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In the present study, we have investigated the structural, electronic, and charge transport properties
of pristine, hydrogenated, and oxidized Si;BN monolayers via first-principles calculations based on
density functional theory (DFT). Hydrogenation and oxidation of Si;BN monolayer display negative
binding energy therefore these structures are energetically favorable. The electronic band structure
engineered by the hydrogenation and oxidation of the Si, BN monolayer transformed from metallic to
semiconducting nature. Due to the hydrogenation and oxidation of Si,BN, the monolayer also changes
from a planar structure to a non-planar structure. The hydrogenated and oxidized structures led to high
thermoelectric performance as compared to the pristine Si,BN monolayer. When the Si,BN monolayer is
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hydrogenated and oxidized, its electronic figure of merit (ZT,) significantly enhanced from 0.45 to 0.99.
The investigation results suggest a practical approach for improving the performance of thermoelectric
properties of the Si,.BN monolayer.
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Introduction

Thermoelectricity has seen a revival of late due to the perceived
dangers of fossil fuels and global warming. Although the
phenomenon has been known since the 19th century, thermo-
electric (TE) materials have recently attracted keen interest." As
an essential carrier for energy conversion between heat and
electricity, thermoelectric materials have been widely studied
and considerable progress has been made in the past several
decades. Thermoelectric materials can generate power via the
Seebeck effect or refrigerate using the Peltier effect. They are
capable of converting heat flow directly into electrical energy or
vice versa.>® Thermoelectric materials can be employed in
aerospace applications, solar energy, cooling-thermal manage-
ment, waste heat recovery, and electronic techniques due to
the characteristics of being scalable, lightweight, pollution-
free, having no moving parts and long operating life.*®
The development of new, more efficient materials and devices
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is the key to expand the range of thermoelectric generators and
coolers.”

In general, thermoelectric efficiency is determined by the
dimensionless figure of merit, ZT, defined as ZT = S>*To/k,
where S, T, ¢ and k are Seebeck coefficient, absolute tempera-
ture, electrical conductivity, and thermal conductivity, respec-
tively. Thermal conductivity contains both the lattice and
electronic parts; k = k + k., where, k; is the lattice thermal
conductivity relative to lattice vibrations (phonon), and k. is the
electronic thermal conductivity related to the electronic struc-
ture. Over the last many years, intensive research has been done
to increase ZT for high thermoelectric performance.®*™” It was
previously reported that graphene and boron nitride have very
high formation energy. The formation energy of graphene is
—84.95 eV and that of monolayer boron nitrate is —81.70 eV."
Motivated by this concern, we found the formation energy of
—50.38 eV for the Si,BN single layer. Because of its 2D nature,
the Si,BN monolayer is flexible and strong. It could be similar
other properties of 2D materials that indicate superior and
high electron flexibilities with tunable electronic band struc-
ture and high thermal conductivities. Moreover, the presence of
Si atoms in the monolayer of Si,BN will make the surface more
reactive. Therefore, it is a very interesting candidate material
for hydrogen storage.”® In all of these materials, such as
2D graphene, the Si,BN monolayer has evoked considerable
attention for its potential use and application in hydrogen
storage.”™

We focus on the Si,BN monolayer in the present work and
investigate the correlation between structural, electronic structure,
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and thermoelectric properties of pristine, hydrogenated, and
oxidized monolayer of Si,BN. The hydrogen and oxygen atoms
can prevent the effect of surface states. The simulations of
thermoelectric properties via first-principles calculations are
based on the density functional theory and Boltzmann transport
approach. The computational details are relevant to the structural
properties, electronic properties, electronic band structures, and
projected density of pristine, hydrogenated, and oxidized Si,BN
monolayer states.

