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SPECIAL TOPIC — Phononics and phonon engineering
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Using the first principles calculation and Boltzmann transport theory, we study the thermoelectric properties of Si2BN
adsorbing halogen atoms (Si2BN-4X , X = F, Cl, Br, and I). The results show that the adsorption of halogen atoms can
significantly regulate the energy band structure and lattice thermal conductivity of Si2BN. Among them, Si2BN-4I has the
best thermoelectric performance, the figure of merit can reach 0.50 K at 300 K, which is about 16 times greater than that of
Si2BN. This is because the adsorption of iodine atoms not only significantly increases the Seebeck coefficient due to band
degeneracy, but also rapidly reduces the phonon thermal conductivity by enhancing phonon scattering. Our work proves the
application potential of Si2BN-based crystals in the field of thermoelectricity and the effective method for metal crystals to
open bandgaps by adsorbing halogens.

Keywords: density functional theory, thermoelectric effects, transport properties, electronic structure
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1. Introduction
Thermoelectric (TE) materials can directly convert waste

heat into electricity and vice versa, which provide an effec-
tive way for the solution of the global energy crisis without
producing new contaminants.[1–3] TE materials have attracted
intense research efforts due to the huge demand for energy
harvesting and power generation. The TE efficiency of the
material is measured by the dimensionless figure of merit,
ZT = Sσ2T/(κe +κp), where T is the temperature, S is the
Seebeck coefficient, σ is the electrical conductivity, κe is the
electronic thermal conductivity, and κp is the phonon thermal
conductivity.[4–7]

According to the formula, high Seebeck coefficient S,
high electrical conductivity σ , low phonon thermal conduc-
tivity κp can obtain high ZT .[8] However, these physical pa-
rameters S, σ , and κe are dependent on each other, e.g., the
Wiedemann–Franz law indicates σ ∝ κe , which causes the
TE efficiency to be relatively low. Although the theoreti-
cal studies have showed that low-dimensional nanoscale sys-
tems can contribute to boosting the TE performance origi-
nated from the enhancement of phonon scattering and quan-
tum confinement effect, the ZT of most perfect structures
is still low because of their high thermal conductivity, such
as graphene (2876 W/m·K),[9] borophene (κzig = 72 W/m·K,

κarm = 145 W/m·K),[10] MoS2 (κzig = 54 W/m·K, κarm =

33 W/m·K),[11] etc. Therefore, it is necessary to find ap-
propriate means to reduce phonon transport to improve the
TE performance. What is more, the TE parameter κp is the
relatively independent quantity that can be changed by some
method.[12–18]

In recent years, the thermal transport of low-dimensional
nanomaterials has become a research hotspot. Theoretically,
by manipulating the phonons or elastic waves that propagate
and scatter, the beneficial thermal transport properties can be
obtained. Research shows that surface functionalization is
one of the feasible and effective manipulation methods.[19,20]

This method has been used to regulate the thermal transfer of
nanostructured materials composed of group-IV and group-
V nonmetallic elements. For example, Wang et al.[21] re-
duced the thermal conductivity of graphene by depositing gold
nanoparticles on its surface by physical deposition. The de-
crease of the thermal conductivity is mainly attributed to the
suppression of ZA phonon modes. Liu et al.[22] improved the
thermal conductivity of silene system by full hydrogenation.
Although full hydrogenation increases the buckling degree of
the silene system, the elimination of asymmetric π-bond is
considered to be the main reason for the decrease of phonon
scattering rate and the increase of thermal conductivity of hy-
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drogenated silene. Sun et al.[23] studied the effect of oxygen-
containing functional groups on the thermal conductivity of
reduced graphene oxide by molecular dynamics simulation.
Overall, these results are all attributable to the effect of sp3

hybridization introduced by surface functionalization on the
material.

Moreover, surface functionalization not only can change
the heat transport, but also can change the electron transport
properties. For example, Xu et al.[24] reported that monolayer
C4N functionalization with adsorbing Li, Na, Be, Mg, Ti, V,
Cr, and Mn atoms, resulting in the transformation of C4N from
semi-metal to semiconductor. By the first principles calcula-
tion, Nguyen et al.[25] found that the bandgap can be opened
when the concentration of halogen atoms adsorbed on both
sides of silicon is greater than 0.25. Therefore, surface func-
tionalization is an effective way to improve the performance
of two-dimensional (2D) materials in a specific field. Particu-
larly, halogen atoms have strong electronegativity, which can
bind free electrons on the surface of 2D materials and play a
role of surface passivation. In order to open the bandgap of 2D
materials with metal or semi-metallic properties, halogen is a
good adsorption candidate.[26]

