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Janus Functionalized Boron-Nitride Nanosystems as a
Potential Application for Absorber Layer in Solar Cells

Basant Roondhe,* Vaishali Roondhe, Alok Shukla, Shobha Shukla, Wei Luo,

Rajeev Ahuja,* and Sumit Saxena*

Janus nanosystems enable one to achieve complementary properties in a
single entity. In the current study, the fundamental properties like structural,
electronic, and dynamical of Janus hexagonal boron nitride (h-BN) by
selectively hydrogenating and fluorinating a h-BN surface are systematically
examined, using density functional theory. Functionalization of h-BN
introduces partial sp? (buckled) character in the predicted materials as
compared to planar sp? h-BNs. Fully fluorinated and hydrogenated h-BN have
a direct bandgap of 3.42 and 3.37 eV, respectively. All the investigated
configurations are predicted to be dynamically stable. Furthermore, optical
properties including dielectric function, absorption spectra, refractive index,
and reflectivity are evaluated to realize the optical and photocatalytic behavior
of considered systems. The dielectric function &, () shows fundamental
absorption edge arising at 3.2, 3.9, 2.8, and 3.4 eV for hydrogen on boron and
nitrogen, hydrogen on boron and fluorine on nitrogen, fluorine on boron and
hydrogen on nitrogen (FBNH) and fluorine on boron and nitrogen which is
comparable to the bandgap of respective monolayers. Solar cell parameters of
all considered BN structures are calculated using the Shockley—Queisser (SQ)
limit. The highest short-circuit current density (/.. ) for FBNH is found to be

structural correspondence with
graphene.l?] Contrary to graphene, h-BN
consists of large bandgap (~4.5-6 eV)
due to ionic nature of the heteronu-
clear bonding between B and N.BI Wide
bandgap of h-BN restricts its utilization
in electronic transport and energy con-
version applications. The confinement
in 2D materials results due change in
their physical and chemical properties
through strain, external fields, surface
functionalization, etc.*! Surface func-
tionalization with hydrogen has been
reported in many studies because of
its possible existence on 2D surfaces
during synthesis.’] Studies show that
functionalization of graphene on either
or both sides modify its electronic prop-
erties significantly.®! Fluorination and
hydrogenation of 2D materials has led
to unique and significant properties.!”]
Recently, a new evolving category of 2D

2.1 mA cm~2 providing the efficiency of 8.27% making FBNH a potential

candidate for absorber layer in solar cells.

1. Introduction

The remarkable features of graphene have motivated the explo-
ration of various 2D honeycomb structured materials via exfolia-
tion out of their respective bulk form.['! Among others, hexagonal
boron nitride (h-BN) has gained considerable attention due to its

materials, “Janus” 2D materials, has
gained significant consideration. “Janus”
materials were first introduced in 1988 by
observing a spherical glass droplet hav-
ing asymmetric surface hydrophilicity.
Over the past 30 years many Janus materials have been fabri-
cated to utilize in different applications.!®] The synthesis of Janus
graphene has also been proposed by carrying out its asymmetric
functionalization.!1]

Functionalizing different surfaces with different adatoms re-
sults in the development of Janus type polar single-layers. Janus
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structures are known to present remarkable characteristics, aris-
ing due to induced charge which make them useful for catalysis,
sensors, drug delivery etc..['!! Janus materials have shown sig-
nificant applications in solar cells due to their remarkable opti-
cal properties.['213] In the Janus monolayer the electron and the
holes get separated due to intrinsic dipole formation. This occurs
due to internal electric field between different surfaces which
causes prominent band bending and can be utilized in efficient
heterojunction photocatalysis.['*] In the last few years an exorbi-
tant surge in energy requirement!’>17] has been observed glob-
ally. To fulfill these needs, fossil fuels such as coal, oil and natural
gas have been exploited. However, with limited resources of fos-
sil fuel and a cleaner environment, we need to swap them with
greener and economical sources of renewable energy. With the
sun not dying for at least a few billion years, solar energy with
its limitless extent provides a potential alternative.['8-20] Several
materials such as silicon,!?!] perovskites,?! organic solar cells!*}
have been extensively developed for photovoltaic (PV) apphca
tions. Further modifications are increasing day-by-day to achieve
higher efficiency along with low cost and non-toxicity using band
gap engineering, functionalization and also through addition of
quantum dots.[2*28] Boron nitride due to its wide band gap al-
lows researchers to select suitable materials for functionalization
to tailor its electronic properties. In a study done by Wu et al.[?]
demonstrated the creation of Janus nanostructures by grafting
together boron nitride (BN) and carbon nanotubes. By combin-
ing these two materials, the researchers were able to fine-tune the
functionality of the resulting structures. While BN and C—C have
similar geometrical arrangements, their electronic properties are
vastly different due to their isoelectronic nature. By integrating
BN into C nanostructures, the researchers were able to create
anisotropic particles with exotic physical and chemical proper-
ties. A straightforward technique was introduced by Liu et al.3%
to modify the solubility of boron nitride nanosheets (BNNSs) in
different organic solvents using a “Janus” modifier, P(S-b-MMA).
This method enabled the preservation of the 2D lattice integrity
of BNNSs, while simultaneously enhancing their processability
in solution. Furthermore, P(S-b-MMA) served as a “Janus” com-
patibilizer by enhancing the compatibility between BNNSs and
diverse polymer matrices. Here, we report first principles stud-
ies using density functional theory (DFT) calculations to investi-
gate the structural, dynamical, electronic, and optical properties
of hydrogenated and fluorinated and Janus functionalized h-BN.
Attributing to its tunable electronic and optical properties which
is promising for photovoltaic application, we have also studied its
solar cell parameters. Our studies revealed that selective surface
functionalization through hydrogen and fluorine could tune the
bandgap of h-BN significantly. In addition, hydrogenated, fluori-
nated and Janus functionalized 2D h-BN are dynamically stable.
All monolayers considered in this study have had their solar cell
parameters calculated according to the Shockley—Queisser (SQ)
limit.’132] The short-circuit current density (J,,) of the HBNH
(hydrogen on boron and nitrogen), HBNF (hydrogen on boron
and fluorine on nitrogen), FBNH (fluorine on boron and hydro-
gen on nitrogen) and FBNF (fluorine on boron and nitrogen)
monolayer was obtained around 0.636, 0.003, 2.15, and 0.545 mA
cm~2, while the efficiency of these material was found to be
around 2.53%, 0.02%, 8.27%, and 1.96%. The enhanced effi-
ciency of FBNH suggests a promising application as an absorber
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layer in solar cells. We believe that our work offers the possibil-
ity of using Janus BN based absorber layers in optoelectronic de-
vices, and, therefore, will be useful for experimentalists.

