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Superior optical and thermoelectric properties of
bilayer B,>-like phase borophene synthesized on
Cu(111) film
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In this work, motivated by a recent experimental report, we theoretically investigate the electronic
properties, optical properties, and thermoelectric characteristics of bilayer (BL) B1>-like phase borophene
synthesized on a Cu(111) substrate. Our results demonstrate the strong coupling between the Cu film
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and borophene layers, with the pi>-like phase borophene exhibiting metallic properties. The BL
borophene exhibits strong absorption peaks in the infrared (IR) and visible regions (VR). The PBi-like
phase borophene manifests superior thermoelectric properties. The results of this work provide insight
into BL borophene synthesized on the Cu(111) substrate, and have potential applications in a range of
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1. Introduction

The fantastic two-dimensional (2D) material graphene was
discovered in 2004."> Although graphene exhibits many excit-
ing properties, it cannot meet a diverse range of needs, thus it
is now more crucial than ever to discover comparable 2D
materials.”” Boron is the nearest neighbor to carbon, is
lighter than carbon, and can theoretically be anticipated to
form a 2D material named borophene.®® Borophene is believed
to possess greater lightness, rigidity, and flexibility in compar-
ison to graphene. It can be found in various morphologies
and phases due to the rich bonding conformation of
boron. Borophene also has excellent electronic and thermal
transport properties,'® and can form theoretical contact with
semiconductors to efficiently reduce resistance contact and
further enhance the performance of related 2D transistors.®'*
Borophene is much lighter and more reactive so that it can act
as a catalyst to change hydrogen atoms into ions."” And it
shows outstanding applications in energy storage devices,"*™°
particularly magnesium, sodium, and lithium-ion batteries.®™**
Borophene possesses exceptional properties, such as metalli-
city, optical transparency, extremely high flexibility, and
superconductivity.'”*

The lattice structure of borophene depends on the substrate
and synthetic conditions, and boron atoms form a self-doping
model with the substrate when they are added to a boron
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fields such as in optical sensors and thermoelectric devices.

honeycomb lattice (v = 1/3)."° Borophene has numerous
theoretically predicted phases,”*?* and they depend upon
the concentration of hexagonal vacancies of borophene
within the range 0-1/3, such as triangular borophene, honey-
comb boron sheets, a, B, 86, and y3.'>*° In response to
these predictions, borophene has been synthesized on hetero-
geneous substrates such as Ni(111),>* Ir(111),>® Au(111),*° and
Ag(111).*

The development of borophene on different metal sub-
strates has mostly stayed limited to monolayers (MLs).*® The
ML borophene or boron sheets have been found experimentally
on various metal substrates as boron is the lightest metalloid
which has ML and BL polymorphs.>®3' The stability of BL
borophene is inferior to the ML, while it exhibits excellent
thermal stability.**** Stable BL borophene has intriguing prop-
erties like double Dirac cones, anti-ferromagnetism, Dirac
fermions, and Dirac nodal lines.**

BL borophene, compared with ML borophene, is more
stable due to the interlayer bonding; while BL borophene is
difficult to synthesize because of the passivation from the metal
substrate.>®> Once monolayer borophene has formed on the
substrate, continuing deposition could result in the formation
of 3D clusters rather than flat, multilayered borophene.>* In
addition, the growth conditions need to be carefully controlled
to prevent the formation of other boron-based compounds or
structures that hinder the formation of a BL borophene.*®
These challenges make the synthesis of BL borophene more
complex compared to monolayer borophene. The BL a-phase
borophene has been successfully synthesized on Ag(111) film,*”
providing the basis for borophene-based devices. The interlayer
covalent bonding creates two Dirac points in BL borophene,
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suggesting its potential applications in optical sensors and
thermoelectric devices.*® Experimentally, BL PB,,-like phase
borophene has also been successfully synthesized on Cu(111)
film.?? It is found that BL borophene with different phases can
be synthesized on different metal substrates.*®*!

BL phase borophene films on Cu(111) show promise for
both optical and thermoelectric applications, such as high-
efficiency solar cells and waste heat recovery systems. Borophe-
ne’s high conductivity and transparency also make it a
potential material for transparent conducting electrodes in
touch screens, OLEDs, and wearable devices.***3

Researchers have been exploring the unique properties of
borophene. The BL of borophene has superior optical and
thermoelectric properties, but borophene films are still chal-
lenging to synthesize. This work is a major breakthrough for
quinary borophene on Cu(111). These findings contribute to
the development of advanced optoelectronics and thermoelec-
trics based on BL borophene synthesized on Cu(111).

