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Two-dimensional (2D) anisotropic semiconductors, such as black phosphorene, show strong potential
in ultrascaled metal-oxide-semiconductor field-effect transistors (MOSFETS) as the anisotropic electronic
structure is highly beneficial in boosting the device performance at sub-10-nm gate length regime.
Metallic graphenelike borophene can be halogenated to form a stable monolayer family of BsX4
(X=F, Cl, and Br) whose highly anisotropic semiconducting electronic structures suggest a potential
in ultrascaled MOSFET applications. Here, we computationally explore the quantum transport properties
of B4 X4 monolayers as high-performance (HP) 5-nm MOSFETSs. The HP ON-state current of the n-type 5-
nm monolayer B4 X4 MOSFETSs can reach over 3000 pA/um at 5-nm gate length regime, thus fulfilling the
ITRS requirement of HP devices. Of note, by analyzing the physical relationship between the anisotropic
electronic structures (transport effective mass m,, and density of states mpos), we show that large elec-
tronic anisotropy does not immediately guarantee high performance. An overly large m,, or mpos would
suppress the saturation current and lead to limited HP ON-state current of monolayer B4 X4, thus revealing a
balance between the effective masses is needed when designing 2D semiconductor MOSFETs. This work
provides insights and design guidelines for the development of next-generation nanoelectronic devices

based on the exceptional transport properties of 2D anisotropic channel materials.
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I. INTRODUCTION

The continuous shrinking of silicon-based metal-oxide-
semiconductor field-effect transistors (MOSFETSs) below
10-nm gate length is tremendously challenging due to the
inherent physical limits of silicon [1,2]. Two-dimensional
(2D) semiconductors are attractive candidates for future
logic devices benefitting from their atomic-thickness and
dangling-bond-free surfaces, which can circumvent the
short-channel effect that plagues most bulk semiconduc-
tors [3—5]. Numerous MOSFETs based on 2D semicon-
ductors have been investigated recently, including 2D
MoS; [6,7], InSe [8,9], and Bi,0,Se [10]. Interestingly,
2D semiconductors with anisotropic electronic structures,
such as black phosphorene [11,12], 2D group VA-VA
monolayers [13—15], and niobium oxyhalides [16—19],
tend to exhibit considerably higher ON-state currents [20—
22], and thus are promising for nanoelectronic device
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applications. The anisotropic electronic  structure
signifies that the band dispersion around valence-band
maximum (VBM) and conduction-band minimum (CBM)
are anisotropic along different in-plane directions. Black
phosphorene is a particularly attractive electronically
anisotropic 2D semiconductor channel material. Black
phosphorene MOSFETs can achieve a high ON-state cur-
rent (approximately 4000 pA/um) and fast switching speed
even when the channel length is shortened below 10 nm
[12,23]. The practicality of black phosphorene in device
applications is, however, severely impeded by its chem-
ical instability under ambient condition [24]. The search
for stable and anisotropic 2D semiconductors beyond black
phsophorene remains an open quest thus far.

2D borophene, a monolayer composed dominantly of
boron atoms, represents another emerging 2D family in
which a large variety of distinctive allotropes are avail-
able due to the diverse bonding configurations of boron
[25-30]. Among the numerous allotropes of borophene,
the existence of graphenelike borophene has been
intensively studied [31]. Free-standing graphenelike
borophene with only three valence electrons cannot form

© 2024 American Physical Society
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a large 7 bond to stabilize the atomic structure. Neverthe-
less, such graphenelike borophene can be well stabilized
using functional groups such as H, F, and O to provide
excess electrons [32—35]. Experimentally, hydrogenated
boride sheets are successfully prepared based on exfoli-
ation and ion-exchange processes [36,37]. Additionally,
surface halogenation can effectively open a sizable band
gap in such graphenelike borophene (i.e., B4F4, B4Cls, and
B4Bry) [32,38]. The stability of halogenated borophene
is substantially improved as compared to the pristine
graphenelike borophene. Of note, halogenated borophene
exhibits an anisotropic electronic structure, which is pos-
sible to obtain a high ON current for nanoelectronics [32].
It is thus of great interest and technological significance to
investigate the potential of the halogenated borophene as
a channel material in ultrascaled MOSFETs and to under-
stand the relationship between their anisotropic electronic
structures and the performance limit.