2. Computational Methodology

The first-principles approach based on density functional the-
ory (DFT) was employed for all calculations, using Quan-
tum Espresso softwarel**] which employs plane-wave basis sets
to expand the Kohn-Sham orbitals. Optimization was per-
formed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm.®*l The exchange-correlation functional was treated
using the Perdew—Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA), and ultrasoft pseudopotentials were uti-
lized to account for the electrostatic interaction between ionic
core and valence electrons.*! An energy cutoff of 60 Ry and
charge density cutoff of 600 Ry were used for electronic wave
function. To avoid the interaction between periodic images,
the supercell technique was employed with vacuum layers larger
than 15 A. Monkhorst-Pack[*¢! scheme was used to integrate the
Brillouin zone (BZ) with k-mesh 13 x 13 x 1 for the unit cell.
To solve the Kohn—Sham equation, Davidson’s iterative diagonal-
ization method was utilized with an energy convergence thresh-
old of 1 X 1078 Ry. The Hellman-Feynman forces acting on each
atom were less than 0.001 eV A~'. Phonon properties were calcu-
lated using density functional perturbation theory (DFPT), as im-
plemented in Quantum Espresso.l’”] This approach enabled the
calculation of phonons at any wave vector in the unit cell. A dense
g-mesh of 6 x 6 x 1 was employed to compute the dynamical ma-
trix for all considered 2D monolayers, while applying the acous-
tic sum rule for ¢ — 0. The dynamic stability across the entire
Brillouin Zone (BZ) was ensured by utilizing the forces during
the phonon frequency calculation by DFPT. The Kramers—Kronig
transformation was used to calculate the optical properties within
the random phase approximation (RPA).[*®] Solar cell parameters
such as open circuit voltage (V, ), short circuit current density
(J<), reverse saturation current density (], ), efficiency (), and fill
factor (FF), the Shockley—Queisser (SQ) limit were computed for
all the monolayers considered in this work.[31:3?]

3. Results and Discussion

3.1. Structural Properties

The optimized structures are shown in Figure 1 and optimized
structural parameters are given in Table 1. The separation height
between B and N planes is found to be 0.52, 0.47, 0.54, and 0.51
A for HBNH, HBNF, FBNH, and FBNF respectively. In HBNH
and FBNF, hydrogen and fluorine atoms are adsorbed onto the
top site of B and N atoms, with H-B and H-N bond lengths of
1.20 and 1.03 A, and F-B and F-N bond lengths of 1.35 and 1.44
A, respectively. The bond lengths of H-B and F-N are larger than
those of H-N and F-B, respectively, due to the differences in
bonding between these atoms. It is clear from the Figure that all
HBNH, HBNF, FBNH, and FBNF have slightly buckled honey-
comb structures unlike h-BN and graphene, which have strictly
planar structures.

In comparison with conventional 2D h-BN, the lattice constant
“a” of HBNH, HBNF, FBNH, and FBNF is found to increase by
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Top View

Figure 1. Crystal structure of Janus BN (top and side view) along with the first hexagonal Brillouin zone. The vertical distance (Zb) between B and N
atoms in the unit cell is defined as buckling height. Lower panel shows the side view of optimized structures of HBNH, HBNF, FBNH, and FBNF. The
blue, yellow, red, and green represents boron, nitrogen, hydrogen and fluorine atoms respectively.

2.87%, 3.58%, 4.78%, and 5.57% respectively. This could be at-
tributed to the chemical bond formation between the h-BN sheet
and H/F atoms. Increase in the bond length between B-N is also
observed. The bond length between B-H/F or N-H/F are observed
to be shorter as compared to B-N suggesting the strong covalent
bonding. After the functionalization, the system (h-BN), the hy-
bridization of system is found to change from sp? to sp® result-

Table 1. Lattice constants “a,” bond lengths between B-N (dg_y), B-H
(dg_p), N=H (dn_p), B-F (dB_ ), and N=F (dy_g), buckling height (Z,),
and formation energies (E;) of Janus BN.

