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Abstract
Density functional theory-based first-principles investigation is performed on pristine and mono vacancy induced GaAs 
nanoribbons to detect the presence of three volatile organic compounds (VOCs), aniline, isoprene and o-toluidine, which 
will aid in sensing lung cancer. The study has shown that pristine nanoribbon senses all three analytes. For the pristine 
structure, we observe decent adsorbing parameters and the bandgap widens after the adsorption of analytes. However, the 
introduction of the carrier traps induced by defect causes deep energy wells that vary the electrical properties as indicated 
in the bandgap analysis of GaAs, wherein adsorption of aniline and o-toluidine reduces the bandgap to 0 eV, making the 
structure highly conductive in nature. The adsorption energies of defect-induced nanoribbon are more as compared with the 
pristine counterpart. Nonetheless, the introduction of defects has improved the sensitivity further.
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Introduction

Of the innumerous diseases that affect humans, lung cancer 
accounts for more than 2.1 million infected people annu-
ally. The infected people have a bleak survival rate since the 
early-stage diagnosis of this disease is very rare. Although 
there are some techniques for the diagnosis, such as lung 
biopsy, chest X-ray scan and bronchoscopy, these are hazard-
ous and expensive. Even with sophisticated treatment such 
as surgical resection, the stage 3 cancer patient has only 
a 30% survival rate [1]. In lung cancer, the diseased cells 
attack the host’s living cells, causing a biochemical reaction 

forming volatile organic compounds (VOCs). These VOCs 
are present in the exhalation of the infected person. Some 
common and prominently present biomarkers exhaled by an 
infected person are aniline, isoprene and o-toluidine [2]. The 
detection of these biomarkers in-breath is a vital early-stage 
diagnostic step of this dangerous disease. The detection of 
biomarkers for disease diagnosis was first proposed by Paul-
ing et al. [3]. With the detection of VOCs, the information 
about the biological reactions inside the human body can 
be revealed, which helps in disease diagnosis. Nanomateri-
als can play a pivotal role in the detection of biomarkers. 
Various studies in literature corroborate that nanomaterials 
are excellent in detecting gases and biomolecules [4–10]. 
Owing to the excellent electrical and transport properties 
of 2-dimensional nanomaterials, such as graphene [11–15], 
silicene [16–22], ZnO nanoribbons [23–25] and germanene 
[26–29], they are emerging as promising candidates in the 
field of sensing [30]. GaAs nanoribbon is a one-dimensional 
nanomaterial with unique electrical, mechanical and opti-
cal properties [31]. In particular, GaAs has potential appli-
cations in photovoltaic [32], electronic and optoelectronic 
[32] devices. However, not much research is done on GaAs 
nanoribbon for a vital application of sensing different ana-
lytes. Monolayer GaAs have feature-rich energy bands, 
mainly due to the significant buckled structure, sp3 bonding 
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and spin-orbital coupling (SOC) [33]. According to the 
first-principles calculations, monolayer GaAs possess the 
buckled hexagonal structure, multi-orbital chemical bonding 
and significant spin-orbital coupling, which is expected to 
induce the rich electronic properties and diverse magnetic 
quantization in the presence/absence of electric fields [31, 
34]. Sahin et al. [35] determined that the two-dimensional 
graphene-like structures of group III-As (BAs, GaAs and 
InAs) are stable semiconductors using first principles.

In this work, armchair GaAs nanoribbons (both pristine 
and defect induced) have been studied for the vital applica-
tion of detecting the VOCs in the exhalation of a person 
infected with lung cancer. The VOCs under analysis are 
aniline (C6H7N), isoprene (C5H8) and o-toluidine (C7H9N) 
molecules. The basis of this study is to analyze the electri-
cal, optical and transport properties upon the adsorption of 
the identified VOCs on the surface engineered and pristine 
GaAs nanoribbon. The induced defects on GaAs nanorib-
bon cause trap states that are highly localized and carri-
ers trapped in these states cannot move easily in the energy 
bandgap, causing a variation in the conductivity. The surface 
defects may be possible trap sites for the charge carriers. The 
trapping of the charge carriers promotes the counter charge 
carriers reaching the surface. Also, there are possibilities 
of frequent electron–hole recombination at these trap sites. 
For the complete characterization of the considered VOCs 
adsorbed GaAs nanoribbon, the density functional theory 
(DFT) and non-equilibrium Green’s function (NEGF)–based 
first-principles investigation has been performed to calculate 
the electronic and transport properties of the VOCs nano-
sensing application for early-stage lung cancer diagnosis.

