at an optimum temperature and then decreasing with
temperature increase. This tendency was observed commonly
in many previous studies [40]-[44]. It might be caused by
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low kinetics at temperatures lower than the optimum work-
ing temperature and by the increasing of desorption rate
at temperatures higher than optimum working temperature
[45]. According to this result, we can conclude that the work
optimum temperature of sample B is 200°C, while for sample
A is 300°C. It means that (002)-oriented ZnO film has a better
optimum working temperature because its optimum working
temperature is lower than randomly oriented ZnO film.
Furthermore, gas sensor measurements with different NO
gas concentrations (10-90 ppm) at 200°C were also per-
formed. The dynamic response characteristic of ZnO films
with five different concentration (10, 30, 50, 70, and 90 ppm)
were shown in Fig.10 (a) which show an increasing response
of ZnO films with the increase of NO gas concentration. It is
well known that the ZnO films response is related to the NO
gas adsorption on ZnO surface, where the number of NO
gas molecule adsorbed on ZnO surface increase along with
the increasing of NO gas concentration. That phenomenon
results in increasing the response value. Based on a sensitivity
curve in Fig.10 (b), it is obvious that ZnO nanorods film
with (002) orientation has a higher gradient value compared
to nanorods film with random orientation which indicates

VOLUME 7, 2019



Fitriana et al.: Enhanced NO Gas Performance of (002)-Oriented Zinc Oxide Nanostructure Thin Films

IEEE Access

FIGURE 11. Illlustration of active site of ZnO nanorods with (a) random
orientation (b) (002) orientation.

that the ZnO nanorods film with (002) orientation has better
sensitivity 0.19, than random orientation one 0.12. In the
previous study, we also found that ZnO with (002) orientation
gave the better result for CO detection than ZnO with random
orientation [46]. However, the ZnO still displayed the best
performance as a NO sensor.

From Fig.10 we also found that the ZnO nanorods film
with (002) orientation shows a higher response than ZnO
nanorods film with random orientation. It is well known
that the surface ZnO act as an active site for target gas
adsorption. ZnO nanorods film with random orientation has
less active site than ZnO nanorods film with random ori-
entation due to overlapping nanorods in random orienta-
tion will prevent the adsorption of target gas as illustrated
in Fig.11. Consequently, ZnO nanorods film with random
orientation has lower response than, ZnO nanorods film with
(002) orientation. The higher performance of (002)-oriented
ZnO is also caused by their higher density compare to ran-
dom ZnO. According to our previous study, the denser the
film or layer, the more active sites are available for sensing
activity [5].

The result of the response and recovery time of ZnO
films towards 30 ppm NO gas with different temperatures
and at a fixed temperature of 200°C with different NO gas
concentration are tested are shown in Table 1 and Table 2,
respectively. According to the these results we know that the
ZnO with (002) orientation has a faster response time and
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TABLE 1. The response time and recovery time of ZNO films at various
temperature.

(002)-oriented ZnO film  Random-oriented ZnO film

Temperature  Response Recovery Response Recovery
time (s) time (s) time (s) time (s)
160°C 420 210 420 350
200°C 290 160 405 95
250°C 275 100 395 85
300°C 240 85 250 70
350°C 220 40 125 10

TABLE 2. The response time and recovery time of ZNO films at various no
gas concentration.

(002)-oriented ZnO film  Random-oriented ZnO film

NO gas
concentration R?sponse Rgcovery Rfisponse R§covery
time (s) time (s) time (s) time (s)

10 ppm 430 100 465 90
30 ppm 295 130 410 100
50 ppm 285 145 355 140
70 ppm 270 150 325 150
90 ppm 220 180 205 170

a slower recovery time than ZnO films with random orien-
tation. Therefore, ZnO film with (002) orientation performs
better for NO gas sensing application than that of ZnO film
with random orientation.