XBNX HBNH HBNF FBNH FBNF
a[Al 2.58 2.60 2.64 2.66
dg_n [A] 1.58 1.57 1.62 1.62
dg_ [A] 1.20 1.20 - -
dn_y [A] 1.03 - 1.03 -
dg ¢ [A] - = 1.34 1.35
dnr A - 1.46 - 1.44
Z, A 0.52 0.47 0.54 0.51
Er[eV] -4.36 —4.01 -4.89 -4.50
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ing in buckling of the sheets which distorts its planar geometry.[]
Calculated geometric parameters along with the buckling height
have been tabulated in Table 1
The formation energy E; are calculated using Equation (1)
[Etotal — Ey—nEy - ”EF] (1)
where E, ., is the total energy of the Janus system, E; and E,is
the total energy of individual B and N, E,;, and Ej are the total
energies single H and F atom, respectively. Our observations in-
dicate that all systems exhibit negative formation energy, which
confirms their thermodynamic stability and suggests a feasible
possibility of their experimental synthesis.

3.2. Dynamical Properties

Along with the dynamical stability, phonon dispersion curves
(PDC) are useful in understanding the spectroscopic, mechan-
ical, thermodynamical and acoustic characteristics of materials
at finite temperatures. The insights regarding the dynamical sta-
bility are given through the PDC evaluated by dynamical matrix
diagonalization (DMD). The calculated PDCs for HBNH, Janus
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Figure 2. Phonon dispersion along high symmetry direction '-K-M-T" for a) HBNH, b) HBNF, c) FBNH, and d) FBNF systems.

HBNF, Janus FBNH and FBNF in high symmetry direction [-K-
M-T of the Brillouin zone (BZ) laterally with the partial phonon
density of states (PhDOS) are presented in Figure 2. The phonon
analysis indicate that all considered systems are dynamically sta-
ble because there are no imaginary frequencies in their PDCs.
The total number of branches in PDCs is directly related to the
number of atoms in the unit cell of material. The unit cell of
HBNH, HBNF, FBNH, and FBNF contains 4 atoms with P-3m1
symmetry, the PDC have 12 phonon modes (3 acoustic and 9
optical). The acoustic modes comprising longitudinal acoustic
(LA) and transverse acoustic (TA) modes present dispersion lin-
early nearby I' point. However, the characteristic nature of 2D
materials is given by out-of-plane acoustic (ZA) mode displaying
quadratic dispersion.[3>#] The quadratic dispersive nature of out-

of-plane acoustic (ZA) mode can be understood due to the vibra-

tions caused at the lowest amplitude, strain energy, which in turn
is linked with curling of out-of-plane acoustic (ZA) mode in 2D
materials.[*!] It is significant to note that contrary to graphene, all
considered monolayer show buckling due to coupling of the ZA
with TA and LA modes.

Under zero strain conditions and with wave vectors near the
zone center, the ZA branch exhibits quadratic behavior, which
signifies a loss of 2D ordering. Consequently, the ZA mode is
widely employed to comprehend rippling in 2D materials.[*?~*3]

Based on Figure 2, it is noted that in spite of the similar ge-
ometrical structure of HBNH, HBNF, FBNH, and FBNF, there
are dissimilarities in phonon-dispersion curves. The ZA mode
is linked with stiffness and lattice heat capacity of the mono-
layer in long-wavelength region. Furthermore, softening of TA
and LA modes is noticed, representing reduction in the group
velocities. Contrary to TA and LA modes, ZA mode comprises
smaller group velocity attributed to the fact of parabolic disper-
sion around I" point. Moreover, because of the low mass differ-
ence, no gap is observed amongst acoustic and optical branches.
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The highest phonon frequencies for HBNH, HBNF, FBNH, and
FBNF at I point are ~3300, 2850, 3370, and 1380 cm™! respec-
tively, indicating that all the studied systems kinetically stable.
The PDCs of HBNH, FBNH, and HBNF can be separated into
three frequency groups; low, midway and high respectively. In
case of FBNF there is no such gap between low and mid fre-
quencies thus it has only low and suppressed high frequency,
range which can be attributed to the weak harmonic force con-
stant and increased mass density. In PDCs of HBNH, HBNF,
FBNH, and FBNF, at I" point, three singly (A) and three dou-
bly (E) degenerated optical phonon modes are observed, i.e., I
= 3A + 3E. All 12 modes in HBNH, HBNF, FBNH, and FBNF
are likewise distributed. For FBNF the modes are distributed in
0 to ~1500 cm™! frequencies ranging while in case of HBNH,
HBNF, FBNH they are distributed in the range 0 to ~3400 cm™".
Also, the optical phonons frequencies values shift to higher fre-
quencies in HBNH, HBNF, and FBNH monolayers as a result
of the lower average atomic mass of the unit cell. The stability
was also confirmed by calculating the projected phonon density
of states (PhDOS), as shown in the right panel of Figure 2. Atom-
specific contributions to phonon modes are better understood in
terms of PhDOS (Figure 2). The PhDOS is a significant charac-
teristic involving phonon frequencies in the entire BZ given as
the equation[*/!