Computational studies

The calculations are performed on the Virtual NanoLab 
Atomistix Tool Kit (VNL-ATK) simulation package [36]. 
In this work, the electronic properties, viz., the bandstruc-
ture, density of states, electron density, transport proper-
ties including I-V characteristics, transmission eigenstates 
and optical spectrum, have been calculated and analyzed. 
Armchair GaAs nanoribbon with a width of n = 6 is ana-
lyzed. The structures were edge passivated by hydrogen 
atoms to passivate the dangling bonds [20]. The GaAs 
bond length is measured to be 2.409 Å, as shown in Fig. 1.

The ideal lattice parameter for 1D GaAs primitive 
cell is 4.00 Å. DFT-based NEGF calculations have been 
performed. Generalized gradient approximation (GGA) 
along with Perdew-Burke-Ernzerhof (PBE) and double 
zeta polarized (DZP) set is used as exchange–correlation 
function and basis set, respectively. The density mesh cut-
off frequency and electron temperature are 80 Hartree and 
300 K, respectively. The force and stress tolerance is set to 
be 0.05 eV/Å and 0.05 eV/Å3, respectively. K-point sam-
pling is set to be 1 × 1 × 7 for optimization and 1 × 1 × 99 
for the rest of the calculations. The adsorbent molecule is 
placed approximately at a vicinity of 3 Å from the GaAs 
nanoribbon. All the complexes of the base material and 
analytes are allowed to fully relax using geometry opti-
mization before calculating the characteristic proper-
ties. For calculating the transport properties, a two-probe 
model of the structure is formed and has been designed, 
as shown in Fig. 2. Hence, a two-probe model consists of 

Fig. 1   Structure of a pristine 
and b defective GaAs nanorib-
bon
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two electrodes and a scattering region. Both the electrodes 
have lengths of 7.2 Å, and the scattering region was meas-
ured to be 14.4 Å.

Results and discussion

After the optimization, both pristine and defective nanorib-
bons, formed van der Waals interactions with all the three 
VOC analytes. Generally, for a nanoribbon, two adsorption 
mechanisms, physisorption and chemisorption, prevail. 
Physisorption means there is no physical contact between 
the surface and the analyte; they are only held together by 
weak van der Waals forces. On the other hand, chemical 
interactions involve the formation of strong chemical bonds. 
Also, the formation of the chemical bonds between substrate 
and analyte generally distorts the geometry of substrate and 
hence this type of sensing material is suitable for one-time 
use. Figures 3 and 4 show the most favourable positions of 

Fig. 2   Two-probe model-based GaAs nanoribbon device

Fig. 3   Pristine GaAs nanoribbon with adsorbed a aniline, b isoprene and c o-toluidine, respectively

Fig. 4   Defective GaAs nanoribbon with adsorbed a aniline, b isoprene and c o-toluidine, respectively
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the pristine and defective nanoribbons with the adsorbed 
analytes, respectively.

The adsorption of the biomarker molecules changes the 
buckling height (in Figs. 3 and 4) and geometry of the clar’s 
structure by the formation of the triangle (in Fig. 4a, b). This 
change in the periodic potential of nanoribbon increases 
the generation of the phonon in the lattice and results in 
strong interaction between the charge carriers (electrons) 
and phonons which deteriorate the transport properties of 
the material, which are discussed with current characteristics 
in the latter part of this section. Moreover, in the compari-
son of biomarker-adsorbed GaAs nanoribbon (Fig. 4) with 
biomarker-adsorbed defective GaAs nanoribbon (Fig. 5), the 
defective one shows less distortion in the lattice as com-
pared to the pristine GaAs nanoribbon biomarker complex, 

which confirms the better transport properties of biomarker-
adsorbed defective GaAs nanoribbon.

Dangling bonds are passivated with the hydrogen to nul-
lify its effect on the adsorption of the biomarkers.

