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First-principles calculations of monolayer hexagonal boron nitride: Possibility of superconductivity
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Based on density-functional first-principles calculations and the Wannier interpolation technique, we have
investigated the electron-phonon coupling (EPC) in hole-doped monolayer hexagonal boron nitride (h-BN). We
align the Fermi level to a Van Hove singularity by 0.4 holes/cell doping, the largest hole concentration that can
be realized in monolayer h-BN. Under this doping level, the EPC for free-standing monolayer h-BN is weak.
However, biaxial tensile strain can enhance the EPC significantly. We predict that monolayer h-BN can become a
phonon-mediated superconductor by the synergic effects of hole doping and biaxial tensile strain, with transition

temperature exceeding 40 K.

DOLI: 10.1103/PhysRevB.101.134518

I. INTRODUCTION

Inducing superconductivity in two-dimensional (2D) films,
especially in graphene, has triggered a huge surge of re-
search interest. Through the proximity effect, supercurrent
was observed in graphene contacted by two closely spaced
superconducting electrodes [1]. A mean-field phase diagram
for superconductivity in graphene was derived by Uchoa and
coworker. They suggested that the pairing interaction in metal
coated graphene is likely mediated by a screened acoustic
plasmon of the metal [2]. The EPC in graphene decorated
by Li and Ca atoms was determined by density-functional
first-principles calculations. It was predicted that the out-of-
place carbon phonons become more active in monolayer than
in the bulk phase, giving rise to phonon-mediated supercon-
ductivity in monolayer LiCg with the transition temperature
T. being 8.1 K [3]. Afterwards, the emergence of supercon-
ductivity at 7.4 K in Li-intercalated few-layer-graphene was
confirmed [4]. The modulation of EPC in graphene under
heavy electron/hole doping and biaxial tensile strain (BTS)
was theoretically investigated. A high 7, of about 31.6 K was
anticipated in hole-doped graphene with the BTS being 16.5%
[5]. Recently, Cao et al. reported that bilayer graphene with a
small twist angle of about 1.1° is in a correlated insulating
state. Further applying electrostatic doping, superconductiv-
ity occurs at 1.7 K in bilayer graphene, which behaves in
analogy with cuprates [6,7]. This discovery may shed light
on understanding the unconventional mechanism of high-7;
superconductivity.

Hexagonal boron nitride (h-BN), the structural and isoelec-
tric analog of graphite, is an insulator with a large energy
gap of about 6 eV [8,9]. Due to its outstanding proper-
ties, h-BN has a wide range of applications, for example,
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as deep ultraviolet emitter [8,10], x-ray lithography mask
[11], wear-resistant lubricant [12], dielectric layer [13], mem-
brane for strong oxidation resistance [14], and inorganic filler
[15]. Particularly, h-BN is an excellent supporting substrate
for graphene nanodevices [16—18] because of its atomically
smooth surface, free of dangling bonds, small lattice mis-
match, and the ability to engineer the electronic structure
of graphene. It was demonstrated that the mobilities and
carrier inhomogeneities of graphene devices on h-BN sub-
strates are nearly an order of magnitude better than those
on SiO, substrates [16]. Monolayer h-BN, often referred as
white graphene, can be prepared by chemical vapor deposition
(CVD) of borazine (B3N3Hjg) or borazane (H; BNH3) on metal
foils [19-21]. Utilizing the weak van der Waals interaction
between adjacent layers, exfoliation of h-BN is a feasible
way to produce BN nanosheets, such as through microme-
chanical cleavage [22], functionalization using lipophilic and
hydrophilic amine molecules [23], and sonication [24].

