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We theoretically study the role of adsorbed gas molecules on the electronic and optical properties of
monolayer Bio-borophene with {a,b,c,d,e} atoms in its unit cell. We focus our attention on molecules
NHsz, NO, NO,, and CO, which provide additional states permitted by the host electrons. Utilizing the
six-band tight-binding model based on an inversion symmetry (between {a,e} and {b,d} atoms) and the
Kubo formalism, we survey the anisotropic electronic dispersion and the optical multi-interband
spectrum produced by molecule-boron coupling. We consider the highest possibilities for the position
of molecules on the boron atoms. For molecules on {ae} atoms, the inherent metallic phase of
Bio-borophene becomes electron-doped semiconducting, while for molecules on {b,d} and c atoms,
the metallic phase remains unchanged. For molecules on {a,e} and {b,d} atoms, we observe a redshift
(blueshift) optical spectrum for longitudinal/transverse (Halll component, while for molecules on ¢
atoms, we find a redshift (blueshift) optical spectrum for longitudinal (transverse/Hall) component. We
expect that this study provides useful information for engineering field-effect transistor-based gas

Received 27th April 2023,
Accepted 21st August 2023

DOI: 10.1039/d3cp01938a

rsc.li/pcecp Sensors.

1 Introduction

Since 2004-2005, starting from graphene,"? two-dimensional
(2D) structures have been the best active systems in the
industry. However, the electronic devices based on graphene
are limited due to its linear dispersion energy, which makes its
fermions massless (gapless phase). To overcome this issue,
other 2D systems have been searched. For instance, electrons in
silicene,* germanene,” stanene,® and molybdenum disulfide’
with an intrinsic spin-orbit coupling are massive (for gap
opening). Additionally, the inherent anisotropy feature of
phosphorene®® has highlighted it as a material with a high
on-off current ratio and high mobility for charge carriers in
field-effect transistors.®"*

Borophene, a single-layer of boron atoms (located at the
boundary between metals and non-metals), is also a known 2D
material with various metallic phases.'*° Metallic phases
differ depending on the configuration of boron atoms in the

“ Institute of Research and Development, Duy Tan University, Da Nang, 550000,
Vietnam

b Faculty of Natural Sciences, Duy Tan University, Da Nang, 550000, Vietnam

¢ Department of Materials Science and Engineering, Le Quy Don Technical
University, Ha Noi, 100000, Vietnam

4 Division of Theoretical Physics, Dong Thap University, Cao Lanh, 870000, Vietnam

¢ Faculty of Physics, University of Education, Hue University, Hue, 530000, Vietnam.
E-mail: buidinhhoi@hueuni.edu.vn

This journal is © the Owner Societies 2023

layer. While the most studied configurations are striped, f1,, x3,
and honeycomb, B;,-borophene is known to be the most stable
allotrope.>"

Numerous applications have been found for 2D-based logic
devices such as diodes, transistors, capacitors, memories,
and highly sensitive sensors.>** Particularly, it has been well
understood that faster response and recovery time can be found
in graphene-based sensors compared to common traditional
sensors.’* 2% For instance, O. Leenaerts et al.?>° have investi-
gated the adsorption of H,O0, NH;, CO, NO,, and NO on a
graphene substrate using first-principles calculations and have
demonstrated the sensitivity of the graphene-based gas sensor
toward H,0, CO, and NH; gases is 1 ppb (parts per 109). These,
in turn, has led to variation in other electrical properties of the
sensor.***!

In the case of borophene, it has been shown that the
borophene-based circuits are suitable for gas sensing applica-
tions since they are active to hazardous gases.>*** For four gas
molecules NH;, NO, NO,, and CO, it has been reported that the
adsorption energy is high in borophene. Even though there
exist a few works on the adsorption properties of borophene
both theoretically and experimentally,>*° to the best of our
knowledge, the investigation of electronic band structure and
optical conductivity of gas sensing in B;,-borophene has not
been addressed so far. In this paper, we address the electro-
optical properties of PB;,-borophene in the presence of gas
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molecules with the aid of a six-band tight-binding model and
the Kubo formula. It should be noted that there are various
ways to control the electro-optical features of 2D materials.
For instance, a mechanical strain®®?” or oxidation*® has been
applied to affect the optical and electronic properties of
borophene. However, here, we aim at engineering the optical
responses through adsorbed gas molecules NH;, NO, NO,, and
CO, which results in novel physical insights compared to other
methods.