To get the intuitive perception about the binding of the 
biomarker with the host material, adsorption energy is cal-
culated. The more negative the value of adsorption energy 
is, the stronger the interaction and the more is the charge 
transfer. The adsorption energy is calculated as:

EAD represents adsorption energy, E(GaAs+VOC) represents 
the energy of nanoribbon and analyte combined, E(GaAs) 
represents the energy of nanoribbon and E(VOC) represents 
the energy of analyte. Table 1 summarises the adsorption 

(1)EAD = E(GaAs+VOC) − E(GaAs) − E(VOC)

Fig. 5   Band structures of pris-
tine GaAs nanoribbon with all 
three VOC analytes

Table 1   Adsorption energies 
of pristine and defective GaAs 
with all three VOC analytes

Configuration E(GaAs+VOC) (eV) E(GaAs) (eV) E(VOC) (eV) EAD (eV)

Pristine GaAs with aniline  − 90,952.4  − 89,568.7  − 1376.13  − 7.61
Pristine GaAs with isoprene  − 90,522.8  − 89,568.7 945.89  − 8.15
Pristine GaAs with o-toluidine  − 91,149  − 89,568.7  − 1567.89  − 12.96
Defective GaAs with aniline  − 8806.64  − 86,680.5  − 1376.13  − 10.50
Defective GaAs with isoprene  − 87,638.1  − 86,680.5 945.89  − 12.96
Defective GaAs with o-toluidine  − 88,261.5  − 86,680.5  − 1567.89  − 12.91

270   Page 4 of 13 Journal of Molecular Modeling (2021) 27: 270



1 3

energies obtained for pristine and defective GaAs nanorib-
bon with the adsorbed VOC analytes.

GaAs crystal is a direct bandgap material, and so its 
quasi-one-dimensional nanoribbon with the bandgap of 
0.556 eV in its pristine form. With the introduction of the 
defect, the bandgap reduces to 0.3 eV and the material 
changes from intrinsic to a p-type semiconductor by moving 
the Fermi level to valence band maxima (VBM). It occurs 
because of the trapping energy states that occur near the 
Fermi level. The formation of trapping states depends upon 
the perturbation in the Hamiltonian/ potential of the super-
lattice of the nanoribbon. This fluctuation of the potential 
changes the energy eigenvalues and affirms the permuta-
tion of the energy states, which leads to the formation of 
energy states in the forbidden energy band of pristine nanor-
ibbon, which are known as trapping states. The release of 
the trapped carriers is dependent on the thermally activated 
process.

For the pristine GaAs nanoribbon, the bandgap increases 
to 1.86 eV, 1.88 eV and 1.9 eV after aniline, isoprene and 
o-toluidine adsorptions, respectively. It can be seen that the 
pristine GaAs substrate is an intrinsic semiconductor after 
the adsorptions of all three VOCs. The bandgap reduces to 
0 eV on aniline adsorption for the defective GaAs nanorib-
bon, making the complex of GaAs-aniline metallic. Despite 
the fact that there is no overlapping of conduction and 
valence band, the Aniline-GaAs nanoribbon complex shows 

metallic nature because the VBM crossed the Fermi level 
as shown in Fig. 6, which signifies the half-filled nature of 
VBM, which is one of the characteristic natures of metals.

Similar phenomena have been observed in the case of 
o-toluidine-adsorbed GaAs nanoribbons. However, the 
unfilled electron region in the o-Toluidine case is the oppo-
site of aniline. Furthermore, on adsorption of isoprene, the 
bandgap is 0.7 eV and shows n-type semiconductor behav-
iour. Table 2 summarises the obtained bandgaps of all the 
considered variants, including the intrinsic materials.

The density of states represents the number of states 
available to be occupied by the electrons. The DOS has 
same value corresponding to the bandstructure; hence, it 
is one of the most essential parameters in analyzing the 
adsorption behaviour accompanied by bandstructure. Fig-
ure 7 shows the DOS comparison of pristine GaAs with 
the three VOC analytes. It can be seen clearly that after 
the adsorption of the analytes, the free states are occupied 
by the carriers, and the change can be seen through the 
difference between the DOS level in all three cases. Fig-
ure 8 presents the DOS comparison of defective nanorib-
bon with all three analytes. Before discussing the results 
of the adsorption on defective nanoribbon, it should be 
clear that by inducing a defect, trapping states are formed 
near the Fermi level as observed in Fig. 8. The defect-
induced nanoribbon shows the slowing of the charges as 
they move through the semiconductor proportional to the 

Fig. 6   Band structures of defec-
tive GaAs nanoribbon with all 
three VOC analytes
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energy levels of the traps or their number. The release of 
the trapped carriers is also dependent on the thermally 
activated process. Furthermore, when the analytes are 
adsorbed on the defective nanoribbon, there is complete 
redistribution of electrons producing entirely different 
energy states as opposed to the former ones. The DOS 
values range between − 2 and 2 eV, which corresponds to 
the bandgap of the complexes.

