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ABSTRACT In the present investigation, we studied the structural stability and electronic properties of
bare and various adsorbed gas molecules ZGaNNR-2, ZGaNNR-4 and ZGaNNR-6 configurations. The
electronic properties of all considered ZGaNNR configurations exhibit the metallic behaviour and it
is verified through their band structures and densities of states. Based on binding energy/adsorption
calculations, Bare-ZGaNNR-6 and O;-ZGaNNR-6 configurations found the most thermostatic stable and
energetically favoured configurations among all other considered ZGaNNRs. In transmission spectra, many
distinct conductive states are observed in case of CO,-ZGaNNR-6. The selectivity of CO2/0; ZGaNNR
has emerged as the most preferred (24.6) one among all considered configurations. CO,-ZGaNNR-6 is
emerged as the fast sensing device due to the lower recovery time (0.14 sec). The proposed device proves
the high sensing capability towards the nano-scale devices.

INDEX TERMS Adsorption, sensing, selectivity, recovery time.

I. INTRODUCTION

With the tremendous growth in industrialization and com-
mercial activities in recent years, severe air pollution has
become a serious threat for all man-kinds [1], [2]. Increased
amount of harmful pollutants such as CO, and CO is becom-
ing a severe problem to human life [3]-[6]. The burning of
fossil fuels is the primary sources of these greenhouse gases.
As a result, monitoring and accurate identification of haz-
ardous gases using effective sensors is the hot topic in the
research fraternities [7]-[13]. Two-dimensional (2-D) devices
have been used for the sensors applications by using differ-
ent gas molecules [14]-[20]. Li et al. were investigated the
WOj3 material theoretically for gas sensing applications [21].
The detecting the ethanol gas using mesoporous ZnO-
Au composites has been investigated experimentally [22].
Martins et al. reviewed and addressed the some common 2-D
sensors results using FETs [23]. 2-D materials like nanorib-
bons have been investigated for sensing applications due to
their tunable properties [24], [25]. The electronic properties
of the these materials are highly influenced by their width

variations [26], [27] and edge structures [28]. Nanoribbons
are suitable for different types applications including sens-
ing devices [24], spitronics devices [29], nanoelectron-
ics [30]-[32], VLSI interconnects [33] and piezoelectric
devices [34]. Han er al. [35] and Pacile et al. [36] syn-
thesized BN sheets using chemical-solution-derived methods
and also using freely eliminated methods. Yogi er al. have
investigated NO; and CO gas detection on zigzag and arm-
chair nitride ribbons [37]-[39]. Sun et al. also investigated
the gas molecules adsorption on defect-AIN ribbons [40].
Srivastava et al. studied on sensing PH3 gas molecules [41].
Sachin et al. studied the stability of AIN monolayer and also
investigated the group III-V elements, group IV compound
using density functional theory (DFT) [42]. Tsipas et al.
experimentally verified the stability of h-AIN using plasma
method [43]. The vibrational, electronic and structural prop-
erties of pristine-AIN showed that the mono layer exhibits
more stability with indirect band gaps and shows the direct
band gaps for bulk compound [44], [45]. Gallium nitride
nanoribbon (GaNNR) is little explored as a replacement
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of CMOS technology for future nanoelectronic devices due
to its chemical stability, high thermal, high reverse break-
down voltage and wide band gap. GaN at bulk dimensions
has already shown its potential of commercial viability for
high power semiconductor devices [46], [47]. 2-D devices
have been extensively used in sensors applications to detect
ammonia, sulfur hexafluoride (SF¢), and acetone [48]-[50].
Owing to intrinsic wide band gap III-V nitrides play a vital
role for designing the sensing devices, fast switches appli-
cations, RF signals electronic devices. On the other hand,
it would be interesting to examine the band gap engineer-
ing of monolayer GaN to gauge its potential for replacing
conventional sensor devices. However, there has been few
research on gas sensors using GaNNR in the literature. We
studied the gas molecules adsorption (CO,, CO, NO and
0,) on ZGaNNRs using DFT method. Additionally, elec-
tronic properties, sensor properties and transport properties
are also studied.

