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Transition of wide-band gap semiconductor h-
BN(BN)/P heterostructure via single-atom-embedding’

ltsuki Miyazato,** Tanveer Hussain,” and Keisuke Takahashi¢

The transition of band gap in boron nitride/phosphorene(h-BN/P) heterostructure are investi-
gated by single-atom-embedding via first principles calculations. In particular, the single-atom-
embedded heterostructures are designed by embedding 10 different single atoms between h-
BN/P bilayers to compare the property transition against pure h-BN/P heterostructure. The ther-
modynamic evaluation reveals that embedding atom plays an important role for the stability in
heterostructure formation. resulting that Na, Pd and Pt embedded heterostructures are energeti-
cally stable. The stable Na, Pd and Pt embedded h-BN(BN)/P heterostructures are subsequently
evaluated in terms of their electronic structures for the comparison with pure h-BN(BN)/P het-
erostructure. The band gaps of the Na, Pd and Pt embedded heterostructures reveals to be
lower (1.5~1.8 eV) than wide-band gap pure h-BN/P heterostructure(=2.425 eV) with GLLB-sc
functional calculation. The band gap engineering of h-BN/P heterostructure is novelly revealed
through single atom doping, transform them into into promising photoelectric materials as solar

energy conversion devices.

Introduction

The successful synthesis of graphene, an organic two dimensional
materials expands the opportunities of designing inorganic ma-
terials!., While the graphene is the notable two dimensional
materials?, other two dimensional materials have been exper-
imentally and computationally proposed such as germane<4,
phosphorene®*Y stanene 113l and Transition metal dichalco-
genides(TMDCs) 147, Those materials consist of unique phys-
ical and chemical properties leading to applications in elec-
tronic devices, such as semiconductors, optoelectronic devices,
and sensors'®12 The design of two dimensional materials
steps into the next level where heterostructured two dimen-
sional materials have been designed by stacking the different
two dimensional materials“%“22, Materials such as Graphene/h-
BN23, h-BN(BN)/P, As/At24, WSe,/MoSe,22 stanene/Crl;2¢,
and MoS,/CulnP,Sq 27l and BN/BX (X = P,As,Sb2% are success-
ful cases where unique physical and chemical properties are ob-
served®2Z, Moreover, different single-atom-embedded structures
are proposed to tune the electronic properties of two dimensional
heteorstructure223V, particularly, BN-P heterostructure has previ-
ously been sugessted as a potential photovoltaic application with
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first principle study by introducing alkali metal and alkali-earth
metal®L, However, no potential materials have been suggested
when transition metal is introduced in h-BN/P heterostructure.
Thus, in this study, several transition metals are introduced to
explore the novel candidate materials. Here, single atom is em-
bedded in bilayer h-BN/P two dimensional heterostructures is de-
signed in term of tuning its electronic properties. In particular,
Na, Pd, Pt, Sc, Sn, Ti, Ag, Al, Au, and Fe single atoms are em-
bedded between h-BN and P layers in order to tune the electronic
properties along the seeking the stable single atom between lay-
ers.

Computational method

All calculations are carried out within density functional the-
ory(DFT) implemented in grid-based projector-augmented wave
(GPAW) method®?. All calculations are spin polarized and ap-
plied real space presentation(the finite difference mode). The
periodic boundary condition is set under k-point of (4,4,1) Bril-
louin zone sampling®3 with grid spacing of 0.20 A . The ground
state structures are explored with the vdW-DF exchange correla-
tion functional in order to consider the van der Waals interaction
between layers34. The vacuum length is set 10 A in z axis to avoid
interaction between layers for all structure.

The bilayer heterostructured h-BN/P is designed by stacking
orthogonal h-BN and phospherene single layer: The lattice is
matched by repeating its cell in each other: 3 times in x-axis
in primitive P layer, 4 times in x-axis and 2 times in y-axis in
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primitive h-BN layer. Note that applied two dimensional P struc-
ture is based on black phosphorus structure among the various
characteristic 2D-P allotropes®2. The lattice mismatch between
h-BN(BN)/P layer is estimated by the following equation 1]