The rest of the paper is organized as follows. In Section 2, we
build the Hamiltonian model of B, -borophene in the absence
and presence of gas molecules. In Section 3, we present the
Kubo formula for the optical conductivity tensor along all
directions. In Section 4, we focus on the numerical results
and finally, the paper ends in Section 5.

2 Hamiltonian model

To build the beloved Hamiltonian model of B;,-borophene, we
focus on p, orbitals of boron atoms since they form the major
contribution in the vicinity of the Fermi level.>*"*! The unit cell
of Bi,-borophene with the lattice constant of L. ~ 2.926 A
contains five atoms, namely {a,b,c,d,e}, as shown in the gray
rectangle of Fig. 1(a). Hence, the pristine tight-binding Hamil-
tonian reads

Ho = 2:8(40;0[ + EU‘: tgkc}ck + H.c., (1)

where H.c. means Hermitian conjugate, ¢} (c,) stands for the
creation (anihhilation) of an electron at site 7, ¢, is the on-site
energy of electron, and ¢/ is the interatomic hopping energy;-
from the inversion symmetry between boron atoms,*®** these
parameters are found to be ¢, = ¢, = + 0.196, &, = ¢gg = —0.058,
e = —0.845, top = tge = —2.04, toe = tee = — 1.79, and type = teg =
—1.84, tpq = —1.91, and ¢, = —2.12 (all in units of eV). It is
necessary to mention that the unusual electronic structure of
Biz-borophene was found by angle-resolved photoemission
spectroscopy and validated by first-principles calculations.
These parameters are then obtained by fitting first-principles
calculation results to confirm the experiment.

Gas Molecule @
Boron @

Fig.1 Geometry structure of fj,-borophene including five atoms
{a,b,c.d.e} with the lattice constant of L. ~ 2.926 A>~* (a) without and
(b) with adsorbed gas molecules. The shaded area in (a) depicts the
rectangular unit cell.
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In the absence of gas molecules, using the straightforward
Fourier transform, we find the following Hamiltonian in
reciprocal-space®®

G 2Mawgp  lacf 0 tae fi
2ng; & 26egp foaf} 0
Ho(k) = | facfi 2t0egr o 22agp lef |, (2)
0 toafy  2lea8; &1 2laegy
Leff 0 lefp 208

where [ = explik,Lc/2V/3], g = fizcos(kcLc/2), andk = (ks ky)
denotes the electron’s momentum.***°

In the presence of gas molecules, we assume that each
molecule is adsorbed on one subatom of the borophene each
time, e.g., they are adsorbed on all a atoms at the first time.
There is another possibility to assume that gas molecules are
simultaneously adsorbed on all atoms, but our analysis (not
shown here) confirms that this configuration does not provide
a significant contribution to the modulation of electronic
features compared to the former scenario. In both scenarios,
only s orbital from the gas molecules NH;, NO, NO,, and CO
overlaps with p, orbitals of boron atoms. With this, we have a
six-band tight-binding Hamiltonian, given by

&a Ztabg/; za(fk'j‘( 0 zaef/; la

2tabg;§ &p 2tbcg1: Zbdf; 0 h

- Zacf]? 2thcg]§ &c 2tcdg1§ tcefkj ;c
H(k) = B B (3)

0 Wafp 28 &0 2Magp la

taef}; 0 thf/\? 2tdeg1t‘ e ;e

itl ;b Ep ;d ;g é

where 7, and &, respectively, refer to the hopping and on-site
energy between the gas molecule and host boron atom. To find

i,, we use*>**

- _L
ty = l‘gj, (4)

where d is the distance between molecule and borophene sheet
and 7, is the average of other hopping energies on each atom.