Si2BN, which was reported by Andriotis et al. in 2016, is
also a kind of graphene-like monolayer structure.[27] It has at-
tracted the interest of researchers in hydrogen storage, battery,
and other fields,[28–31] but there have been no reports of any
research on TE properties. Because the crystalline structure of
Si2BN is more complex than graphene, we predict that it has
lower phonon thermal conductivity, which is beneficial to the
improvement of TE properties. Nevertheless, the electronic
energy band of Si2BN shows its routing metal property, this
is negative for TE properties. In theory, by adsorbing halo-
gen atoms on Si2BN, the hybrid type changes from sp2 to sp3,
resulting in bandgap opening.[32] Moreover, it also breaks the
plane structure of Si2BN, the lattice thermal conductivity is
further reduced by increasing phonon scattering.

In this work, we research the thermoelectric transport
properties of Si2BN adsorbing halogen atoms (Si2BN-4X ,
X = F, Cl, Br, and I) by using the first principles calcula-
tion and Boltzmann transport theory. By adsorbing halogen
atoms, the band gap of Si2BN is opened, which leads to the
increase of the Seebeck coefficient. In particular, Si2BN-4I
has the largest Seebeck coefficient because of the band degen-
eracy. In addition, the absorption of halogen atoms increases
the phonon scattering, and the lattice thermal conductivity de-
creases significantly, which leads to a significant increase in
the thermoelectric properties.

2. Methodology
First-principles calculations are performed based on den-

sity functional theory (DFT) using the Vienna ab-initio

simulation package (VASP).[33,34] We choose the general-
ized gradient approximation (GGA) in the Perdew–Burke–
Ernzerhof (PBE) parametrization for the exchange–correlation
functional.[35] The crystal structure is relaxed with total energy
convergence criterion of 10−6 eV, the force convergence crite-
rion is 10−4 eV/Å, and adopts plane-wave basis with kinetic
energy cutoff of 500 eV. The 11× 11× 1 Γ -center k-mesh is
used, and the normal vacuum distance is large than 15 Å to
prevent any physical interactions between the consecutive lay-
ers. VASP is used to obtain the second-order interatomic force
constant by the finite displacement method with 3×3×1 su-
percell and 1× 1× 1 k-mesh, and then the dynamic matrix is
constructed by the Phonopy program, and the dynamic matrix
is diagonalized to obtain the phonon spectrum.[36]

Based on Boltzmann transport theory, we use VASP
combined with BoltzTraP program to calculate the electronic
transport properties of materials.[37] The TE transport param-
eters are calculated using the relaxation time approximation
method, where the relaxation time constant τ is 10−14 s.
This constant has been widely used in the calculation of
electron transport properties and reliable results have been
obtained.[38,39] Moreover, the TE transport coefficient is con-
verged by using the k-mesh of 20×20×1 in the Brillouin zone
(BZ).[40,41]

We calculate the phonon thermal conductivity based
on linearized phonon Boltzmann transport equation (PBTE)
within relaxation time approximation.[42,43,45] Along the spec-
ified direction, the thermal conductivity of monolayer Si2BN
and its halide in each branch λ can be described as

κλ =
S

(2π)2

∫
cphν

2
λ

τλ dq, (1)

where S is the area of the sample, vλ is the phonon group ve-
locity of λ branch along the specified direction, which is equal
to dω/dq, ω is the phonon frequency for branch λ at wave
vector q, τλ is the phonon relaxation time of λ branch, and
cph is the volumetric specific heat of each mode, which can be
calculated with the following formula:

cph =
kB

Sd
· (}ω/kBT )2 e}ω/kBT

(e}ω/kBT −1)2 . (2)

Here kB is the Boltzmann constant, h̄ is the reduced Planck
constant, d is the effective layer thickness of monolayer
Si2BN and its halide, and T is the absolute temperature.[46]

The phonon relaxation time τλ can be obtained by the
Matthiessen’s rule, which can be written as

1/τλ = 1/τ
U
λ
+1/τ

B
λ
, (3)

where 1/τU
λ

and 1/τB
λ

are the Umklapp phonon–phonon scat-
tering rate and boundary scattering rate, respectively. In this
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work, 1/τB
λ

is not considered in the 2D system and 1/τU
λ

can
be given as[47,48]

1/τ
U
λ
=

γλ kBT ω2

Mν2
λ

ωD,λ

, (4)

