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Thermoelectric transports
in pristine and functionalized boron
phosphide monolayers

Min-Shan Li%3, Dong-Chuan Mo?%3 & Shu-Shen Lyu?3*

Recently, a new monolayer Group I11-V material, two-dimensional boron phosphide (BP), has shown
great potential for energy storage and energy conversion applications. We study the thermoelectric
properties of BP monolayer as well as the effect of functionalization by first-principles calculation and
Boltzmann transport theory. Combined with a moderate bandgap of 0.90 eV and ultra-high carrier
mobility, a large ZT value of 0.255 at 300 K is predicted for two-dimensional BP. While the drastically
reduced thermal conductivity in hydrogenated and fluorinated BP is favored for thermoelectric
conversion, the decreased carrier mobility has limited the improvement of thermoelectric figure of
merit.

Thermoelectric material, which can directly convert waste heat into electricity, provides a promising solution
for global issues like energy crisis'™. The thermoelectric performance of a material can be characterized by a
dimensionless figure of merit:
zr= ST (1)
kel + kia ’

where S is the Seebeck coefficient, ¢ is the electronic conductivity, k and ki, are the thermal conductivities con-
tributed by electrons and phonons, respectively. To obtain high thermoelectric performance, a material generally
needs to have high electrical conductivity o, high Seebeck coefficient S and low thermal conductivity k at the
same time®. While the inter-coupling of the electronic parameters has made the optimization of thermoelectric
performance a great challenge, early studies suggest that lowering the dimension of materials appears to be an
effective approach®™. Over the past few decades, the discovery of graphene has driven the exploration, fabrication
and measurement techniques of two-dimensional materials'*-'’. In order to extract the thermal conductivity in
two-dimensional materials, extensive efforts'®!® have been devoted to the development of 3w method, Raman
spectroscopy method and so on. Qiu et al.?’ proposed a modified 3w method for the measurement of thermal
conductivity in non-conductive fiber. Balandin et al.>! conducted the measurement of suspended graphene
monolayer using Raman spectroscopy method. As for thermoelectric performance, Fei et al.?? reported the
orthogonal electronic and thermal transport in black phosphorene and a high ZT value of above 1 at 300 K.
The room temperature thermoelectric figure of merit for other two-dimensional materials, such as transition
metal dichalcogenides (0.7-0.9)%, Tellurium (0.54-0.8)**?* and PdSe, (1.1)*, have also been studied. However,
many of the currently developed two-dimensional thermoelectric materials either suffer from low performance
or are based on toxic or rare elements. Given the increasing demand for portable and wearable thermoelectric
devices?”?, the search for eco-friendly and elementally abundant high-performance thermoelectric materials
has become an increasingly pressing issue.

Recently, a new monolayer Group III-V material, two-dimensional boron phosphide (BP), with good thermo-
dynamic stability, wide bandgap and ultra-high carrier mobility***°, has shown great potential for energy storage
and energy conversion applications. The experimental realization of crystalline BP thin film has further suggested
its possibility in practical use. Unfortunately, the thermal conductivity of 220-323 W/mK in BP monolayer®"*?
is rather high compared with other two-dimensional thermoelectric materials. To address this problem, the
idea of using van der Waals interaction to reduce the lattice thermal conductivity has been applied. Mohanta
et al.’® designed a bilayer BP/MoS, heterojunction and reported a ZT value of up to 1.1 for p-type doping at
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Figure 1. Top view and side view for (a) BP, (b) H-BP and (c) F-BP with corresponding phonon dispersions
and density of states.

300 K. A theoretical ZT value as high as 1.8 at 1200 K in bilayer BP is also reported®. Apart from constructing
van der Waals heterojunction, surface functionalization is another effective method to modulate the thermal
and electronic transport properties in low-dimensional materials. For planar two-dimensional materials, the
contribution of ZA phonons to the thermal transport can be reduced by functionalization due to the broken
reflection symmetry, and thus leading to a reduced thermal conductivity****. Recent theoretical study has also
reported the enhancement of electronic figure of merit ZT., in silicene by hydrogenation®. Yet, little research
has been done on the thermoelectric properties of two-dimensional BP, and the effect of functionalization has
also been little discussed.

Herein, the thermoelectric transport properties of two-dimensional BP as well as the effect of function-
alization are investigated systematically by a first-principles approach in combination with Boltzmann trans-
port theory. Our study provides insights into the thermoelectric properties of BP monolayer and the effect of
functionalization.

Results and discussions

The optimized structures of BP and functionalized BP are shown in Fig. 1. Similar to h-BN, two-dimensional BP
has a planar honeycomb structure with one boron atom and one phosphorus atom in a unit cell. The obtained
lattice constant for BP is 3.21 A. After functionalization, the planar structure is distorted. H-BP and F-BP exhibit
slightly larger lattice constants (3.23 A and 3.29 A) and a low-buckled configuration. The B-P sublayer buckling
height is 0.62 A for F-BP and 0.56 A for H-BP. These results are in good agreement with previous work>. The
calculated in-plane stiffness C,p, for BP, H-BP and F-BP are 137.31 J/m? 105.72 J/m?* and 89.39 J/m?, respectively.
The C,, of the modified material decreases due to the presence of the buckled structure, indicating that the mate-
rial is easier to deform under tension. In particular, F-BP has greater buckling and a smaller C,p.
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Figure 2. (a) Phonon group velocities v, and (b) scattering rates as a function of frequency; and (c) lattice
thermal conductivity ki, as a function of temperature for BP, H-BP and F-BP.