In this work, we computationally study the trans-
port properties of 5-nm gate-length n- and p-type high-
performance (HP) MOSFETs based on monolayer B4X4
with anisotropic electronic structures. The band gaps of
monolayer B4F4, B4Cly, and B4Bry are 0.70, 1.39, and
1.19 eV, respectively. The small band gap of mono-
layer B4F4 could be enlarged by strain engineering,
thus effectively suppressing the OFF-state leakage current
below 0.1 pA/um while boosting the ON-state current to
3140 pA/um. Significantly, our analysis reveals a physical
relationship between the anisotropic electronic structures
and the HP ON-state current. Here overly large transport
effective mass m,;, and density of states mpos lead to a
reduced carrier injection velocity and small saturation cur-
rent, thus severely restricting the ON-state current. Our
findings provide useful insights on the design guidelines
of optimal 2D semiconducting channel materials and shed
light on the underlying transport mechanisms that are ben-
eficial for improving device performance, thus providing a
key step towards the development of HP MOSFET device
technology beyond the silicon era.

II. COMPUTATIONAL METHODS

All structural optimization and electronic structure
calculations are performed by density-functional theory
(DFT). Perdew-Burke-Ernzerhof (PBE) functional under
generalized gradient approximation (GGA) is used to
describe the exchange-correlation function [39]. A 38-
A vacuum space is included to eliminate the interaction
between the periodic layers. The Brillouin zone is sam-
pled using 30 x 30 x 1 Monkhorst-Pack & points [40].
The quantum transport is simulated by using a method of
DFT combined with the nonequilibrium Green’s function
(NEGF) [41]. The drain current /4 is calculated based on

the Landauer-Bittiker formula [42,43]
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where T(E), fs_4, and us_4 are the transmission func-
tion, the Fermi-Dirac distribution functions for the source
and drain, and the electrochemical potentials of the source
and drain, respectively. The cutoff energy is 80 hartree.
The simulated temperature is 300 K. All calculations are
performed in the QuantumATK package [44].

III. RESULTS AND DISCUSSION

Top and side views of monolayer B4 X4 geometric struc-
ture are shown in Fig. 1(a), which is obtained by the
surface halogenation of graphenelike borophene. For com-
parison, the optimized graphenelike borophene is shown
in Fig. S1 within the Supplemental Material [64] with the
lattice constant of 2.95 A, which is in good agreement
with the result of the literature [32]. The surface halogena-
tion of graphenelike borophene induces the partial B—B
bond breaking, accompanied by the space-group symme-
try changing from Cmmm to P6/mmm. Thus, the isotropic
atomic structure becomes anisotropic. The B atoms are
still in the same plane but sandwiched between two lay-
ers of X atoms, arranged in a square lattice. The lattice
constants of @ and b are summarized in Table SI within the
Supplemental Material [64], which are consistent with the
results of previously reported works [32,38]. The stability
of monolayer B4 Xy is attributed to the formation of three-
center two-electron (3c—2¢) bond (B—X—2B bonds), as
shown in Fig. 1(b). The B—B covalent bonds are the clas-
sical two-center two-electron (2c—2e) bond. In addition,
we further compute the phonon dispersion of monolayer
B4X4 as shown in Fig. S2 within the Supplemental Mate-
rial [64]. No imaginary modes are observed in the first
Brillouin zone for all monolayer B4X4, indicating their
dynamic stability.

The electronic band structures of monolayer B4 X, are
calculated along the high-symmetry path in the orthogonal
Brillouin zone, as shown in Figs. 1(c)-1(f). The band gap
is opened as a result of the surface halogenation and the
band gaps of monolayer B4F,4, B4Cls, and B4Bry4 are 0.70,
1.39, and 1.19 eV, respectively. The VBM and CBM are
both located at the I" point, leading to the direct band gap.
Monolayer B4Cl, has the maximum band gap among them,
which can be explained by the projected density of states
(PDOS). As plotted in the PDOS of Figs. 1(d)-1(f), the
VBM of monolayer B4X4 is dominated by the p, orbitals
of the B atom and the p, orbitals of the halogen atom.
However, the B-p, orbitals play a leading role for the
VBM of monolayer B4F4, while the F-p, orbitals con-
tribute to a lesser degree to the VBM. The PDOS near
the VBM further confirms that the in-plane bonding states
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FIG. 1.
of states (PDOS) of monolayer B4 Xj.

are fully filled after surface halogenation, resulting in the
stable monolayer B4X, structure [32,45,46]. The partial
charge density distribution of the VBM in Fig. S3 within
the Supplemental Material [64] clearly reveals the in-plane
bonding states including B-p, orbitals and X-p, orbitals.
The CBM of monolayer B4X4 is mainly dominated by the
B-p, orbitals. In addition, the CBM is also composed of the
sp hybridization from the s orbitals and p, orbitals of the
halogen atom.