drp_p
BNP

Miattice = (1 - ) x 100 M

where M; 4 ice, dop—p, and dpyp represent lattice mismatch(%),
lattice constant a(b) of single layer P, and lattice constant a(b) of
bilayer h-BN(BN)/P heterostructure , respectively. Note that ref-
erence state of the system is BN layer : dgyp is equal to the lattice
constant a(b) of single layer h-BN. Finally, two layered h-BN/P
heterostructure model (single layer h-BN and single layer pho-
spherene) is designed for the calculation. Single-atom-embedded
models are designed by embedding Na, Pd, Pt, Sc, Sn, Ti, Ag, Al,
Au, and Fe single atom between h-BN(BN)/P layers. Note that the
embedded atoms are chosen in the reference of successful studies
for material design by embedding single atom=236740 Two em-
bedded sites are proposed to compare that how doped site inter-
act its electronic structure. Thus, two models are finally designed
for each single atom; Structure A:"doped atom embedded under
B", and Structure B:"doped atom embedded under N"(See Figure
[I). The embedded atom is placed on the bridge(dangling)-site of
phospherene layer due to its stability reported in previous studies
on single layer phospherene?. Additionally, two types of sites are
considered: a site under a B atom of the h-BN layer and a site
under a N atom of the h-BN layer.

Structure A (doped atom is placed under B)

Structure B

© 0900000

OOOOQO
Q000000

Fig. 1 Proposed configurations of single-atom-embedded h-BN/P het-
erostructure. Yellow, pink, blue, and purple sphere represent embedded
atom(M), boron(B), nitrogen(N), and phosphorus, respectively: conse-
quently, top and bottom layer indicates to be h-BN and P layer, respec-
tively. Two embedded sites are designed: "Structure A" (See (a) and (b))
, and "Structure B" (See (c) and (d)). Note that M is consistent of (none),
Na, Pd, Pt, Sc, Sn, Ti, Ag, Al, Au, and Fe.

(doped atom is placed under N)

2| Journal Name, [year], [voI.],1

The binding energy per atom(Ep;, ) is calculated to evalu-
ated the stability of obtained ground state structure of pris-
tine h-BN(BN)/P heterostructure and single-atom-embedded het-
erostructures. Ep;,, is calculated by the following equation 2]

Ep N — (Ep+Ep+Eqoped)

Natom

Epina = @

Where, Ep_gn, Ep, EgN,Natom andEg,peq Tepresent total energy
of h-BN(BN)/P heterostructures, total energy of P layer, total en-
ergy of BN layer, total number of constituent atom and total en-
ergy of doped atom(in bulk form) per an atom.

Additionally, the formation energy, the energy between two h-
BN(BN) layers and single atom (E formarion), is calculated to con-
sider the stability of the designed layer structure. Eopmarion is
calculated by the following equation

Eformatian = Etoral — (EP +Epn +Edoped) 3

E;ora1 Tepresents the total energy of single atom embedded h-
BN/P. Note that all negative energy represents the exothermic.
The GLLB-sc functional*! is used to obtain electronic structure
and band gaps because pure DFT underestimates the band gap
of semiconductors#2, The GLLB-sc implemented calculations are
carried out under the condition of k-point of (4,4,1) Brillouin
zone sampling? with grid spacing of 0.18 A. Note that the GLLB-
sc implemented calculations are non-spin polarized due to the
limitation of implementation on GPAW method. Projected den-
sity of states(PDOS) and Bader charge analysis43©l are obtained
from calculation result from GLLB-sc functional in order to eval-
uate electronic properties.

Additionally, electronic band structures are obtained from
GLLB-sc calculation to compare the electronic band alignment of
h-BN/P.

Result and discussion

Ground states of all h-BN(BN)/P heterostructures are explored
via first principles calculations. Effect of single-atom-embedded
is evaluated by comparing between pristine h-BN/P and single-
atom-embedded h-BN/P.

