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Abstract—The detection of NO, molecules by GaN
nanowire sensors which were functionalized with vari-
ous metal oxides have been comprehensively studied with
device fabrication, characterization and modeling with first-
principles calculations based on density functional theory
(DFT). In this work, GaN nanowires were prepared on Si
substrate by standard top-down fabrication process and then
fabricated into resistor based chemical sensors. The surface
of GaN nanowires were functionalized by three metal oxides:
TiOs, ZnO and SnO, for analysis. The UV illuminated device
characterization results indicated that the devices with TiO,
functionalization exhibited the highest response toward NO»
gas. It showed quick response (240s) and recovery (280s)
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process with strong NO, selectivity. In modeling, the oxide functionalized GaN in contact with NO, molecule was
designed and geometrically optimized. Simulation results indicated that TiO, functionalization enabled the most energy
favorable surface for NO, adsorption among the three metal oxides. In addition, the electronic properties of these oxide
functionalized GaN have been studied in terms of the total density of states (TDOS) and projected density of states (PDOS),
indicating an excellent agreement with the above-mentioned experimental measurements. Furthermore, the effect of
environmental humidity on the adsorbate-nanocomposite interaction has been simulated and studied. Overall, the metal
oxide functionalization significantly enhances the performance of GaN gas sensors and selecting an appropriate oxide

will optimize the detection.

Index Terms— Gas sensor, GaN nanowire, metal oxide, nitrogen dioxide (NO5), density functional theory (DFT), density

of states.

I. INTRODUCTION

OMPOUND semiconductors are mostly synthesized

from elements in groups II to VI of the periodic table.
Among the group III-Nitride semiconductor materials, bulk
GaN has been highly explored for various applications such
as- optoelectronic devices [1], electronic devices [2], biosen-
sors [3], chemical sensors [4] and so on. Having a direct wide
band gap of 3.4 eV at room temperature, GaN is chemically
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very much robust, very attractive for application in harsh
environment. It possesses high electron mobility, high heat
capacity, good thermal conductivity and high breakdown volt-
age [5]. By possessing large surface-to-volume ratio, nanos-
tructures such as nanowires, nanorods, nanotube, nanoparticles
and nanobelts offer high performance chemical sensing [6].
The electronic properties of quantum confinement of electrons
within GaN nanostructures lead to various electronic [7] and
optical applications [8].

Metal oxide-based sensors to detect the environmental pol-
lutants have been the subject of intense research for several
decades [9]. However, metal-oxide sensors lack precise selec-
tivity towards any specific gas. The mechanism of sensing
involves chemical interaction of the analyte with the oxygen
chemisorbed on the surface [10]. Also, they suffer from high
power requirement and unstable operation at harsh environ-
mental conditions. GaN/metal-oxide nanostructured devices
have the potential to address these sensing limitations. Further-
more, selectivity of the sensor can be improved by employing
several techniques [11]-[13], including sensor array [14] and
Back-gate Field Effect Transistor (FET) sensor [15], [16].
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The metal-oxide nanoparticles can increase the adsorption
of chemical species by introducing additional adsorption sites,
thus increasing the sensitivity of GaN/metal-oxide based sen-
sor [17]. Sensor current modulation can be achieved as well
through the formation of a nanosized depletion region between
GaN nanostructure and metal-oxide depending on the analyte
adsorption [18]. Moreover, the metal or metal-oxide nanopar-
ticles can act as catalysts to enhance spill-over phenomena of
radicals over semiconductor [19].

Anatase phase titanium dioxide (TiO;) has attracted great
attentions due to its excellent properties such as high catalytic
efficiency and large band-gap, long-term stability, low cost
and non-toxicity [20]. These characteristics make TiO, as one
of the suitable candidates for high performance gas sensing
material. ZnO exhibits wurtzite crystal structure with a band
gap energy of 3.37 eV. Also, it is less toxic, available in
diverse morphologies, optimally conductive, quiet stable, and
inexpensive [21]. All these properties make ZnO appropriate
for using in chemical sensing applications. SnO, is one of
the most extensively studied metal oxides in gas sensing
applications [22]. It promotes the adsorption of atmospheric
oxygen onto its surface due to possessing non-stoichiometry
and thus, become sensitive towards toxic gases [23].