The phonon dispersions and density of states are also shown in Fig. 1. For BP, the acoustic branches have a
wide range from 0 to 17 THz and are coupled with the out-of-plane flexure optical (ZO) modes, which will result
in strong acoustic-optical phonon scattering. After functionalization, the acoustic branches are compressed to
below 11 THz in H-BP and below 3.5 THz in F-BP. Besides, the ZO mode in H-BP and F-BP is no longer coupled
with the acoustic branches due to the buckling effect®®. The presence of an acoustic-optical gap is beneficial to
suppress the optical-acoustic phonon scattering. As observed in the phonon density of states, the light H atom
contributes a lot in high-frequency vibrations while the heavy F atom affects the low-frequency phonon modes
greatly.

It is noted that low-frequency phonons have a major effect on the thermal transport and thus we focus on the
acoustic phonons. As illustrated in Fig. 2a, the phonon group velocities v, of acoustic phonons in H-BP are close
to those in BP, while those in F-BP shows a substantial decrease. Such a decrease is owing to the severe condense
of acoustic vibrations and will reduce the k;,. The phonon scattering rates, as shown in Fig. 2b, are dramatically
increased in low-frequency region after functionalization, especially for H-BP. The phonon scattering rate is
determined by the scattering intensity and the scattering possibility, where the former can be characterized by
the Griineisen parameter and the latter by the phase space. Although BP has a larger phase space (see Supple-
mentary Fig. S1 online), the enhanced anharmonicity of ZA phonons in functionalized BP leads to the increased
scattering rates in the low-frequency region, especially for H-BP.

Figure 2c summarizes the lattice thermal conductivity k;, with respect to temperature. At 300 K, the calcu-
lated kj, of BP monolayer is 205.3 W/mK. Unlike the common trend where two-dimensional materials possess
higher k;, than their bulk compounds?®,, the k;, of BP monolayer is lower than the measured result for BP crystal
(460-490 W/mK)***, which may due to the different atomic arrangements in monolayer BP and bulk BP. Similar
to graphene, the ZA phonons dominate the thermal transport among all the phonons in BP. The contribution
of the ZA mode to the thermal conductivity is up to 51.80%. After functionalization, the ki, is reduced by one
order of magnitude. The calculated k;, at 300 K is 17.1 W/mK and 10.8 W/mK for H-BP and F-BP, respectively.
The buckling structure has broken the out-of-plane symmetry and increased the scattering rates of the ZA pho-
nons, and thus the contribution of ZA phonons is reduced to 7.20% and 7.30% in H-BP and F-BP, respectively.
It is noted that different primary structures and relaxation algorithms may lead to a difference in the distorted
functionalized structures after relaxation, and thus the scattering situation of ZA phonons could be different.
Since the contribution of ZA phonons to thermal conductivity is dominant in two-dimensional planar materials,
the thermal conductivity could be affected.

To investigate the electronic properties, the band structures are computed and plotted in Fig. 3. BP has
a direct-bandgap of 0.90 eV with both the conduction band minimum (CBM) and valence band maximum
(VBM) located at the K point. According to the projected density of states (see Supplementary Fig. S2 online),
the CBM (VBM) is mainly contributed by the pz orbital of boron (phosphorus) atom and the p-orbital of boron
and phosphorus atom hybridize strongly with each other. After functionalization, H-BP has an indirect band-
gap of 3.63 eV and F-BP has a direct bandgap of 0.94 eV. The wide bandgaps in these materials are beneficial in
thermoelectric application since the bipolar electronic thermal conductivity can be suppressed. The flat band
presented around the CBM in H-BP as well as the degenerated VBM in H-BP and F-BP can lead to a large den-
sity of states, and thus a large effective mass. We obtained the effective electron (hole) masses at CBM (VBM)
along the high-symmetry path direction by fitting the quadratic function (see Supplementary Table S1). The
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Figure 3. Electronic band structure for BP, H-BP and F-BP.
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Figure 4. (a) The Seebeck coefficient S, (b) electronic conductivity 0/7 and (c) power factor PF/7 as a function
of carrier concentration p for BP, H-BP and F-BP, respectively. The solid lines represent n-type doping and the
dash lines represent p-type doping.

enhancement in effective masses for functionalization BP is favorable for obtaining a high Seebeck coefficient
but it may reduce the carrier mobility.

Figure 4 illustrates the Seebeck coefficient S, electronic conductivity o/7 and thermoelectric power factor PF/t
as a function of the carrier concentration p for n-type and p-type doping. BP exhibits slightly larger S for n-type
doping and a peak value of 1526/uVK at 300 K is obtained. After functionalization, H-BP shows significantly
enhanced S for both type and F-BP shows better performance for p-type doping. While the S increases with
increasing temperature, temperature has little effect on the o/7. F-BP has a smaller ¢/7, which may due to the
strong electronegativity of F atom. The inter-related parameters, S and o/7, display different trends and magni-
tude of variation with increasing carrier concentration, making the optimization of PF/7 challenging. Since the
PF/t is proportional to the square of S, the increased S in H-BP has led to the significant improvement of PF/t
for n-type doping.