γλ =
V0 dωλ (V )

ωλ dV
, (5)

where γλ , M, ωD,λ are the Grüneisen parameter, the mass of
unit cell, and the Debye frequency of branch λ , respectively.
V is the unit cell volume and V0 is the completely relaxed unit
cell volume. dωλ (V )/dV is the first derivative of the phonon
frequency of branch λ with the volume.[49]

3. Results and discussion
Two optimized structures, named Si2BN and Si2BN-4X ,

are shown in Figs. 1(a) and 1(b), respectively. In top view
of Fig. 1(a), the lattice constants of Si2BN are a = 6.35 Å,
b = 6.45 Å and the bond length between atoms are lSi–Si =

2.24 Å, lSi–N = 1.76 Å, lSi–B = 1.95 Å, and lB–N = 1.46 Å,
which are in good agreement with the previously reported
ones.[50] In side view of Fig. 1(a), the Si2BN shows a plane
structure, while the Si2BN-4X (X = F, Cl, Br, I) shows the
buckling structure when the surface of Si2BN adsorbs halo-
gen elements, as shown in the side view of Fig. 1(b), which
is due to the change of the hybrid type of Si–Si atoms. The
previous work pointed out that the buckling structure is more
beneficial to increase phonon scattering and decrease phonon
thermal conductivity.[51]

(a)

(b)

zig

arm

Si

N

B

F
Cl
Br
I

Fig. 1. Top and side views of the geometric structure of (a) Si2BN and
(b) Si2BN-4X (X = F, Cl, Br, I).

In Fig. 2(a), the electronic band structure of Si2BN
presents a metal characteristic and the result matches that of
Singh et al.[29] well. However, the materials with insulator
or metal property are not good TE materials even though they
have a large conductivity or Seebeck coefficient than semicon-
ductor materials.

Therefore, a suitable method to open the bandgap for
Si2BN should be applied. When the halogen atoms are ad-
sorbed on the four Si atoms of surface of Si2BN (named

Si2BN-4X , X = F, Cl, Br, I), as shown in Fig. 3, the elec-
tronic structure property of Si2BN transforms from metal to
indirect bandgap semiconductor. In addition, the bandgap in-
creases from 1.32 eV of Si2BN-4F to 1.88 eV of Si2BN-4I
with the increase of atomic mass of adsorbed halogen, which
is presented in Figs. 3(a)–3(d). It is worth mentioning that
the electron band structure shows that Si2BN-4X has flat con-
duction band minimum (CBM) and valence band maximum
(VBM), indicating that it has high effective carrier mass, low
carrier mobility, and low conductivity, which leads to high
S eventually.[52] In addition, the degeneracy of the electronic
band structure of Si2BN-4I at the M point in BZ means a large
S, which is beneficial to the improvement of ZT .[53–55]
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Fig. 2. (a) The electronic band structure and (b) DOS of Si2BN.
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Fig. 3. The electronic band structure of (a) Si2BN-4F, (b) Si2BN-4Cl,
(c) Si2BN-4Br, (d) Si2BN-4I.

In order to prove the dynamic stability of Si2BN and
Si2BN-4X , we use the finite displacement method to calcu-
late the phonon spectrum. In Fig. 4, the results show that there
are no imaginary frequencies in the whole BZ, indicating the
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dynamical stability of Si2BN and Si2BN-4X . In the phonon
spectrums of Si2BN and Si2BN-4X , there are multiple phonon
gaps in the frequency range from 15 THz to 40 THz. Besides,
there are typical strong hybrid features between low-frequency
optical branches and acoustic branches in Si2BN and Si2BN-
4X . These characteristics indicate that the phonon thermal
conductivity of Si2BN and Si2BN-4X will be relatively low.
Importantly, as shown in Figs. 4(b)–4(e), there are more and
more low-frequency flat optical branches from the Si2BN-4F
to Si2BN-4I structure, which means that the phonon thermal
conductivity will decrease with the increase of atomic mass of
the absorbed halogen.[56]

(a) (b)

(d) (e)(c)
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Fig. 4. The phonon dispersion spectra of (a) Si2BN, (b) Si2BN-4F,
(c) Si2BN-4Cl, (d) Si2BN-4Br, (e) Si2BN-4I.

