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ABSTRACT: The two-dimensional network of boron atoms (boro-
phene) has attracted attention for its ultralow molar mass and remarkable
polymorphism. Synthesized polymorphs of borophene (striped, β12, χ3,
and honeycomb), so far, are all found to be metallic. Employing a genetic
algorithm-based structure searching technique, here we discover an
allotrope, clustered-P1, which is located very close to the global energy
minimum. Clustered-P1 exhibits a bulk silicon-like band gap (1.08 eV)
with symmetric effective masses (∼0.2 m0) for electrons and holes along
the transport direction. Phonon dispersion and beyond room-temperature
ab initio molecular dynamics studies further confirm its excellent dynamic
and structural stability. Since two-dimensional semiconductors are
promising silicon alternatives for complementary metal-oxide semi-
conductor (CMOS) technology extension, we further investigate the
characteristics of clustered-P1-based transistors using self-consistent quantum transport models for channel lengths of 10−3 nm. The
performance of these devices has been found to be balanced for p- and n-type transistors and meets the requirements of the
International Roadmap for Devices and Systems (IRDS). Our study may aid in the experimental realization of the lightest high-
performance transistor.
KEYWORDS: 2D materials, borophene, genetic algorithm, density functional theory, molecular dynamics, quantum transport, transistors

■ INTRODUCTION
The chemical bonding between boron atoms is more complex
than between carbon atoms since boron is located to the left of
carbon in the periodic table and thus possesses a shorter
covalent radius. Unlike carbon, which favors a two-dimensional
(2D) layered structure (graphite) in its bulk form, B12
icosahedral cages are the building blocks in bulk boron and
many other boron compounds.1 As a result, though the
possibility of a 2D atomic network of boron (borophene) was
predicted computationally in 2007,2 its experimental realiza-
tion happened only in 2015.3 Again, in contrast to graphene, in
this study and successive experiments,4 2D networks of boron
atoms are found in different polymorphs. Interestingly, all of
these polymorphs (striped, β12, χ3, and honeycomb)3−5 are
found to be metallic, whereas bulk boron is semiconducting in
nature. Therefore, the search for a semiconducting 2D phase of
boron has become a natural scientific quest. Meanwhile, a large
variety of borophenes have been predicted computationally,
some of which can even host tilted-Dirac Fermion6,7 and
magnetic order.8 The ultralow molar mass and metallic nature
of borophene have prompted a wide range of electrochemical
applications, e.g., alkali-metal-ion batteries, hydrogen storage,
supercapacitor, and catalytic reaction.9,10

Since the performance of ultrascaled silicon-based transistors
has reached its bottleneck,11 the exploration of two-dimen-

sional (2D) materials, which promise to deliver ultimate
electrostatic integrity, has become necessary in the semi-
conductor industry as a replacement for silicon.12 To date,
more than a dozen 2D semiconductors (e.g., germanane,13

phosphorene,14 tellurene,15 etc.) have been explored exper-
imentally for transistor channel applications. However, the 2D
material space is infinite, and experimental efforts can cover
only a small fraction of it. With the advances of computational
science and technology, in silico discovery of appropriate
transistor materials has gained popularity in exploring this
gigantic material space.16,17 Discovery of a semiconducting
phase of borophene, with a silicon-like band gap yet lower
effective mass, with good thermodynamic, structural, and
dynamic stability is thus important for the practical application
of borophene as a transistor channel. Semiconducting phases
of borophene reported in recent studies18,19 exhibit small band
gaps and, therefore, may not be good options for transistor
channels.
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Table 1. Comparison of Noteworthy Borophene Allotropes

polymorph Etot‑PBE(eV/atom) Etot‑HSE(eV/atom) Eg‑PBE (eV) Eg‑HSE (eV) a (Å) b (Å) t (Å) α (deg) β (deg) γ (deg)
α −6.306 −6.943 metal metal 4.47 4.47 0 90 90 81.92
χ3 −6.270 −6.900 metal metal 4.46 4.46 0 90 90 37.92
β12 −6.259 −6.905 metal metal 5.07 2.93 0 90 90 90
striped −6.212 −6.849 metal metal 1.61 2.87 0.9 90 90 90
sliced −6.365 −7.043 metal metal 3.18 2.84 3.06 90 90 116.57
8-Pmmn −6.352 −7.027 semimetal semimetal 3.26 4.52 2.19 90 90 90
clustered-P1 −6.300 −6.973 0.543 1.084 3.17 4.49 2.52 90 90 93.94
B8-1* −6.207 −6.857 0.210 0.591
B12-1* −6.208 −6.860 0.560 0.880
B12-2* −6.186 −6.832 0.539 0.776