For example, for the adsorption on {a,e} atoms, we have 7/, =

1 .
g(tab + tae + 14) Or ON ¢ atoms, it is 7, = Z(tm, + the + ted + tee)-

On the other hand, for NH;, NO, NO,, and CO, we respectively
have d= 1.63, 1.38, 1.57, 1.48 (all in units of A). Note that the
distance is defined as the center-to-center distance of nearest
atoms between the host material and small molecules, i.e. the
shortest atom-to-atom distance. This is easily investigated by
using density functional computations.*>** Also, we respectively
set & = 1.11, 0.95, 1.75, and 1.19 (all in units of ev).**
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3 Optical conductivity

Now, we turn to the Kubo formula*>™ to calculate the optical

conductivity tensor of B;,-borophene in the absence and
presence of gas molecules. In doing so, we employ the linear
response theory, which mainly focuses on the current-current

Ti (k) = & (e, v, ), v ljp K v),
where j, = 9H(k)/k, is the current operator and {x,f} = {x,y}

stands for different directions and {v,»’} refer to different
energy bands. Moreover,

0 tawfy 0 0 0 0

correlation  function

toff 0 tnefp 0 0 0
0 tbcfg 0 lcdf,; 0 0
Jx = —L¢sin(kyL¢/2) 7
0 0 [cdf,g* 0 ldef/; 0
0 0 0 tdefg 0 0
0 0 0 0 0 0
(5a)
afl: lac * lae
0 l‘aba—k1 7}11‘: 0 7/1/( 0
of: of- ¢
s ko fhd g
tab ok, 0 fhe o 2 hk 0 0
t I e
Shp te d U Eh;} 0
jy=2cos(k,Lc/2)| 2 Ok, ok, 2 ’
Tod 8f,§ of;
0  —hp tuz~ O e 0
27 g, ek,
lae Tee, . 85‘
jhk 0 fh/? tde% 0 0

Uty
Ok,

Next, we use the Kubo formula*® and the above equations to
calculate the optical conductivity tensor:

N 10
Tap(w) = z; > Epy =iy Mo +i0+ &, —

vy Tk

where h;=sec(kyL./2)

, (6)
Sl:, 1z

where 6 = 50 meV is a phenomenological factor (it can tune the
sharpness of optical peaks) and /¢, =1 /Il +exp(&;, v JksT)]
is the Fermi-Dirac distribution function at a temperature of 10 K
(the presence of low-energy excitations endows the strongest
optical transitions, which requires a small thermal energy kT
in /¢, /V,).‘*g In the above equation, one needs the eigenenergies

E-

kyw

large size of Hamiltonian, we numerically calculate them. Above

and eigenstates |/€, v) of different bands. However, due to the

equation contains both intraband and interband optical transi-
tions. The intraband transitions at low temperatures mainly
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contribute to the optical conductivity in the presence of the
disorder or scattering in the THz region due to the role of phonons
at low temperatures. This can be described as the Drude-like
conductivity, while in a clean system as assumed in the present
work, this does not occur. Thus, we focus only on the interband
optical transitions. For simplicity, since the imaginary part of
conductivity can be easily found via the Kramers-Kronig
relations,™® we restrict ourselves only to the real part for optical
absorption spectra.

4 Numerical results

First, we present the electronic band structure associated with
tuning the band gap and electronic phase of x and y directions.
The calculations are performed via a numerical diagonalization
of Hamiltonian in eqn (3). Although we provide a general model
for all four molecules NH;, NO, NO,, and CO, we only focus on
NH; in what follows since other cases only slightly differ
quantitatively from the energy scale point of view without
qualitatively modifying the results.

The electronic band structures of B;,-borophene x and y
directions are shown in Fig. 2(a) and (e) without the adsorption
of molecule NH; inclusion. The inherent metallic phase from
the contribution of ¢ atoms in Fig. 1 in the band is observed in
the dotted dark blue. To obtain this metallic phase in a 2D plot,
we consider k, = 0 and k, # 0 along each direction (« = {x,y}),
shown by solid and dotted lines, respectively. In pristine
B1-borophene, for fermions propagating along the x-direction,
there exist two Dirac fermions at zero energy purely at k, = 0 and
one triplet fermion in the valence band mostly at k, # 0. Both
types of fermions come from the contribution of second and third
bands, in agreement with ref. 39 and 40.

The contributions of gas molecule NH; on the electronic
states are shown in Fig. 2(b)-(d) along the x-direction and in
Fig. 2(f)-(h) along the y-direction. Once the molecule is
adsorbed on {a,e} atoms, neither Dirac nor triplet fermions
exist anymore due to the inversion symmetry breaking.
Accordingly, an electronic phase transition from metallic to
electron-doped semiconducting takes place, as shown in
Fig. 2(b). Interestingly, one extra flat band appears at the same
time along the y-direction in Fig. 2(f) from k, # 0. If we let
the molecule sit on {b,d} atoms, we again expect that the
inversion symmetry breaking leads to a significant change
in the electronic band structure of B;,-borophene. Similarly,
Dirac and triplet fermions disappear. Along the x-direction in
Fig. 2(c), we still observe the metallic phase. However, a new flat
band is formed in the conduction band. Surprisingly, a new
flat band also takes place at the zero Fermi energy along the
y-direction.