Computational methods

In this study, density functional theory calculations were per-
formed using projected augmented wave (PAW) potential, with
the generalized gradient approximation (GGA) in the form of
Perdew-Burke-Ernzerhof (PBE) functional for the electronic
exchange-correlation function,"®'® which is implemented in
the Vienna Ab initio Simulation Package (VASP) code.>*>> An
energy cut-off for a plane wave basis set was set to be 500 eV,
and Brillion Zone (BZ) sampling with the Monkhorst-Pack
(MP)** method of 21 x 21 x 1 k-points were selected for the
pristine Si,BN monolayer, hydrogenated and oxidized Si,BN
monolayer, respectively. Atomic structures were shown using
the VESTA package,** and the HSE06 functional®® was used for
accurate electronic structure calculations. The band structure
was calculated using the HSEO06 functional based on the
optimized geometrical structures. For the hybrid functional,
we have used the exchange-correlation energy functional
HSE06 with a mixing parameter («) of 25% and a screening
parameter of 0.2 A™'. Electronic transport coefficients were
computed by solving the semi-classical Boltzmann transport
equation (BTE) within the constant relaxation time approxi-
mation implemented in the BoltzTraP Program.”® A constant
relaxation time (t) with 10" s has been used in the thermo-
electric calculations.

Results and discussion
Structural properties

Fig. 1 shows that the relaxed structure of the graphene-like
pristine Si,BN (PSi,BN) with the unit cell having the hexagonal
symmetry and planar structure. The optimized bond length of
PSi,BN is 1.46 A between B-N atoms, 2.24 A between Si-Si
atoms, 1.75 A between Si-N atoms, and 1.95 A between Si-B
atoms. We obtained the optimized lattice constants: a = 6.35 A,
b =6.45 A and ¢ = 20 A for PSi,BN, in accordance with the
previous work.”””>° Fig. 1 displays the compound of boron,
nitrogen, and silicon, which are planarly stabilized and strongly
bonded. Due to the higher formation energy, the PSi,BN
monolayer has a more stable structure.””*° In the previous
study, the Si,BN monolayer was found to be energetically,
thermally and dynamically stable, which was confirmed by
the formation energy, ab initio molecular dynamics (AIMD)
and phonon calculations.*®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Top view

Fig. 1 Optimized structure of the pristine Si, BN monolayer. The dashed
line denotes the unit cell of Si,BN. Blue, green, and silver balls represent Si,
B, and N atoms, respectively.

Also, Fig. 2a—-c show the relaxed structure of the hydroge-
nated Si,BN surface by full hydrogenation, hydrogenation of
the Si atom on both sides, and hydrogenation of each atom on a
single side, respectively. Fig. 2b and ¢ shows the top view of
hydrogenation of the Si atom on both sides and hydrogenation
of each atom on a single side, respectively. During full hydro-
genation, the bond length changed slightly, with the corres-
ponding bond lengths changing from 2.24 to 2.30 A, 1.95 to
212 A, 1.75 to 1.82 A, 1.46 to 1.54 A, while in the case of
hydrogenation of the Si atom on both sides, the bond lengths
changed from 2.24 to 2.31A, 1.95 to 2.02 A, 1.75 to 1.80 A,
1.46 to 1.34 A, respectively. Also, in the case of hydrogenation of
each atom on a single side, the bond length changed slightly,
with the corresponding bond lengths changing from 2.24 to
2.31 A, 1.95 to 1.93 A, 1.75 to 1.82 A, and 1.46 to 1.56 A.

Moreover, Fig. 2d-f represent the relaxed structure of the
oxidized Si,BN surface after full oxidation, oxidation of the Si
atom on both sides, and hydrogenation of each atom on a
single side, respectively. In the case of oxidation of the Si,BN
monolayer, we have noticed that the bond length slightly
changed with corresponding bond lengths changing from
2.24 to 2.86 A, 1.95 to 1.95 A, 1.75 to 1.66 A, 1.46 to 1.40 A,
while in the case of oxidation of the Si atom on both sides, the
corresponding bond lengths change from 2.24 to 2.29 A, 1.95 to
2.40 A, 1.75 to 1.71 A, 1.46 to 1.51 A. Also, the oxidation of the
Si,BN monolayer on a single side changed the corresponding
bond lengths from 2.24 to 2.30 A, 1.95 t0 2.06 A, 1.75 to 1.74 A,
and 1.46 to 1.48 A.