Due to the insulating nature, extra carriers must be added
first to drive h-BN sheets into a potential superconducting
state. Recently, Shimada ef al. introduced electron doping
in bilayer h-BN by Li intercalation. The computed EPC
was suggested to bring about a 7, of 25 K for phonon-
mediated superconductivity [25]. In sharp contrast with the
weak EPC in Li-intercalated bilayer graphene, the formation
of interlayer boron-boron bonds is crucial to enhance the EPC
in Li-intercalated bilayer h-BN [25]. However, the strength
of EPC in doped monolayer h-BN remains unclear. Very
recently, Moriyama et al. constructed a h-BN/nontwisted
bilayer graphene/h-BN Moiré superlattice, with a small an-
gle near zero between one of the two h-BN sheets and
the bilayer graphene [26]. A superconducting dome with
the highest critical temperature of 14 K was observed upon
in situ electrostatic doping [26]. This indicates that the inter-
facial interaction between h-BN sheets and bilayer graphene
plays an essential role to pair electrons, and the twist angle
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in bilayer graphene is not necessary. Moreover, monolayer
h-BN is always employed as a fundamental building block to
fabricate 2D heterostructures [27], thus it is very interesting
to know whether monolayer h-BN can become a high-T;
superconductor under specific modulation, like graphene [5].

In this work, we have systematically investigated the
EPC and phonon-mediated superconductivity in hole-doped
monolayer h-BN, based on density-functional first-principles
calculations and Wannier interpolation. The Fermi level is
adjusted to match a Van Hove singularity by 0.4 holes/cell
doping. This is also the upper limit of hole concentration that
can be accessed in monolayer h-BN. Significant imaginary
phonon modes emerge under excess doping. We find that the
EPC is quite weak in monolayer h-BN under 0.4 holes/cell
doping, and no superconductivity transition occurs. But BTS
can dramatically enhance the EPC resulting from softened
phonon modes and enlarged density of states (DOS) at the
Fermi level. Particularly, the EPC for hole-doped monolayer
h-BN under the largest BTS is 2.75, about twice that of hole-
doped graphene, leading to a superconducting 7. of 41.6 K.
The structure of the superconducting energy gap is further
determined by solving the anisotropic Eliashberg equations.
We reveal that hole-doped monolayer h-BN under BTS is
a single-gap s-wave high-T. superconductor, with a slight
anisotropy.

II. METHODS

In our calculations, the first-principles package QUANTUM-
ESPRESSO was adopted [28]. A vacuum layer of 15 A was
inserted in the slab model to avoid the coupling between
adjacent BN sheets along the ¢ axis. Hole doping is sim-
ulated by removing a certain amount of electrons from the
system and adding a compensating background of uniform
negative charges. We calculated the electronic states and
phonon perturbation potentials [29] by using the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
formula [30] and the optimized norm-conserving Vanderbilt
pseudopotentials [31]. After the convergence test, the kinetic-
energy cutoff and the charge-density cutoff were chosen
to be 80 and 320 Ry, respectively. The charge densities
were calculated on an unshifted mesh of 48 x 48 x 1 points
in combination with a Methfessel-Paxton smearing [32] of
0.02 Ry. The dynamical matrices and the perturbation po-
tentials were computed on a I'-centered 12 x 12 x 1 mesh,
within the framework of density-functional perturbation
theory [33].

We used four functions as initial guess to construct the
maximally localized Wannier functions (MLWFs) [34,35] of
monolayer h-BN. Among them, one is the p, orbital of
nitrogen, and the other three are o-like states localized in
the middle of boron-nitrogen bonds. After optimization, these
MLWFs exhibit excellent localization in space. Specifically,
the average spatial spread of these four MLWFs in strain-free
monolayer h-BN is just about 0.71 A2. Fine electron (480 x
480 x 1) and phonon (120 x 120 x 1) grids were used to
interpolate the EPC constant through the WANNIER90 and
EPW codes [36,37]. The Dirac § functions for electrons and
phonons were smeared out by a Gaussian function with the
widths of 20 and 0.5 meV, respectively.
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FIG. 1. Electronic structure for undoped monolayer h-BN:
(a) band structure, (b) total DOS. The energy of the valance-band
maximum is set to zero. The blue dashed line corresponds to a Van
Hove singularity.