Nitrogen dioxide (NO) is one of the common toxic air
pollutants, mostly found as a mixture of nitrogen oxides (NOy)
with different ratios (x). The LCsq (the lethal concentration
for 50% of those exposed) for one hour of NO, exposure
for humans has been estimated as 174 ppm [24]. The major
sources of NO; are from combustion of fuels such as certain
coals and oil [25], biomass burning due to the extreme heat
of lightning during thunderstorms [26], and nitrogen fixation
by microorganisms due to agricultural fertilization [27]. The
noteworthy impacts of NO; include: respiratory inflammation
of the airways, decreased lung function due to long-term expo-
sure, increased risk of respiratory conditions [28], increased
responsiveness to allergens, contribution to the formation of
fine particulate matter (PM) and ground level ozone which
have adverse health effects, and contribution to acid rain
causing damage to vegetation, buildings and acidification of
lakes and streams [29]. So, precise detection of such an
injurious molecule is vital to public health and environmental
protection.

There have been a few computational studies on the
adsorption behavior of cluster-assembled and two-dimensional
GaN [30]-[32]. However, the computational analyses of
metal-oxide functionalized GaN nanocomposites have not yet
been reported to best of our knowledge. In this paper, we stud-
ied NO; gas sensing properties of GaN nanowire-based sen-
sors functionalized with various metal-oxides. To further verify
the experimental results, adsorption behaviors of NO, mole-
cules on those metal-oxide/GaN nanocomposites have been
investigated via density functional theory (DFT) based on first
principles. Primarily, promising metal-oxides for gas sensor
applications such as, TiO2, ZnO and SnO; have been consid-
ered as functionalizing materials on GaN. Depending on target
analyte molecules, many other catalytic metal-oxides can be
explored to achieve outstanding adsorption characteristics.

Il. EXPERIMENTAL DETAILS
A. Device Fabrication and Characterization

A standard top-down fabrication process had been employed
to form n-type and c-axis GaN nanowires on Si (111)
substrates [33]-[35]. Then, top contact metallization was
deposited on GaN with a deposition sequence of Ti (40 nm)/Al
(80 nm)/Ti (40 nm)/Au (40 nm). On the fabricated GaN
nanowire surface, the anatase TiO; nanoclusters were formed
using RF magnetron sputtering at 325 °C with 50 standard
cubic centimeters per minute (SCCM) of Ar flow and 300 W
RF power [36]. After that, rapid thermal annealing (RTA) was
carried out on the devices at 600~700 °C for 30 s to promote
ohmic contact formation to nanowires and to induce crystal-
lization of the TiO» clusters. Similar fabrication procedures
have been followed for making ZnO incorporated GaN NW,
and SnO; functionalized GaN NW device. For gas sensing
measurements the device was placed in a custom designed
gas chamber made of stainless steel. A gaseous mixture of
NO; and compressed breathing air was introduced into the
sensing apparatus and the net flow (air + NO;) was maintained
at 100 SCCM. Mass flow controllers (MFCs) independently
controlled the flow rate of each component, determining the
composition of the mixed gas. The devices were biased with a
constant 5 V supply and currents were measured by a National
Instrument PXI SMU system. UV illumination to the sensor
was applied by a 365 nm light emitting diode. The output
power of the UV source was maintained at 470 mW/cm?. After
the sensor was exposed to NO,, it had been allowed to regain
the baseline current in air at room temperature for 10 mins.

The actual optical image of the proposed GaN
nanowire-based sensor device is presented in Figure 1A.
It is a lightly doped 0.4~0.5 um wide GaN two-terminal
micro-resistor structure fabricated on silicon substrate and
functionalized with a discontinuous layer of photocatalytic
metal-oxide nanoclusters. Figure 1B shows FESEM image of
the synthesized GaN nanowire positioned between the two
metal electrodes. The size of the nanowire sample is observed
quite uniform having a height and width of ~400 nm and
400-500 nm, respectively. Since metal-oxide coated GaN
NWs are very small in size, reference samples with TiO»,
Zn0O, and SnO, thin films on sapphire substrate were prepared
to obtain Atomic Force Microscopy (AFM) images. The
metal-oxides thin films were annealed at 600-700 °C for
30 s expecting that similar metal-oxide morphology has been
formed on the substrate as in the metal-oxide coated GaN
NW case. The two-dimensional AFM images of the annealed
metal-oxides are shown in Figure 2A-C revealing the surface
morphologies. The root mean square (rms) surface roughness
of TiOz, ZnO and SnO; thin films were obtained as 0.61,
0.67 and 0.85 nm, respectively which indicate the formation
of uniform surfaces favorable for gas molecule adsorption.