2. Method

The Vienna ab initio simulation package (VASP)*! was used to
study the energy bands and optimization structure of BL boro-
phene. The calculations utilized the Perdew-Burke-Ernzerhof
(PBE) functional and generalized-gradient approximation
(GGA),* and the DFT-D3 method was employed to enhance the
atomic geometry.*® A vacuum layer in the z direction prevented
interlayer interaction. The final force convergence was less than
0.05 eV A™", the energy convergence was within 1 x 107" eV, the
k-points were 4 x 2 x 1, and the cut-off energy was set to 300 eV.

The calculation of optical properties is based on the
frequency-dependent dielectric function,

g(w) = &1(w) + igy(w) (1)

and the absorption coefficient is,

a(w) :@[\/812+822 781}2 )

where ¢; is the real and ¢, is the imaginary part of dielectric
function.*”

The BoltzTraP2 package*® was used to obtain the thermo-
electric properties of BL borophene by solving the Boltzmann
transport equation (BTE) with the relaxation time approxi-
mation. The Seebeck coefficient (S) and thermal conductivity
(x) can be expressed as:
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while the moments of generic transport coefficients can be
written as,
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where ;i represents the chemical potential and 7T represents the
Boltzmann temperature, respectively. The transport distribu-
tion function in eqn (5) is,

dk

o(e, T) = JZ Vok ® Vaxtsid (e — gb*)@ (6)
b

The average binding energy (E},) can be expressed as follows:

_ E(A,B,) —mx E(A) —n x E(B)
B m+n

Ey 7)
Our computations revealed that the binding energy was
6.0557128 eV. Here m and n are 1, E(A,B,) is E(Cu + BL
borophene), E(A) is E(Cu), E(B) is E(BL borophene) and E, is
the average binding energy. We believe that the high binding
energy demonstrates the strong cohesive forces within the BL
structure, and indicates a favorable level of stability. The analysis
of the binding energy unveils crucial insights into the superior
optical and thermoelectric properties exhibited by the BL B,-like
phase borophene synthesized on the Cu(111) film.**>°

3. Discussion

The top and side views of BL B;,-like phase borophene on a
Cu(111) substrate are shown in Fig. 1(a) and (b), respectively.
The vacancy density of the B,,-like phase is 11/72, and the
coordination numbers are 4, 5 and 6. The Cu(111) substrate
and borophene are formed in the XY plane. The charge dis-
tribution at the ground state reveals strong coupling interac-
tions between the Cu(111) substrate and the BL borophene
(Fig. 1(c)). The electrons are mainly distributed between
Cu(111) and BL borophene, and the holes are distributed in
the bottom of the borophene and top layer of Cu atoms. This
indicates that the electrons transform from Cu to regions
between the Cu(111) surface and borophene layer.*” In this
way, the sandwich structure of the hole-electron-hole pro-
motes structural stability and a strong interfacial van der Waals
(vdW) interaction exists between the Cu substrate and the
interfacial layer of BL borophene. Moreover, the formation of
interlayer chemical bonds, facilitated by the transfer of elec-
trons, contributes to the robust interaction observed between
the top layer of borophene and the borophene of the interfacial
layer. The vdW interaction is also present between the inter-
facial Cu atoms of a Cu film. As a result of interaction between
BL borophene and the Cu substrate, the Cu substrate becomes
rough which is caused by the fluctuation of Cu atoms on the
surface of Cu substrate. This interaction makes the Cu atoms
on the surface of the Cu substrate move around.

As shown in Fig. 1(c), the Cu atoms transfer a huge number
of electrons to the borophene layer, resulting in the BL bor-
ophene. As shown in Fig. 1(d), the electric density p >» 0,
electronic energy density E < 0, and V?p < 0 for the interlayer
chemical bond BL borophene. This shows that it is a standard
covalent bond.”*** The interlayer distance is 3.7 A, and the
interlayer bond length is 1.8 A. The interlayer distance of the
borophene grown on the Cu(111) film is less than that of BL
borophene grown without a Cu substrate in a vacuum. This is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 BL B,-like phase borophene on Cu(111) films, where (a) and (b) are top and side views respectively. (c) Planar-averaged electron density where red
and green represent electrons and holes respectively. (d) Electron number density, Laplacian of electron number density, electron energy density and

electron localization function of BL borophene (left—right).

due to the attraction between positive and negative charges in
the Cu film and the interfacial and top layers of borophene.
Fig. 1(d) (right) shows the electronic localization function (ELF)
distributions of interlayer bonds, respectively. ELF represents
the de-regionalization of the electrons;**>* the more localized
the electron is, the more confined it is and as a result the
electrons are less likely to escape. According to the results of
the ELF distribution, the Cu substrate forms a stable and strong
covalent bond with BL borophene.