The isotropic Eliashberg spectral function o> F (w) reads
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Here N(0) is the DOS of electrons at the Fermi level. Ny
and Ny represent the total numbers of k and q points in the
fine k and q mesh. g’ll(f"qv is an EPC matrix element. (n, m)
and v denote the indices of energy bands and phonon mode,
respectively. g and €, are the eigenvalues of the Kohn-
Sham orbitals with respect to the Fermi level. wg, is the
phonon frequency. The EPC constant A was determined by
[38,39]
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The coupling constant A4, measures the contribution to EPC
from a given phonon mode qv:

_ 2 L m (2 n m
= N O, %; R

The superconducting transition temperature is determined by
the McMillian-Allen-Dynes formula [39],

Wlog —1.04(1 4+ 1)
ex ;
1.2 A1 —=0.62u*) — u*

in which p* is the Coulomb pseudopotential, and wjog is the

logarithmic average frequency. When A > 1.3, the correction
to Eq. (4) was made accordingly [39].

c =

“

III. RESULTS AND DISCUSSIONS

Figure 1 shows the band structure and total DOS for
free-standing pristine monolayer h-BN. A direct energy band
gap of about 4.7 eV can be found [Fig. 1(a)]. Close to
the gap, there is a Van Hove singularity at —0.88 eV, as
highlighted by the blue dashed line [Fig. 1(b)]. The reason
to choose hole doping is that the valance band consists of
bonding states, while the conduction band is contributed by
antibonding states. Bonding states are more sensitive to lattice
vibrations than the antibonding ones. Thus hole doping is
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FIG. 2. Electronic structure for monolayer h-BN with 0.4
holes/cell doping: (a) band structure, (b) orbital-resolved density of
states. The widths of the red and green lines represent the weights
of N-p. and sp’-hybridized o orbital at the given Bloch states,
respectively. The Fermi level is set to zero. The empty energy bands
are not shown.

propitious to electron pairing. This is just the underlying
physics in graphene, whereas the EPC of hole-doped graphene
is always larger than in the electron-doped case [5]. Since
superconductivity can benefit from a high DOS, we shift the
Fermi level to approach the Van Hove singularity marked by
the blue dashed line. As a result, about 0.4 electrons/cell
should be removed from the system after integrating the DOS.

Figure 2 shows the band structure and projected DOS
of monolayer h-BN under a doping level of 0.4 holes/cell.
According to the orbital-resolved band structure, the partially
occupied energy band is composed of N-p, orbitals. As the
valance-band maximum for undoped h-BN is at the K point
[40], hole doping will result in a Fermi surface surrounding
the K point [see Fig. 7(a)]. The other three bands are sp*-
hybridized o -bonding bands. If the o -bonding bands can cross
the Fermi level, the EPC of monolayer h-BN will be pro-
moted remarkably, as is the case for MgB, [41,42] and hole-
doped LiBC [43,44]. We have tried to increase the doping
concentration to 2.0 holes/cell; however, the N-p_-associated
band and the o-bonding bands are gapped by 0.47 eV. As a
consequence, N-p,-associated band is totally empty, and the
o-bonding bands remain nonconductive.

Figure 3 shows the phonon spectrum, phonon DOS F(w),
Eliashberg spectral function o?F (w), and accumulated A(w)
for 0.4 holes/cell doped monolayer h-BN. All phonon modes
have nonimaginary frequencies [Fig. 3(a)]. But the lowest
acoustic-phonon mode near the I" points has obvious soften-
ing. Further increasing the doping density to 0.5 holes/cell,
we find that the softened modes become imaginary. The peak
of F(w) locates at 160 meV, owing to the weak dispersion of
high-frequency optical modes [Fig. 3(b)]. The optical modes
at the I" point are identified to be E’ and A7, respectively. The
E’ modes only involve the 2D in-plane movements of boron
and nitrogen atoms [see the inset of Fig. 3(a)]. Near the I
point, both E” modes and acoustic modes have strong coupling
with electrons, indicating that the phonon linewidths for the
E’ modes are larger than that of the acoustic modes. The main
peak of a’F (w) surrounding 160 meV originates from two
factors, i.e., the high-frequency strongly coupled £’ modes
and the structure of F'(w). The calculated EPC constant A and
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FIG. 3. Lattice dynamics of monolayer h-BN with 0.4 holes/cell
doping: (a) phonon spectrum, with a color representation of Aq,. The
phonon displacement for one of the E’ modes is shown as the inset.
(b) Phonon DOS F(w), Eliashberg spectral function «®F (w), and
accumulated A(w). The accumulated A(w) is computed by using the
formula 2 [i* La?F («')de'. The graduation of F(w) is omitted for
clarity.