B. Gas Sensing Properties

The time-dependent NO; gas-sensing response—recovery
curves of the TiO,/GaN NW device, ZnO/GaN NW device
and SnO,/GaN NW device were obtained in dry air under UV
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(A) The optical image showing the top view of the fabricated GaN nanowire-based sensor. (B) FESEM image of the fabricated GaN nanowire.

Fig. 2. High-resolution 2D AFM images of the annealed (A) TiO» thin film, (B) SnO» thin film and (C) ZnO thin film.

light at room temperature (20°). Under the irradiation of UV
light, metal-oxide nanocluster photo-desorbs water and oxygen
creating surface defect active sites and electron-hole pairs are
generated in the GaN backbone. Without UV illumination,
the sensor response is degraded due to lack of active-site
creation at room temperature. The UV assisted sensing makes
it possible to operate the sensor at room-temperature, resulting
in a significant reduction in operating power. The measurement
was performed by exposing the sensors to various concen-
trations of NO», from 0.5 ppm to 500 ppm as illustrated in
Figure 3A. The gas exposure cycle was for 250 s. When gas
flow was turned off, the sensors had been allowed to recover
in air at room temperature for 10 mins. It is found that the
TiOp/GaN NW device exhibits the highest response among
the three synthesized sensor devices, verified from the DFT
results as well. Bare GaN nanowire didn’t show any significant
response toward NO; gas (not shown). Here, the response has
been defined as (Rgas - Rair)/Rair, Where Rgas and Ry, are
the resistances of the sensor in the presence of the analyte—air
mixture and in the presence of air only, respectively. The base
resistance of each GaN/metal-oxide device mainly depends on
the charge transfer i.e., depletion region formed in between
GaN and metal-oxide. Higher depletion width causes higher
base resistance for the device. Here, resistances for the three
fabricated devices are observed in MQ range and similar in
magnitudes. So, this base resistance variation is not expected to
cause significant NO; response modification in comparison to
the sensing surface variation among the metal-oxides. In other
words, surface characteristics of the receptor metal-oxides play
the key role in determining gas sensing response of the sensor
devices, as verified by the DFT simulation study.

Figure 3B plots the responses of the three sensors as a func-
tion of NO, gas concentration. Each response value plotted
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Fig. 3.  (A) Percent responses and (B) Function fitting lines of the
TiOo/GaN NW device (red), ZnO/GaN NW device (black) and SnO»/GaN
NW device (yellow) toward varying concentrations of NO» gas in dry air
under UV light at room temperature (20°C).

is the average response of three consecutive gas exposure
responses at the same concentration for the analyte gas. Each
sensor was calibrated by setting a reference zero reading
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Fig. 4. Response and recovery characteristics of (A) TiOo/GaN NW device, (B) ZnO/GaN NW device, and (C) SnO>/GaN NW device exposed to

10 ppm of NOs in dry air under UV light at room temperature (20°C).

using pure synthetic air. The fitting equations of the sensor
response Y and gas concentration X are represented as Y =
1263 In X + 4393, Y = 0.644 In X 4+ 1941 and Y =
0.415 In X + 0.880 for TiO,/GaN, ZnO/GaN and SnO,/GaN
sensors, respectively, and the regression coefficient is 0.9673,
0.9417, and 0.9538, respectively. This result indicates that the
TiO2/GaN sensor device exhibits the highest sensitivity and
linearity with the logarithm of NO, gas concentration among
three considered sensors.

Figure 4 shows the gas response-recovery process and
response/recovery times of TiO>/GaN, ZnO/GaN and
SnO,/GaN sensors exposed to 10 ppm NO; in dry air under
UV light at room temperature. The response /recovery time
is defined as the time taken by the sensor to achieve 90% of
the total response change in the response/recovery stage. It is
observed that TiO,/GaN sensor device was the quickest in
NO; response among the three proposed devices. This finding
can be attributed to the stronger chemical interaction between
TiO, and NO; molecules as revealed from the energy and
DOS calculations. However, recovery time for the TiO>/GaN
device is found as the longest among all three considered
devices. It happens because higher chemical stability of the
adsorption system due to larger adsorption energy makes
the recovery-process of gas molecules slower. Having lower
adsorption energy as well as weaker chemical interaction
with NO, molecules, SnO,/GaN device exhibits faster gas
recovery than the other two metal-oxide/GaN structures. So,
neither very strong nor too weak chemical interaction is
desirable between gas and sensor surface in order to achieve
a rapid response-recovery process.