Fig. 2(a) and (b) represent the top and side views of charge
difference density of BL borophene without a substrate. In the
XY plane, electrons and holes exhibit a broken line distribution
pattern. Specifically, electrons are predominantly concentrated
on the interlayer bonds, while holes are mainly distributed
within the borophene layers. This forms a stable hole-electron-
hole sandwich structure. The planar-averaged electron density
of BL borophene (Fig. 2(c)) also shows a large electron density
at the interlayer bond and a large hole density at the borophene
layer. The energy bands of BL borophene (Fig. 2(d)) cross the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fermi level, which shows the metallicity of BL B;,-like phase
borophene.

The optical properties of borophene and Cu are essential for
applications of sunlight absorption and transition into current
for various applications. Its sophisticated dielectric function
particularly shows optical properties through eqn (1) and (2). In
this work, in terms of the imaginary part ¢,(w), the absorption
spectra are calculated at wavelengths between 300 nm and
2400 nm as shown in Fig. 3(a). The dielectric constant of BL
borophene is valuable to explore;>>° its real parts along the x
and y-axis are positive in the VR which shows that there is no
plasmon effect. Considering the stability and variation of
electronic properties of borophene, it is valuable to interrogate
the effects of borophene on optical properties, especially the
optical absorbance as shown in Fig. 3(b), which shows two
absorption peaks along the x and y-axes. One peak is red and
the other one is black. The contribution of the y-axis peak is
larger in the visible and near-infrared (NIR) regions and in the
mid-infrared (MIR) region, the absorption along the x-axis is

Mater. Adv,, 2024, 5, 3029-3036 | 3031
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Fig. 2 (a) and (b) Top and side views of charge difference density of BL borophene without a substrate, (c) planar-averaged electron density, and (d) band

structure of BL borophene.
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Fig. 3
borophene on a Cu(111) substrate.

larger than that along the y-axis, which makes f;,-like phase
borophene a potential optical sensor. The B;,-like phase bor-
ophene, synthesized on the Cu(111) film, exhibits remarkable
optical properties, characterized by a superior absorption spec-
trum and dielectric constant, establishing its potential as a
highly efficient material for optoelectronic applications. With a
unique electronic structure and strong interlayer coupling, the
BL borophene demonstrates enhanced light-matter interac-
tions, resulting in exceptional light absorption across a broad
range of wavelengths. The absorption spectrum of this material
shows a significantly high absorption coefficient, enabling
efficient harvesting of incident photons and facilitating the
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(a) The dielectric function of BL borophene on a Cu(111) film in the infrared region and visible regions. (b) Optical absorption spectra of BL

development of high-performance photovoltaic devices. Addi-
tionally, the BL borophene exhibits an impressive dielectric
constant, reflecting its ability to store and transport electric
charges, which holds great promise for the design and fabrica-
tion of advanced electronic devices with improved capacitance
and charge transport characteristics.’”*®

Fig. 4(a) illustrates that the characteristics of the I-V curves
vary with molecular unit length. Interestingly, the distribution
of I-V curves remains symmetrical at both positive and negative
bias voltages. As the bias voltage increases, there is a linear
growth in current across all molecules until it reaches its initial
peak. Subsequently, a Negative Differential Resistance (NDR)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

effect becomes apparent, leading to a decrease in current.
Fig. 4(b) illustrates the voltage-dependent conductance, reflect-
ing the electron transport capacity and aligning with the
relationship I = ¢V in the DC circuit.

In the case of small molecular unit lengths (n < 2), the
highest conductance is observed within the range of —0.5 to 0.5 V.
Conversely, when dealing with large molecular unit lengths (7 >
3), the conductance within the —0.1 to 0.1 V range is significantly
lower compared to that at higher bias voltages. Furthermore,
around +0.1 V, the conductance reaches its minimum, serving
as a distinct indicator of the transition in transport behavior from
shorter to longer molecular unit lengths.

Fig. 5 illustrates the dependency of the photocurrent on
optical absorption. In our pursuit of optimizing the photocur-
rent, we introduce slight bias voltages of 0.1 V and 0.5 V see
Fig. 4(a) and (b). The results highlight a remarkable 103-fold
enhancement in photocurrent during resonant optical absorp-
tion, as visualized in Fig. 5.

Notably, a bias voltage of 0.5 V is recommended, considering
the minimal dark current and conductance observed in Fig. 4(a)
and (b). This voltage configuration proves to be highly effective
in maximizing the desired outcomes while minimizing
unwanted electrical interference.