For molecule on ¢ atoms in Fig. 2(c) and (h), however, no
significant phenomenon can be observed because the wave
functions around the c atoms cancel each other due to the
inversion symmetry and the effect of the molecule is simply
washed out. Only a shift/deformation in bands occurs with the
presence of the molecule on c atoms. Thus, in addition to the
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Fig. 2 {(a) and (e)} The pristine electronic dispersion of electrons in Bi>-borophene, which is responsible for the electronic phase along x and y
directions. To obtain the metallic phase, we consider k, = 0 and k., # 0 along each direction (x = {x,y}), shown by solid and dotted lines, respectively. The
first and second rows refer to the electronic band structure vs. k, and k,, respectively, for different configurations of gas adsorption on host atoms.
Correspondingly, gas molecule NH3 is adsorbed on {(b) and (f)} a/e atoms, {(c) and (g)} b/d atoms, and {(d) and (h)} c atoms.

metallic nature of the system which this time occurs between
other bands, we still see the Dirac and triplet fermions.

Tuning of bands affects all intrinsic electronic properties of
the system. For instance, various filling fractions of the van
Hove singularities in the vicinity of the Fermi energy can give
rise to exotic phenomena. Microscopically, this can be under-
stood from the overlap of orbitals between the boron atoms in
the lattice and gas molecules; the molecule causes structural
changes, that displace the electrons. All these features are
important for optical responses and they will be discussed in
detail in the following.

The light frequency dependence of the optical conductivity
shows the characteristic features of a system. It is necessary to
point out that in the absence and presence of gas molecules,
the optical conductivity is expected to strongly depend on the
polarization axis of the incident photon, i.e., in general o,, #
Oyy # Oxyyx holds true. Such anisotropic behavior in the optical
spectrum is directly attributed to the electronic property of the
system. We hereafter use the indexs (d) to label the optical
transition between energy bands at k, = 0 (k, # 0).

In the x-direction, the spectrum consists of five optical peaks
and the Drude peak, as shown in the black line in Fig. 3(a), in
agreement with ref. 51 and 52. To demonstrate where the peaks
come from, we separately show the individual interband transi-
tions in other colors. As can be seen, the Drude peak is formed
when the electron excites from ¢,° to ¢;°, which is that of the
Dirac fermion. However, these bands lead to an extra transition

23832 | Phys. Chem. Chem. Phys., 2023, 25, 23829-23835

for the peak at iw =~ 2.55 eV, which is not contributing much to
the total optical response. For the first peak, we purely find the
contribution from &, to ¢;°, which is the strongest response
(bright optical peak). For the second peak, the electron excites
from &,° to &,° with a weaker optical peak compared to the
bright one. For the third peak, the transition &,° — &4 is
responsible for the response. The fourth peak, which is the
weakest response, stems from the transition &° — &% And
finally, the last peak mainly originates from the transition
e.9 > &°. Such a multi-interband transition is not usual in
other 2D materials and it is very important to see how one can
tune these transitions for different purposes.

Next, we focus on the impact of gas molecule NH; on
the longitudinal optical conductivity of B;,-borophene in
Fig. 3(b)-(d). We start with molecule-adsorbed {a,e} atoms in
Fig. 3(b); total optical response shows three peaks at light
energies hw 0.2 eV, 3.9 eV, and 4.6 eV. Due to the low-
frequency response of the optical conductivity, the system
intends to form a redshift spectrum once the sheet is adsorbed
with the gas molecule. Our analysis provides two main con-

~
~

tributions among multi-interband transitions. The first and
third peaks originate from the excitation of electrons from the
band &, to the band ¢;9, corresponding to the non-zero ky.
While the second peak is formed due to the transition between
bands &,° and &,%. In contrast to the pristine phase, the lower
conduction band and upper valence band do not form a Drude
peak once the {a,e} atoms are adsorbed with the molecule.
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Fig. 3 The frequency dependence of the longitudinal optical conductivity of Bio-borophene (a) without and (b)—(d) with changing the position of gas
molecule NH3z on boron atoms; (b) on {a,e} atoms, (c) on {b,d} atoms, and (d) on {c} atoms.