On the other hand, in order to prove the thermodynamic
stability of halogen atoms adsorbed Si2BN, we calculate the
adsorption formation energy of halogen atoms on Si2BN sur-
face as shown in Table 1. According to the definition of ad-
sorption formation energy, the formula for our system can be
written as

Ef =
{

nEb[Si2BN-4X ]− (n−nX )Eb[Si2BN]−nX Eb[X2]
}
/nX ,

(6)
where Eb[Si2BN-4X ], Eb[Si2BN], Eb[X2] are the bind energy
per atom of Si2BN-4X , the bind energy per atom of Si2BN,
and the bind energy per atom of X2, respectively. n is the total
number of Si2BN-4X , nX is the number of adsorbing halogen
atoms. Ef is the adsorption formation energy per adsorbing
halogen atom of Si2BN-4X .

The unit adsorption formation energies of the X atom on
the Si2BN are all above 1 eV/atom as shown in Table 1. This
means that the binding energy of Si2BN-4X is larger, and the
energy released by the formation of Si2BN-4X from isolated
atoms is greater than that of Si2BN and X2. Therefore, the
lower total free energy of Si2BN-4X demonstrates that the ad-
sorption of X2 by Si2BN is experimentally feasible.

Table 1. The adsorption formation energy of halogen atoms adsorbed by
Si2BN is calculated. Ef[Si2BN-4X ] is the adsorption formation energy per
adsorbing halogen of Si2BN-4X , Eb[Si2BN-4X ] is the bind energy per atom
of Si2BN and Si2BN-4X , and Eb[X2] is the bind energy per atom of X2.

Si2BN-4X
Eb[X2] Eb[Si2BN-4X] Ef[Si2BN-4X]

(eV/atom) (eV/atom) (eV/atom)
Si2BN-4F 1.63 5.23 4.02
Si2BN-4Cl 1.723 4.56 1.92
Si2BN-4Br 1.29 4.343 1.70
Si2BN-4I 1.16 4.10 1.09
Si2BN 5.02

The Si2BN and Si2BN-4X have 2D hexagonal structures.
We can study the TE properties along the armchair and zigzag
directions. Firstly, we focus on the armchair direction. In or-
der to systematically study the TE properties of Si2BN and
Si2BN-4X along the armchair direction at room temperature,
we calculate the Seebeck coefficient S, electrical conductiv-
ity σ , electronic thermal conductivity κe , power factor PF,
phonon thermal conductivity κp, and ZT based on the aver-
age temperature T of 300 K and electron constant relaxation
time τ of 10−14 s. All the results are plotted in Fig. 5. As
shown in Figs. 5(a)–5(b), the S of Si2BN-4X is larger than that
of Si2BN; moreover, S decreases and σ increases with the in-
crease of charge carrier concentration n, which is due to the
Pisarenko relation.[57] However, the PF of Si2BN and Si2BN-
4X appear a maximum as n increases, and the maximal PF of
the former is much lower than that of the latter, indicating that
the optimal TE performance of Si2BN-4X can be realized at
some carrier concentration.

As can be seen from Fig. 5(d), the electronic thermal con-
ductivity displays similar behavior to the conductivity. In ad-
dition, we can see that the phonon thermal conductivity of
Si2BN-4X is lower than that of Si2BN in the temperature range
from 200 K to 800 K, as illustrated in Fig. 5(e). It is worth not-
ing that the phonon thermal conductivity κp of Si2BN-4I is the
lowest among all structures. According to the TE formula, we
calculate the TE figure of merit as a function of carrier con-
centration, as shown in Fig. 5(f). The ZT values of Si2BN-
4X are significantly greater than that of Si2BN, regardless of
the change in carrier concentration. Meanwhile, the ZT curve
of Si2BN-4X increases firstly and then decreases with the in-
creases of carrier concentration, where the ZT value of Si2BN-
4I is the largest compared to others structures. At 300 K, the
ZT maximum of Si2BN is only 0.03, while that of Si2BN-4I
reaches 0.50, which is about 16 times that of Si2BN.
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From the above results, Si2BN-4I is the optimal struc-
ture for TE performance, which stems from the lowest thermal
conductively after the surface functionalization. The phonon
thermal conductivity of Si2BN-4I is only 0.41 W/m·K while
that of Si2BN is 3.38 W/m·K at 300 K. In order to explain the
decrease of phonon thermal conductivity of Si2BN-4I com-
pared with that of Si2BN in armchair direction, we calculate
the group velocity and phonon lifetime along the armchair di-
rection. Figure 6(b) shows that the Si2BN-4I has multiple wide

optical–optical gaps in the range from 15 THz to 35 THz.
Therefore, the decrease of phonon thermal conductivity of
Si2BN-4I compared with Si2BN results from the decrease of
the group velocity.[53]