g(0) = /Za[w v, (@) da @

Here, N be the normalization constant so that [ g(w)dw = 1.
Here g(w)dw is the ratio of number of eigen states in frequency
interval (w, @ + dw) to the total number of eigenstates, while
@;(q) is the phonon frequency of jth phonon mode. Dispersive
nature is presented in the lower frequency area due to nearby
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Figure 3. Calculated electronic band structure along the I' > K - M — T  direction and density of states (DOS) of a) HBNH, b) HBNF, c) FBNH, and

d) FBNF. The zero energy value corresponds to the Fermi level.

distribution of potential energy in several modes. As the disper-
sion nature is dependent on atomic interaction strength, addi-
tionally, various variations in the modes mainly depends on mix-
ing nature of modes due to repulsion. The strong peaks in Ph-
DOS arises due to flat bands in the PDCs. Additionally, weak
singularity in low frequency area is because of certain highly
dispersed acoustical and low frequency optical phonon modes.
Because of small mass of boron and nitrogen atom a sharp
peak of fluorine vibration can be seen in DOS in acoustic re-
gion of HBNF, FBNH, and FBNF while in case of HBNH the
domination in the acoustic region is due to nitrogen suggesting
their maximum contribution. In case of FBNF, we witness that
the occurrence of fluorine atom in z-direction leads to suppres-
sion of higher optical vibrational frequencies (~1300 cm™') com-
pared to those in HBNF, FBNH, and HBNH (%2800, ~3400, and
%3300 cm™!). One should further note from the PDCs of HBNF,
FBNH, and FBNF that the frequencies of the acoustic modes in
phonon are suppressed as compared to HBNH. This decrease
in acoustic mode of HBNF, FBNH, and FBNF can be accredited
to the addition of fluorine in the unit cell, which additionally re-
duces harmonic force constant and increases the mass density in
HBNF, FBNH, and FBNF.I**] We can understand and easily iden-
tify the high frequency phonons (3300, 3370, and 2850 cm™!) cor-
responding to H modes due to B-H stretching in case of HBNH
and HBNF and N-H stretching in case of FBNH. The acoustic
region in the PDCs is dominated by B and N in case of HBNH
while in case for HBNF, FBNH, and FBNF it is dominated by F.
On the other hand, the midway frequency region is dominated by
B, N, and F. There are no imaginary frequencies in PDC and Ph-
DOS confirming dynamical stability of HBNH, HBNF, FBNH,
and FBNF, and also suggesting the possibility of forming free
standing monolayers of Janus BN systems.
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3.3. Electronic Properties

The electronic band structures, was calculated along high sym-
metry direction [-K-M-T" in the Brillouin zone for all HBNH,
HBNF, FBNH, and FBNF systems, and are presented in
Figure 3.

As can be seen from the figure, all the systems under con-
sideration exhibit semiconductor behavior, with their valence
band maxima (VBM) and conduction band minima (CBM) sit-
uated at T, indicative of a direct bandgap. Bandgap of 3.37, 4,
2.94, and 3.42 eV are observed for HBNH, HBNF, FBNH, and
FBNF, respectively, and which is much smaller than that of h-
BN (4.9 eV).1*s]

Two H atoms and F atoms introduce two occupied energy
bands, one in majority and the other one in the minority sector
sharing the same energy. These bands are located just above the
valence band of pristine BN sheet, as a result of which the band
gap of the system is reduced. Chemical functionalization can lead
to an increase in the buckling height (Ah) between the B and N
atoms in a BN monolayer, which arises from the formation of H-
B (F-B) and H-N (F-N) bonds. Additionally, our findings reveal
a transformation of the planar sp? hybrid orbitals to sp*-like or-
bitals following chemical functionalization. Moreover, a high Ah
value results in strong anisotropy, as previously reported.*?] And
also, in case of sp? hybridization, a barrier is introducing which
restrict the electron flow by opening a band gap thereby yielding
the generation of insulating and semiconducting regions in 2D
system.[*’] As far as the electronic density of states is concerned,
we find that most of the contribution near the Fermi level comes
from B and N atoms in case of HBNH, HBNF, and FBNH. How-
ever, in case of FBNF, most of the contribution near the Fermi
level is due to the F atom.
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Figure 4. Energy level alignment of VBM and CBM energy levels.

We believe that the direct and smaller band gap suggest that
the material has a strong potential in novel optoelectronics, pho-
tocatalysis, thermoelectric as well as solar cell application. The
energy level alignment of the valence band maximum (VBM) and
conduction band minimum (CBM) is altered by the formation of
polar covalent bonds, such as N™—H* or N*-F~, resulting from
H and F functionalization, as depicted in Figure 4.