wiog are 0.18 and 96.24 meV (see Table I), respectively. Such
an EPC is too weak to pair electrons. As a result, free-standing
monolayer h-BN is not superconducting.

Applying BTS to thin films is an effective method to raise
T. [5,45,46]. The reasons are twofold according to Eq. (3).
First, BTS can weaken the atomic force constant, leading to
softened phonon modes. Second, the overlap between atomic
orbitals is reduced. The width of energy bands becomes
narrower and the DOS at the Fermi level is enlarged. Based on
this picture, we further investigate the modulation of EPC in
monolayer h-BN versus BTS, defined by € = (a — ag)/ag %
100%. Here ay and a are the in-plane lattice constants for
free-standing (ag = 2.507 A in our calculation) and strained
cases, respectively. Figure 4 shows the phonon spectra under
different BTS. The phonons exhibit gradual softening. Al-
though there is a soft acoustic phonon mode in the equilibrium
case [Fig. 3(a)], this mode does not become imaginary under
the studied BTS. Interestingly, the frequency of the A5 mode
at the I" point is almost unaffected by BTS (see Table I and
Fig. 4).

TABLE 1. The calculated N(0), frequencies of E’ (wg) and A)
(way) modes, EPC properties, and superconducting 7, for mono-
layer h-BN under BTS. @y, and (w?) can be computed through
expl[? [ %“a’F(w)Inw] and % [ dwa*F (w)o. The T, is determined
with the McMillian-Allen-Dynes formula by setting p to 0.1. The
units for BTS, doping, N(0), frequency, and T, are %, holes/cell,
states spin~' eV~! cell™!, meV, and K, respectively.

€ Doping N(0)  wg Wxy Oog (w?) A T,

0.0 0.4 0.50 169.03 97.80 96.24 128.89 0.18 0.0
5.0 0.4 0.58 13697 99.12 69.62 99.69 0.26 0.1
100 04 0.68 109.29 97.48 51.67 7420 040 24
150 04 0.79 84.55 9353 2729 4442 094 199
160 04 0.81 79.87 9250 2091 3652 1.35 28.0
170 04 0.84 7526 9140 11.54 2504 277 334
17.5 0.4 0.85 7346 90.58 1490 2498 275 41.6
17.5 0.5 1.01 7642 90.44 1994 30.78 1.88 38.6
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FIG. 4. Phonon spectra weighted by A4, under typical BTS.

Figure 5 shows the Eliashberg spectral functions in strained
cases. As expected, the peaks of a>F () are red shifted. And
the low-frequency proportion becomes important. Especially
for BTS = 17.5%, the largest BTS that can be imposed
on monolayer h-BN, the EPC constant A is dramatically
enhanced to 2.75, about twice that of hole-doped graphene
[5]. The superconducting 7, is calculated to be 41.6 K, also
higher than hole-doped graphene and Li-intercalated bilayer
h-BN. In comparison with 17%, the tiny decrease in A for
BTS of 17.5% still leads to a higher 7.. This is ascribed to
the narrowed peak of «?F (w) near 15 meV [Fig. 5], resulting
in an amplified wog (see Table I). The abnormal increase of
o?F (w) at about 108 meV under BTS of 10% can be attributed
to the dispersionless behavior of A” mode along the I'-M and
I'-K lines [Fig. 4(b)]. This causes a very sharp F'(») around
108 meV (Fig. 6). We must mention that undoped monolayer
h-BN is unstable under 17.5% BTS (please see the Appendix
for details).