Figure 1. Structure of clustered-P1 borophene. (a) Top and (b, c) side views of CP1 borophene, along with its charge density. The Bader charges
are mentioned for each atom in the top view (a). (d) First Brillouin zone and symmetry points of the CP1 phase. The dotted lines represent the
unit cell boundary. The charge density has been calculated with HSE.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c20055
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsami.2c20055?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20055?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20055?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20055?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In this work, using a genetic algorithm-based structure
searching technique, we discover a new allotrope of 2D boron,
which we name clustered-P1 (CP1). This new allotrope is
found to be located very close (0.07 eV/atom higher) to the
global minimum of the energy surface, which signifies good
thermodynamic stability. CP1 borophene exhibits a band gap
of 1.08 eV, which is very similar to that of bulk silicon, but it
inherits lower and symmetric effective masses (∼0.2 m0) for
electrons and holes along the transport direction. Additional
evidence of its outstanding dynamic and structural stability
comes from studies of phonon dispersion and beyond room-
temperature ab initio molecular dynamics. We further
investigate the characteristics of CP1-based transistors using
self-consistent quantum transport models, which were absent
in previous studies.18,19 Performance of these devices has been
found to meet the requirements of the International Roadmap
for Devices and Systems (IRDS). Even a 3 nm channel device
is shown to deliver a 104 ON−OFF current ratio. Our research
could help with the experimental development of the lightest,
high-performance transistor made of any 2D material yet.

■ RESULTS AND DISCUSSION
Discovery of Clustered-P1 Borophene. We begin the

study with a first-principles-based search of the 2D boron space
using an evolutionary algorithm.6,20−24 Similar studies have
previously discovered novel borophene phases hosting Dirac
fermions6 and low to moderate band gaps.18 However, the
total energies of the semiconducting phases are much higher
than the global minimum, which signifies the low thermody-
namic stability of the predicted semiconducting allotropes. Our
evolutionary algorithm-powered structure searching yields a
unique semiconducting borophene phase, not reported
previously, which also exhibits a total energy close to the
global minimum of all borophene phases. Fine details of the
structure searching process can be found in the Methods
section.
The total energies, band gaps, and structural parameters of

some noteworthy borophene allotropes found in our search are
listed in Table 1. The 2D space is defined in such a way that it
does not allow polymorphs thicker than 3 Å to survive, and this
definition was effective in finding all major experimentally
synthesized and computationally predicted phases. A general
trend of thicker borophenes being significantly more stable
than their flat (zero-thickness) or nearly flat counterparts is
observed. Among the flat or near-flat polymorphs, our search
expectedly finds the α phase to be the most stable.2,25 Also, the
experimentally synthesized flat χ3 and β12 phases and nearly flat
striped phases are found.3,4 However, the search is unable to
find the experimentally synthesized honeycomb borophene
phase since its freestanding form is extremely unstable
compared to the other low-energy phases mentioned in
Table 1.5,24 It is also well known that this phase can only
stabilize after adsorbing a significant amount of charge from its
substrate.24 The allotrope at the global energy minimum
expectedly turns out to be a 3 Å thick slice of bulk boron,
which we call sliced borophene. The top and side views of this
structure are shown in Figure S1, while its crystal structure
information is provided in Table S1. We also found the famous
semimetallic 8-Pmmn borophene, which hosts a tilted-Dirac
cone in its band structure, and we note that it is extremely
close (0.016 eV/atom higher according to Heyd−Scuseria−
Ernzerhof (HSE) hybrid exchange-correlation (XC) func-
tional) to the global minimum in terms of total energy.

Energetically a little higher (0.07 eV/atom according to HSE
XC), we find the semiconducting clustered-P1 (CP1) phase.
We also tabulate the three most stable semiconducting phases
(marked by *) found by Zhang et al.18 with their total energies
and band gaps. It is evident that the CP1 phase is far more
energetically stable than these three phases, and it also boasts a
significantly higher band gap, similar to that of bulk silicon.
Electronic Structure and Stability of CP1 Borophene.