3.4. Optical Properties

To calculate the optical parameters, photon energy values ranging
from 0 to 25 eV were considered. Additionally, for all optical pa-
rameters, the electric vector (E) was oriented both perpendicular
and parallel to the Z-axis. The dielectric function for the optical
parameters can be described as e(w) = &, (w) + i€, (w), in which
&,(w) is the imaginary part of the dielectric function which can be
obtain by using the optical matrix elements from the electronic
band structure and the ¢, () which is the real part of dielectric
function can be obtain by the Kramers—Kronig relationshipl“®*]

&)= 21 / e (iry w5 (Ef — ' — E) G)

€o k¢ v

“« “«»

In the above equation, “w” is the frequency, “¢” is the charge on
electron, and Q « m?w?, where m is the effective mass of an elec-
tron, and y; and y; are the conduction and valence bands wave
function at k, respectively. From the equation, it is clear that the
imaginary part depends on the momentum matrix element and
joint density of states (JDOS) which is mainly several possible
transitions between the valence band and the conduction band.
The real part of the dielectric function can be calculated by using
below equation

_ % wez( ) !
sl(a))—1+”P/ ———dw (4)

(1)/ 2 _ @p?

As previously mentioned the below equation defines the di-
electric function

(@) =& (o) + ig, (o) ®)
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Now, ¢; = n? + k* and ¢, = 2nk are the conditions which must
be satisfied by the above equations, where n and k are nothing
but the refractive index and extinction coefficient, respectively.
Both of these quantities can be obtained by using the dielectric
function &(w), as given below

1

n(w) = % [(sf +£§)% +81] ’ (6)
and
k(w) = L [(e% +e§)% —61]5 (7)

V2

And now by using the values of n(w) and k(w) we can further
obtain the values of absorption coefficient a(w) and reflectivity
R(w), respectively, using below equations

alw) = 2 = 22k ®

_[(n=1)° +¥]
B [(n+1)* + k2]

In the above Equations (8) and (9) the 4, is the velocity of light
and the k is the extinction coefficient. We have also calculated
the energy loss function L(w), which is arises due to the motion
of electrons in the semiconductor, by dielectric functions using
below expression

O

_ £, (@)
L) = &2 (@) + £2 (») (10

The subsequent Figures 5a—d and 6a—d, illustrate the opti-
cal response of the complex dielectric function &(w) of HBNH,
HBNF, FBNH, and FBNF, including the real and imaginary com-
ponents. It is known that the imaginary component ¢, (w) of the
dielectric constant is determined by the interband transitions
of electrons from the valence bands to the conduction bands,
whereas the real component ¢, (w) of the dielectric function pro-
vides information on the electronic polarizability of the material
through the Clausius—Mossotti relation.[>"]

3.4.1. Real Part

The optical response of incident light to HBNH, HBNF, FBNH,
and FBNF represents high degree of anisotropy mainly within
the region from infrared (IR) to vacuum UV-energy span (E <
13 eV) on the other hand athigher energies the isotropic response
is observed (see Figure 5). The static dielectric constants ¢, (0) are
(2.00, 1.90), (2.80, 2.00), (1.90, 1.80), and (2.50, 1.95) along both
E 1 Zand E || Z type of electric vector for HBNH, HBNF, FBNH,
and FBNF monolayers, respectively. This variation of ¢, (0) for
HBNH, HBNF, FBNH, and FBNF is ¢, (FBNH) < ¢, (HBNH) <
¢, (FBNF) < ¢, (HBNF). The parallel radiation is comparatively
significant than the perpendicular radiation which brings us to
realized that HBNH, HBNF, FBNH, and FBNF may be useful
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Figure 5. The real part of the calculated dielectric constant along with the parallel and perpendicular directions of a) HBNH, b) HBNF, c) FBNH, and d)
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Figure 7. The absorption coefficient with the parallel and perpendicular directions of a) HBNH, b) HBNF, c) FBNH, and d) FBNF. Inset shows the zoom

in image of absorption coefficient.

in solar cell applications.°**?] Similarly, the real part shows the
negative values into high energy region within 8-13 eV which
illustrates the metallic character of HBNH, HBNF, FBNH, and
FBNF monolayers in X-ray region of electromagnetic spectrum.
Furthermore, in ¢, (), negative values specify the negligible
transmission of light in the deep X-ray region, suggesting optical
transparency of these monolayer about 8-13 eV energy range.

3.4.2. Imaginary Part

We present our calculated imaginary part of the dielectric func-
tion &, (w) for HBNH, HBNF, FBNH, and FBNF in Figure 6a—
d. The main peaks of HBNH, HBNF, FBNH, and FBNF initi-
ated mainly due to the electronic transition from the hybridized
bonding between B 2p and N 2p and F 2p and H 1s states. The di-
electric function ¢, (w) indicates the fundamental absorption edge
which is arising at 3.2, 3.9, 2.8, and 3.4 eV for HBNH, HBNF,
FBNH, and FBNF, respectively. The absorption edge is arising
when the electron has a direct transition between the highest va-
lence band and the lowest conduction band.[*} Furthermore, the
hybridized z and ¢ bonding-antibonding nature of 2p orbitals
creates smaller amplitude peaks.