To calculate the possibility of achieving the experimental
synthesis and the Si,BNH and stability of the Si,BNO mono-
layers, we first calculated its cohesive energy, E.on, which is
defined by:

(Esi,sn/o) — nsiEsi — ngEg — nnEN — npjo Ejo)

E.;, =
con (”Si +ng +nN+ nH/O)

I

(1)

where Esizpn/o) Esiy Es, En, and Eyyo are the calculated total
energies of the hydrogenated/oxidized Si,BN monolayer, the
total energy of isolated Si, B, N, and H/O atoms, respectively.
nsi, Ny, N, and ngy o are the numbers of Si, B, N, and H/O atoms
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Fig. 2 Optimized structure after the hydrogenation and oxidation of the Si,BN surface, (a) full hydrogenation (Si,BNH), (b) hydrogenation of the Si atom
on both sides (Si,BNHys)), (c) hydrogenation of each atom on a single side (Si,BNHs), (d) full oxidation (Si,BNO), (e) oxidation of the Si atom on both sides
(Si.BNOyg;), (f) oxidation of each atom on a single side (Si,BNOs). The dashed line denotes the unit cell of Si,BN. Blue, green, silver, light pink and red balls

represent Si, B, N, H, and O atoms, respectively.

in the unit cell of the Si,BN monolayer, respectively. The
computed cohesive energies are —2.0, —1.38, —1.43 eV per
atom for hydrogenation for Si,BNH, Si,BNHg; and Si,BNHg,
respectively, and —3.28, —3.56, —2.53 eV per atom for oxidation
for Si,BNO, Si,BNOsg;, and Si,BNOg, respectively. This value is
larger than that of the already-synthesized® antimonene
(~2.80 eV per atom),*” silicene (3.95 eV per atom),** arsenene
(2.95 eV per atom)** and phosphorene (3.48 eV per atom),*
indicating the high stability and synthetic feasibility of the
hydrogenation and oxidation of the Si,BN monolayer from the
perspective of energy level.

Electronic properties

The electronic band structure and partial density of states
(PDOS) are represented in Fig. 3. The electronic band structure
shows the metallic behavior of PSi,BN. Despite the significant
reduction in symmetry, PSi,BN still retains the inversion sym-
metry that causes the metallic nature. Here, PDOS is measured
to understand the orbital contribution at Fermi level Eg; the
main contribution to the states at Ex comes from the p states of

~
o
S~

‘Si’, ‘B’, and ‘N’ atoms. The contribution of the p orbital of Si is
much higher than that of the p orbital of ‘B’ and ‘N’ atoms. The
contribution of s-orbital of Si, B and N atoms is noticeable near
the Fermi level. The presence of electronic states is found at the
Fermi level, indicating the conducting behavior. Fig. 3b shows
the decomposed electronic band structure of PSi,BN in which
we can see that the p orbitals of Si and B atoms are strongly
hybridized, and a small contribution comes from the p orbital
of the N atom. In addition, one of the electronic states of the
valence band maxima crosses the Fermi level, thus showing the
conducting nature.

Fig. 4 shows the electronic band structure, projected density
of states, and corresponding decomposed band structure of the
Si,BNH monolayer. The band structure is a semiconductor with
a very small bandgap of 0.08 eV with a direct gap at the I" point
(see Fig. 4a). Furthermore, the s orbitals of H atoms are strongly
hybridized with the p orbitals of Si, B, and N atoms near the
Fermi level, as shown in Fig. 4b. The clear hybridization of each
atom can be seen in the decomposed electronic band structure,
as depicted in Fig. 4c. Moreover, when the H atom is attached

Total DOS
B (s)
B (p)
N (p)
Si (s)
Si (p)

Energy (eV)

K G M K G

Fig. 3
of the pristine Si, BN monolayer.
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(a) Electronic band structures and corresponding projected density of pristine Si, BN monolayer states. (b) Decomposed electronic band structure
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Fig. 4 Electronic band structures and corresponding projected density of states of the Si,BN surface with full hydrogenation.