To gain insight on the energy-dispersion relationship
near the VBM and CBM, we highlight the band dispersion
and effective mass along the x and y directions of mono-
layer B4X4 in Fig. 2. The band dispersion near the CBM
along the x direction is weaker than that along the y direc-
tion [see Fig. 2(a)], corresponding to the heavy m, and light
m, [see Fig. 2(b)]. For the VBM, the energy dispersion
along the x direction is stronger [Fig. 2(d)], corresponding
to the lighter m, in Fig. 2(e). The band dispersion along the
y direction is weaker, and the corresponding m, is heavier.
In addition, both the m, and m, of monolayer B4X4 deter-
mines the density of states (DOS). The DOS of channel
materials has a significant impact on the carrier injection
and ON-state current of MOSFETs [47,48]. In order to
quantify their DOS for convenient comparison, we define
the effective mass of the DOS as mpos= (m, x m,)'/?, as
shown in Figs. 2(c) and 2(f). The calculated values of the

The (a) atomic structure, (b) 3c—2e bond and 2¢—2e bond, (¢) Brillouin zone, (d)~(f) band structure and projected density

effective mass and mpos can be found in Table SII within
the Supplemental Material [64].

The anisotropic electronic properties of the monolayer
B4X4 crucially influence their quantum transport charac-
teristics in the double-gate MOSFET device configuration.
The device configuration of a monolayer B4 X4 MOSFET
is shown in Fig. 3(a). Monolayer B4X4 is sandwiched
between the dielectric layer of SiO, with the dielectric
constant of 3.9 and the thickness of 0.41 nm. Both the
channel length and gate length are 5 nm without under-
lap structure as shown in Fig. S4 within the Supplemental
Material [64]. The thickness value is adopted from the
International Technology Roadmap for Semiconductors
(ITRS) requirements at the 5-nm channel length [49,50].
The highly doped monolayer B4 X, acts as the source and
drain and the optimal electrode doping is 5 x 1013 cm™2 in
accordance with the HP device requirements of ITRS. The
doping concentration of electrode is possible to be realized
in 2D-layered materials based on several doping strate-
gies, such as electrostatic doping [51,52], surface charge
transfer [53—55], and modulation doping [56,57].

The ON-state current, which can be extracted from the
transfer characteristics curves, is a critical parameter for
the logic switching applications, especially for the HP
devices where a high ON-state current is desirable for
achieving fast operation speed. Figures 3(b)-3(e) show the
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FIG. 2. The (a) band dispersion near the CBM, (b) electron effective mass, and (c) corresponding density of states effective
mass (mpog) for monolayer B4X4. The (d) band dispersion near the VBM, (e) hole effective mass, and (f) corresponding mpos for

monolayer B4Xjy.

transfer characteristic curves of 5-nm gate-length mono-
layer B4X4 MOSFETs. The ON-state current is acquired
at a gate voltage of V; (ON) =V, (OFF) + V44, where Vyq
is the supply voltage and V, (OFF) is the OFF-state volt-
age. According to ITRS requirements for HP devices,
the OFF-state current is set to 0.1 pA/um, as shown in
Figs. 3(b)-3(e). For monolayer B4Cl; and B4Bry, the ON-
state current of the n-type and p-type MOSFETs can
meet the ITRS standard because their suitable band gaps
and appropriate anisotropic effective masses (see Table
SIHI within the Supplemental Material [64]). The ON-
state current of the n-type monolayer B,Cly; and B4Bry
MOSFETs along the y direction reaches up to 3670 and
3180 pA/pm, respectively. However, the ON-state current
of monolayer B4F4 MOSFETS is lower than the ITRS stan-
dard of 900 pA/pm, which is caused by the small band gap
of monolayer B4F,.

