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Design of nanoscale capacitors based on metallic borophene and insulating boron nitride layers
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In alignment with the efforts on miniaturizing the components of electronic devices with enhanced perfor-
mance, we investigate a dielectric nanocapacitor (DNC) based on metallic borophene electrodes separated with
insulating hexagonal boron nitride (h-BN) monolayers (n = 1–5). The capacitive performance of the proposed
DNC as a function of applied electric field ( �E ) and thickness of the dielectric material is examined by using ab
initio methods. The borophene plates and h-BN monolayers are commensurate and coupled only with van der
Waals interaction, which constitutes an ideal configuration as a DNC. It is found that a single h-BN layer is not
thick enough as a spacer to hinder quantum tunneling effects, and similar to the case with no insulating layer,
borophene electrodes are shorted. Being effective from two h-BN layers, the charge separation on borophene
plates is attained via �E in the vertical direction. The capacitance of the DNC rapidly saturates at �E � 0.1 V/Å
and reaches its maximum value of 0.77 μF/cm2 for n = 2. The capacitance decreases with an increasing number
of insulating layers as the distance between electrodes enlarges and shows a similar trend that is expected from
the classical Helmholtz model. Our results suggest metallic and lightweight borophene and insulating h-BN
monolayers as ideal constituents for the DNC design.
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I. INTRODUCTION

Recent advancements in nanoscience and engineering have
miniaturized the elements of electronic devices with desired
functionalities. In this respect, nanoscale capacitors have been
realized and proposed as new generation charge and energy
storage platforms [1–5]. In addition to having high power den-
sities, nanocapacitors are more durable, have shorter charging
times, and release stored charge faster than traditional ca-
pacitors and batteries [6–8]. These superior features suggest
nanocapacitors as optimal components for diverse applica-
tions [9], and an increasing number of studies has been
intensified in this field [3–5,8,10,11]. Different from electro-
chemical double-layer capacitors (EDLC), recently, dielectric
nanocapacitors (DNCs) have been proposed, and remarkable
progress has been achieved [12]. In the DNCs, instead of
a liquid electrolyte, a solid dielectric is placed between the
metallic plates (electrodes), providing the system more com-
pactness and flexibility [13–15].

Since the size and performances of nanocapacitors are
limited by their active components, in addition to other low-
dimensional systems, two-dimensional (2D) materials have
also been considered as conductive plates. The high surface
area and good electrical conductivity of metallic 2D systems
make them promising electrodes for both EDLC and DNCs.
In this respect, graphene-based DNCs have already been pro-
posed [12,16,17]. In this design, a dielectric material is used
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between the graphene electrodes, and the capacitance can be
controlled with the thickness of the dielectric material (i.e.,
number of layers) without increasing the dimensions of the
structure. On the other hand, unlike a traditional metal elec-
trode, the quantum capacitance of graphene is limited by its
low electronic density of states near the Fermi level [18–20].
This has led researchers to alternative capacitance materials
that are directly taking into account the internal electronic
structure of the electrodes. For instance, silicene has been
suggested as an electrode material, and Yang et al. [16] have
explored the effect of vacancies and dopants on quantum
capacitance. They have shown that the quantum capacitance
of silicene is larger than that of graphene, and it can be further
increased by impurities [16].

In the quest of alternative 2D electrodes, borophene, which
has been realized recently [21,22], can be a proper candidate
[23]. It is stronger and more flexible than graphene, and has
good electronic conductivity and superior ion transport prop-
erties [24–26]. Although 2D boron sheets have been proposed
as an ideal anode material for alkali-ion batteries, borophene-
based nanocapacitors have not been studied yet. In addition,
hexagonal boron nitride (h-BN) multilayers, which are lattice
matched with borophene, are wide band gap insulators and
can serve as a proper dielectric medium between electrodes.
With this motivation, in this paper, we design and characterize
a DNC based on borophene electrodes, which are separated
with insulating h-BN monolayers (n = 1–5). First, a com-
mensurate heterostructure is formed, and optimized structures
of the DNC are obtained up to n = 5. Next, the variation
of layer-dependent energy and excess charge is investigated
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as a function of an applied electric field ( �E ). Finally, the
corresponding capacitance values (per area and per mass) are
calculated considering two different formulations for each
case, and obtained values are compared with the classical
model.