to the single side of the Si,BN monolayer, the valence and
conduction bands are separated by 1.14 eV. It means that the
Si,BNHg monolayer exhibits the semiconducting behavior. The
electronic band gap appears between K to I' point (indirect
band gap). From the projected density of states and decom-
posed band structures, we can say that the s orbital of the H
atom is strongly hybridized with the porbitals of the Si atom
near the Fermi level in the valence band (see Fig. 5b and c).
The electronic band structure presented in Fig. 5a has a flat
band at VBM, and the flat band has a large effective mass. Thus,
large thermo power interprets large effective mass because
thermo power is directly proportional to the effective mass,
i.e., S oc m* (also, carrier mobility is inversely proportional to
the effective mass, i.e., u oc 1/m*), which is equivalent to the
large density-of-states or flat bands at the Fermi level. Accord-
ingly, the large effective mass reduces the electric conductivity.
In addition, the electronic band structures show semiconductor
behavior with a small band gap of 0.29 eV when H atoms are
attached to the Si atoms on both sides of the Si,BN monolayer,
as presented in Fig. 6. From Fig. 6b and c, we can see that the s
orbital of the H atom and p orbital of the Si atom are more
dominating at Er in VBM, and a small contribution comes from
other atoms. It is also found that the flat band and a large
number of states near Er enhance the thermo power.
Furthermore, we have discussed the electronic properties
of the oxidized surface of the Si,BN monolayer, as presented

in Fig. 7-9. A large number of electronic states are present at
the Eg, which are responsible for enhancing the thermo
power, as shown in the electronic band structure (see
Fig. 7). The p-orbital of the O atom is responsible for
improving the electronic states at Ey, as presented in the
projected density of states and decomposed band structure
(see Fig. 7b and c). The relatively flat band also appeared at
the top of the valence band, enhancing the thermo power, as
discussed in the below section. Similar types of electronic
band structures are found in O atoms attached to the single
side of the Si,BN monolayer (see Fig. 8), while it has relatively
low flat band lines at the top of the conduction band. It
means that the Si,BNOg monolayer has a relatively low
thermo power as compared to the Si,BNO monolayer. From
the PDOS and decomposed band structure, we notice that a
significant contribution comes from ‘O’ atom at Er compared
to other atoms.

Furthermore, O attached with Si atoms on both sides of the
Si,BN monolayer shows a semiconducting behavior with a
higher band gap (indirect) of 2.10 eV, as depicted in Fig. 9.
The contribution of the p orbital of the ‘O’ atom is more
dominant at the Fermi level than the p-orbitals of ‘Si’ and ‘N’
atoms and s-orbitals of ‘Si’ and ‘O’ atoms, as presented in PDOS
and decomposed band structure (see Fig. 9b and c). It also has a
sharp peak of electronic states at Er that is why thermo power is
relatively higher than the pristine Si,BN monolayer. The effect

~
Qo
S~

(b)

F
s P
N

Ny

Energy (eV)
Arb. units

SWAY

— Tdtal DOS
3.0 — B[p)

— HJs)
1.5 il
0.0

-2 0

Energy (eV)

K G MK G -

— i | (€©) « B(s+p)
Si (p) 3.0~ H (s)
«» N(s+p)
s 150 1 Si(s+p)
9
3 0.0 -
Q
=
w_15f .
\ -3.0F Z
2 4

K G M K G

Fig. 5 Electronic band structures and corresponding projected density of states of Si,BN surface with single side hydrogenation.
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Fig. 6 Electronic band structures and corresponding projected density of states of Si;BN surface with the hydrogenation of the Si atom on both sides.
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Fig. 7 Electronic band structures and corresponding projected density of states of the Si,BN surface with full oxidation.
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Fig. 8 Electronic band structures and corresponding projected density of states of the Si;BN surface with single side oxidation.
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of electronic states is reflecting in the thermo power graph, of pristine, hydrogenated, and oxidized Si,BN monolayer states

which is described below.

via the Boltzmann transport theory. In addition, the constant

relaxation time approximation with t =10~ s is used to calculate

Thermoelectric properties

the electrical and thermal conductivity and power factor. The

We investigated the thermoelectric properties such as the Seebeck ~ Seebeck coefficient’s physical meaning is the magnitude of the
coefficient, electrical conductivity, thermal conductivity, power potential difference generated at a specific temperature difference
factor and figure of merit as a function of the chemical potential ~AT. We calculated the Seebeck coefficient for pure Si,BN, after full
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Fig. 9 Electronic band structures and corresponding projected density of states of Si,BN surface with the Si atom oxidation on both sides.