Pristine h-BN/P heterostructure

The designed pristine h-BN(BN)/P heterostructure reveals to
be exothermic in both Efyymarion and Ep;yq(-0.769 and -0.756
eV/atom, respectively), indicating to be energetically stable. The
ground state h-BN/P heterostructure is scaled as 4.48 Ain x-axis
and 9.97 Ain its unit cell. The interlayer distance is calculated to
be 3.802 A. The lattice mismatch is calculated as 2.51 % in x axis,
and 0.33 % in y axis. The interlayer distance is estimated as 3.802
Aby the result of ground state optimization by vdW-DF functional.
In particulat, Efopmarion iS comparably stronger than the bond en-
ergy originate by van der Waals force. Electronic properties are
evaluated by obtaining projector density of states(PDOS) (See Fig-
ure |4{ (a)). PDOS of neighboring B(p-orbital), N(p-orbital), and
P(p-orbital) is evaluated to consider the electronic interaction be-
tween layers. Note that PDOS is obtained by the calculation with
GLLB-sc functional. PDOS reveals that orbitals of neighboring
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B, N, and P atoms are remarkably overlapped in their orbitals in
low energy level(See Figure El (a)). One can consider that strong
Etormation is originated from this overlap of orbitals, resulting to
form strong covalent bond between layers. The band gaps of h-
BN(BN)/P heterostructure is calculated with the GLLB-sc func-
tional. h-BN(BN)/P heterostructure appeared to have similar di-
rect band gap(2.425 €V) as well as that of single layer P(2.437
€V; See the band structure shown in Figure . To consider this
band gap similarity, band structures of both h-BN(BN)/P het-
erostructure and single layer P are computed. The bandstructure
of pristine h-BN/P has good agreement with previous work“Z.
Both band structures indicate direct band gap in I' valley band
edge, with similar band alignment nearby Fermi level, which cor-
responds to the previous reports on h-BN/P heterostructureZ.
Thus, it can be concluded that pristine h-BN/P is similar to single
layer P in terms of electronic property such as band gap.

Single layer P

N =
e

——
-10 1 §
A
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—
Q
'
|
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Fig. 2 The band structure of (a)Single layer P, and (b)Non-doped B-NP
heterostructure.

Single-atom-embedded h-BN/P heterostructures

The ground state structures of single-atom-embedded h-BN/P are
revealed via first principle calculations(See Table[I). It is notable
that the distance from embedded atom(M) to the the neighboring
P atom proportionally increases when single atom with larger sin-
gle bond covalent radius(r.,,) is embedded in h-BN/P(See Table
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and Figure[3)). The lattice mismatch is calculated as 2.51% in x
axis, and 0.33% in y axis.

160

e Structure A
i Na °
155 e Structure B
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Fig. 3 The scatter plot of the distance from embedded atom(M) to the
the neighboring P atom(unit: A)(dp) versus covalent radius(single bond)
of embedded atom(r.,). dp reveals to increase as the existence of
embedded-atom(M) with larger r.,.

The calculated Ep;,; reveals to be exothermic with similar
values(-0.732 ~ -0.667) in all designed single-atom-embedded
h-BN/P heterostructures, indicating that the stability of each BN
and P layer are less effective in existence of embedding atom
between layers. Meanwhile, Efoqpuaion varies in each embed-
ding atoms, indicating to affect the bonding state between h-BN
and P layer. As a result, Na, Pd and Pt embedded heterostruc-
ture models are finally revealed to be exothermic both Ej;,, and
E formation(See Table whereas Sc, Sn, Ti, Ag, Al, Au, and Fe
doped heterostructures are exothermic in Efymmarion in case of
both “Structure A” and “Structure B” doped site(See [2)). Projec-
tor density of states(PDOS) is obtained from the stable Na, Pd
and Pt embedded heterostructures in order to consider the differ-
ence of their Efypmarion (See . Pt and Pd embedded heterostruc-
tures share similar trend in PDOS: embedded d-orbital of Pd and
Pt sharply appears in the energy level from -1 to 5 eV in PDOS
profiles in both "Structure A" and "Structure B"(See Figure [ (c),
(), (d), and (g)). This indicates that Pt and Pd embedded het-
erostructures forms electron pairing among neighboring B, N and
P atoms. Moreover, d-orbital of Pd and Pt is widely overlapped to
the neighboring N(p-orbital) and P(p-orbital) orbitals in "Struc-
ture B" in the lower energy level(-5 ~ eV) than those of "Struc-
ture A"(See Figure [1] (c), (f), (d), and (g)). One can consider
that slightly higher Eoa1ion in "Structure B"(See Table is orig-
inated from this wider orbital overlap in "Structure B".

On the other hand, Na embedded heterostructures shows dif-
ferent trend in PDOS(See Figure@ (b) and (e)) to those of Pd and
Pt embedded heterostructures. Remarkably, s-orbital of Na ap-
pears anti-bonding energy level(from 0 to 8 eV) in PDOS profiles
and overlaps neighboring B(p-orbital) and P(p-orbital) orbitals in
both "Structure A" and "Structure B"(See Figure ; meanwhile Na
embedded heterostructures have the most exothermic E o pmasion
in designed single atom embedded heterostuctures(See Table [2).
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Table 1 Structure parameters of Single-atom-embedded h-BN/P heterostructures. dg, dv, dp, Zgup, and Lyup represent the distance from doped atom
to the neighboring B atom(unit: A), the distance from doped atom(M) to the neighboring N atom(unit: A), the distance from embedded atom(M) to the
the neighboring P atom(unit: A), the angle among the neighboring B, doped atom(M), the neighboring P(unit: °), and the angle among the neighboring

N, embedded atom(M), the neighboring P(unit: °), respectively.