I11. COMPUTATIONAL METHODS AND MODEL SYSTEMS
A. Computational Methods

All the first-principles calculations within density func-
tional theory (DFT) in the Kohn-Sham approach [37]
have been performed using BURAI 1.3, a GUI of Quan-
tum Espresso. This GUI system is developed as JavaFX
application, and requires Java Runtime Environment (JRE).
As an exchange-correlation energy functional approxima-
tion, the generalized gradient approximation (GGA) in the
Perdew—Burke—Ernzerhof form (PBE) has been utilized [38].
Ultra-soft pseudopotentials have been used with non-linear
core correction having a cutoff for wavefunctions and charge

density of 51 Ry and 575 Ry, respectively. The conver-
gence criteria of the self-consistent field (SCF) electronic
optimization was set to the value of 1.0 x 107% Ry with a
non-polarized spin. A symmetric fermi vacuum k-point mesh
of 10 x 10 x 1 has been applied in the calculations associated
with the electronic density of states (DOS). Gaussian smearing
was set as fermi vacuum occupations with a smearing width
of 1.0 x 1072 Ry. The optimized structures for the surface
with adsorbate were obtained by placing the NO> gas molecule
~3 A above the surface and optimizing the systems using the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm [39].
All the atomic positions were fully relaxed until the forces
on each atom were less than 1.0 x 1073 Ry/Bohr and energy
was less than 1.0 x 10™* Ry. All the calculations were per-
formed at 293K and no UV irradiation effect was considered.
The adsorption energy of gas molecules adsorbed on the
GaN/metal-oxide nanocomposites were computed using the
following formula: E adsorption = E(GaN/metal—oxide+NO2) —
EGaN/metal—oxide — EN02; Where E(GaN/metal—oxide+N02) is the
total energy of the adsorption system, EGaN/metal—oxide 1S the
energy of the GaN/metal-oxide nanocomposite, and Enoy is
the energy of isolated NO; gas molecules. The adsorption
energies of stable configurations are negative. The more
negative the adsorption energy, the more energy favorable
the adsorption system, i.e., the stronger the interaction of
adsorbate with the nanocomposite.

B. Model Systems

The unit cells used in the nanocomposite design, such as-
GaN (wurtzite), TiO, (anatase), ZnO (wurtzite) and SnO,
(cassiterite) were taken from “American Mineralogists Data-
base” webpage which were reported by Wyckoff [40]. For
GaN/TiO; nanostructure simulation, a 2 x 1 x 1 supercell was
considered containing a total of 51 Atoms (11 Ga, 21 N, 7 Ti
and 12 O atoms). Similar supercells were chosen for GaN/ZnO
and GaN/SnO, nanostructure simulation having 47 (8 Ga,
15 N, 14 Zn and 10 O atoms) and 53 (16 Ga, 20 N, 8 Sn and
9 O atoms) atoms, respectively. All atoms of the considered
nanocomposites had been allowed to relax. The interface
between materials can’t be formed directly in the BURAI GUI
of Quantum Espresso. So, QuantumWise ATK build property
had been used to form the interfaces between GaN and metal-
oxides. The designed nanocomposites had been transferred
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Fig. 5. Optimized geometry of (A) GaN/TiO, nanocomposite, (B) GaN/ZnO nanocomposite, and (C) GaN/SnO» nanocomposite. The gray spheres
are Ti atoms and the red and blue ones represent O and N atoms, respectively. The brown, light blue and green spheres denote Ga, Zn and Sn

atoms, respectively.

to Quantum Espresso for further DFT calculations. Though
c-plane GaN is generally terminated by Ga atoms, N atoms
were found to be present within the interface of the optimized
and stable structures.