The crystal structure information of the CP1 phase is given in
Table S2, while its top and side views, along with the charge
densities and Bader charges, are depicted in Figure 1a−c. The
CP1 borophene exists in a near-rectangular unit cell, where the
angle between the in-plane lattice vectors is 93.94°, making it
technically a triclinic P1 cell. Clear boron clustering and
intercluster regions can be identified from the crystal structure
(Figures 1a and S2). Also, at the intercluster region, a large
hole can be noticed in the charge density from the top view.
The charges seem to be mostly spread around the bonds rather
than the atoms, indicating the presence of highly covalent
bonds in the material. However, a closer look reveals that the
four clustered boron atoms in the unit cell each show nearest-
neighbor coordination of 5, while the other four intercluster
boron atoms each exhibit larger coordination of 7 (Figure S2).
This is indeed remarkable, considering each boron atom
possesses only three valence electrons. To gain further insights
into the peculiar bonding of CP1 borophene, we apply a
density-derived electrostatic and chemical (DDEC6) charge
partitioning scheme on the HSE-calculated charge density.
This method unveils and adequately quantifies the bond order
of all of the bonds of the material, which is summarized in
Figure S2. The total bond order of each atom, i.e., the sum of
the bond orders of all of the bonds the atom has formed, is
always close to 3. We observe that the interbonding between
the four boron atoms constituting the cluster shows a bond
order of nearly 1. However, all of the other nearest-neighbor
bonds in the material show bond order ≤ 0.56. The bond
order stoops as low as 0.14 for the longest bond of the
intercluster region, which is marked as a hole in the charge
density shown in Figure 1a. The low bond order of these
bonds can be explained by the fact that at least one of the
atoms forming the bond possesses an extremely high
coordination of 7 and therefore contributes much less charge
to each bond when compared to the intracluster region.
Therefore, except for the cluster region, all bonds of the
materials are severely electron-deficient. This multicenter
bonding phenomenon somewhat resembles the well-known
three-center two-electron (3c-2e) bond but can be considered
a more extreme form of electron-deficient bonding, giving rise
to this unique borophene phase. However, the presence of
electron-deficient bonds does not undermine the material’s
stability, as we will show next. The presence of electron-
deficient bonds is also common in other borophene phases as
well, and the ability of boron to form stable electron-deficient
bonds is probably the reason for its rich polymorphism in 2D.
The boron atoms of synthesized borophene phases χ3, β12, and
striped shows nearest-neighbor coordination of 4−6. Interest-
ingly, all of the boron atoms of the honeycomb phase show
coordination of 3, yet the phase is highly thermodynamically
unstable and only stabilizes upon electron adsorption.5,24

Unsurprisingly, the material turns out to be purely
nonmagnetic. The first Brillouin zone (BZ) of the material is
depicted in Figure 1d, where we also highlight the high-
symmetry points of this rather “asymmetric” material. We also
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observed that forcefully making the cell perfectly rectangular
yields an energetically slightly less stable but dynamically quite
unstable phase.
It is well-known that local and semilocal DFT, such as the

one employing Perdew−Burke−Ernzerhof (PBE) XC func-
tional, severely underestimates a material’s band gap compared
to experimental findings. On the other hand, hybrid func-
tionals, especially HSE06, have been demonstrated to predict
band gaps accurately, albeit being computationally extremely
expensive.26 For our purpose, accurate prediction of electronic
properties like band gap and effective mass is essential as these
ultimately decide the electrical properties of the potential
transistor. Therefore, we have calculated the electronic
properties with HSE whenever possible (see Methods for
details).
The HSE-calculated band structure is plotted in Figure 2a.