II. METHODOLOGY

We performed first-principles calculations using the Vi-
enna ab initio simulation package [27–30] based on density
functional theory (DFT). A plane-wave basis set with a kinetic
energy cutoff of 550 eV was utilized, and the exchange-
correlation potential was approximated by generalized gra-
dient approximation with the Perdew-Burke-Ernzerhof func-
tional [31]. Atomic positions and lattice constants were
optimized by applying the conjugate gradient method. The
Brillouin zone integration was performed with a 12 × 16 ×
1 k-point mesh using the Monkhorst-Pack method [32]. A
vacuum spacing of 20 Å was set along the perpendicular
direction to the capacitor plane to hinder spurious interac-
tions (see Fig. S1 within the Supplemental Material [33]
for the schematic of supercell thickness, vacuum space, and
distance between electrodes). In the geometrical optimiza-
tion, the maximum Hellmann-Feynman force acting on each
atom was less than 0.005 eV/Å, and the energy convergence
criteria between the two consecutive steps were taken to be
10−7 eV. The DFT-D2 method [34] was used for the van der
Waals (vdW) interactions between weakly bound 2D layers.
The electric field ( �E ) was applied by adding an artificial
dipole sheet in the middle of the vacuum in the unit cell [35].
Due to the plane-wave basis description, this artificial dipole
sheet can overlap with the charge of the layers if appropri-
ate vacuum thickness that avoids the field emission into the
vacuum is not taken into account [36]. The convergence of
vacuum thickness was controlled by the differential charge
density profile as presented in Fig. S3 within the Supplemental
Material [33]. In addition, the data computed at varying vac-
uum spacing is reported in Table S1 within the Supplemental
Material [33]. The charge separation on the electrodes was
investigated by using the Bader charge analysis [37–39] and
the density derived electrostatic and chemical approach [40]
(Fig. S4 within the Supplemental Material [33]).

The energy difference between the total energies of the
system [41] in the presence and absence of �E is given by

EC ( �E ) = ET ( �E ) − ET ( �E = 0). (1)

ET ( �E ) and ET ( �E = 0) are calculated with same parameters
and refer to the same energy reference (and normalized with
respect to the DNC supercell). As the dimensions of the DNC
are within the nanometer scale, the total energies should be
calculated by ab initio methods [41]. This energy difference
corresponds to stored energy (EC) in the DNC only within the
capacitive regime.

The gravimetric capacitance of the system can be
calculated as

CE = (�Q2)

2mEC
, (2)

where �Q is the the excess charge on borophene layers (metal
electrodes) due to the applied electric field [�Q = Q(E �=

FIG. 1. (a) The schematic of the DNC based on borophene and
h-BN monolayers, (b) top and (c) side views of the capacitor model
for four h-BN monolayers. The borophene and h-BN layers are
represented with light blue and green-brown colors.

0) − Q(E = 0)] and m is the total mass of the system in-
cluding B and N atoms. The capacitance value can also be
estimated as

C�V = �Q

m �Vz
, (3)

where Vz is the plane-averaged potential in the vertical direc-
tion and �Vz is the potential difference between electrodes in
the presence of �E (Figs. S5 and S7 within the Supplemental
Material [33]). In addition, the classical Helmholtz expression
CH = κε0(A/md ) (where κ is the calculated dielectric con-
stant of the h-BN layer(s) [42], ε0 is the permittivity of free
space, A is the area of the borophene layer in the unit cell,
and d is the distance between electrodes) is considered for
comparison.

To further test the reliability of the methodology, the ca-
pacitance of the system was also calculated with the OPENMX

code [43] based on pseudoatomic localized basis functions,
and the obtained results are shown in Fig. S8 within the
Supplemental Material [33].

III. RESULTS AND DISCUSSION

To form the DNCs, we consider planar and metallic
polymorphs of borophene (β12) [22,44] as electrodes and in-
sulating h-BN monolayers (n = 1–5) as the dielectric medium
[45]. The schematic of the designed DNC, which has the
lowest energy stacking configuration, is shown in Fig. 1, and
the supercell is illustrated in Fig. S1 within the Supplemental
Material [33]. In this model, 3 × 1 borophene and 2 × 2 h-BN
rectangular supercells are taken to ensure the lattice match.
The calculated lattice constants are a = 8.78 and b = 5.07 Å
for free-standing borophene, a = 8.70 and b = 5.02 Å for
h-BN. Accordingly, these layers are commensurate and form
a stable heterostructure (Fig. S2 within the Supplemental
Material [33]) having a = 8.72 and b = 5.03 Å. The DNC
is relaxed for each configuration (i.e., varying h-BN mono-
layers), but the change in the lattice constants is found to
be negligible. It should be noted that the layers of the DNC
are coupled by vdW interaction and no vertical bond for-
mation is noted even when various initial configurations are
tested.