The anatase TiO; nanoparticle model possess two types of
titanium atoms, referred to as five-fold (5f-Ti) and six-fold
(6f-Ti), as well as two types of oxygen atoms, specified by
three-fold (3f-O) and two-fold (2f-O) O atoms [41]. Generally,
the 2f-O and 5f-Ti atoms are more reactive than the 3f-O
and 6f-Ti atoms because of their unsaturated coordination.
The optimized structure of the GaN/TiO, nanocomposite is
displayed in Figure SA. Each Zn and O atom at the surface
of the monolayer wurtzite ZnO is threefold coordinated,
and, thus, exhibits an unsaturated bond which allows for
strong interaction with gas molecules. The optimized structure
of the GaN/ZnO nanocomposite is displayed in Figure 5B.
Similarly, unsaturated Sn atoms on the SnO; surface act as
suitable places for the adsorption of target gas molecules.
The optimized structure of the GaN/SnO, nanocomposite is
displayed in Figure 5C. It is well known that NO, molecule
has a bent structure. The N-O bond length and corresponding
O-N-O bond angle of NO, molecule have been estimated to
be 1.20 A° and 134.3°, respectively.

The metal-oxide/GaN molecular models are designed to
investigate the chemical interaction of NO; molecule with
the sensor surfaces. Here, the characteristics of the inter-
acting molecules are mainly influenced by the neighboring
atoms. Even though the device models don’t have actual
dimensions, adsorption properties and overlapping density of
states between NO> molecule and sensor surface are close to
experimental values [42].

IV. SIMULATION RESULTS AND DISCUSSION

A. Adsorption of NO, Molecule on GaN/Metal-Oxide
Nanocomposites

For each of the GaN/metal-oxide nano- composites, multiple
adsorption configurations were considered. The most stable
adsorption configuration structures of the nanocomposites
after NO, molecule adsorption are displayed in Figure 6A-C.
Fivefold coordinated titanium atom (5f-Ti) is well established
as the catalytic active site of TiO, for NO, gas adsorption
reaction. The results from the geometry optimization process

indicate that the N-O bonds of the adsorbed NO, molecule are
stretched after the adsorption on TiO» surface of the nanocom-
posite. This happens due to the transference of electronic
density from the Ti-O (TiO;) and N-O (NO») bonds to the
interaction site between Ti of TiO; and O of NO; molecule.
Moreover, the O-N-O bond angle of the NO, molecule after
the adsorption on the nanocomposite was decreased due to
the weakening of the N-O bonds of NO, molecule [43]. This
adsorption process also increases the ‘p’ characteristics of
bonding molecular orbitals so that the sp*> hybridization of
nitrogen in the NO; molecule becomes near—sp3 [44].

Upon adsorption on GaN/ZnO nanocomposite, the NO»
molecule was observed to be slightly distorted with respect
to the gas phase geometry being the N-O bond elongated
by 0.07-0.09 A and the bond angle contracted by 6.3°.
The bond length and bond angle distortion of NO; mole-
cule on ZnO/GaN surface were found much less than that
on TiOy/GaN surface. In case of molecular interaction in
GaN/Sn0;-NO; adsorption complex, the N-O bond elongation
and angle contraction were calculated as 0.06-0.1 A and 8°,
respectively which are very close to the values obtained for
GaN/ZnO-NO, adsorption complex.

The self-consistent field (SCF) calculations were per-
formed and converged for the three considered nanocomposites
with and without NO, molecule. The adsorption energies
were calculated as —2.31 eV, —1.96 eV and —1.95 eV
for the GaN/TiO,-NO;, GaN/ZnO-NO; and GaN/SnO,-NO,»
adsorption complexes, respectively. The results indicate that
GaN/TiO, surface provides the most energy favorable and
stable NO, adsorption in comparison with the other two
nanocomposites, making it the most likely binding site of
NO; gas molecules. This explains the fact of GaN/TiO; device
being quicker in NO; response with a slower recovery process.
The bond lengths, bond angles and adsorption energies for
the three considered adsorption complexes are summarized in
Table L.

B. Electronic Structures

Density of states (DOS) is defined as the number of
allowed electron (or hole) states per volume at a given
energy. Charge carrier transport phenomena of conductive
solids largely depend on this parameter. In order to further
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TABLE |

BOND LENGTHS (A) AND BOND ANGLES (DEGREES) OF NOs MOLECULE ADSORBED ON
GaN/METAL-OxIDE NANOCOMPOSITES WITH ADSORPTION ENERGIES (eV)

Type of complex N-O1 (A) N-02 (A) O-N-O angle Adsorption energy
(degree) (eV)

Before adsorption 1.20 1.20 1343 -

GaN/Ti0,-NO, 1.30 1.33 119 -2.31

GaN/ZnO-NO, 1.27 1.29, 128 -1.96

GaN/Sn0,-NO, 1.26 1.30 126 -1.95

O Zn

Fig. 6.