3.4.3. Absorption Coefficient

The realization for the photovoltaic conversion applications of
these material can be achieved by calculating the absorption co-
efficients in the full spectrum range (IR to extreme UV). The ab-
sorption coefficient tells us about absorption capability of any ma-
terial and range concerning incident radiation that could be solar.
The absorption coefficients in parallel and perpendicular (direc-
tion of the plane) factors of the electromagnetic waves for HBNH,

Adv. Electron. Mater. 2023, 9, 2300013 2300013 (8 of 14)

HBNF, FBNH, and FBNF monolayer up to 25 eV are presented
in Figure 7a—d. It is apparent from Figure 7a—d that anisotropic
behavior is found for absorption coefficients. The edge of ab-
sorption occurs at 3.2, 3.9, 2.8, and 3.4 eV for HBNH, HBNF,
FBNH and FBNF, respectively. The edge of absorption is similar
to that of the imaginary parts of the dielectric function. The re-
sults suggest that these monolayers can be utilized for effective
photovoltaic conversion.

Below the range of edge, these monolayers show transparent
nature which results in low reflectivity. The absorption reduces
to smaller value after 25 eV confirming complete transparency
in far UV region. To further understand the absorption spectra,
we have investigated the involvement of orbitals in one-electron
transitions, leading to the following three peaks: the first peak,
the second peak, and the most intense peak in the optical ab-
sorption spectra of HBNH, FBNF, and Janus BN (HBNF and
HBNF), and present it in Table 2. We note that for all considered
monolayers HBNH, FBNF, and Janus BN (HBNF and HBNF)
the first peak is the result of the orbital transition [V—-C >, at
the T point, where V, and C, respectively, denote the top of the
valence band and the bottom of the conduction band. The sec-
ond peak for HBNH is because of the transition |V-1-C >, at
the I" point. For FBNF transition |[V—C >, from M to I point is
responsible for the second peak. In case of Janus BN, i.e., HBNF
transition [V—-C > from M to I point contributes in the incre-
ment of second peak, while the equivalent peak for FBNH is
due to transitions [V—-C > from K to I" point. The optical tran-
sitions exist at I' point, or between M-I" and K-T" at the edge of
Brillouin zone respectively. Lastly, we further examine the optical
transitions of the maximum intensity peaks which are positioned
at higher energies. Due to higher energy values (see Table 2),
the transitions are noticed from the bands afar from the Fermi
level.
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Table 2. The optical absorption spectra of HBNH, FBNF, and Janus BN (HBNF and HBNF) show the first, second, and most intense peaks, along with
the involved bands in the transition. The valence band maxima and conduction band minima are denoted by V and C, respectively. Furthermore, V — n
(C + n) represents the nth valence (conduction) band, counting from the Fermi level.

System First peak position [eV] Second peak position [eV] Most intense peak position [eV]
HBNH 3.5 ([V=C>) 53 (V-1-C>) 12.8 (|V-3>C+6 >)
HBNF 45(V=C>) 5.2 (|V=C> from M toT) 125 (V-3C+4 >)
FBNH 3(|V—C>) 3.7 (|V—C> from K to T point) 115 (|V-6—>C >)
FBNF 35(]V—C>) 45 ([V—=C>, from M toT) 13 (|V-7>C+3 >)

3.4.4. Refractive Index

The polarization of the material due to the incident electro-
magnetic wave give rise to the microscopic phenomenon, re-
fractive index n(w). The refractive indices are displayed in
Figure 8a—d for HBNH, HBNF, FBNH, and FBNF. The mini-
mum static refractive index (n(w) L Z and n(w) || Z) is (1.40,
1.35), (1.60, 1.40), (1.35, 1.30), and (1.65, 1.45) for HBNH, HBNF,
FBNH, and FBNF monolayer, respectively. The smooth increase
of refractive index n (w) is observed increase in the energy from
IR region to UV region while decreases with few oscillations
in extreme UV and above area. The maximum refractive in-
dex can be found from the magnitude of the peak, high peak
value reviles higher refractive index of HBNH, HBNF, FBNH,
and FBNF monolayer. The peak value is 2.10, 2.85, 1.70, and
2.40 at energy 5.00, 11.10, 7.20, and 8.30 eV for HBNH, HBNF,

2.0+

0.5+

Refractive Index n(»)

8§ 10 12 14 16 18 20 22 24
Photon Energy (eV)

]
™ -
- -
£

2.0

FBNH

(©)

1.04

0.5+

Refractive Index n(o)

0.0

0 2 4 6 8 10 12 14 16 18 20 22 24
Photon Energy (eV)

FBNH, and FBNF, respectively. The peak of refractive index
of HBNH and HBNF falls in the UV region while for FBNH
and FBNF the peak falls in extreme UV region. Therefore, the
maxima move from UV region to extreme UV region is con-
cluded. The high refractive index of HBNH, HBNF, FBNH, and
FBNF specifies heat protection properties useful in maintain-
ing constant temperature conditions for materials.**! The de-
gree of birefringence exhibited by materials can be estimated by
examining the difference between the in-plane and perpendicu-
lar refractive indices. The anisotropic optical response of these
monolayers accounts for their unique nonlinear optical proper-
ties. The values of An(0) are negative for all considered BNs, as
shown in the data: HBNH (—0.05), HBNF (—0.2), FBNH (-0.05),
and FBNF (-0.2). This satisfies the noncritical phase matching
(NCPM) criterion, which is useful for achieving high system laser
performance.
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Figure 8. The refractive indices with the parallel and perpendicular directions of a) HBNH, b) HBNF, c) FBNH, and d) FBNF.
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Figure 9. Reflectivity spectra R(w) with the parallel and perpendicular directions of the electric field polarization in a) HBNH, b) HBNF, c) FBNH, and

d) FBNF.