Electron density is a core property used in electronic 
structure (band structure and DOS) calculation via DFT 
calculations as effective potentials (Hartree, exchange–cor-
relation and external potentials) are functional of electron 
density. It represents electron cloud or the probability 
function of an electron as function of distance. Figure 9 
represents an iso-surface plot of the electron density cal-
culated during electronic structure calculation for all 6 
variants of GaAs-biomarker complex. It can be predicted 

from the observation that electron sharing occurs between 
the analytes and base materials.

To evaluate the transport properties, I-V characteris-
tics of the GaAs nanoribbon are calculated. All I-V cal-
culations are computed by adopting the two-probe model 
approach for the GaAs nanoribbon. Non-equilibrium 
Green’s function (NEGF) calculations are applied, wherein 
first, the transmission coefficients are calculated as given 
in Eq. (2):

where T(U) is the transmission coefficient,  FC is the 
Green’s function and � is the imaginary part of self-energy 
for left electrode if L subscript is used and right electrode 
if R subscript is used. Furthermore, the current I(V) in the 
device is calculated as:

(2)T(U) = tr(�RFC�LFC)

Table 2   Bandgaps of pristine 
and defective GaAs nanoribbon 
with respective analytes

Configuration Band gap (eV) Valence 
energy level 
(eV)

Conduction 
energy level 
(eV)

Material type

Pristine GaAs 0.52  − 0.25  − 0.25 Semiconductor (I)
Pristine GaAs with aniline 1.86  − 0.94 0.90 Semiconductor (I)
Pristine GaAs with isoprene 1.88  − 0.94 0.94 Semiconductor (I)
Pristine GaAs with o-toluidine 1.9  − 0.93 0.94 Semiconductor (I)
Defect GaAs 0.35  − 2.8 0.03 Semiconductor (P)
Defective GaAs with aniline 0 0 0 Metallic
Defective GaAs with isoprene 0.78  − 0.00023 0.78 Semiconductor (N)
Defective GaAs with o-toluidine 0 0 0 Metallic

Fig. 7   DOS comparison of pristine GaAs with the adsorbed VOC analytes
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Here, ηRand ηL are the chemical potentials of the elec-
trode with respective notations. U notation is used for the 
energy. This requires the calculation of the Fermi–Dirac 
distribution as:

swhere, KB is the Boltzmann constant and Ttemp is the 
temperature.

To use the proposed device as a biosensor for lung cancer 
in clinical research, the I-V characteristics in the presence 
and absence of the biomarker is calculated.

Figures 9 and 10 showcase that GaAs nanoribbon–based 
device exhibits negative differential resistance (NDR) char-
acteristic as is shown by 1D and 2D graphene-like structured 
materials. The main reason behind the formation of this par-
ticular region is the ambipolar nature of materials [28] which 
states that after a particular voltage, like 1.8 V in pristine 
nanoribbon device (Fig. 9), the majority carriers (electrons 
or holes) are swept away from the device and conduction 
decreases until a point called valley point that is 2.1 V in 
pristine GaAs nanoribbon and then the holes outweigh and 
become the majority carrier in the device.

In comparison to IV characteristics in Figs. 9 and 10, 
it can observe that defective GaAs nanoribbon exhibits 
less peak current or current intensity as compared to the 
pristine one because of high electron–phonon scattering 
in defective GaAs nanoribbon, which deteriorates the 

(3)I(V) =
2e

h ∫
ηR

ηL

(

G
(

U − ηR
)

− G
(

U − ηL
)

T(U)
)

dU

(4)
G(U − η) =

1

1 + e

(

E−
η

KBTtemp

)

mobility of the device as discussed in the starting of result 
and this section. However, adsorption of the biomarker 
decreases the current in pristine GaAs nanoribbon, which 
is even less than the current of biomarker-adsorbed defec-
tive GaAs nanoribbon because adsorption of biomarker 
molecules create more lattice distortion in pristine as com-
pare to defective as shown in Figs. 3 and 4.

The formation of NDR region can also be treated as a 
sensing parameter for VOCs. In the case of pristine GaAs 
nanoribbon, only one NDR region is formed at 2.1 V. In 
contrast, adsorption of aniline, o-toluidine and isoprene 
forms three, four and two differential regions, respectively, 
up to 3.6 V. Creation of defect only causes a very low 
single NDR region up to 3.2 V. In contrast, aniline adsorp-
tion leads to the formation of 4 multi-valley NDR region 
up to 3.2 V which is much more effective in sensing as 
compared to pristine.