It is known that the McMillian-Allen-Dynes formula un-
derestimates 7, when the anisotropy of the Fermi surface is
strong [46,47]. Therefore, we solve the anisotropic Eliashberg
equations [47-49] self-consistently to examine the anisotropy
of the Fermi surface and superconducting gaps. The

—e=5% —IS=16%
7 L —e=10% —e=17% i
—e=15% €=17.5%

oczF(oa)

0&24

0 60 120
® (meV)

FIG. 5. Eliashberg spectral function a’F (w) for 0.4 holes/cell-
doped monolayer h-BN under various BTS.
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FIG. 6. Phonon density of states F(w) for 0.4 holes/cell-doped
monolayer h-BN under various BTS.

truncated frequency w. for the sum over Matsubara fre-
quencies is selected as 1.0 eV, about 11 times that of the
highest phonon frequency of 17.5%-strained monolayer h-
BN. Two meshes, 360 x 360 x 1 and 120 x 120 x 1, are
employed for electrons and phonons, respectively. Figure 7(a)
shows the Fermi surface weighted by momentum-resolved
EPC strength X, suggesting that the Fermi-surface electronic
states have a slightly anisotropic contribution to EPC. The
distribution of the superconducting gap on the Fermi surface
at 5 K is shown in Fig. 7(b). The symmetry is clearly s
wave. From our calculation, the anisotropy ratio of the su-
perconducting gap, A®™°, defined by (A™ — AMIN)/ANe —
(10.68 — 8.34)/9.28 = 25.2% [Fig. 7(d)]. This means that
the anisotropy of the superconducting gap on the Fermi sur-
face is not strong and confirms the validity of predicting 7
through the McMillian-Allen-Dynes formula. Compared with

A, (meV)
0.0 m— == 0.0

1Lofo S I X N
< <
505} 1505t g

[l 1 00 [ 1
0'00 2 4 3 6 9 12 15
7\-nk Ank(meV)

FIG. 7. (a) The momentum-resolved EPC strength X, for each
electronic state nk on the Fermi surface. A, is computed through
> Ak, mK', 0)8(€,u0)/N(0) [48]. (b) Distribution of the super-
conducting gap A,k on the Fermi surface at 5 K. For convenience,
these two figures were drawn in the reciprocal unit cell. (¢) Normal-
ized density of A,x. (d) Normalized density of A .
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the multi-orbital superconductivity of MgB, [47,48], the weak
anisotropy can be attributed to the fact that the Fermi-surface
states are mostly from a single orbital, i.e., N-p,.

IV. DISCUSSION

To realize the highest 7. of monolayer h-BN, a rather
large charge density (n5p) of 5.3 x 10'* cm~? is needed. In
recent years, electric double-layer transistors (EDLTs) have
been widely employed for attaining ultrahigh-density car-
rier accumulation, with polymer electrolytes or ionic liquids
being the gate dielectrics [50-56]. The liquid electrolyte
forms an electric double layer at the solid-liquid interface,
with typical thickness of 0.3-0.5 nm. Due to the ultrathin
layer, extremely high capacitance and charge-carrier density
can be achieved at the liquid-solid interface. Based on this
technique, gate-induced superconductivity has been observed
in SrTiO; [57-59], KTaO3 [60], quasi-2D layered ZrNCI
[61], transition-metal dichalcogenides [62—64], and cuprates
[65-67]. Utilizing a ZnO field-effect transistor gated by elec-
tric double layers of the ionic liquid DEME-TFSI, it was
found that the charge accumulation can reach an ultrahigh
carrier density of 8 x 10'* cm™2 at 220 K and maintain a
density of 5.5 x 10" cm~2 at 1.8 K [68]. By using a novel
polymer electrolyte solution, n;p as high as 3.5 x 10'5 cm™2
can be injected into gold films to induce large relative varia-
tions in the film resistance [69]. Hence, the reported n,p can
indeed satisfy the condition required by high-7, monolayer
h-BN. Besides liquid gating, solid-electrolyte gating is an-
other promising method. For example, lithium-ion-based solid
electrolytes can be used to modulate the electronic properties
of ferromagnetic oxide thin film [70], graphene [71], and
FeSe thin flakes [72]. Recently, Zhao et al. explored the
performance of sodium-ion-based solid electrolyte and found
that n,p can reach a hole density of 3.0 x 10" cm~2 and an
electron density of 5.0 x 10'* cm~2 [73], comparable to these
obtained through liquid gating.