3.4.5. Reflectivity

Figure 9a—d shows the parallel (R(w) || Z) and perpendicular
(R(w) L Z) electric field polarization of reflectivity of HBNH,
HBNF, FBNH, and FBNF. The reflectivity spectra specify that the
reflectivity of HBNH, HBNF, FBNH, and FBNF rises in the UV
region, although it is minimizing in the IR region. It is notable
that both the HBNH and FBNH show significantly high reflectiv-
ity initially ranging 4-6 eV and then in extreme UV range, while
HBNF and FBNF displays high reflectivity in the range of 7-9
and 12-14 eV. The static part of reflectivity, at zero energy can be
observe in Figure 9a—d, after that it starts increasing with some
oscillations and at higher energy it vanishes (see Figure 9a—d).
The reflectivity is majorly observed in the ultraviolet region for
all these compounds suggesting their utilization as Bragg’s re-
flectors.

3.4.6. Loss Spectra

The loss spectra of HBNH, HBNF, FBNH, and FBNF relative to
the photon energy up to 25 eV are provided in Figure 10a—d. The
energy loss spectrum is given through energy loss when an elec-
tron traveling through the homogeneous material. Figure 10a—d
presents the threshold of the absorption edge occurring at 4.83,
5.98, 3.1, and 5.7 eV for HBNH, HBNF, FBNH, and FBNF re-

Adv. Electron. Mater. 2023, 9, 2300013 2300013 (10 of 14)

spectively. From Figure 10a—d, displays the wide plasma peaks
primarily found in the extreme higher energy ranging between
18 and 22 eV for HBNH, HBNF, FBNH, and FBNF. Present in-
vestigation specifies the least energy loss by the electrons in the
visible region for HBNH, HBNF, FBNH, and FBNF, signifying
their application in optoelectronic devices.

3.5. Solar Cell Parameters

For material’s application in solar cell, the solar cell parameters
for instance open circuit voltage (V,.), short circuit current den-
sity (J.), fill factor (FF) and power conversion efficiency (PCE, #)
have been evaluated through Shockley—Queisser (SQ) limit. The
PCE is calculated using below equation!>]

_ FF..]sc' Voc 11
n=—> (11)

m

where P,, is total incident solar energy density ( P,,= 1000 Wm™2).
The parameter V,, stated as solar cell’s maximum voltage occur-

oc?
ring at zero current, is calculated using equation!>*-#!

Janus—BN TiO,;
V, =B — B (12)

Above V,_ is the energy change among LUMO of considered
monolayers and conduction band of acceptor TiO,. The totality of
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Figure 10. Loss function L(w) with the parallel and perpendicular directions of the electric field polarization a) HBNH, b) HBNF, c) FBNH, and d) FBNF.

recombination in device is measured by V. and relies on the sat-
uration current and light-generated current. The fill factor known
as “FF” calculates the maximal power from studied solar cell de-
vice and given by following equation

9, —1n (9, +0.72) qax Vv,
FF = 59, = (13)
9, +1 KyT

In above equation, 9, is the normalized V,.>° Based on
Shockley—Queisser (SQ) limit, J_ theoretically is evaluated
through equation!?8

Jo = / 4 Apn, (E) L, (E) dE 14)

Here, I, (E) represents photon flux density taken from
AM1.5G spectrum (standard spectrum of Earth’s surface) and g
represents electron charge. In this study, the AM1.5G refers to
the air mass coefficient with 1.5 atmospheric thickness, which is
equivalent to the straight optical path length in the Earth’s atmo-
sphere at a solar zenith angle of z = 48.2° with a global tilt in a
uniform light source of 1000 W m~2 for the solar simulator. The
values of ¢ and 7, exhibit weak dependence on the wavelength

(4), thus Equation (15) can be expressed as!®]
Jo= [aaB L, 0 (15
0

Adv. Electron. Mater. 2023, 9, 2300013 2300013 (11 of 14)

where A(E) denotes absorptivity, based on SQ limit which is 1 for
E> E, while it is 0 for E < Eg[(’l]

The above mentioned solar cell parameters evaluated for
HBHN, HBNF, FBNH, and FBNF are tabulated in Table 3.

The development of cost-effective and efficient photovoltaic de-
vices for solar cell applications has driven significant interest in
electron-transporting materials (ETMs) based on TiO,. Out of
all the metal oxides utilized in nanomaterials, TiO, is particu-
larly noteworthy due to its effectiveness as a charge collector.[®?]
Further, h-BN passivated TiO, semiconductor significantly im-
proves the performance metrics of DSSCs, QDSCs and BH]J so-
lar cells.l®*%] Depiction of the process of injecting photoinduced
electrons from HBNH, HBNF, FBNH, and FBNF into TiO, sur-
face can be made from Figure 11.

The energy of an electron situated in the ground state of the
HBNH, HBNF, FBNH, and FBNF systems, which falls within
the TiO, band gap, is raised to an excited state with the assis-
tance of an absorbed photon. After undergoing various processes,

Table 3. Solar cell parameters evaluated for all HBHN, HBNF, FBNH, and
FBNF.