The band gap is slightly indirect, and both valence band
maximum (VBM) and conduction band minimum (CBM) are
situated closer to the X point on the line joining the Γ and the
X point. The total and orbital-resolved density of states is

plotted in Figure S3. Strong hybridization between the s and p
orbitals is observed, with the pz orbital contributing most states
near the VBM and CBM. The PBE-calculated phonon band
structure is plotted in Figure 2b. The phonon spectrum
effectively does not show any imaginary frequencies (except for
an acoustic branch near the Γ point protruding negligibly into
the imaginary region because of well-known numerical
problems), indicating high dynamic stability of the material.
The HSE-calculated contour plots of the valence band and
conduction band are shown in Figure 2c. While the VBM
appears rather elliptical, the CBM appears much more circular.
Confirming this, the HSE-calculated hole effective mass in the
x and y-directions turn out to be mhx = 0.217 m0 and mhy =
0.622 m0, where m0 is the mass of a stationary electron. The
electron effective mass in both directions is found to be me =
0.194m0. It is worth mentioning that while calculating the
effective masses, we assumed the ka and kb vectors to be
orthogonal, while this is not the case in reality (Figure 1d).
The angle between them is 86.03°, which we reasonably
approximate to 90° for the ease of calculations. The in-plane

Figure 2. Electronic structure and stability of clustered-P1 borophene. (a) Electronic and (b) phonon band dispersions. (c) Contour plot of the
valence and conduction band. The VBM and CBM are highlighted with a white dotted ellipse and circle. (d) CP1 structure after spending 20 ps at
350 K. (e) Total energy and temperature variation with time for AIMD. The imaginary frequencies in the phonon spectrum are represented as
negative frequencies.
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dielectric constant is also highly anisotropic, with the PBE-
calculated values kx = 5.19 and ky = 2.74. The HSE-determined
electron affinity of the material is χ = 4.9 eV.
For transistor applications, testing the material’s thermal

stability is essential, as we expect the device to work at room
temperature and beyond and anticipate significant heating
during high-frequency operations. To ensure suitable thermal
stability, we perform ab initio molecular dynamics (AIMD)
simulation where the material is subjected to a 350 K
temperature for 20 ps. Figure 2d shows the top and side views
of the CP1 structure after being exposed to 350 K for 20 ps,
where absolutely no damage or structural changes can be
observed, establishing excellent thermal stability of this
polymorph. Note that despite most of the bonds constituting
the material being highly electron-deficient, they indeed are
capable of a strong cohesion, enough to hold the material
together beyond room temperature firmly. Figure 2e plots the
total energy and temperature over time, and no drifts are
observed in these quantities as well. Supporting Video shows
the trajectory of the atoms during the AIMD simulation.
It is possible to predict the ideal synthesis conditions of

borophenes using computational techniques like DFT, MD, or
Monte Carlo (MC) simulations, but these studies can be
extremely expensive.27−29 An accurate prediction of the exact
synthesis conditions for CP1 borophene is out of the scope of
this work and can be taken up as a separate follow-up study.
There is, however, a valuable hint about the type of substrate

to be used for the possible synthesis of this phase. Like other
synthesized borophenes, CP1 exhibits electron-deficient bonds.
Although the honeycomb borophene theoretically houses
electron-content bonds, the material requires outside electrons
to stabilize, and it has only been synthesized on an active
electron-donating Al(111) surface.5 Judging by this trend, we
expect the CP1 borophene phase to require relatively passive
substrates, such as Ag/Au(111), to be synthesized on, with the
metal surface providing the necessary passivation for the
hybridized bonds.27

Quantum Transport Modeling of the CP1 Borophene
Transistor. Having explored CP1 borophene’s material
properties thoroughly, we identify this material as ideal for
application in next-generation metal-oxide-semiconductor
field-effect transistors (MOSFETs). The silicon-like band gap
but lower effective masses suggest that the devices made from
CP1 borophene can exhibit high ON current with fast
switching.
The combined DFT-NEGF (non-equilibrium Green’s

function)-based methodology, such as the one implemented
in the QuantumATK package,30 has become prominent for
exploring 2D material-based transistor characteristics.31−34

However, this methodology can become computationally
prohibitively expensive when employed with hybrid functionals
such as HSE. Apart from that, the Brillouin zone of clustered-
P1 borophene, shown in Figure 1d, is not orthogonal, and
QuantumATK is not adaptable to such crystal structures.