To understand how the band gap affects the trans-
port properties and device performance, we calculate the
transfer characteristics of the MOSFETs based on mono-
layer B4F4 under 5% compressive strain along the y axis,
as shown in Fig. S5 within the Supplemental Material
[64]. Applying 5% compressive strain along the y axis of
monolayer B4F, yields a suitable band gap of 1.19 eV,
with the invariable anisotropy of the effective masses.
The electrode doping concentration of monolayer strained-
B4F; MOSFETs is also 5 x 10" ecm™2. As shown in Fig.
S5 within the Supplemental Material [64], the source-to-
drain leakage tunneling of monolayer strained-BsF4 MOS-
FETs is significantly weakened, and the leakage current is
greatly reduced. Such leakage current reduction originates
from the increased band gap of monolayer strained B4Fj.

Position-resolved local density of states (PLDOS) further
demonstrates the transmission mechanism of leakage cur-
rent reduction, as shown in Figs. 3(f) and 3(g). The barrier
height (®p) increases from 0 to 0.15 eV when the band
gap increases, effectively preventing electron tunneling
and thus inhibiting leakage current. According to the fixed
Iorr and Vg of the ITRS HP requirements, the attainable
ON-state current of monolayer strained-BsF4 MOSFETs
also increases significantly, as shown in Fig. 3(h). The
ON-state current of n-type y-directed MOSFETSs increases
from 600 to 3140 pA/pm (see Tables SIII and SIV within
the Supplemental Material [64]).

Subthreshold swing (SS) is another key figure of merit
for evaluating the gate electrostatic control capability of a
logic device. SS is defined as the gate voltage required to
change the current by a factor of 10 [58],

o,
~ dlogly

)

A smaller SS corresponds to a better gating efficiency [59].
The SS of monolayer B4F4 MOSFETs is reduced after
increasing the band gap [see Fig. 3(i)]. The SS of the n-
type MOSFET along the y direction decreases dramatically
from 141 to 81 mV/dec, thus suggesting strain engineer-
ing as an effective approach to improve the switching
characteristics of the MOSFET.

The performances of monolayer B4 X4 MOSFETSs are
expected to be sensitively influenced by the band gaps
and effective mass values. We further elucidate how such
factors can affect the device performance in Fig. 4. The
saturation current /g, is the upper limit of the current of
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MOSFETs. In the case of ballistic transport, /g, is propor-
tional to the carrier injection velocity viy; from the source
[13,60]. Here, the vi,; can be expressed as

N, 1/2
Vipf X ——
mpos X iy

3)

where Ny is the surface carrier concentration. Equation
(3) shows that the saturation current /g, is proportional to
(mpos x my)~'/2. The saturation current /g of monolayer
B4X4; MOSFETs is extracted from the I-J curve, which
is the highest current. We calculate (mpos x m;;)~"/? of
monolayer B4X4 MOSFETs, where m,, is the effective
mass parallel to the transmission direction. An excellent
linear relationship between the /¢ and (mpos x m;/)~"/? is
shown in Fig. 4(a). Notably, Fig. 4(a) reveals that 2D semi-
conductors with overly large mpos or m,, are undesirable
for MOSFET applications due to the limited magnitude of
the ON-state current. Additionally, the excellent linear rela-
tionship between the /g, and (mpos x m, /)’1/ 2 in Fig. 4(a)
is independent of the different band gaps of monolayer
B4X4. Therefore, we can find that the size of the band gap
has minimal influence on /.

In order to investigate how the anisotropy of the effec-
tive mass affects the ON-state current, we display the rela-
tionship between the ON-state current, the parallel effective

mass m,, and the vertical effective mass m; of mono-
layer B4X4. The vertical effective mass m is the effective
mass vertical to the transmission direction. As shown in
Fig. 4(b), for monolayer B4X4 with larger m,, or m,
the ON-state current is reduced. For example, monolayer
strained B4F, with a large y-directional hole effective
mass of 1.8 myg has a relatively low ON-state current
of approximately 1500 pA/um. Conversely, the ON-state
current of the n-type B4X4 MOSFETs along the y direc-
tion is relatively higher due to their relatively smaller
m,; values (0.255-0.519 my) and appropriate m values
(0.684-0.896 my). Such behaviors highlight a key channel
material selection rule for 2D-semiconductor-based tran-
sistor applications: a greater degree of anisotropy does
not necessarily correspond to a better device performance.
Instead, a better performance requires a smaller parallel
effective mass while the vertical effective mass cannot be
overly large.