Next, the electronic band structure of the DNC in the ab-
sence and presence of �E along the z direction is calculated.
The obtained results for the borophene bilayer (without the
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FIG. 2. The projected band structures of the borophene bilayer without an insulating spacer (a) for �E = 0 and (b) �E = 0.5 V/Å, and the
projected band structures of the DNC with two h-BN layers (c) for �E = 0 and (d) �E = 0.5 V/Å.

h-BN monolayer) and for the DNC with two h-BN monolay-
ers at �E = 0 and 0.5 V/Å are shown in Fig. 2. The projected
band structures for n = 2 are presented as an illustration,
and similar results are obtained when n increases. When �E
is applied, a built-in potential (�Vz) accommodates excess
electric charge on the top borophene layer and depletes the
same amount of charge from the bottom layer, preserving
the overall charge neutrality. Borophene bilayers retain their
metallicity even when the band structure is modified upon
applied �E [Figs. 2(a) and 2(b)]. For the DNC with n = 2, due
to the weak coupling between the layers, the characteristics
of borophene and h-BN layers can be recognized separately.
It is clear from Fig. 2(c) that metallic borophene layers have
contributions to the electronic bands around the Fermi level
and a large band gap is noted for the h-BN bilayer. In the
presence of �E , the DNC is still metallic, and dielectric layers
remain insulating. If �E is further increased (i.e., up to the
breakdown voltage), resonant tunneling between borophene
electrodes over the dielectric medium can be realized [46]. In
addition, increasing �E can yield electron field emission into
the vacuum [36,47] due to the computational implementation
of the electric field [35]. The field emission mechanism can be
followed from the differential charge density (Fig. S3 within
the Supplemental Material [33]) along the z direction, which
should not have substantial charge accumulation around the
vacuum region when the electric field is switched on. Accord-
ingly, the electric field range is restricted to �E � 0.6 V/Å at
which the spurious charge escapes into vacuum is very small
and does not influence the obtained results.

To investigate the capacitive response of the DNC, the
variation of the stored energy (EC) and excess charge (�Q) per
DNC supercell as a function of �E are calculated for n = 2–5
(Fig. 3). Interestingly, the total energy difference (Ediff ) in the
presence and absence of an electric field for n = 1 exhibits
the same behavior as the borophene bilayer without a spacer
(n = 0), and it increases rapidly with elevated �E as shown

in the inset of Fig. 3(a). This response can be explained by
the quantum tunneling phenomena where the electric field
causes dielectric breakdown depending on the thickness of
dielectric material such that this regime vanishes with the
increasing number of the h-BN layer. Accordingly, as there
is no capacitive response, it is not meaningful to define stored
energy within this regime. Similar phenomena were also ob-
served at the layered van der Waals 2D heterostructures, i.e.,
h-BN/graphene/h-BN [48] and ZnSe/AlAs [49]. In order to
clarify this effect, the application of an external electric field
can be defined via the bias potential (i.e., Ez = Vb/d , where d
is the distance between borophene plates as shown in Fig. 1).
By the influence of Vb, the charge separation between plates
yields a built-in potential (�Vz) due to the potential drop be-
tween borophene layers (the electric field within the DNC can
be also obtained by considering �Vz). The variation of �Vz is
exactly the same as Vb for the system without the spacer and
a single h-BN layer. In other words, the applied bias potential
induces approximately the same amount of built-in potential,
and this confirms the tunneling effect (Fig S6 within the
Supplemental Material [33]). As expected, with the increas-
ing number of h-BN layers, the alternation of �Vz becomes
incomparable with Vb (and the electric field within the DNC
decreases substantially) indicating the effect of the dielectric
medium. In that sense, meaningful capacitive properties of the
DNC can be estimated for n � 2. As shown in Fig. 3(a), Ec

increases with the magnitude of the electric field and with the
number of layers for n = 2–5.

Figure 3(b) presents the variation of the magnitude of the
stored charge (�Q) in borophene layers as a function of �E . It
is noted that �Q linearly increases with �E and almost inde-
pendent of the number of h-BN monolayers for n = 2–5. The
dielectric medium allows charge separation on the borophene
plates (same amount with an opposite sign) by �E compatible
with the nature of dielectric capacitors. For the borophene
bilayer, �Q is almost zero in the presence of �E , and for
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FIG. 3. (a) Variation of the stored energy Ec and (b) excess charge (�Q) as a function of the external electric field for n = 2–5. Variation
of total energy difference (Ediff ) in the presence and absence of an applied field for n = 0 and 1 is shown as an inset.

n = 1, it slowly increases with �E since the system is shorted
as discussed above.

Finally, the capacitance per area (CE ) is calculated ac-
cording to Eq. (2) as a function of �E for varying n as
shown in Fig. 4(a). CE rapidly saturates for �E � 0.1 V/Å
for all cases and expectedly become independent of the ap-

plied field. The maximum value of CE is obtained for n =
2, and it monotonically decreases with increasing n as the
distance between borophene plates enlarges (converging to
the 1/d trend as shown in Fig. S8 within the Supplemental
Material [33]). CE takes values between 0.77–0.42 μF/cm2

and (0.84–2.75 F/g) for n = 2–5, which is comparable with

FIG. 4. (a) The capacitance (CE ) as a function of applied electric field for n = 1 − 5, (b) the variation of capacitance calculated with two
different definitions (CE and C�V ) and the classical Helmholtz model (CH ) with the number of h-BN layers.
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TABLE I. Number of h-BN layers between the borophene layer n; distance between borophene layers d; total mass of the unit cell m;
dielectric constants of BN layers (taken from Ref. [42]), κ; excess charge on plates �Q; stored energy Ec; plane averaged potential difference
between borophene layers �Vz; capacitance (CE ) per area (A = 43.5 × 10−20 m2) and mass (m); capacitance (C�V ) per mass (m). �Q, Ec, and
�Vz values are evaluated at �E = 0.5 V/Å.