Upon doping the {b,d} atoms with the gas molecule NH3, the
optical spectrum contains only two peaks, one weak peak at low
frequency and one strong peak at an intermediate frequency, as
shown in Fig. 3(c). The entire response again shows a redshift
spectrum. The small peak mainly appears due to &4 - &9,
while the strong peak, which is the most significant response in
this situation, comes from the interband transition between &,*
and &;%. In Fig. 3(d), we look at the optical response when the
gas molecule is adsorbed on c atoms. Since there are three

peaks, there are three possible excitation processes: the excita-
tions from &, to &;° for forming the first peak, from .9 to &,° for
forming the second peak, and from &, to ¢,° for forming the
third peak. Like two other doping configurations, the system
experiences a redshift spectrum when the gas molecule sits on
the c atoms.

Turning to the transverse optical conductivity in Fig. 4 under
the same conditions, we begin with the pristine j,,-borophene
in Fig. 4(a). As expected from the inherent anisotropic feature

(a)

(b)
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Fig. 4 The same as Fig. 3 but for the transverse optical conductivity.
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Fig. 5 The same as Fig. 3 but for the Hall optical conductivity.

of the band structure, we observe two optical peaks along the
y-direction, stemming from the excitations &,° — ¢° and &° —
¢39, respectively, for the first and second peak. As soon as the
gas molecule NH; is adsorbed on the {a,e} atoms of the sheet,
see Fig. 4(b), a single peak forms at 7w &~ 2 eV, which mainly is
formed due to the dominant transition ¢° — &,%. For molecule
on {b,d} atoms, we again observe a single peak at i ~ 1.55 eV
from the transitions between bands ;% and ¢5°. However, in the
case of the molecule on c atoms, the single peak appears at a
higher frequency due to the excitation from the band ¢;° to the
band &,°. In contrast to the longitudinal component of optical
conductivity with a redshift spectrum for all configurations, we
find redshift (blueshift) spectrum once the gas molecule is
adsorbed on {a,e} and {b,d} (c) atoms.

Finally, we address the impact of adsorbed gas molecule NH; on
the Hall optical conductivity of 3;,-borophene in Fig. 5. In contrast
to two other components of the Kubo formula, the Hall component
only shows a single peak at low light frequency o ~ 0.35 eV, and
the excitation from the band &,* along the x-direction and ¢, along
the y-direction is responsible for the formed peak, as depicted
in Fig. 5(a). If we consider {a,e} atoms in the presence of molecule
in Fig. 5(b), we still find a single peak from the band ¢,® along the
x-direction and ¢, along the y-direction. In the case of {b,d} atoms
in the presence of molecule in Fig. 5(c), however, the single peak
originates from the band ¢, along the x-direction and &,* along the
y-direction. The last configuration is the adsorption of gas molecule
on c atoms in Fig. 5(d). Interestingly, this configuration shows three
peaks with two excitation processes: the first process between the
band &;° along the x-direction and &, along the y-direction leads to
the first and third peaks, while the process between the band &;°
along the x-direction and ¢,° along the y-direction results in the
second peak. Overall, all configurations show a blueshift spectrum
for the Hall component.

23834 | Phys. Chem. Chem. Phys., 2023, 25, 23829-23835

5 Summary

We have analyzed the electronic dispersion and the optical
multi-interband transitions for electrons in B;,-borophene
coupled to adsorbed gas molecules such as NHjz, NO, NO,,
and CO. We have used the tight-binding model and the Kubo
formula, which include contributions from boron atoms, gas
molecules, and their coupling, all expressed via fully dressed
fermionic eigenenergies and eigenstates. We found that
depending on the position of the gas molecule on the host
boron atoms, various electronic phases and optical transitions
appear. Once the gas molecule was located on {a,e} atoms, we
found a metallic to the semiconducting phase transition,
while the adsorption on {b,d} and ¢ atoms kept the metallic
phase. Consequently, molecules on {a,e} and {b,d} atoms
showed a redshift (blueshift) spectrum for longitudinal/
transverse (Hall) component of optical conductivity, while
molecules on c¢ atoms led to a redshift (blueshift) optical
spectrum for longitudinal (transverse/Hall) component. These
findings are important for controlling field-effect transistor-
based gas sensors.
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