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The effect of strain and functionalization on the
optical properties of borophenet

A. Mogulkoc, €2 *2 Y. Mogulkoc, ©2° D. Kecik“® and E. Durgun ¢

Following its synthesis, borophene has drawn noticeable attention due to its remarkable intrinsic properties.
Understanding and modifying these properties are crucial for implementation of borophene in high-
technological applications. In this study, we employed ab initio techniques to examine the variation of the
optoelectronic properties of buckled borophene by strain and surface functionalization. We find that the
optical response can be tuned by applying compressive/tensile strain and covering the surface with
hydrogen and fluorine atoms. It is shown that the variations in optical properties can be correlated with

structural deformations and modifications in the electronic band structure. Revealing the tunability of the

rsc.li/pccp

|. Introduction

Two-dimensional (2D) materials exhibit exceptional electronic
and optical properties distinctively different from their bulk
counterparts, as a consequence of their reduced dimension
(i.e., quantum confinement in the direction perpendicular to
the 2D plane)." Many 2D systems interact strongly with light
over a wide range of the electromagnetic spectrum which allows
them to be used in various optoelectronic applications.'™
Graphene, which is a semi-metal with linear band dispersion
near the Dirac points,® displays a significant optical response
from infrared to ultraviolet wavelengths, making it suitable for
interesting applications in nanophotonics and nanoelectronics.””®
On the other hand, metallicity and low optical absorption in the
early frequency range are limiting factors for graphene based
devices.”'® In contrast, monolayer transition metal dichalco-
genides (TMDC) in the form MX, (e.g:, M0S,) are direct band gap
semiconductors with a range of ~1.0-2.5 €V'! and can be used in
light emitting diodes (LEDs)"> and photodetectors™® where emis-
sion is dominated by excitons and trions.'* Interestingly, a
recently realized 2D allotrope of black phosphorus (phosphorene)
has a high-mobility and layer-dependent direct band gap of
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optical response of borophene can pave the way for its potential uses in various optoelectronic devices.

0.3-2.0 eV which bridges metallic and large band gap systems,
thus extending the possibilities in nanophotonics and nano-
electronics.>'>'® Additionally, phosphorene has a puckered geo-
metry which induces in-plane anisotropy to the optoelectronic
response of the system.>"”

The synthesis of atomically thin boron sheets (i.e., borophene)
on silver substrates extended the family of monoelemental
2D materials to group III elements.'® The aforementioned poly-
morph of borophene (3¢-borophene) has a close-packed, buckled
triangular structure and exhibits metallic character different
from bulk boron allotropes."® Owing to its out-of-plane buckling,
it displays unique and anisotropic electronic,'®'® mechanical,'**°
and thermal properties.”’>* §s-Borophene is also predicted to
possess superconducting behavior”**® at low temperatures which
can be tuned by doping and strain.”® Following the realization of
the buckled phase, the planar geometry of borophene with
different arrangements of hexagonal holes (B, and y3) has been
grown”” and various other phases with exceptional properties are
foreseen.>***' These unique features offer borophene as a
promising 2D material for various technological applications.**>*

Additionally, borophene also has novel and strongly aniso-
tropic optical properties. Peng et al'® have reported that
d¢-borophene exhibits high optical transparency and electrical
conductivity along the uncorrugated direction. In a computational
study, it has been shown that the oxidation of 8s-borophene
significantly increases the low optical conductivity and reflectance
of the pristine system especially in the infrared region.*® The
obtained results also show that the optical response of borophene
is prone to surface modifications. Adamska et al. have shown
that the optoelectronic properties of borophene are sensitive
to applied strain in correlation with charge localization and
change in the bond lengths.*® Finally, Mortazavi et al.’>” have
examined the optical properties of a planar, hexagonal lattice of
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boron atoms saturated by hydrogen atoms (borophene hydride),
which was realized recently®® following its theoretical prediction,*
and have found that the absorption edge of this material occurs in
the visible range, and thus can absorb visible light. Integrating its
good metallic character with novel optical properties, borophene
can be used for various optoelectronic applications including
photovoltaic solar cells, touch screens, and nanodetectors."