Figure 3. Device schematic and transfer characteristics. (a) Schematic of the cross-sectional (x−z plane) view of the simulated MOSFET. The
channel is undoped, whereas the source and drain regions (shaded) are uniformly doped. Transfer characteristics (ID − VG) of (b) n-type and (c)
p-type MOSFETs at a drain bias of |VD| = 0.65 V for LCH = 10−3 nm.
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Therefore, the DFT-NEGF-based methodology is not fit for
our study. From the electronic band structure (Figure 2a), we
do not observe any degeneracy at conduction or valence band
extrema. The CBM exhibits isotropic dispersion; however, at
the VBM, the dispersion is anisotropic. The material possesses
a large band gap (1.08 eV), and thus for carrier transport
through n- or p-type MOSFETs, we do not expect any
interaction between conduction and valence bands. Keeping
these distinct features of the electronic structure in mind, we
have chosen a single band effective mass Hamiltonian
separately for n- and p-type MOSFETs as

E k k E
k

m

k

m
( , )

2x y
x

x

y

y
C(V)

2 2

e(h)

2

e(h)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
= ± +±

(1)

where E+ and E− are electron and hole dispersions,
respectively. EC(V) represents conduction (valence) band
extrema. me(h)x and me(h)y, respectively, stand for the electron
(hole) effective masses along the x- and y-directions of the
device. We have considered x as the transport direction, which
in the case of p-type MOSFET, is aligned toward the direction
of lower hole effective mass. A schematic of the cross-sectional
view of the simulated MOSFET is shown in Figure 3a. First,
we discretize the Hamiltonian (1), and then it is fed to the
NEGF transport equations, which are solved along with
Poisson’s equations through a self-consistent loop. We have
performed the Poisson-NEGF calculations according to the
methodology explained in the work of Brahma et al.35 First, the
electron (hole) correlation function Gn(p)(ky,E±) is calculated
as

G k E G k E G k E( , ) ( , ) ( , )y y y
n(p)

n(p)=± ±
†

± (2)

where G(ky,E±) is called the retarded Green’s function, which
is calculated using the discretized Hamiltonian. We obtain
∑n(p) from in-scattering self-energies due to source and drain
contacts. Next, we calculate the carrier density as follows

n p M
S

G k E E
( ) 2

1
( , )

d
2q

k
q q yv ,
n(p)

y

=
+

±
(3)

with S = Ly × Δx, where Δx denotes the discretization step
along the x-direction and Ly indicates the length of the device
in the y-direction. We calculate the current density flowing
along the x-direction as follows

J M ie
L

H G k E

H G k E
E

2 ( , )

( , )
d
2

q q
k y

q q q q y

q q q q y

, 1
n(p)

v

2

, 1 1,
n(p)

1, , 1
n(p)

y

= [

]

+

+
+ + ±

+ + ± (4)

The value of Ly is taken to be 150 nm, and we have included
n = 30 uniformly spaced transversal wave vectors, ky,n = 2πn/Ly,
in the computation to satisfy the Born−von Karman periodic
boundary conditions in the y-direction of the device. It is

assumed that the carrier transport is ballistic, and external
metal electrodes form an efficient Ohmic contact with
monolayer CP1 borophene. To incorporate spin degeneracy,
we have multiplied the whole quantity by a factor of two. In
(3) and (4), valley degeneracy (Mv) is equal to 2 for both
conduction and valence band extrema, which can be seen in
Figure 2c. The self-consistent Poisson-NEGF solver has been
accelerated with GPU.17

Simulated MOSFET Characteristics. In this section, we
explore the device performance of n- and p-type monolayer
CP1 borophene MOSFET. For the simulation, we set the
device parameters based on the HP (high-performance)
specifications from the 2020 edition of the International
Roadmap for Devices and Systems (IRDS) for the year 2028.
The source and drain extension regions are uniformly doped
(∼1 × 1013/cm2), and their lengths (LS and LD) are taken to
be 30 nm. However, the channel is undoped, and its length
(LCH) is the same as the gate length. To investigate the scaling
behavior of the transistors, LCH is considered as 10, 7, 5, and 3
nm, where ballistic transport is usually dominant. We set the
effective oxide thickness (EOT) and the supply bias (VDD)
value to 0.5 nm and 0.65 V, respectively. The thickness of the
channel (tCH) is considered equal to the thickness of the
monolayer CP1 borophene (2.52 Å) from DFT calculations.
The gate work function has been adjusted so that the OFF-
state current (IOFF) at zero VG becomes 10 nA/μm.
Transfer characteristics of n- and p-type MOSFETs for