To better analyze the thermoelectric performance, we calculated the carrier mobility y through the deforma-
tion potential theory*!:

2ehCyp

M2D = 5> 2
2kg Tm*2E} 2)
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Figure 5. (a) The carrier mobility 4 and (b) the figure of merit ZT with respect to different temperature as a
function of carrier concentration p for BP, H-BP and F-BP. The solid lines represent n-type doping and the dash
lines represent p-type doping.

where e, h, kg, T, m" and E are the electron charge, reduced Planck constant, Boltzmann constant, temperature,
band effective mass and deformation potential constant, respectively. As presented in Fig. 5a, the carrier mobil-
ity of BP is 1.50 x 10* cm?/V/s for electron and 2.74 x 10° cm?/V/s for hole at 300 K. These result are in accord
with previous studies reported by Xie et al. (1.37-6.88 x 10* cm?/V/s)*, Zeng et al. (0.45-1.36 x 10* cm?/V/s)*?
and Mohanta et al. (0.62-5.77 x 10* cm?/V/s)*. The ultra-high carrier mobility of BP is comparable to other
high-mobility materials such as graphene (~10° cm?/V/s)** and black phosphorene (~ 10° cm?/V/s)*. For
H-BP, the enhanced scattering of phonons to electrons and holes, as indicated by the E, has led to the drasti-
cally reduced carrier mobility. For F-BP, the carrier mobility is also reduced by one order of magnitude. Such
decrease is also affected by the crank structure and is not limited or controlled. The electronic relaxation time
is further obtained through Eq. (3)

w=et/m* 3)

The large decrease in carrier mobility leads to a smaller carrier relaxation time in functionalized BP (see
Supplementary Table S1).

Figure 5b illustrates the thermoelectric figure of merit under different temperature. The ZT values for n-type
doping are higher than the performance for p-type doping. The maximum ZT of BP at 300 K is 0.255 for n-type
doping and 0.046 for p-type doping. As temperature rises, the ZT,,,, can be further increased, reaching 0.589
(0.119) and 1.16 (0.265) at 500 K and 800 K for n (p)-type doping. The high ZT values make BP monolayer a
competitive candidate for thermoelectric applications, especially when compared with other two-dimensional
materials containing heavy atoms (a-tellurium, 0.54 at 300 K*3; antimonene, 0.58 at 300 K*’). For functionalized
BP, the ZT,,,,, for H-BP and F-BP at 300 K are 0.053 and 0.321, respectively. The thermoelectric performance is
reduced after hydrogenation while the ZT value for p-type doping can be enhanced by fluorination. Since the
enhanced scattering of phonons on carriers would significantly reduce the carrier mobilities and carrier relaxa-
tion time, surface functionalization may not be an efficient way to improve the thermoelectric performance in
planar two-dimensional materials when compared with doping*, constructing nanoparticle-aligned structures®
and heterojunctions®**.
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Conclusion

In conclusion, the thermoelectric transport properties of two-dimensional BP monolayer as well as the effect of
functionalization have been investigated by means of first-principles calculation and the Boltzmann transport
theory. Compared with other two-dimensional materials, BP shows a high ZT value of up to 0.255 at 300 K,
making it a promising candidate. While hydrogenation and fluorination have reduced the thermal conductivi-
ties by one order of magnitude, the improvement of thermoelectric properties is limited due to the enhanced
scattering of phonons on carriers and significantly reduced carrier relaxation times.

Methods

The density functional theory calculations are performed using the Vienna Ab-initio Simulation Package
(VASP)**>!. The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)* is adopted to
describe the exchange—-correlation functional. The energy cutoff is set as 500 eV. Using a 19 x 19 x 1 k-mesh, the
structures are fully relaxed with an energy and force converge threshold of 10-% eV and 10~ eV/A, respectively.
A vacuum of more than 15 A along the out-of-plane direction is applied to prevent the interaction between
periodic image layers. Based on the density functional perturbation theory (DFPT), the harmonic phonons are
calculated using the VASP and Phonopy package® with a 5 x 5 x 1 supercell. For anharmonic phonons, a 3x3x 1
supercell is adopted in the calculation. The phonon thermal conductivity k;, is obtained through iteratively solving
the linearized phonon Boltzmann transportation equation (BTE), as implemented in the ShengBTE code®*. The
electronic transport properties, such as Seebeck coeflicient S, electronic conductivity o and electronic thermal
conductivity kg, are calculated using the constant relaxation time approximation (CRTA) and linearized BTE,
as implemented in the BoltzTraP2 code™. A dense k-mesh of 251 X251 x 1 is employed during the calculation.
As the layer thickness of two-dimensional material is not well defined, a layer thickness of 3.57 A (optimized
interlayer distance in bilayer BP)* is adopted in our calculations.
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