Another method for sensing molecules is through the cal-
culation of peak current. For the pristine GaAs nanoribbon, 
it has been observed that the peak current decreases upon 
the adsorption of the VOC molecules. On the adsorption of 
o-toluidine on the GaAs nanoribbon, the current decreases 
104 times which is a very minimal amount of current and 
hard to sense. It is also observed that the current remains 
constant up to the bias voltage of 2.4 V, and beyond this 
value, it abruptly increases. However, defective nanoribbon 
shows an increment in the peak current with adsorption of 
VOCs except for the isoprene, in which the current decreases 
with the adsorption process (Fig. 11). High peak currents are 
readily detectable in contrast to very low current variations. 
Therefore, defective nanoribbons show high current sensing 
performance as compared to the pristine counterpart.

Fig. 8   DOS comparison of defective GaAs nanoribbon with the adsorbed VOC analytes
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Figures 12 and 13 show the transmission eigenstates cal-
culated during transmission coefficient calculation discussed 
in Eq. (1) of the pristine and defective GaAs with all three 
analytes taken at a bias voltage of 0.6 V. Transmission eigen-
states refer to the transmission matrix of eigenfunctions in 
real space. It represents the transmission probability of car-
riers in space. The transmission probability for the defective 
variants is higher than the pristine variants with adsorbed 
biomarker molecules.

Besides the use of GaAs nanoribbon as channel in a 
nanodevice sensor, it can also be used in the optical sen-
sors. GaAs is said to be a very prominent optical mate-
rial in diamond structure due to its direct bandgap nature 
which remains true in hexagonal shaped nanoribbon form 
as well. Therefore, it is better to explore the proposed 
nanoribbon’s optical properties. The optical spectrum 

shows the peak of photon adsorption versus energy curve 
changes with the adsorption of the analyte. A material hav-
ing distinct adsorption peaks reveals that they absorb dif-
ferent energies of photons, which leads to the designing of 
a photodetector-based sensor which absorbs different ener-
gies of photons upon adsorption of different molecules. In 
the case of pristine GaAs as shown in Fig. 14, peak is at 
1.5 eV and the value of adsorption coefficient is around 
70,000 cm−1. After the adsorption of analytes, the peak 
shifted to 2.5 eV for all three analytes but with different 
adsorption coefficient of 7000, 15,000 and 10,000 cm−1 
for aniline, isoprene and o-toluidine, respectively. It means 
albeit all three cases, the same photon energy is absorbed 
but the penetration depth inside is different, having the 
descending order as isoprene > o-toluidine > aniline. 
The introduction of the defect in the nanoribbon leads 

Fig. 9   Electron densities of 
pristine and defective GaAs 
nanoribbon with all three VOC 
analytes
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to formation of three peaks in the optical spectrum with 
highest peak at 0.7 eV as shown in Fig. 15. This means 
defective material shows a broad range of absorption 
capabilities.

It changes to single peak spectrum after adsorption of 
the aniline. Adsorption of isoprene shifts the highest peak 
to 2.3 eV similar to o-toluidine. It shows that adsorption 
of analytes on defective nanoribbon not only changes the 
magnitude of adsorption coefficients but there are variations 
in the energies as well.

Conclusions

GaAs pristine and defected nanoribbons have been stud-
ied for their behaviour towards three different VOC bio-
markers of lung cancer, aniline, isoprene and o-toluidine. 
Defective GaAs has shown the strongest interaction among 
the other structures as it has maximum value of the adsorp-
tion energy. Also, transport properties of the modelled 
device prove the same. The defect-induced nanoribbon has 

Fig. 10   I-V characteristics of 
pristine GaAs with all three 
VOC analytes

Fig. 11   I-V characteristics of 
defective GaAs with all three 
VOC analytes
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Fig. 12   Transmission eigen-
states of pristine GaAs with all 
three analytes

Fig. 13   Transmission eigen-
states of defective GaAs with all 
three analytes
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Fig. 14   Optical spectrums of 
pristine GaAs with all three 
analytes

Fig. 15   Optical spectrums of 
defective GaAs with all three 
analytes
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shown more adsorption in all three cases compared to the 
pristine nanoribbon. Also, it exhibits more conductivity as 
the band gap reduces to 0 eV in two cases after adsorption. 
Furthermore, the variation in the optical parameters in the 
case of defective nanoribbon is more; hence, it is more 
sensitive compared to the pristine nanoribbon. Although 
pristine GaAs has adsorbed the given analytes but the 
introduction of defects has improved the sensitivity of 
GaAs nanoribbons towards lung cancer detection.
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