hydrogenation, hydrogenation of the Si atom on both sides,
hydrogenation of each atom on a single side, full oxidation,
oxidation of the Si atom on both sides, and after oxidation of
each atom on a single side as a function of chemical potential, as
shown in Fig. 10. The maximum Seebeck coefficient of seven
Si,BN forms are the peak values of Si,BNP, Si,BNH, Si,BNHg;,
Si,BNHg, Si,BNO, Si,BNOg, and Si,BNOg are 153.39, 81.17,
407.26, 1815.07, 1726.57, 2870.52 and 1652.82 puV K~ ! at room
temperature, respectively. The difference in values of the Seebeck
coefficient are strongly reflected in the electronic band structures.
The Seebeck coefficient of pristine Si,BN is very small compared
with that of the oxidized system. Oxidation has the maximum
Seebeck coefficient due to a large number of electronic states
present near Ep. The Seebeck coefficient of Si,BNHg; is small
compared with that of Si,BNOs;. Si,BNHg; has more significant
Seebeck coefficient than the Si,BNP system, which is caused by
the sharp electronic states at the top of the valence band. The
functionalized Si,BN surface has a large Seebeck coefficient,
which means that it performs better for thermoelectric devices.
Fig. 11 shows the electrical conductivity of pristine, hydro-
genated, and oxidized Si,BN surfaces as a function of chemical
potential. The electrical conductivity is strongly dependent on

3000 ——SiBNP ——
—— Si,BNH
2000 | — Si,BNH
—— Si,BNH
——Si,BNO
~ 1000 —— i BNO,
& ——Si,BNO,
>:1 0 - PR ]
S
%
-1000
-2000
-3000 : : :
2 -1 0 1 2

n(eV)

Fig. 10 Seebeck coefficient of the functionalized Si,BN monolayer as a
function of the chemical potential (x) at 300 K.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

the electronic band lines, which are present on the conduction
band’s top and bottom. The flat band lines have large effective
mass and vice versa because carrier mobility is invasively
proportional to the effective mass and electrical conductivity
is directly proportional to the carrier mobility (i.e., ¢ oc u). The
electrical conductivity of Si,BNP is much higher than that of
Si,BNHg; since the large band gap inhibits the potential transi-
tion of the electrons. Also, at room temperature, the electrical
conductivity of Si,BNH is relatively high in the positive and
negative chemical potential sides compared to that of Si,BNO.
However, the Seebeck coefficient and electrical conductivity are
inversely connected: as the doping concentration increases, the
electrical conductivity increases, and the Seebeck coefficient
decreases. Therefore, there exists a trade-off between the elec-
trical conductivity and Seebeck coefficient to achieve a high-
power factor. Comparing Fig. 10 with Fig. 11, we find that at the
chemical potential where the Seebeck coefficient reaches the
peak value, the electrical conductivity is very small and vice
versa. This contradictory behavior suggests that there must be a
trade-off between the Seebeck coefficient (S) and the electrical
conductivity (¢). The power factor (S>¢) can be maximized at a
particular doping level or carrier concentration.

——Si,BNP

Fig. 11 Electrical conductivity of various systems as a function of
chemical potential at 300 K.
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Fig. 12 Variation of thermalconductivity as a function of chemical
potential at 300 K.

Next, we discussed the thermal conductivity, which is also
an essential parameter for TE materials. Therefore, we have
also computed the thermal conductivity response as a function
of chemical potential compared with other structures at a
constant relaxation time t &~ 10~ '* s (see Fig. 12). Efficient
thermoelectric is made of materials with low thermal
conductivity.*® The thermal conductivity (k) comprises the
electronic (electron and hole transporting heat) and phonon
(phonon traveling through the lattice) contributions. We calcu-
lated the electronic part (in the form of ) using the constant
relaxation time approximation as before as a function of p at
300 K temperature, and the results are given in Fig. 12. Mini-
mum values of k. are seen in the chemical potential ranges
between —1 and 1 eV for all the cases present in the regions
where the investigated materials will give its maximum effi-
ciency. The maximum values of the electronic thermal con-
ductivity at the chemical potential ranges stated before are
shown in Table 1.