e O O o
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Side views of the most stable adsorption configurations of NO» on (A) GaN/TiO» nanocomposite, (B) GaN/ZnO nanocomposite, and

(©
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(C) GaN/SnO» nanocomposite. The gray spheres are Ti atoms and the red and blue ones represent O and N atoms, respectively. The brown, light

blue and green spheres denote Ga, Zn and Sn atoms, respectively.
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Fig. 7. Total density of states (TDOS) for GaN/TiOo nanocomposite,

GaN/ZnO nanocomposite, and GaN/SnO, nanocomposite before and
/

after the NO, adsorption process. Ef and E - denote Fermi energies of

the nanocomposite before and after the NO» adsorption, respectively.

study NO, adsorption on the GaN/metal-oxide nano- com-
posites, the total and projected density of states for the
considered adsorption configurations were analyzed. Figure 7
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Fig. 8. Projected density of states (PDOS) for the adsorption complexes
of NO, molecule with GaN/ TiOo, GaN/ZnO and GaN/SnO», nanocom-
posites. Fermi energies (Ef) of the adsorption complexes have been
shifted to zero.

presents the total density of states (TDOS) for GaN/metal-
oxide nanocomposites before and after the adsorption process.
Fermi level shifts toward lower energy have been observed
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Fig. 9. PDOSs of the O atom of NO, molecule with different d orbitals of the (A) Ti atom of GaN/TiO» nanocomposite and (B) Zn atom of GaN/ZnO
nanocomposite.

for all the three nanocomposites, confirming the electron adsorption on GaN/TiO; structure. This is the largest Er shift
withdrawing nature of NO» molecule. It is found that the Fermi  (2.08 eV) among the three considered nanocomposites. ZnO
energy (Ef) is shifted from —2.210 eV to —4.293 eV due to and SnO» nanocomposites showed an Eg shift of 0.97 eV
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(A) Total density of states (TDOS) for GaN/TiO2-NO» adsorption complex in the presence of water molecule (blue) and in the absence

of water molecule (orange). Inset shows the adsorption complex of NO» and HoO molecules on GaN/TiO» nanocomposite. The gray spheres are
Ti atoms and the red and blue ones represent O and N atoms, respectively. The brown and white spheres denote Ga and H atoms, respectively.
Efrand E;: denote Fermi energies of the nanocomposite without and with the HoO molecule, respectively. (B) Responses of GaN/TiO» NW based
sensor to 10 ppm of NO» gas under UV at 20 °C for different humid conditions.

(—0.65 to —1.62 eV) and 0.30 eV (—0.96 to —1.26 eV),
respectively. The alteration of Fermi energy indicates the
change in charge carrier concentration which results into
the modification of conductivity within the nanocomposite.
That means, GaN/TiO» nanostructure is expected to undergo
higher conductivity change than the other two nanostructures
upon NO; gas molecule exposure. The TDOS of all three
nanocomposite-gas complexes show significant differences in
comparison with the non-adsorbed nano- composites. These
differences include shifting of energies of the peaks and
creating some additional peaks in the DOS of the considered
systems. These changes in the states near Fermi energy
would influence the electronic transport properties of the
nanocomposites.

The projected density of states (PDOS) for the adsorption
complexes of NO, molecule with metal-oxide/GaN nanocom-
posites have been displayed in Figure 8. Fermi energies (E’;)
of the adsorption complexes have been shifted to common zero
for a better comparison. The PDOS of the oxygen atom of NO,
molecule is presented with the PDOS of Ti, Zn and Sn atom
from the nanocomposite adsorption systems, respectively.
The O of NO;, shows significant PDOS overlaps with metal
atoms of the metal-oxides within valence band. These overlaps
in the PDOSs suggest the tendency of formation of chemical
bonds between the concerned atoms by hybridization which is
a measure of effective interaction of NO, molecule with the
respective metal-oxide/GaN surfaces. Near the Fermi energy,
O of NO; exhibits the largest PDOS overlap with Ti of TiO»
among the three PDOS overlaps and contributes noteworthy
energy states. In consequence, a substantial modification of
electronic transport behavior can be expected within GaN/TiO2
nanostructure at NO, gas exposure. Therefore, the obtained
DFT calculation results corroborates our experimental data.