Motivated by the recent experimental advances and attrac-
tive material properties of borophene polymorphs, we explore
the variation of the optoelectronic properties of a close-packed,
buckled triangular structure of borophene (which will be
referred to simply as borophene) by applying strain and surface
functionalization. Firstly, we apply compressive and tensile
uniaxial strain between —8% to 16% along the corrugated
and uncorrugated directions and examine the modification of
the electronic and optical properties. We quantify the transition
energies along high symmetry directions with strain and corre-
late them with significant optical excitations. Next, we saturate
the borophene surface with hydrogen and fluorine atoms and
characterize the optical response of these systems while com-
paring them with the pristine structure.

II. Computational methodology

The ground-state calculations were performed by using first
principles methods within the framework of density functional
theory (DFT),***' implemented in the Vienna ab initio simula-
tion package (VASP).*>™** Projector-augmented wave (PAW)
potentials*® with a plane-wave cutoff energy of 550 eV was
used. The exchange-correlation term was approximated by
the generalized gradient approximation (GGA) within the
Perdew-Burke-Ernzerhof (PBE) functional.””*® The Brillouin
zone was sampled with a 24 x 24 x 1 k-point mesh by using
the Monkhorst-Pack method.*® The convergence criterion for
total energy minimization was set to 10™% eV between two
sequential steps. Structural optimizations were performed
using the conjugate gradient method allowing a maximum
0.001 eV A™* force tolerance on each atom. A vacuum space
of 20 A along the non-periodic z-direction of the supercell was
used to eliminate the interaction between the periodic images.

The random phase approximation (RPA)*°~* on top of the
PBE approach was adopted to calculate the optical response.
A finer k-point sampling of 127 x 127 x 1 was used for PBE-RPA
calculations including a total number of 96 bands. Local field
effects were accounted for, both at the levels of the Hartree and
the exchange-correlation potential. The linear response of the
system to the light-matter interaction is described by the complex
dielectric function, &(w) = &(w) + iey(w), where the Kramers-Kronig
relation is applied to obtain the real [¢;(w)] and imaginary [¢,(w)]
parts. The frequency dependent optical conductivity is given by
the relation,

a(w) = %Ims(w). (1

Both ¢,(w) and o(w) are calculated for light polarized along

x and y-directions, in order to describe the in-plane optical response.
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Taking into account the metallic nature of borophene, a Drude
term was added to ¢(w) (both for intraband and interband
transitions) by using particular plasma frequency and relaxa-
tion time values which were calculated for pristine, strained,
and functionalized borophene cases.

I1l. Results and discussion

The optimized atomic structure of pristine borophene is shown
in Fig. 1(a). The lattice constants are calculated as a = 2.87 A and
b =1.62 A along zigzag (corrugated) and armchair (uncorrugated)
directions, respectively, where the buckling height (Ah) is
found to be 0.90 A, which are all in agreement with previous
studies."®'® As illustrated in Fig. 1(b), borophene has an
anisotropic metallic character with bands crossing the Fermi
level (Eg) only along the directions parallel to the uncorrugated
(I-Y and X-S) direction."®" Important interband transitions can
be observed rather near and along the I'-X and S-Y directions,
where the direct band transition energies from the valence band
maximum to the conduction band minimum (d-BTE) at I" and S
high-symmetry points are given in Table 1.

A. The effect of strain

Considering the enhanced stability of borophene under strain'®

and its anisotropic mechanical response,'®*° it is essential to
examine the effect of strain (¢) on the optoelectronic properties
of the system. Earlier it was predicted that tensile strain up
to 6% results in moderate deformations of borophene.”®?®
While borophene is soft towards deformations along the zigzag
direction due to its buckled atomic configuration, it is more
difficult to deform it along the armchair direction. Accordingly,
the ultimate tensile strength was calculated as 23 GPa nm
at ¢, ~ 0.1 and 14 GPa nm at ¢, ~ 0.15.>° In order to reveal
the effect of strain on the electronic and optical properties,
we apply uniaxial compressive (up to —8%) and tensile strain
(up to 16%) along corrugated (¢,) and uncorrugated (¢,) direc-
tions (see Fig. 1(a)). The considered strain range covers weak,
moderate, and strong deformations.