various channel lengths are shown in Figure 3b,c, respectively.
The important figures of merit, such as ON-state current
(ION), power delay product (PDP), intrinsic switching delay
time (τ), and subthreshold swing (SS) are listed in Table 2.
ON current (ION) is defined as the drain current evaluated at
VG = VD = VDD, where VD is the drain bias. One of the key
figures of merit, subthreshold swing (SS), is defined as the
required gate bias to change the subthreshold drain current by
one decade, and it should be less than 75 mV/dec as per IRDS
requirements.
Nonconvergence of the Poisson-NEGF loop at a higher

current value is a well-known problem,36 and we faced this for
LCH = 10 nm devices. The open circles in Figure 3b,c represent
the data points where simulations did not converge, and we
had to resort to extrapolation. By comparing the behavior of n-
and p-type devices, we see that even with the same device
configurations, the latter gives a slightly higher ION than the
former. This originates from the fact that carrier injection is
predominantly over the barrier at the ON state and the higher
density of states of holes, which possess higher effective mass
in the y-direction (mey = 0.1935 m0 and mhy = 0.622 m0). Such
nearly symmetric (balanced mode) operation of n and p
transistors is a very important criterion for complementary
metal-oxide semiconductor (CMOS) circuit performance.
We have further studied the energy-resolved current

spectrum superimposed on the band edge profile of devices
at the OFF state to understand the quantum transport process

Table 2. Figures of Merit of Clustered-P1 Borophene MOSFETs

parameter n-MOSFET p-MOSFET

LCH (nm) 10 7 5 3 10 7 5 3
ION(mA/μm) 2.16 1.68 1.05 0.47 2.35 1.71 1.23 0.52
PDP (aJ/μm) 121 95 74 126 97 75
τ (fs) 111 140 243 114 121 222
SS (mV/dec) 67 77 88 93 67 80 87 92
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(Figure 4). At the OFF state, primarily carriers are thermioni-
cally emitted from the source to the channel over the source-
to-channel barrier. However, as we scale down LCH, a
considerable amount of drain current (ID) flows under the
barrier. This under-the-barrier current component originated
due to the quantum mechanical tunneling directly from the
source to the drain (shown in Figure S4), leading to the
degradation of SS and, hence, ION for ultrashort channel
devices. In Figure 4a,b, it is clearly visible that the peak of the
current spectrum is aligned with the top-of-the barrier for LCH
= 10 nm, which then gets split into two for LCH = 7 nm,
depicting the increase in tunneling current by a considerable
percentage. For LCH = 3 nm, severe source-to-drain tunneling
occurs, and the current flows far below the top of the source-
to-channel barrier. The effective mass responsible for quantum
mechanical tunneling is me(h)x and it is almost equal for
electrons and holes (mex = 0.1935 m0 and mhx = 0.217 m0) in

this material. As a result, the behavior of current flow and
subthreshold slopes are almost similar in n- and p-type
MOSFETs (shown in Figure 4a,b, respectively). We have also
calculated an average ON-state carrier injection velocity (vinj)
at the top-of-the-barrier location (as defined by Klinkert et
al.16). For n- and p-type devices, the values of vinj are 1.43 ×
107 and 1.38 × 107 cm/s, which are close to the IRDS target
value (1.46 × 107 cm/s).
Benchmarking Against IRDS and Other 2D Materials.

We benchmark the performance of all CP1 borophene devices
against the IRDS HP requirements and other 2D material-
based devices in terms of ON-state current (ION), intrinsic
switching delay time (τ), and power delay product (PDP). It
can be seen in Figure 5a that for 10 and 7 nm channel lengths,
ION is comparable to the IRDS target value (1.979 mA/μm).
However, ION is relatively lower than the target for 5 and 3 nm
channel lengths due to direct source-to-drain tunneling. For 3

Figure 4. Device characteristics at the OFF state. Energy-resolved current spectrum (JD) superimposed on (a) conduction band edge profile of n-
type and (b) valence band edge profile of p-type MOSFET for LCH = 10, 7, and 3 nm. Here, we use the same color code as Figure 3b,c for the
corresponding channel lengths.