R (aj /photon)
(=}
1

S —
20 0 20 40 60 80 100 120 140 160
Theta (°)

—
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Fig. 5 Photocurrent at different linear polarization angles.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) I-V curve over different voltage regions, (b) conductance of device electrical transport over different voltage regions.

However, it’s apparent that the increase in photocurrent inten-
sity, while significant, remains somewhat modest in comparison
to resonant optical absorption. This underscores the need for
further adjustments in bias voltages to achieve more substantial
gains in photocurrent. Therefore, meticulous optimization of the
bias voltage settings will play a pivotal role in addressing this
challenge and enhancing the overall performance of the device.

We have studied the uses of BL borophene for thermo-
electric devices and its performance can be evaluated by the
thermoelectric figure of merit (Z7),

_ S26T
Tk

zZT

(8)

where S is Seebeck coefficient, ¢ is electrical conductivity, « is
thermal conductivity and T is the temperature. Fig. 6(a) shows
the S variation with temperature (K) and chemical potential (V);
from 550 to 800 K, and in the range 0.06 to 0.08 V, S is high and
it is negative, which proves that the Seebeck effect is strong in
this interval, and this interval corresponds to the maximum
value of the thermoelectric effect, which shows the dominant
role of electrons in BL f;,-like phase borophene transport.
Fig. 6(b) shows o, from which it can be seen that electrical
conductivity mostly depends on chemical potential because it
occurs at all temperatures but not at all chemical potentials.
Fig. 6(c) represents the x of BL borophene, which increases with
the increase of chemical potential. Fig. 6(d) shows ZT, which is
high at the high temperature region between 0.06 to 0.08 V. At
around 800 K corresponding to 0.06 to 0.08 V it shows biggest
ZT. Therefore, high o, low x and large S are necessary to
increase the thermoelectric conversion efficiency of a thermo-
electric device. The BL B;,-like phase borophene, synthesized
on the Cu(111) film, exhibits remarkable thermoelectric proper-
ties characterized by its high thermoelectric efficiency and
exceptional transport properties, including a high Seebeck
coefficient, significant electrical conductivity, and low thermal
conductivity, all of which contribute to its outstanding perfor-
mance as a thermoelectric material. These favorable character-
istics arise from the unique electronic structure and phonon
dispersion of BL borophene, leading to enhanced charge carrier

Mater. Adv, 2024, 5, 3029-3036 | 3033
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mobility and reduced phonon scattering, thus facilitating effi-
cient energy conversion between heat and electricity, making it
an intriguing candidate for fundamental studies and explora-
tions in the field of thermoelectric materials.>**°

It is intriguing to compare the thermoelectric properties of
bilayer borophene synthesized on the Cu(111) film with those
reported in our previous theoretical study on the Ag(111) film in
ref. 31 (see ESI). According to formula (7), good thermoelectric
materials should exhibit large S and ¢ and small . In Fig. 7, it is
found that with BL synthesized on the Ag(111) film, the x is
beneficial for ZT, but ¢ is relatively small in the best region of S at
low temperature; when BL is synthesized on the Cu film, the ¢ is
large, and « is also large for the best region of S at high
temperature. In addition, due to the existence of double Dirac
points, there is an obvious separation of positive and negative
Seebeck coefficients near the determined chemical potential of
borophene synthesized on the Ag substrate, and there is no Dirac
point in borophene synthesis on the Cu(111) substrate, so the
above phenomenon does not exist. Therefore, borophene synthe-
sized on the Ag(111) substrate is suitable for low temperature
regions, while borophene synthesized on the Cu(111) substrate is
suitable for high temperature regions. Therefore, the choice of
metal films can induce variations in the structure of bilayer
borophene, and consequently, their distinct geometries and elec-
tronic properties contribute to different thermoelectric properties.

3034 | Mater. Adv, 2024, 5, 3029-3036
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Fig. 7 Thermoelectric properties of two different kinds of BL borophene
synthesized on Ag(111) and Cu(111) films, respectively. Data from on the Ag
film is from ref. 31.

4. Conclusion

In summary, this study has demonstrated the properties of BL
borophene, synthesized on a Cu(111) film, as a promising
candidate for optoelectronic devices. By analyzing its electronic,
thermoelectric, and optical properties, we have gained insight

© 2024 The Author(s). Published by the Royal Society of Chemistry
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into the physical characteristics of this material. The complex
exciton peaks observed in both the IR and visible regions in the
optical absorption spectrum highlight its unique optical proper-
ties. Moreover, the remarkable thermoelectric properties of
bilayer borophene indicate its potential as an efficient energy
converter. Overall, our findings highlight that BL borophene has
a future in the domain of optoelectronics, with the potential to
contribute to the development of high-performance devices.
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