In order to study the effect of temperature on thermoelec-
tric properties, the TE performance of the armchair direction
of Si2BN-4I at the temperatures of 300 K, 500 K, and 800 K is
calculated and shown in Fig. 7. As the temperature increases,
the PF of Si2BN-4I increases (in Fig. 7(c)), while the phonon
thermal conductivity of Si2BN-4I decreases (in Fig. 7(e)). As
a result, the ZT value of Si2BN-4I increases with the increase
of temperature (in Fig. 7(f)), and the ZT of Si2BN-4I can reach
0.8 at 800 K. However, compared with Figs. 7(c) and 7(f), the
optimal ZT carrier concentration (NZT ) has a large deviation
from the optimal PF carrier concentration (NPF ), and the PF
corresponding to NZT is relatively low. Obviously, with the in-
crease of temperature, NPF becomes lower, S corresponding to
NPF decreases very slight, and the increase of electrical con-
ductivity σ is also very small. But with the increase of temper-
ature, the increase of κe corresponding to NPF is much greater
than that of κp, and the value of κe is an order of magnitude
higher than that of κp. Therefore, κe plays a major role that
influences the ZT with the change of temperature, and NZT

moves towards the lower κe . This limits the improvement of
ZT to some extent, and the excessive κe also indicates that
there is still space for improvement of the TE performance of
Si2BN-4I.[58]
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The above calculations of TE properties are based on the
armchair direction. In Fig. 8(a), we obtain the ZT values of
Si2BN and Si2BN-4X at 300 K along the zigzag direction. In
the zigzag direction of Si2BN-4I, we draw the same conclu-
sion as in the armchair direction, but the TE performance in
the zigzag direction is slightly lower than that in the armchair

direction, so we mainly introduce the TE performance in the
armchair direction. The similar conclusions can be obtained
in the zigzag direction.

4. Conclusion
In this work, we study the electron transport, thermal

transport, and thermoelectric properties of Si2BN adsorbing
halogen atoms (Si2BN-4X , X = F, Cl, Br, and I) using the first
principles calculation and Boltzmann transport theory. The
adsorption of halogen atoms can significantly regulate the en-
ergy band structure and lattice thermal conductivity of Si2BN.
The band gap of Si2BN is opened by adsorbing halogen atoms,
which leads to the increase of Seebeck coefficient. In partic-
ular, Si2BN-4I has the largest Seebeck coefficient because of
the band degeneracy. In addition, the absorption of halogen
atoms increases the phonon scattering, and the lattice thermal
conductivity decreases significantly, which leads to a signifi-
cant increase of ZT .

References
[1] Zeng Y J, Wu D, Cao X H, Zhou W X, Tang L M and Chen K Q 2020

Adv. Funct. Mater. 30 1903873
[2] Pei Y Z, Wang H and Snyder G J 2012 Adv. Mater. 24 6125
[3] Jiang P H, Liu H J, Cheng L, Fang D D, Zhang J, Wei J, Liang J H and

Shi J 2017 Carbon 113 108

037304-6

http://dx.doi.org/10.1002/adfm.v30.8
http://dx.doi.org/10.1002/adfm.v30.8
http://dx.doi.org/10.1002/adma.v24.46
http://dx.doi.org/10.1016/j.carbon.2016.11.038


Chin. Phys. B Vol. 30, No. 3 (2021) 037304

[4] Zhou W X, Cheng Y, Chen K Q, Xie G F, Wang T and Zhang G 2020
Adv. Funct. Mater. 30 1903829

[5] Kovnir K and Toberer E S 2016 Chemistry of Materials 28 2463
[6] Chetty R, Bali A and Mallik R C 2015 J. Mater. Chem. C 3 12364
[7] Wu D, Cao X H, Chen S Z, Tang L M, Feng Y X, Chen K Q and Zhou

W X 2019 J. Mater. Chem. A 7 19037
[8] Zhou X Y, Yan Y C, Lu X, Zhu H T, Han X D, Chen G and Ren Z F

2018 Materials Today 21 974
[9] Hatam-Lee S M, Rajabpour A and Volz S 2020 Carbon 161 816

[10] Liang T, Zhang P, Yuan P, Zhai S P and Yang D G 2019 Nano Futures
3 015001

[11] Wang X N and Tabarraei A 2016 Appl. Phys. Lett. 108 191905
[12] Hinterleitner B, Knapp I, Poneder M, Shi Y P, Müller H, Eguchi G,
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