Figure 5. Performance evaluation of n- and p-type transistors. Performance is evaluated (a) in terms of ON-state current (ION). The ION for n- and
p-type clustered-P1 borophene MOSFET is nicely balanced, especially for LCH = 7 and 3 nm, (b) in the PDP-τ plane against other reported 2D
material-based transistors. The superscripts “AC” and “ZZ,” respectively, denote the transport direction of transistors along armchair and zigzag
directions. Lg indicates the gate length. The superscripts “x” and “y” represent that the transport directions of the device are along the x- and y-
directions. The same color code has been used as Figure 3b,c for the corresponding channel lengths of CP1 borophene MOSFET.
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nm devices, the ON-to-OFF current ratio is observed to be
more than 4 decades, which is remarkable. As most of the 2D
material-based transistors in the literature are simulated with
relaxed OFF current criteria (IOFF = 100 nA/μm), we are able
to compare our results with only a few other studies.17,31−34

The ION for CP1 borophene MOSFETs is well balanced
compared to the transistors based on monolayer β-TeO2 and
SiP; however, the 12 nm monolayer GeC-based transistor
shows comparatively balanced ION. On the other hand, for LCH
= 5 nm, ION of CP1 borophene MOSFET is more nicely
balanced than that of Zr−Zr−C−O−O and Ti−Zr−C−O−O
Schottky barrier transistors. The switching speed of the
transistor is evaluated by intrinsic switching delay time, τ =
(QON − QOFF)/ION, where QON and QOFF are the overall
mobile charge along the length of the device at ON and OFF
states. The power delay product (PDP), calculated as PDP =
VD (QON − QOFF), indicates the energy required to switch the
transistor. The PDP versus τ plot is shown in Figure 5b. The
values of PDP and τ, reported in Table 2, are much lower
compared to the IRDS specifications (PDP = 1.003 fJ/μm and
τ = 0.78 ps). With decreasing channel length, PDP gradually
decreases while τ increases. The PDP and τ of LCH = 7 nm
CP1 borophene MOSFET are comparable to n-type 10 nm SiP
and 12 nm GeC-based transistors. However, the p-type of
GeC-FET possesses a very high value. For 9.8 to 5.2 nm, with
decreasing channel length, the n-type β-TeO2

y transistor shows
an opposite trend of τ as compared to our results. With a
further decrease in channel length to 4 nm, the trend of τ is the
same as our results. However, the reported values of PDP and
τ of the 4 nm n-type β-TeO2

y transistor are much less than
those of 3 nm n- and p-type CP1 borophene MOSFET. It is
worth mentioning that the transfer characteristics of ultrascaled
(≤ 5 nm) devices highly depend on the doping concentration
at the source and drain. As shown in Figure S5, higher doping
leads to increased source-to-drain tunneling current and hence
degradation in SS and ION. Therefore, the performance of
ultrascaled transistors could be further improved by tuning the
doping concentration appropriately.
It should be noted that the high contact resistance, which

originates from the Schottky nature of the interface between
the 2D material and the external metallic circuits, has appeared
as the key obstacle for realizing high-performance transistors
based on 2D materials. The lack of practical and scalable
doping technology for 2D materials has added more difficulties
to this problem. In this study, however, we have assumed that
the external metal electrodes form an efficient Ohmic contact
with monolayer CP1 borophene. Phase engineering37 and
recently proposed functional engineering17 of 2D materials
could be viable options, which naturally offer a metal−metal,
low-resistive interface with outside metal wirings. The concept
of a phase-engineered borophene transistor, which was
proposed earlier by Zhang et al.18 can also be explored with
CP1 borophene. However, we find that among all synthesized
metallic polymorphs, only striped borophene possesses a work
function (5.56 eV HSE) that can build a Schottky barrier with
CP1. Unfortunately, the barrier height is found to be quite
large (0.66 eV), which makes the transistor very difficult to
switch ON. At the same time, the significant mismatch of
lattice constants between the striped and CP1 phases may
bring an additional challenge in the experimental realization of
such phase-engineered transistors. Other metallic phases may
be explored to design high-performance phase-engineered
transistors with CP1.