XBNX Ve FF Jee 7
[eV] [mA cm™?] [%]
HBNH 4.067 0.980 0.636 2.53
HBNF 4318 0.981 0.003 0.02
FBNH 3.929 0.979 2.150 8.27
FBNF 3.673 0.977 0.545 1.96
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Figure 11. Representation of photoinduced electron injection from HBNH, HBNF, FBNH, and FBNF into TiO, ETM.

either adiabatic or non-adiabatic, the excited electron is subse-
quently introduced into the conduction band of TiO,. It is found
that the HBNH, HBNF, FBNH, and FBNF can attach to the TiO,
surface using F and H atoms at the edges, leading to a high injec-
tion of electrons. Moreover, after analyzing the electronic proper-
ties of these systems, we have discovered that the LUMO energies
of all HBNH, HBNF, FBNH, and FBNF systems are higher than
the conduction band of TiO,. This indicates that the electronic in-
jection from excited states of HBNH, HBNF, FBNH, and FBNF
to the conduction band of TiO, occurs more rapidly.

It is seen that material’s efficiency can be increased using the
alteration of band gap. The increase in energy band gap results
in reduced ] and enhanced V, . Therefore, J and V,, should
be absolute for efficient solar cells. The current—density versus
voltage (J-V) graphs of HBNH, HBNF, FBHH, and FBNF are
shown in Figure 12. The total current density is calculated using
following equation!®!

J=Je=Jo (e -1) (16)

where ], represents saturation current density that is addition of
all recombination mechanisms comprising current density of the
Shockley—Read-Hall (SRH), surface, contact, and Auger recom-
bination mechanisms.[®®] The efficiencies of HBNH and HBNF
are 2% and 0.02% respectively. Here, the efficiency of HBNF is
almost zero for the reason that in this case the value of J_ is dras-
tically reduced which is due to its wide band gap as compared to
other systems. However, as seen in Table 3, it is noteworthy that
values of V. and FF are the highest. Therefore, one can further
study HBNF to improve its solar properties by adding defects or
impurities and various functionalization. The efficiency of Janus
FBNH is significantly high in comparison to other considered
systems. This enhancement in efficiency of FBNH is due to its
high ] of 2.1 mA cm™? with significantly optimal V, . The effi-
ciency of FBNF is lower than HBNH with the value of 1.96%. In
this a low V,_ and J,. are obtained. It is noteworthy that the effi-
ciency of our FBNH is much more as compared to previously re-

Adv. Electron. Mater. 2023, 9, 2300013 2300013 (12 of 14)

ported BH]J solar cell employed h-BN nanoflake-enabled surface
passivation on TiO,[%] and DSCs consisting of HBN electrode.!’]
However, our results on FBNH are comparable to DSSC em-
ploying h-BN passivated TiO,.[** The efficiency is comparative
lower from the lead-free 2D CH;NH,Sn;_,,Ge,I; (0 < x <
0.5) perovskites!®®l and (PEA),Pbl,and (PEA),Snl, 2D inorganic—
organic hybrid perovskites.!®! However, it is well known that per-
ovskites based solar cell faces stability issue and lead toxicity.

While it is true that the comparison between “FBNH” solar
cells and “BHJ” or “DSSC” solar cells may not be entirely appro-
priate due to the differences in material architecture, it is still
worth noting that the “FBNH” solar cells have shown notewor-
thy results in terms of efficiency. This suggests that the develop-
ment of Janus h-BN materials and their integration into solar cell
technology has the potential to offer improvements over existing
technologies. Furthermore, the use of Janus h-BN in solar cells
presents several advantages, such as its tunable electronic and
optical properties, high thermal stability, and compatibility with
various substrates. These advantages make Janus h-BN a promis-
ing material for next-generation solar cells. As such, continued
research and development of Janus h-BN-based solar cells could
lead to further improvements in efficiency and stability, which
may ultimately lead to the commercialization of this technology.
Therefore, we believe that Janus FBNH has properties which are
quite encouraging as far its possible application as an absorber
layer in solar cells is concerned.

4, Conclusion

In summary, we have systematically studied the stability and elec-
tronic properties of fully hydrogenated h-BN (H-BN-H), fluori-
nated h-BN (F-BN-F) and Janus functionalized h-BN (F-BN-H
and H-BN-F) employing a first-principles DFT based methodol-
ogy. The formation energies and phonon dispersion calculations
strongly suggest that all considered systems are dynamically
stable. It is observed that monolayers HBNH, HBNF, FBNH,
and FBNF show semiconducting nature with direct-bandgap
of 3.37, 4, 2.94, and 3.42 eV respectively. The direct-bandgap
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Figure 12. J—V characteristics of a) HBNH, b) HBNF, c) FBNH, and d) FBNF.

semiconducting nature of these systems may have potential ap-
plication in next-generation nanoelectronics. The solar cell per-
formance of Janus h-BN is examined with respect to power con-
version efficiency, short-circuit current density and open-circuit
voltage. Among the considered BN systems, FBNH shows supe-
rior efficiency with 8.27% with ] of 2.1 mA cm™2. We strongly
believe that our findings could guide future experimental work
leading to the possible applications of Janus BN in solar energy
devices.
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