Figure 9 displays the PDOSs of the oxygen atom of NO;
molecule with different d orbitals of the titanium atom and zinc
atom respectively. As can be seen from this figure, the PDOSs
of the oxygen atom of NO, molecule and d4 orbital of the tita-
nium atom show large overlaps in some energy values. Though

the energy of all five 3d orbitals is equivalent, different shapes
of the orbitals causes different PDOS overlaps. In case of Zn
atom of ZnO/GaN nanocomposite, d3 orbital shows largest
overlap with O-atom of NO; as illustrated in Figure 9B.
However, Sn atom on the SnO,/GaN nanocomposite surface
interacts with O-atom of NO;, through Sn-s and p orbitals
(not shown). Sn-d orbitals show no significant overlap. The
overall PDOS results suggest the occurrence of chemisorption
between NO; molecule and the considered GaN/metal-oxide
nanocomposites.

C. Effect of Humidity on Adsorbate-Nanocomposite
Interaction

In order to simulate the environmental humidity effect on
the NO, adsorption process by the GaN/metal-oxide nanocom-
posites, HoO molecule was placed along with NO; molecule
on top of the GaN/TiO; nanocomposite in DFT calculations
(Inset of Figure 10). In this case, only GaN/TiO, nanostructure
was chosen since it exhibited better NO, adsorption properties
than other two considered nanocomposites in both DFT cal-
culations and experimental results. It is found that adsorption
energy for the GaN/TiO,-NO, adsorption complex got more
negative (—3.9 eV) in the presence of HoO molecule. This
means, the GaN/TiO, nanocomposite becomes more energy
favorable and chemically stable for NO; adsorption at higher
humid conditions. This phenomenon is attributed to the fact
that water molecule introduces additional electron cloud in the
nanocomposite. Since NO; is highly electrophilic in nature,
it exhibits stronger electronic interaction in the presence of
additional electron cloud.

TDOS data in Figure 10A reveals that Fermi energy is
further shifted from —4.293 eV to —4.74 eV due to H,O
adsorption, confirming the alteration in electronic transport
properties. Therefore, the conductivity of the GaN/TiO2
nanocomposite is expected to be modified due to the inclu-
sion of water molecule. However, analyte recovery process
of the nanocomposite may be degraded due to excessive
chemical stability at higher humid conditions. Furthermore,
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the simulation of NO, adsorption on sensor surface has been
performed by taking into consideration the presence of oxygen
(dry air) and oxygen/hydroxyl groups (wet air). It is found that
fermi-energy shift is larger in wet air condition than in dry air,
indicating an increase in gas response in presence of hydroxyl
groups (Supporting Information).

In order to verify the results obtained from DFT cal-
culations, the synthesized GaN/TiO,NW based sensor was
exposed to different environmental humidity conditions at
room temperature (20 °). Bronkhorst Controlled Evaporator
and Mixer (CEM) has been used as the core component for
environmental humidity generation and control. The sensor
device was exposed to 10 ppm of NO, gas at relative
humidity conditions ranging from 5% RH to 90% RH. It
was observed that the response was enhanced with increasing
humid conditions initially and saturates at high humidity as
illustrated in Figure 10B. The fact of increasing senor response
with the increasing humidity strongly supports the lower
energy shift of Fermi level from the TDOS results. However,
the gas recovery-process was degraded at elevated RH due to
excessive chemical stability as expected from the DFT energy
calculations. It was found from our previous research that
sensor baseline resistance of GaN/metal-oxide device is altered
due to humidity variation. Therefore, apart from the baseline
variation, gas response magnitudes of the sensors are found
quite robust against significant humidity variations.

V. CONCLUSION

Research and development of chemical sensor devices
continue to be faced with numerous challenges in terms of
sensitivity, selectivity, promptness of response, robustness, and
many other aspects. Semiconducting GaN is one of the promis-
ing materials which has been exploited to address those short
comings in sensing applica- tions. This paper reports that TiO2
functionalized GaN nanowire has shown better adsorption
behaviors and sensing response toward NO; gas compared
to ZnO and SnO; functionalized GaN sensors. Furthermore,
higher humid conditions enhance gas sensing responses of
the GaN/TiO; device with a slight degradation in recovery-
process. This simulation and experimental comparative study
will shine light on the analysis and selection of suitable
metal-oxide catalyst in GaN nanostructures-based chemical
sensors for current and future researchers.
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