The resulting structures under strain are obtained by fixing the
lattice constant in the direction of applied load and optimizing

=3

r X S Y r

Fig.1 (a) Atomic configuration and (b) electronic band structure of
pristine borophene. High symmetry points along the irreducible Brillouin
zone are shown as an inset. The lattice constants along zigzag (a) and
armchair (b) directions and the buckling height (Ah) are denoted on the
unit cell. The directions of the applied strain and examples of two
representative direct band widths are shown with red arrows. The Fermi
level is set to zero and is shown by the dashed green line.
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Table 1 The variation of direct band transition energies (d-BTE) at high symmetry points (I" and S) with compressive/tensile strain along zigzag (e,) and

armchair directions (c,)

Strain (%) -8 —4 0 4 8 12 16
Symmetry points r N r S r N r S r S r S r S
d-BTE [—¢,] (eV) 6.31 9.74 5.60 9.72 4.09 9.70 2.97 9.58 2.03 9.51 1.25 9.43 0.55 9.44

d-BIE [-¢) (V) 476  11.67  4.52

10.58 4.09 9.70 3.75 8.92 3.46 8.26 1.83 8.27 0.22 8.31
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Fig. 2 The electronic band structures of borophene under (a) —8%, (b) —4%, (c) 4%, (d) 8%, (e) 12%, and (f) 16% strain (compressive and tensile strain are
indicated with negative and positive signs, respectively). The band diagrams along corrugated (¢,) and uncorrugated (¢,) strain directions are shown with
red and blue colors, respectively. The band structure of the unstrained case is denoted by a gray solid line for comparison. The Fermi level is set to zero

and is shown by a dashed green line.

the transverse one. All atoms are fully relaxed for each case.
Subsequent to the geometry optimization, we calculate the
strain-dependent electronic band structures of borophene as
illustrated in Fig. 2. Even for high tensile/compressive strain
levels, the metallicity of borophene is preserved. The effect
of strain on the modification of the band structure is more
pronounced along the uncorrugated direction, which is related
to the buckled structure of borophene. This anisotropic
response due to the applied strain can be associated with the
significant discrepancy in in-plane stiffness along armchair
(382 GPa nm) and zigzag axes (163 GPa nm).'®*° Moreover,
the ultimate tensile strain regime along the armchair direction
is ~10%2° where the irregularity in band curves is noticed. To
gain a better understanding, we examine the variation of the
buckling height (Ah) with strain. Ak decreases with increasing
¢y, and the structure becomes completely planar at ¢, = 16%. On
the other hand, ¢, has a minor effect on the buckling as shown
in Fig. S1, ESL7 In order to quantify the modification of the
band structure, we analyze the variation of d-BTE at high
symmetry points under the influence of strain (see Table 1).
d-BTE decreases with increasing tensile strain at S and I" points
for ¢, and ¢, up to 12%, and it starts to increase beyond
this strain level along the y direction at the S high-symmetry
point where irregularities in band curves are present. On the
other hand, band widths are seen to open-up further with
increasing compressive strain at S and I’ points along both
directions. Once a comparison between the compressive and
tensile characters at identical strain amounts (i.e. +8%) is

This journal is © the Owner Societies 2018

made, it is observed that the band widths opened-up by around
2 eV for one of the strain axes, both at I' and S points; while
different closing amounts of transition energies are found at
+8% tensile strain for I' and S points. A common observation
for both compressive and tensile strain is that the response to
the applied strain in terms of the electronic properties is
anisotropic, depending on the corrugated and uncorrugated
directions in the lattice.

After obtaining the strain dependent electronic band struc-
tures, the frequency dependent imaginary dielectric function
[¢2(w)] and optical conductivity [o(w)] of borophene are inves-
tigated. The in-plane optical responses for the cases when light
is polarized along x- and y-directions in the lattice under the
effect of longitudinal tensile and compressive strain are plotted
in terms of &5(w) and &(w) in Fig. 3(a and b). Hereby, we only
discuss the optical response of the structure along the direction
where uniaxial strain is applied. The optical properties along
the transverse direction are shown in Fig. S2, ESLf Firstly,
due to the metallic character of the borophene, a Drude peak
appearing due to the free carrier intraband transitions in the
low frequency (infrared) regime of &,(w) (and also o(w)) is
included for both light polarization directions (see Fig. 3). This
critical feature was usually not considered in previous studies.*®
As the metallicity of borophene is preserved under strain, a
Drude peak is obtained for all the strained cases. As seen in &(w)
in Fig. 3(a), the main absorption peak of the unstrained
borophene is located at ~ 5.8 €V, lying in the UV range.>® While
tensile strain red-shifts the interband absorption onsets,