We further calculate the relationship between the SS and
the band-gap value £, as well as the parallel effective mass
m,, of monolayer B4X4 MOSFETs, as shown in Fig. S6
within the Supplemental Material [64]. Unlike the satura-
tion current, the magnitude of the SS is affected by £,. An
excessively small value of the band gap (such as 0.70 eV
for monolayer B4F,4) suffer from a large leakage current,
and thus degrade SS and the gainable ON-state current for a
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fixed I opF and Vy4 [61]. In relevance to this, the monolayer
strained B4F,4, B4Cly, and B4Bry benefit from the appro-
priate magnitudes of the band gaps and effective masses,
thus achieving small SS and sizable ON-state current that
can meet the ITRS requirements for HP devices. The SS of
monolayer strained B4F,4, B4Cly, and B4Br4 can be found
in Fig. 5(a).

Finally, we characterize the delay time (t) and the
power-delay product (PDP), which are two other metrics
for accessing the operation speed and the energy consump-
tion of a transistor in Fig. 5(b). The delay time corresponds
to the upper limit of the switching speed in the logic circuit,
which is defined as [22,62]

_ Qon — Qorr
- T 5

Ion

T

“)

where Qon and Qorf represent the charge in the channel
in the ON and OFF states, respectively. The PDP represents
the power dissipation of a single switching system and is

expressed as

PDP = (Qon — Qorr) X Vgs. ®)

If the T and PDP are lower, the device performance is
better. We calculate the r and PDP of the monolayer
B4X4 MOSFETs, as summarized in Table SV within the
Supplemental Material [64]. The t and PDP of all mono-
layer strained B4F4, B4Cly, and B4Bry MOSFETs meet
the ITRS requirements for HP devices (7 <0.423 ps,
PDP < 0.24 fJ/um), thus unraveling their strong poten-
tial in ultrascaled MOSFET device technology beyond the
silicon era.

Furthermore, it is noted that the PBE functional adopted
in this work usually underestimates the band gap. The
band-gap underestimation of monolayer B4Fs induces
the source-to-drain leakage tunneling and thus obvious
degrade of SS and Ign. While for monolayer B4Cly
and B4Bry, the underestimated band gaps are larger than
1.10 eV. The SS of 5-nm gate-length monolayer B4Cly
and B4Br; MOSFETs are close to the theoretical limit
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FIG. 5.

to the ITRS HP device standard.
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of 60 mV/dec [59]. Therefore, the band-gap underesti-
mation should have little impact on their device perfor-
mances. Additionally, the device simulations in this work
neglect several problems in actual device such as phonon
scattering and contact resistance, which will reduce the
high /oN of monolayer B4 X4 MOSFETs. The mean free
paths of monolayer B4X4 are calculated to be larger than
9 nm for electrons and holes, indicating the ballistic trans-
port in 5-nm gate-length monolayer B4X4; MOSFETSs with
phonon scattering neglected. A Schottky contact with
metal-induced gap states (MIGS) and Fermi-level pinning
always brings high contact resistance and thus degrades the
Ion severely. It is highly desirable to search a suitable elec-
trode to achieve an Ohmic contact with monolayer B4X4.
Compared with metals, semimetals could suppress MIGS
to reduce contact resistance [63]. Further investigations on
the contact between semimetals and monolayer B4 X4 are
interesting and necessary.

IV. CONCLUSIONS

In summary, we computationally assess the quantum
transport properties of monolayer B4X4 by DFT coupled
with NEGF method. Monolayer B4Cly and B4Bry, MOS-
FETs with 5-nm channel length show a high ON-state
current due to the suitable band gap and anisotropic elec-
tronic structure. However, the ON-state current of 5-nm
monolayer B4F4 MOSFETs is lower than the HP standard
of ITRS because of the small band gap (0.70 eV). By strain
engineering, the HP ON-state current of the n-type 5-nm
monolayer B4F4, MOSFET can be increased from 600 to
3140 pA/pum. Furthermore, we identify the relationship
between the anisotropic electronic structures and device
performances. The electronic anisotropy does not guaran-
tee a high ON-state current. Instead, an intricate balance
between the m;, or m, is needed to ensure good per-
formance. Particularly, the effective mass is overly large,
the saturation current can be undesirably suppressed, thus
limiting the ON-state current. Our findings reveal the enor-
mous potential of monolayer B4F,4, B4Cly, and B4Bry in
5-nm channel-length nanoelectronic devices, and shall pro-
vide guidance for the identification of excellent 2D channel
materials for HP ultrascaled electronic devices.
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