Doped atom Structure A(See Figure ﬁ](a) and (b)) | Structure B(See Figure ﬁ](c) and (d))

dp dp BMP dy dp NMP
Ag 2.766 2.540 138.5 2.742  2.550 134.4
Al 3.408 2.514 137.3 3.292 2.493 132.3
Au 2.944 2.422 138.2 2.812 2417 136.4
Fe 2.582 2.185 109.8 2316 2.173 126.0
Na 2,520 2.720 137.8 2.780 2.820 123.2
Pd 2.889 2.294 122.4 2.580 2.288 130.3
bt 2.851 2.229 115.3 2.504 2.226 134.6
Sc 2.468 2.504 130.6 2.676 2.494 103.1
Sn 3.565 2.611 141.2 3.608 2.606 137.5
Ti 2.484 2.428 110.7 2.494 2414 113.2

Charge transfer is evaluated by Bader charge analysis#34¢ by
using the calculated result with GLLB-sc functional, in order to
evaluate how charge is transferred among doped atom and neigh-
boring atoms. The result of Bader charge analysis is available on
the supporting information.

Na-embedded heterostructures are positively charged in em-
bedded Na atom in both "Structure A" and "Structure B"(positively
charged 0.860 and 0.958 electrons, respectively). Subsequently,
the neighboring P is negatively charged 0.339 and 0.181 elec-
trons respectively, indicating the electronic charge is transferred
from embedded Na to the neighboring P. On the contrary, Pd and
Pt embedded heterostructures are all negatively charged in em-
bedded Pd(Pt) atom in both "Structure A" and "Structure B"(See
Table[3). In comparison with previous studies, it is reported that
Na holds 0.779 electron in Na embedded h-BN/P heterostructure
with 0 1ijB for the spin magnetic moment3l. This shows good
agreement with those of this work as shown in Tables 2 and 3.21)

The band gap is calculated with the GLLB-sc functional in terms
of accurate estimation of band gap to the experimental value42.
Na, Pd, and Pt atom-embedded h-BN(BN)/P heterostructures re-
veal to have narrower band gap than pristine h-BN(BN)/P het-
erostructure(=2.425 €V)(See Table . Remarkably, band gaps
of atom-embedded heterostructures (1.5~1.8 €V) are suitable for
solar energy conversion®®, One can consider that the designed
atom-embedded heterostructures are promising materials for so-
lar energy driven electronic device with band gap tunability by
changing embedded atom. This band gap transition is considered
to originate from the energy shit of p-orbital in P near to the em-
bedded atom(See the PDOS shown in Figure |4)); the p-orbital in
P is commonly located around the Fermi level in all h-BN(BN)/P
heterostructures. The band structures are additionally computed
to evaluate how electronic structures are shifted by the single
atom embedding. Commonly, both pure- and atom-embedded h-
BN(BN)/P heterostructures share their direct band gap at I" point
in band structures(See Figure [2] and Figure [5). Thus, the direct
band gap reduces its value by single-atom-embedding because of
the transition of p-orbital of P.

Electronic structures are computed in Na, Pd and Pt embed-
ded h-BN(BN)/P heterostructures with GLLB-sc functional as well

4| Journal Name, [year], [vol.],1

Table 2 The physical parameters evaluated by the result obtained by cal-
culations with vdW-DF functional. Efomations Epina, @nd mggpea represent
the interlayer binding energy of BN-P heterostructure(unit: eV), binding
energy of BN-P heterostructure per atom(unit: eV/atom), and magnetic
moment of doped atom(unit:ug) respectively. Note that negative energy
is exothermic.