1l. COMPUTATIONAL DETAIL

All the results presented here are investigated using a first-
principles approach. ATK-VNL tool is used for calculating
all parameters of adsorbed gas molecules on ZGaNNRs [51].
The ribbons are confined in X-Y directions and periodic with
the Z direction. The investigations are conducted by using
the super-cell approach with k-point of 1x1x50 sampling.
We used 10A vacuum space for eliminating interactions
between ribbons and their periodic images. The cutoff
energy of 70 Ry is chosen for each configuration and the
optimization is conducted till the force on atoms are lower
than 0.05 eV/A. Generalized gradient approximations (GGA)
- Perdew-Burke-Ernzerhof (PBE) calculation has been used
for the correlation and exchange effects. The transition prob-
ability is calculated using the transmission spectra (TS). The
following relation is used to estimate the T(Ey, V) [29], [33].

T(Ep. Vb) = Te[tR(Eb. Vb)GE(Eb, Vb)TL(Eb, V)G (Ep, V)]
(1

where, Tr/L is the coupling matrix of right/left electrodes and
G+ (Ey, Vp) is the Green’s function of the device region.
T; is the trace of the analogous matrix quantity. Ey, is the
transmission spectrum energy and Vy, is finite bias.

Ill. STRUCTURAL PROPERTIES

To assess the gas molecules (CO,, CO, NO and O;) on
ZGaNNR for sensing applications, we first analyzed the
structure stability using binding energy (Epg) per atom.
Fig. 1 shows the optimized geometries of all considered
gas molecules of ZGaNNR. All considered configurations
are varied with a width (N,) of 2, 4 and 6. N, is used
to define the ZGaNNR width, where N is the width and z
represents the zigzag nanoribbon. Further, we studied Fermi
energy (Er) and binding energy (Epg) of bare ZGaNNR-2,
ZGaNNR-4 and ZGaNNR-6 configurations. The following
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TABLE 1. Optimized bond length between two atoms of all considered
(Nz = 6) configurations (All units are in A).

Configurations Ga-N Ga-O O-C N-H O-N O0O-O
CO,-ZGaNNR  1.81 1.85 135 1.01 - -
CO-ZGaNNR  1.87 298 1.01 1.01 - -
NO-ZGaNNR  1.82 191 - 1.01 1.25 -
0,-ZGaNNR 1.82  1.85 - 1.01 - 1.33

TABLE 2. Width dependence of band gap (Eg), binding energy (Egg) and
Fermi energy (Eg) of bare ZGaNNR configurations.

Width (N,) Eg (eV) Egg (eV) Eg (eV)
2 M 534 484
4 M -5.83 -5.30
6 M -6.03 -5.28
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FIGURE 1. Schematic configurations of (a) CO,-ZGaNNR-6,
(b) CO-ZGaNNR-6, (c) NO-ZGaNNR-6 and (d) O,-ZGaNNR-6.
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relation is used to calculate the Egg [38].

Etotal — mEGa — nEN
Egg =

o n 2
where Eronl, Egayn indicate the total energies of bare
ZGaNNRs and single isolated Ga/N atom. m, n are the total
number atoms of Ga and N in ZGaNNRs, respectively. A
higher negative value of Egg are treated as the most stable
configurations. Table 1 summarized the calculated optimized
bond length between two atoms of all considered (N, = 6)
configurations. Table 2 compares the structural stability of
bare ZGaNNR-2, ZGaNNR-4 and ZGaNNR-6, respectively.
In the bare ZGaNNRs, ZGaNNR-6 is found as the most
structural stable configuration, whereas bare-ZGaNNR-2 is
the least stable preferred. The sequence of Egg is noticed to
be ZGaNNR-6> ZGaNNR-4>7GaNNR-2, respectively. We
also investigated the adsorption energy (Eapp) of considered
configurations using a relation of [41]

Etotal — Ebare — EC0,/cONO/O,
a+b

3)

Eapp =
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FIGURE 2. Band structures and DOS profiles of bare (a,d) ZGaNNR-2, (b,e) ZGaNNR-4 and (c,f) ZGaNNR-6.

TABLE 3. Width dependence of band gap (Eg), Fermi energy (Eg) and
adsorption energy (Expp) of various gas ZGaNNR configurations.