■ CONCLUSIONS
To conclude, in this study, using evolutionary structure
searching, we discovered the clustered-P1 borophene phase,
which, in addition to excellent stability, shows ideal material
properties for nano transistor applications. Using this allotrope,
we propose the possibly lightest conventional MOSFET
architecture and simulate its quantum transport properties.
By comparing with technology roadmap specifications, we
predict that the device is capable of delivering high-
performance characteristics even with technology downscaling.

■ METHODS
DFT Calculations. Primary DFT calculations of this work are

carried out using the generalized gradient approximation (GGA) as
implemented in the code Vienna Ab initio Simulation Package
(VASP)38−41 with the Projector-Augmented-Wave (PAW)42 method
using the PBE43 exchange-correlation functional. As discussed before,
to address the band gap problem,26 the band gaps, effective masses,
and work functions of all allotropes are determined using the hybrid
HSE06 functional.44 The VASP-supplied B:2s22p1 pseudopotential
has been used throughout. A sufficiently large cutoff energy of 520 eV
is used to avoid Pulay stress. For all structural relaxations, a Γ-
centered k-points grid of 1

a b
45 45> × × is used to sample the BZ,

where a and b are the lattice parameters of the particular cell in Å. A
similar k-mesh with a 1

a b
75 75> × × grid is employed for all static

runs, including the HSE ones. Electronic convergence is set to be
attained when the difference in energy of successive electronic steps
becomes less than 10−6 eV, whereas the structural geometry is
optimized until the maximum Hellmann−Feynman force on every
atom falls below 0.01 eV/Å. A large vacuum space of >25 Å in the
vertical direction is applied to avoid any spurious interaction between
periodically repeated layers. All crystal structures are visualized using
the tool VESTA.45 The phonon dispersion spectrum was calculated
using density functional perturbation theory (DFPT) as implemented
in VASP through the code Phonopy46 with a 2 × 2 × 1 supercell.
Note that here we adopt a combined PBE-HSE workflow to strike a

reasonable balance between accuracy and computational efficiency.
Properties like structural parameters, dielectric functions, and phonon
spectrum require extensive multiple-point calculations, which have
not been done at the HSE level. Usually, the PBE prediction is
considered accurate enough for these properties.47 The HSE
calculations have been performed only in those cases where a
single-point calculation suffices.
The charge partitioning schemes have been applied to the HSE-

derived charge density of CP1 borophene. Bader charge analysis was
performed using the code developed by the Henkelman group.48−51

The DDEC6 charge analysis was performed using the Chargemol
program (version 3.5) developed by Manz and Limas.52−54

Structure Searching. In the 2D limit, a search for the most stable
borophene structures is performed using the USPEX code6,8,20−23

interfaced with VASP, based on an evolutionary algorithm developed
by Oganov, Glass, Lyakhov, and Zhu and featuring local optimization,
real-space representation, and flexible physically motivated variation
operators. Each generated structure’s number of atoms is kept
between 1 and 10. To keep the systems within the 2D limit, all
structures are generated with a 0 Å thickness. At the same time,
USPEX allows only the structures with a thickness ≤3 Å to remain in
contention after a full relaxation, assigning thicker structures a very
high positive energy to discourage their generation. This thickness
constraint is an extremely crucial parameter and had to be determined
empirically from several test runs. One hundred symmetry-con-
strained random structures are generated for the initial population. In
comparison, all subsequent generations contained a population of 100
structures, but with 50% random and 50% inherited structures
produced by applying various sophisticated genetic operations on the
previous generation’s best systems. The search was continued until
either 50 generations are completed, or 25 consecutive generations
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produce the same results, and it stopped after a total of 37
generations, triggering the latter condition. A 5-fold gradual tightening
of DFT parameters is used for this search, the last step following the
abovementioned stringent DFT parameters.
AIMD Simulations. For the AIMD simulation of CP1 borophene,

a 192-atom supercell was constructed for minimal temperature
fluctuations. A canonical ensemble (NVT) is used with a 2 fs
timestep, and a Nose-́Hoover thermostat55,56 is employed with a Γ-
point-only k-points sampling for the intermediate DFT calculations.
The structure was first heated from 0 to 350 K in 2 ps using velocity
scaling with an intermediate microcanonical ensemble and sub-
sequently kept at a constant temperature of 350 K for 20 ps.
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