Since the doping concentration of 0.4 holes/cell is quite
high, we also examine the stability of 0.4 holes/cell-doped
monolayer h-BN against vacancy-type defects. In the calcula-
tion, we adopt a 4 x 4 supercell, meanwhile keeping the same
doping density as in the 1 x 1 cell. The atomic positions are
fully relaxed to minimize the total energy after removing one
boron or one nitrogen atom. Combined with the energies for
«-B1, and molecular nitrogen, we find that the disadvantage
in energy for a boron (nitrogen) vacancy is equal to 11.1 eV
(4.6 eV). This suggests that the emergence of a vacancy-type
defect is unfavorable.

It is noteworthy that the highest doping level constrained
by the condition of dynamical stability in strain-free mono-
layer h-BN is 0.4 holes/cell. However, this critical value may
vary in the strained case. For example, the phonons exhibit
obvious hardening when we increase the doping concentration
from 0.4 to 0.5 holes/cell for 17.5%-strained monolayer h-
BN. Consequently, the imaginary phonon frequencies dis-
appear. This means that monolayer h-BN is stable under
0.5 holes/cell doping and BTS of 17.5%. But the hardened
phonons slightly suppress the superconductivity, with 7, re-
duced by 3 K (see Table I).

V. CONCLUSION

In summary, we present the first-principles calculations of
electronic structure and EPC in monolayer h-BN under hole
doping and BTS. The EPC strength is accurately determined
based on the state-of-the-art Wannier interpolation technique.
Since the T, for conventional superconductors strongly relies
on the DOS at the Fermi level, we adjust the Fermi level to
match a Van Hove singularity through 0.4 holes/cell doping.
This is also the largest hole density that can be afforded by
monolayer h-BN. However, the EPC is too weak to make
electron pairing in free-standing monolayer h-BN. We fur-
ther find that applying BTS can raise the 7. significantly,
with the highest 7, being about 41.6 K. This effect can be
rationalized in terms of softened phonon modes and enlarged
DOS at the Fermi level. Through solving the anisotropic
Eliashberg equations, we reveal that the superconducting gap
is of s-wave symmetry, with a slight anisotropy. Our solid
calculations prove theoretically that a well-known insulator
monolayer h-BN can become a high-7,. superconductor via
electron-phonon mechanism. Our findings are important for
constructing nanosuperconducting devices, as monolayer h-
BN is a vital constituent part of heterostructures.
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APPENDIX: THE STABILITY OF MONOLAYER h-BN
WITH BTS BEING 17.5%

From our calculations, undoped monolayer h-BN cannot
afford BTS of 17.5%, since the phonon spectrum is unstable

(a) | — ]
soF T i
= | —
2 a0f | .
S 0 //_\
€=17.5%
r M K r
(b) T T T T T T
40t ]
—~ €=17.5%
% 20} ]
g
3 U
_20 1 1 N 1

0.0 0.1 0.2 0.3 0.4 0.5
doping (hole/cell)
FIG. 8. (a) Phonon spectrum for undoped monolayer h-BN under

BTS of 17.5%. (b) Frequency of the lowest acoustic K-point phonon
under different doping concentration.
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[Fig. 8(a)]. The largest imaginary phonon frequency is at
the K point. But this mode is obviously hardened upon the
increase of the hole-doping density. When the doping density

is greater than 0.04 holes/cell, the imaginary mode at the K
point disappears [Fig. 8(b)]. Thus hole-doped h-BN can be
stable against BTS of 17.5%.
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