C. GAS SENSING MECHANISM AND SELECTIVITY

In this work, both A and B samples resistance decreased as the
operational temperature increase indicate that they exhibited
n-type semiconductor. Furthermore, at certain temperature,
those n-type sample’s resistance also decreased fastly when
exposed to reducing gas like NO. Sequently, their resistance
increased and reached baseline quickly after the flow stopped
and the change of resistance is delivered as a sensor signal.
The fast development of sensitive materials as gas sensor
leaves the unclear mechanism, however, the involving of
oxygen ionsorption is believed to contribute in the mecha-
nism. Due to the energy activation of this reaction, oxygen
ionsorption start to occur on the surface at 75°C [47], [48].
Above that temperature, oxygen from atmosphere will be
adsorbed, dissociated, and ionized by taking electron from
the conduction band of ZnO creating wide electron depletion
layer lead to increase the resistance. The type of oxygen ion
species resulted from this ionization depends on the opera-
tional temperature. O, , O™, and O 2= became predominance
at75-150°C, 150-200°C, and >200°C respectively according
to Equation 2. At certain temperature, NO will adsorbed onto
the surface of the oxide and react with the oxygen species,
according to Equation 2, produce NO; as a product by releas-
ing electron to the conduction band lead to decrease the resis-
tance. As the gas sensor measurement testing showed 200°C
is the optimum temperature, the surface reaction occurred
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FIGURE 12. Initial configuration (a) and optimized geometry (b) of NO
direct interaction with the 0295 site on the Zn0O(100) surface.

mostly between NO and O~ species.
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We performed atomic simulations using density functional
theory-based calculations to support the mechanism of NO;
formation from the reaction between NO gas and O ion on
the ZnO surface in Equation 2. We used (100) surface facet to
model the ZnO surface since this facet is the dominant surface
facet for the nanorod morphology which is grown in the (002)
direction. We added an oxygen adatom (0*%) on the ZnO
(100) surface to model the surface ionic oxygen (see Fig. 3).
The most stable 024 Jocation for (100) surface is located on
the top of the Zn-O dimer while for (002) surface the O™
site is located on the hollow site. The conformation of Q2
site on the (100) surface is in agreement with previous DFT
studies [49], [50].

The sensing process in Equation 2 involved the reaction
between NO molecule and O adatom on the ZnO surface.
Our calculation results suggest that this reaction can happen
by two possible mechanisms. The first mechanism involves
direct interaction between NO molecule and 0 site. The
incoming NO molecule directly attacks the 02 site without
undergoing adsorption process on the surface. This inter-
action results in a spontaneous formation of an adsorbed
NO> molecule on the (100) surfaces as shown in Fig. 12.
In the second mechanism, the incoming NO molecule is
firstly adsorbed on one of the Zn atom site near O site
of ZnO(100) surface and then it interacts with the 04 site
to form NO; molecule (see Fig. 13). The NO, formations
through this mechanism on the (100) surface is an activated
process that requires activation energy of about 0.21 eV. This
demonstrates that the formation of NO, through the second
mechanism is also facile since it only requires small amount
of activation energy. The results from these calculations prove
the reaction mechanism which is suggested in Equation 2.
The NO; molecule can be formed easily on the ZnO (100)
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surface when NO molecule is directly exposed to the surface
which has pre-adsorbed oxygen species.

Besides the gas response, the selectivity is another impor-
tant property for ZnO film as a gas sensor. Fig.14 shows
the response of (002)-oriented and randomly oriented ZnO
film to NO, CO, toluene and acetone gas at 200°C. The con-
centration all gases were same, which is 30 ppm. From this
figure we know that both ZnO films have a higher response
when being exposed by NO gas than the other gases. This
indicates that both ZnO films were more selective to detect
the NO.

IV. CONCLUSION

In this paper, (002) oriented and randomly oriented ZnO
film were successfully synthesized by Chemical Bath Depo-
sition method. The orientation of ZnO films were controlled
via the presence of DEA in seed layer precursor, where
(002)-oriented and random-oriented ZnO film are syn-
thesized by using DEA and without DEA, respectively.
Furthermore, the gas sensing measurement shows that ZnO
film with (002) orientation has a better performance for
NO gas detection because it has a lower work optimum
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temperature, a higher response and sensitivity, and a better
selectivity than ZnO film with random orientation. These
results indicate that (002)-oriented ZnO film is more potential
for NO sensing application than that of randomly oriented
ZnO film.
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