Configurations Width (N,) Eg (eV) Eg (eV) Eapp(eV)
2 M -2.82 -1.62
CO,-ZGaNNR 4 M -291 -1.76
6 M -3.03 -1.77
2 M -3.99 -2.21
CO-ZGaNNR 4 M -4.15 -2.40
6 M -4.33 -2.43
2 M -3.00 -2.66
NO-ZGaNNR 4 M -3.13 -2.85
6 0.05 -3.19 -2.86
2 M -3.95 -3.03
0,-ZGaNNR 4 M -3.96 -3.22
6 M -4.12 -3.24

where Etotal, Evare and Eco,/comNo,/No/0, are the total ener-
gies of ZGaNNR configuration adsorption, bare ZGaNNR
and isolated CO,/CO/NO,2/NO/O, molecules and a, b are
the total number of adsorbed molecules and H atoms present
in the configuration. Table 3 compares the energetic fea-
sibility of various gas molecules ZGaNNR-2, ZGaNNR-4
and ZGaNNR-6. It is noticed that the sequence of Eapp
is observed to be 0O3-ZGaNNR> NO-ZGaNNR> CO-
ZGaNNR> CO,-ZGaNNR. The O,-ZGaNNR configuration
reported as most energetically favorable preceded by the
NO-ZGaNNR configuration. Interestingly, it is noticed that
as the ZGaNNR width increases with increased Eapp.
0,-ZGaNNR-6 emerged as the most energetic feasible
(—3.24eV) configuration, while CO,-ZGaNNR-6 is the least
energetic feasible (—1.77eV) configuration.
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(a)

FIGURE 3. Schematics of bond angles of geometries after gas adsorption
at upper edge for (a) CO,-ZGaNNR-6, (b) NO-ZGaNNR-6 and
(c) 02-ZGaNNR-6.

IV. ELECTRONIC PROPERTIES

Here, we have studied the electronic properties of the
bare ZGaNNR-2, ZGaNNR-4 and ZGaNNR-6 and ana-
lyzed the width dependency. The width variation of Ep
and Eg of bare ZGaNNRs are summarized in Table 2. All
bare ZGaNNRs exhibit metallic in nature and it is ver-
ified through their band structure and densities of states
(DOS). Fig. 2 depicts the band structures and DOS profiles
of bare ZGaNNR-2, ZGaNNR-4 and ZGaNNR-6. Fig. 3
shows the schematics bond angle of optimized geome-
tries after gas molecule adsorption. Here, we have noticed
that, as bare ZGaNNR width increases with increased Ef.
Bare-ZGaNNR-6 exhibits highest Er as compared with bare-
ZGaNNR-2 and bare-ZGaNNR-4 configurations. Further, the
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FIGURE 4. Band structures of considered configurations for (a) CO,-ZGaNNR-6, (b) CO-ZGaNNR-6, (c) NO-ZGaNNR-6, and (d) 0,-ZGaNNR-6.

electronic properties of various gas molecules ZGaNNR are
investigated with the help of DOS and band structures cal-
culations. Here, we also investigated the width dependency
of the CO,, CO, NO and O, gas molecules ZGaNNR-2,
ZGaNNR-4 and ZGaNNR-6 and analyzed the width depen-
dence. The width variation of Er and Eg of various gas
molecules ZGaNNR are summarized in Table 3. CO,, CO
and O gas molecules adsorbed on the ZGaNNR possess
the metallic in nature and it is verified through their band
structure and DOS profiles. Fig. 4(a,b,d) and Fig. 5(a,b,d)
depicts the calculated band structures and DOS profiles
of CO,-ZGaNNR-6, CO-ZGaNNR-6, O,-ZGaNNR-6. We
observed semiconductor behavior in NO-ZGaNNR-6 con-
figuration. Interestingly from Table 3, it is noticed that
as the CO-ZGaNNR-6 width increases with increased Ep.
CO-ZGaNNR-6 exhibits the highest Er as compared to
CO-ZGaNNR-4 and CO-ZGaNNR-2 configurations.

V. TRANSPORT PROPERTIES

To further verify the reported metallicity in various gas
molecules ZGaNNRs, we used the two-probe model for cal-
culating transmission spectra (TS) shown in Fig. 6. The
two-probe model consists of a central region, right and left
electrodes. Central scattering region is placed in between
two electrodes. Fig. 7 depicts the calculated TS of various
ZGaNNR-6 gas molecules for zero bias condition. The CO,-
ZGaNNR-6 have many distinct conductive states around the
boundary orbitals shown in TS and also observed the peaks
in TS at 0.2eV. The CO-ZGaNNR-6 contains multiple split
edge states across the Fermi level. For this instant, the TS
starts to lose its smoothness and Further, in NO-ZGaNNR-
6, a scattering region blocks electrons from passing through
the device. This leads to increased transmission peaks at
the Fermi level and then decreases rapidly as the bias rises.
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In O-ZGaNNR-6, transmission peaks are almost low at 0
to leV. Further, at the negative bias of TS, a large block
of transmissions originating at the bias window until they
decrease to zero. This means that peaks increase before
fading out, largely weakening around the Fermi level.