Phys. Chem. Chem. Phys., 2018, 20, 21043-21050 | 21045
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Fig. 3 Frequency dependent imaginary dielectric function (a) &3(w) for light polarized along the x-direction, and (b) &5(w) along the y-direction, and
optical conductivity (c) a,(w) along the x-direction, and (d) a,(w) along the y-direction, for pristine and strained borophene.

absorption peaks and the overall spectra towards lower photon
energies regularly for increasing amounts of strain, compres-
sive strain blue-shifts the spectra which is illustrated as an inset
of Fig. 3(a). Hence, regarding the in-plane optical response
of monolayer unstrained and strained borophene along the
x-direction, the absorption onset is set within/near the visible
light regime (i.e., below 2.8 eV for tensile and above 3.5 eV
for compressive), with light absorption extending beyond the
visible range towards UV. In a similar manner, the variation
of &(w) as a function of ¢, is shown in Fig. 3(b). The main
absorption peak of pristine borophene is located at ~9.7 eV
which corresponds to shorter wavelengths when compared with
polarization along the x-direction. The tensile strain red-shifts
&5(w) up to ¢, = 8%, and the absorption band edge down until
~4.5 eV, and next the main luminescence peaks remain fixed
at ~8.2 eV. Both major luminescence peaks (in &(w) and
&5(w)) correspond to the prominent direct interband transitions
at I and S points as listed in Table 1. The anomalous absorp-
tion peak (~2.1 eV) at ¢, = 12% is related to the structural
irregularity discussed above. At this strain level, the buckled
structure is found to be heavily deformed as presented in
Fig. S1, ESIL,1 hence the onset of a structural transition (from
buckled to planar) results in an unforeseen behavior of the

21046 | Phys. Chem. Chem. Phys., 2018, 20, 21043-21050

optical response. Similar to polarization along the x-direction,
the compressive strain blue-shifts the overall spectra, including
the interband edge and luminescence peak positions. The
variations within &}(w) appear to be more significant than
&(w), in compliance with the band widths discussed earlier,
as the structure is more sensitive to strain along the armchair
direction. Additionally, the red- (blue-) shifts of the absorption
band edges and peak positions as a function of tensile
(compressive) strain for both polarization directions are realized
to be in compliance with the decreasing (increasing) d-BTE. It is
also worth mentioning that the peak amplitudes of &5(w) are
significantly higher with peak ranges being much less dispersed
than those of &(w).

Once ¢,(w) is obtained, various spectral properties can
further be calculated. Taking into account the metallic features
of borophene, we examine o(w) for in-plane polarization of
light. As evident in Fig. 3(c and d), o.(w) and ¢,(w) are damped
to almost zero in the low energy regime beyond the Drude peak,
indicating that the system is transparent in the infrared and
visible regions. Further to the onset around 3 eV, o,(®) of the
unstrained structure displays an abrupt increase in absorption
beyond ~ 5.5 €V in the UV region and a second peak at ~ 8 eV.*’
Under the applied tensile (compressive) strain, the spectrum is

This journal is © the Owner Societies 2018
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globally red- (blue-) shifted with increasing amplitude. The
interband transitions appear to be effective above ~ 3 eV, until
at least 9 eV for all cases. On the other hand, o,() of unstrained
borophene shows no significant optical activity up to ~6.5 eV,
displaying a main peak at ~9.7 eV as shown in Fig. 3(c). In a
similar manner, optical conductivity peaks are red- (blue-)
shifted and peak amplitudes increase (decrease) for strain
values up to £8%. However, the amplitude of oy(w) decreases
for tensile strain values up to 16% while peak positions
remained unchanged. The irregular peak feature at 12% can
be associated with the onset of a structural transition from
buckled to planar geometry as discussed above.