n d (Å) m (kg × 10−22 ) κ �Q (|e| × 10−2) Ec (eV) �Vz (eV) CE (μF/cm2) CE (F/g) C�V (F/g)

0 6.29 5.39 1.00 0.004 7.590 3.15 3.87 × 10−9 1.13 × 10−7 7.08 × 10−3

1 6.33 8.68 3.29 2.79 7.700 3.15 1.86 × 10−3 9.71 × 10−3 1.64
2 9.43 11.98 3.44 12.23 0.362 0.62 × 10−2 0.76 2.75 3.44
3 12.48 15.28 3.52 12.15 0.454 1.30 × 10−2 0.60 1.71 2.03
4 15.54 18.65 3.58 12.13 0.546 2.04 × 10−2 0.49 1.16 1.34
5 18.70 21.94 3.62 12.11 0.639 3.80 × 10−2 0.42 0.84 0.95

the reported capacitance values for graphene-based electrodes
(0.2–0.3 μF/cm2) [20] but lower than that of Au/h-BN/Au
(0.14–8.74 μF/cm2) [50], graphene/h-BN/graphene (5.6–
24.5 F/g) [12], graphyne/h-BN/graphyne (20–40 F/g) [51]
heterostructures, and graphene-based supercapacitors (100–
250 F/g) [52]. The obtained values for pristine borophene
can be further increased with functionalization [53], doping
[20,54–58], and defects or impurities [59]. For n < 2, CE ∼ 0
as the borophene plates are shorted. In addition, the gravi-
metric capacitance is also calculated by considering Eq. (3)
(C�V ) and by the classical Helmholtz expression (CH ) by the
relevant parameters given in Table I. (The dielectric constant
of h-BN monolayers is taken from Ref. [42] and can be es-
timated by using the classical electrostatic energy definition).
The obtained results are qualitatively comparable and show a
similar trend with respect to the number of h-BN layers for
n � 2 as shown in Fig. 4(b). It is noted that the profile of
the DNC converges to a classical capacitor beyond the quan-
tum tunneling regime as the distance between the electrodes
increases. As expected, CH decreases monotonically with n
since the quantum effect for n = 1 (and for the borophene
bilayer without a spacer, i.e., n = 0) cannot be revealed by
a classical approach.

Additionally, the capacitance of the designed heterosystem
is also calculated by using the localized basis set and the
results are shown in Fig. S8 within the Supplemental Material
[33]. These results indicate that the magnitude of the capaci-
tance slightly increases (due to the better description of excess
charge) with respect to the plane-wave approach, however,
they follow the same trend. Moreover, the data obtained with
both of the methodologies converge to capacitance values
estimated with the Helmholtz formula as d increases.

IV. CONCLUSION

To summarize, we designed a DNC based on planar
borophene electrodes and insulating h-BN monolayers and
calculate the capacitive properties of the system with respect

to the thickness of the dielectric medium (i.e., the number of
h-BN layers n). It is found that borophene and h-BN plates are
stable, commensurate, and interact via van der Waals forces,
which form an ideal configuration as a DNC. The applied
electric field along the vertical direction results in charge
separations on borophene electrodes in compliance with the
character of dielectric capacitors. It is found that the single
h-BN layer is not thick enough as an insulating medium to pre-
vent quantum tunneling effects and similar to the borophene
bilayer without a spacer, borophene electrodes are shorted.
For n � 2, stored energy (EC) and excess charge on plates
(�Q) increases with applied �E . Although �Q is nearly in-
dependent of the number of h-BN monolayers, EC increases
with n. The capacitance of the DNC rapidly saturates for �E �
0.1 V/Å and reaches its maximum value of 0.77 μF/cm2

(2.75 F/g) for n = 2, which is comparable with the capac-
itance value of graphene-based nanocapacitors. Capacitance
decreases with increasing insulating layers as the distance
between electrodes enlarges and converges to a similar trend
that is expected from a classical Helmholtz model. The ob-
tained data with the plane-wave approach is further confirmed
with using a localized-basis set, and the same trends are
revealed. Our results indicate that metallic borophene and
insulating h-BN are ideal components of nanocapacitors, and
the proposed DNC model can be utilized in nanoelectronic
applications.
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