VI. SELECTIVITY

To investigate the sensing properties, we studied the selec-
tivity (S) of ZGaNNRs for selected various gas molecules.
The selectivity is the function of temperature. The Fig. 8
shows the S of CO, NO and O, gas molecules. The fol-
lowing relation is used to calculate the selectivity of X gas
molecule with respect to Y gas molecule [37].

= Ike(*EX+EY)/kBT
Ay

Sx/y 4
where A is the CO,/CO/NO gas molecule interaction pre-
factor and O, gas molecule is equal to 10 [37]. X and Y
are the adsorption energies CO»/CO/NO/O; gas molecules
represented by Eco,. Eco, Eno and Eq, respectively and
T is the temperature in Kelvin and Kg is the Boltzmann
constant. Temperature has a major role in various selectiv-
ity. The Fig. 8 shows the calculated selectivity of CO,/CO,
CO,2/NO, CO,/0,, CO/NO, CO/Oy and NO/O, ZGaNNR-6
configurations. The NO gas molecule has a low selectivity
for O, as compared with CO/NO selectivity. Further, stud-
ied the selectivity of ZGaNNRs for CO, gas molecules with
respect to Oy, CO, NO gases. CO, has a high selectivity
for O followed by CO,/NO selectivity. From Fig. 8, we
have observed that selectivity of CO2/O; on the ZGaNNR
has emerged the most preferred (24.6) one amongst all con-
sidered configurations whereas selectivity of NO/O is the
least preferred (6.38) configuration.
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FIGURE 5. DOS profiles of considered configurations for (a) CO,-ZGaNNR-6, (b) CO-ZGaNNR-6, (c) NO-ZGaNNR-6 and (d) 0,-ZGaNNR-6.

FIGURE 6. The standard two probe model of CO-ZGaNNR-6 and similar
models are followed for other considered ZGaNNRs.

VIl. RECOVERY TIME

To investigate the recovery time (t) of ZGaNNRs for various

gas molecules, 7 is mainly dependent on temperature. The

calculated t of various gas molecules of ZGaNNR as shown

in Fig. 9. The following relation is used to estimate the t

on the various ZGaNNR gas molecules [37].
T = U_le(_EAD/kBT)

®)
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FIGURE 7. The transmission spectra of various ZGaNNR-6 configurations
for zero bias condition.

where v is the attempt frequency of bond breaking and
the value is 10!2 Hz [37]. Eap is the adsorption energy of
ZGaNNR-6 gas molecules. Temperature has a major role
in recovery time as shown in Fig. 9. The T is inversely
proportional to the recovery time. According to the t
study, it is clear that an increase in the temperature, t
also improves. The CO,-ZGaNNR-6 configuration takes
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FIGURE 8. The calculated selectivity of CO,/CO, CO,/NO, CO,/0,, CO/NO,
C0/0, and NO/O, ZGaNNR-6 configurations.
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FIGURE 9. Recovery time calculations for various ZGaNNR-6
configurations.

approximately 5 sec to recover at 700K and gradually it
decreases up to 0.14 sec at 800K. This states, the higher
temperatures result in a faster t, while lower temperatures
result in a slower 7. Further, O;-ZGaNNR-6 has a longer
T of 2.217x10!'" sec at 700K. On the other hand, NO-
ZGaNNR-6 configuration is expected to recover the time of
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3.90 x 10° sec at 700K, further reduced to 1.04 x 10° sec
for higher temperature. Due to the lower t of CO,-ZGaNNR-
6 configuration is considered for fast sensing devices. The
proposed device shows the potential for future high speed
and low power nano-scale sensing devices.

VIiil. CONCLUSION

In summary, DFT investigation shows that various gas
molecules adsorption significantly effects the structural,
electronic, transport and sensing properties of ZGaNNRs.
Metallic behavior is observed in all considered ZGaNNR
configurations. O;-ZGaNNR-6 was found to be the most
energetically favored(-3.24eV) configurations among vari-
ous adsorbed gas molecules ZGaNNRs. The selectivity of
CO,/0O, of ZGaNNR is the most preferred one (24.6) and
also observed that, CO,-ZGaNNR-6 is emerged as the fast
sensing device due to the lower recovery time (0.14 sec).
The proposed device shows the potential for futuristic robust
Nano-sensors.
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