The optical response of borophene is calculated by the
assumption of normal incident light, composed of in-plane
and out-of plane components. The out-of-plane component
(i.e. linearly polarized light perpendicular to the c-axis) of the
imaginary dielectric function (¢3(w)) of borophene with and
without the effect of strain is presented in Fig. S3, ESL{ The
resulting red- and blue-shifts of the optical absorption spectra
upon tensile or compressive strain are similar to the in-plane
responses. No early Drude peaks are expected though, as the
strong interband transitions for out-of-plane absorption come
into play at significantly higher photon energies compared to
the in-plane component, where for graphene and silicene a
similar observation has been made.>**

B. The effect of functionalization

Next, we examine the modification of the electronic and
optical properties of borophene by surface functionalization.
Hydrogenation®® and halogenation®” has been used to tailor
the intrinsic properties of 2D materials and even new deriva-
tives can be obtained. For instance, hydrogenation of graphene
(i.e. graphane) turns the semimetallic system into an insulator
and transport properties also dramatically change.”® Additionally,
fluorographene is a good quality insulator with high thermal
and chemical stability with optical and electrical properties
being dramatically different both from bare and hydrogenated
graphene.’” In a similar manner, covering the surface of boro-
phene with hydrogen and fluorine atoms radically modifies the
properties of the pristine system and enhances the structural
stability."*>

Several phases of fully hydrogenated borophene have been
predicted theoretically and the dynamic stability of these struc-
tures was tested with phonon dispersion analysis and molecular
dynamics simulations.”*®* Recently, hydrogen boride sheets
with an empirical formula of B;H; were also realized by an
exfoliation and ion-exchange method.*® The dynamically stable
structure of the fully hydrogenated borophene (i.e. borophane;
BH)**"®" considered in this study is shown in Fig. 4(a). The
optimized lattice constants a and b of BH are calculated as 2.83 A
and 1.94 A, respectively, which are compatible with previous
findings.’>®® The electronic band structure of BH displayed in
Fig. 4(a) indicates that BH has a semi-metallic character together
with a Dirac cone at Er between Y and I" points. Different from
graphene, the Dirac cone feature of BH’s band structure is
slightly distorted and asymmetric.®® Another important feature

This journal is © the Owner Societies 2018
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Fig. 4 Atomic configurations of (a) hydrogenated, BH and fluorinated,
(b) B4F and (c) B,F systems along with their electronic band structures.

in BH’s electronic properties is that d-BTE is observed as ~6 eV
and ~3 eV at the I" and S symmetry points, respectively.

Following its electronic properties, the optical properties of
BH are investigated by calculating ¢,(w) and o(w) as shown in
Fig. 5(a) and (d). Similar to bare borophene, the optical response
of BH is also anisotropic. Due to the graphene-like Dirac cone at
Er, the Drude peak is obtained at the low energy regime for both
polarization directions. The first absorption peaks of &(w) and
&(w) are detected at ~3.5 eV, however the amplitude and the
energy range of the peak along y-polarization are significantly
larger. When compared with pristine borophene, hydrogenation
red-shifts the first absorption peaks but they still remain in the
UV region. On the other hand, the second major peaks extend to
the far UV region and are observed at ~9 eV with a larger
amplitude along x-polarization. Likewise, in a previous study,
borophene hydride was found to be metallic,’” yet the Drude
peak was not shown in the optical spectrum, most probably
since the intraband contributions were not taken into account
in the calculation. The absorption edges of &(w) and &)(w) are
located in the visible region. When optical conductivity is
examined, o(w) appears to be low but notable in the visible
range for both polarization directions, different from the pristine
system. The first major peaks of g,(w) and o,(w) are observed at
~3.5 eV, with increasing amplitudes of the spectra towards
higher photon energies.

Even though experimentally not yet realized, fluorinated
borophene structures with varying coverage concentrations have
been also foreseen.®>® Interestingly, while fully fluorinated
borophene (BF) was not found to be stable, single-sided coverage
with 25% fluorination (B,F) and double-sided coverage with
50% fluorination (B,F) were shown to be dynamically stable.®?