Now, let us turn to the power factor (P = $°¢), which is crucial
in characterizing the thermoelectric potential of materials. It
appears in the numerator of the expression for the figure of
merit ZT = S°6T/k. One usually tries to increase the value of P as
much as one can without increasing the total thermal conduc-
tivity k. The efficiency of thermoelectric materials could be
enhanced by increasing the power factor. Fig. 13 displays the
power factor with constant relaxation time as a chemical

Table 1 The maximum values of the electronic thermal conductivity at
the chemical potential range of —2 to 2 eV

Maximum thermal

Structure Defect conductivity (W mK )
Pristine Si,BNP 7.70
Hyd Si,BNHg 3.34
Si,BNH 6.51
Si,BNHyg; 3.27
Oxy Si,BNOg 1.29
Si,BNO 1.92
Si,BNOg; 2.31
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Fig. 13 Variation of the power factor as a function of chemical potential
at 300 K.

potential function relative to the Fermi level at room tempera-
ture. Due to the trade-off between electrical conductivity and
Seebeck coefficient, the power factor always reaches a peak
value at a low chemical potential. The power factor is minimum
near the Fermi level. The maximum value of the power factor is
maximum near g = 0.9 to 2.0 eV (ie., n-type) for the hydro-
genated and oxidized Si,BN monolayer.

The electronic figure of merit, ZT,, depends on the ratio of
electronic and thermal conductivity, and it is also proportional
to the square of the Seebeck coefficient. Fig. 14 summarizes the
ZT. dependence of the chemical potential (1) at 300 K. This
quantity investigates the thermoelectric efficiency of materials.
The highest value of ZT are found to be 0.45 for Si,BNP, 0.21
(Si,BNH), 0.80 (Si,BNHg;), 0.99 (Si,BNHg), 0.99 (Si,BNO), 0.99
(Si,BNOg;), and 0.95 (Si,BNOg). The ZT value in the present
study is higher than most of the 2D materials. Previously
reported values of ZT are found to be 0.08 for a single layer of
graphene,®” and 0.12 for B-, 0.03 for a-, 0.05 for (6, 6, 12)-, and
0.17 for y -graphyne,*®*° 0.38 in CP monolayer,*® 0.75 for
arsenene monolayer,*! 0.78 for antimonene monolayer,*" 1.02
for boron monochalcogenide®” and 1.13 for holey graphene.*?
In our case, we found that the value of figure of merit ZT is
0.99 for the Si,BNO monolayer. Our results provide a new

l/rl

N

——Si,BNP
——Si,BNH

—— Si,BNH
—— Si,BNH
——Si,BNO

——Si,BNO;
——Si,BNO,,

Fig. 14 Calculated ZT values as a function of the chemical potential at
300 K.
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approach for enhancing the thermoelectric performance and
display the improvement of the 2D layered material for the
applications in renewable energy.

Conclusions

In conclusion, we have systematically investigated the struc-
tural, electronic, and thermoelectric properties of pristine
Si,BN and its hydrogenated and oxidized surface by first-
principles calculations. The optimized structures are energeti-
cally favorable structures due to the negative binding energy.
The electronic properties can also be tuned by the hydrogena-
tion and oxidation of the Si,BN monolayer, transforming from
the metallic to the semiconducting nature. The band gap varies
from 0 to 2.10 eV and can be achieved by the hydrogenation and
oxidation of the Si,BN surface. Significant changes can be
achieved by the hydrogenation and oxidation of the Si,BN
monolayer, which can transform the planar structure to non-
planar structure. The pristine Si,BN monolayer has a very low
thermoelectric performance. With the hydrogenation and oxi-
dation of the Si,BN monolayer, the H and O atoms are strongly
hybridized with the Si, B, and N atoms in the Si,BN surface due
to which a band gap can be achieved, and enhancing the
thermoelectric performance. The electronic figure of merit of
the oxidized surface of the Si,BN monolayer enhanced up to
0.99. The theoretical investigations provide a viable strategy to
improve the thermoelectric performance of the Si,BN system
and can be potentially extended to other smart 2D materials’
thermoelectric performance.
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