Doped atom | E formation Epind Mdoped
(None) -0.769 -0.756 n.a
Structure A(See Figure[l(a) and (b))

Ag 0.595 -0.683 0.00
Al 0.651 -0.681 0.00
Au 0.583 -0.683 0.00
Fe 0.699 -0.679 1.99
Na -0.812 -0.731 0.00
Pd -0.383 -0.716 0.00
Pt -0.009 -0.704 0.00
Sc 0.089 -0.700 0.00
Sn 1.049 -0.667 0.00
Ti 0.634 -0.681 1.84
Structure B(See Figure|1{(c) and (d))
Ag 0.583 -0.683 0.00
Al 0.692 -0.679 0.00
Au 0.577 -0.683 0.00
Fe 0.655 -0.681 1.99
Na -0.829 -0.732 0.00
Pd -0.484 -0.720 0.00
Pt -0.005 -0.703 0.00
Sc 0.057 -0.701 0.00
Sn 1.050 -0.667 0.00
Ti 0.494 -0.686 1.88
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Table 3 The charge transfer evaluated within Bader charge analysis®#3746
result by using calculated result with GLLB-sc functional. Quopeds OB,ears
ON,..,» @and Qp,,., represent charge transfer of doped atom, charge trans-
fer of neighboring B to the doped atom, charge transfer of neighboring
N to the doped atom, and charge transfer of neighboring P to the doped
atom, respectively.As a reference, whole bader charge analysis result is
provided in the supporting information.

Doped atom | Qdoped | QBnm,- | QN,,M, | QP,,M, I
Structure A(See Figur€|1|(a) and (b))

Na 0.860 2.282 - -0.339

Pd -0.716 | 2.259 - -0.039

Pt -1.877 | 2.250 - -0.007
Structure B(See Figure|1{(c) and (d))

Na 0.958 - -2.230 | -0.181

Pd -0.982 - -2.393 | -0.112

Pt -1.523 - -2.345 0.049

Table 4 The calculated result of GLLB-sc functional in stable state of
stable BN-P heterostructures. Eg, E4ks), and Deriv. represents funda-
mental band gap, Kohn-Sham band gap and derivative discontinuity!,
respectively.

Doped atom | E, ks Deriv. Eg
(None) 1.664 0.761 2.425
Structure A(See Figure|l{(a) and (b))
Na 1.112 0.506 1.618
Pd 1.203 0.548 1.751
Pt 1.089 0.487 1.576
Structure B(See Figure[2|(c) and (d))
Na 1.116 0.507 1.623
Pd 1.217 0.547 1.764
Pt 1.031 0.465 1.496

Journal of Materials Chemistry C

as non-embedded h-BN(BN)/P heterostructures and single layer
P(See Figure [2| and Figure [3). The calculated band structures
reveal to have the direct band gap in I" point(See Figure |2[ and
Figure |5) in all designed Na, Pd, and Pt embedded h-BN(BN)/P
heterostructures.

Conclusions

Pristine- and single-atom-embedded- h-BN(BN)/P bilayer het-
erostructures are investigated via first principles calculations.
In particular, the thermodynamic stability is evaluated in the
pristine-, Na-, Pd-, Pt-, Sc-, Sn-, Ti-, Ag-, Al-, Au-, and Fe- embed-
ded heterostructures. The pristine h-BN(BN)/P heterostructures
are thermodynamically stable as well as single layer P and h-BN.
On the other hand, the thermodynamic stability of single-atom-
embedded- h-BN(BN)/P heterostructures revealed to be depen-
dent on the embedded atom kind; Na, Pd and Pt are exothermic
while rest of Sc, Sn, Ti, Ag, Al, Au, and Fe turn out to be endother-
mic. Thus, the stable Na, Pd and Pt -embedded- h-BN(BN)/P het-
erostructures are focused to evaluate the transition of physical
properties. Remarkably, the single-atom-embedded heterostruc-
ture reveals to have narrower direct band gaps(1.5~1.8 eV) than
pristine h-BN(BN)/P heterostructures(=2.425 €V) by the calcula-
tion with GLLB-sc functional band gap correction. The narrower
band gaps are on the suitable range for optoelectronic application
such as solar energy driven electronic device materials. Thus, one
can consider that the single-atom-embedded h-BN(BN)/P het-
erostructures are potential for optoelectronic materials with the
availability in band gap tuning by controlling its embedding atom.
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Fig. 4 The projected density of states(PDOS) calculated by GLLB-sc functional. Each picture represents the PDOS of (a)Na doped heterostructure,
(b)Pd doped heterostructure, (c)Pt doped heterostructure of "Structure A", and (d)Na doped heterostructure, (e)Pd doped heterostructure, (f)Pt doped
heterostructure of "Structure B", respectively. Note that showing B, P and N atom are neighboring to doped atom.
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