Phys. Chem. Chem. Phys., 2018, 20, 21043-21050 | 21047
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Fig. 5 Frequency dependent imaginary dielectric function (e>(w)), and optical conductivity (o(w)) of (@ and d) BH, (b and e) B4F, and (c and f) B,F systems.

The structures of B,F and B,F which can be realized by using
2 x 1 and 2 x 2 super cells of pristine borophene, respectively,
are shown in Fig. 4(b) and (c). The optimized lattice constants a
and b of B,F (B,F) are calculated as 3.25 A (3.17 A) and 2.88 A
(5.76 A), respectively. While B,F is metallic similar to pristine
borophene, B,F is found to be a narrow gap semiconductor
with a 0.44 eV indirect band gap. Prominent band width values
for B,F are given as ~6, ~2 and ~6 eV for the I', X and Y
symmetry points, respectively.

Similar to the other metallic cases, B,F displays significant
Drude peaks in &,(w) once the intraband transitions are included,
while the band edges are observed at ~0.6 eV and ~1.0 eV for
polarizations along the x- and y-directions, respectively, if the
intraband transitions are excluded. ¢(w) of B,F also reveals two
main absorption peaks at ~2.5 eV and ~7.5 eV for both light
polarization directions. These peaks appear at lower energies
compared to BH, the first one remaining in the visible range. It
should also be mentioned that the anisotropy of the optical
response is less evident compared to other structures considered
in this study. On the other hand, the semiconductor phase,
B,F has clear absorption onsets at ~1 eV and ~0.7 eV in &(w)
and &5(w), respectively, in compliance with the direct band gap of
~0.99 eV at I'. While B,F has two successive absorption peaks
along x-polarization, it displays a single remarkable peak for
y-polarization. Hence, ¢,(w) yielding prominent luminescence
peaks also in the visible range, indicates that visible light can be
absorbed. While ¢(w) is pronounced throughout the whole
spectral range for B,F, for B,F it is rather discontinuous with
peaks mainly concentrated around ~0.7-3.0 and ~7 eV. Our
results also suggest that in addition to fluorine, functionaliza-
tion of borophene with other halogen atoms (i.e., Cl) can lead to
new derivatives with interesting optoelectonic properties.

21048 | Phys. Chem. Chem. Phys., 2018, 20, 21043-21050

The out-of-plane components of the imaginary dielectric
functions (¢5(w)) of BH, B,F and B,F systems, with and without
the effect of strain, are shown in Fig. S4, ESL.{ Accordingly, the
onsets of out-of-plane absorption are located beyond ~2, 5 and
8 eV, for B,F, B,F and BH systems, respectively. Prominent and
distinct peaks are observed for BH and B,F, slightly above 8 eV
for the former and below 10 eV for the latter, located beyond
the far UV region.

IV. Conclusion

In summary, we investigate the modification of the electronic
and optical properties of borophene by applied strain and
surface functionalization. The metallicity of borophene is
preserved even at high strain levels where strong structural
deformations are observed. Besides, the applied load tunes the
optical response which is correlated with the structural changes
(i.e. buckling height) and alteration of band transition energies.
The tensile (compressive) strain red-(blue-) shifts the main
absorption peaks, nevertheless the first absorption peaks still
remain in the UV range and a Drude peak is obtained for each
case due to intraband transitions. The effect of strain is more
pronounced along the uncorrugated direction in the lattice,
indicating an anisotropic response of borophene to both the
light polarization and the direction of the applied load. The
calculated optical conductivity remains very small in the visible
regime for the strain range covered. On the other hand, surface
functionalization dramatically modifies both the electronic and
optical properties. The coverage of borophene with hydrogen
makes the system a semi-metal with a Dirac cone and
first absorption peaks shift to the near UV range, beyond the
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visible-light edge. Upon fluorination of borophene, the system
remains metallic for 25% coverage (B,F), however becomes a
semiconductor at 50% (B,F). The first absorption peaks are
obtained in the infrared and visible frequencies, hence these
systems can absorb visible light. Differently from the pristine
case, functionalized borophene displays significant optical
conductivity in the visible regime. Our results demonstrate
the tunability of the optoelectronic properties of borophone,
which is expected to facilitate various potential applications.
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