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N- and P-type symmetric scaling behavior of monolayer hydrogenated boron arsenide transistors
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High thermal conductivity and ambipolar mobility are highly desirable for semiconductors in electronics
and have been observed in bulk boron arsenide (BAs). In this work, we explore the scaling behavior of a
monolayer hydrogenated BAs field-effect transistor (ML H-BAs FET) by employing ab initio quantum transport
methods. Both the armchair- and zigzag-directed ML H-BAs FETs can well satisfy the requirements of the
International Technology Roadmap for Semiconductors even if the gate length is scaled down to 2 ~ 3 nm for
high-performance applications. The excellent n- and p-type symmetry of bulk BAs is well preserved in the ML
H-BAs FET along with the zigzag direction but is lost in the armchair direction. However, such asymmetry
can be suppressed by applying uniaxial compressive strain owing to the broken valence band degeneracy. Our
findings provide important theoretical insights into transport symmetry and the scaling behavior of ML H-BAs

FETs.
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I. INTRODUCTION

Complementary metal-oxide-semiconductor (CMOS) is a
key component of integrated circuits (ICs) owing to low static
power consumption, high noise immunity, and a large output
voltage swing [1,2]. Both high electron mobility (u.) and
hole mobility () are desired for semiconductor channel
materials to ensure effective logical operation of CMOS ICs
[3]. Downscaling the transistors and improving the integra-
tion level is the driving force to promote the development of
CMOS ICs [4]. However, the corresponding heat generated
per unit volume in CMOS ICs rapidly increases, degrading
device operation and energy efficiency [5,6]. Using semicon-
ductor channel materials with high thermal conductivity can
effectively dissipate heat and extend the lifetime of transistors
[6,7]. Therefore, it is highly desirable to search for a kind of
semiconductor with simultaneously high ambipolar mobility
and high thermal conductivity.

Nowadays, bulk boron arsenide (BAs) have been veri-
fied as the only known semiconductor with this combination
of those properties [3,8]. Bulk BAs exhibits an extremely
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high ambipolar mobility of 1600cm? V~!s~! and ultrahigh
thermal conductivity of 1200 Wm~! K~! [3,8]. One question
arises naturally: what is the scaling limit of the BAs field-
effect transistors (FETs) and can the BAs FETs maintain
good symmetry of n— and p-type FETs with the downscal-
ing gate length? The gate controllability can be characterized
by the natural length (A o /%e) [1,4], and A decreases with
decreasing channel thickness 7. Therefore, reducing 7., has
been considered an effective method to enhance gate control
and extend the scaling limit [1,4,9]. As the limiting form of
BAs, monolayer hydrogenated BAs (ML H-BAs) has been
predicted to be dynamically stable [10,11]. Simulating the ML
H-BAs FETs is expected to reach the ultimate scaling limit of
BAs FETs.

In this work, we predict the transport properties of ML H-
BAs FETs by employing ab initio quantum transport methods.
Both the armchair- and zigzag-directed ML H-BAs FETs can
well satisfy the requirements of the International Technology
Roadmap for Semiconductors (ITRS) even if the gate length
is scaled down to 2 and 3 nm, respectively. Remarkably, the
excellent n- and p-type symmetry of bulk BAs is well pre-
served in the ML H-BAs FET along with the zigzag direction.
On the other hand, the symmetry of the armchair-directed n-
and p-types is not well maintained due to the asymmetric
hole m; and electron m effective mass (m; > m). By
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FIG. 1. (a) Top and side views of the ML H-BAs. (b) The
electronic band structures and density of states (DOS) of the mono-
layer H-BAs. (c) The eigenstates for the conduction band minimum
(CBM) and valence band maximum (VBM) of the ML H-BAs. (d)
The schematic view of the DG ML H-BAs with the underlap (UL)
structure.

introducing uniaxial compressive strain, such asymmetry is
depressed owing to the reduced hole effective mass caused by
the broken valence band degeneracy. Both the armchair- and
zigzag-directed ML H-BAs FETs also show extremely low
energy-delay production among the typical ML MOSFETs,
making them very promising for future CMOS ICs with low
energy dissipation.

II. METHOD

The passivation ensures that the dangling bonds are
saturated, avoids additional defects, and finally improves
the field-effect mobility for the ultrathin III-V compound
semiconductor FETs [12-14]. Following comprehensive in-
vestigations involving phonon spectra, molecular dynamics
simulations, and cohesive energy analysis, hydrogenated BAs
has been predicted to effectively eliminate negative frequen-
cies in the phonon spectra, enhancing structural integrity and
maintaining stability under high-temperature conditions. [11]
The ML BAs with H-atom passivation are optimized us-
ing the density-functional theory (DFT) method implemented
in the Vienna ab initio simulation package (VASP), and the
generalized gradient approximation (GGA) of the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional is
used [15]. The optimized structure is shown in Fig. 1(a). The
plane-wave cutoff energy is 400 eV, and the Monkhorst-Pack
k -point mesh is 6 x 6 x 1. The force tolerance on each atom
and the converged energy are both less than 1072 eV A~!
and 107 eV, respectively. The electronic properties including
band structures, the density of states (DOS), and the Bloch
state of bands of ML H-BAs are calculated using the GGA-
PBE level in the QuantumWise ATK package [16,17], as
shown in Figs. 1(b) and 1(c). The electron and hole effective

mass (/m; and m;}) is calculated by the equation mL = %%,

as shown in Table I. The m] and mj along with the arm-

TABLE 1. Electron and hole effective mass of ML H-BAs along
with the armchair and zigzag directions.

Armchair Zigzag
Electron effective mass (my) 0.17 0.47
Hole effective mass (mg) 0.44 0.43

chair(zigzag) directions are 0.17 and 0.44 (0.47 and 0.43) my,
respectively.

The ITRS 2013 version is used to estimate the scaling
behavior of the sub-5-nm-gate-length (L) transistors. The
reason is that it has more stringent performance metrics and
shorter channel length scaling compared to the newest In-
ternational Roadmap for Devices and Systems (IRDS) 2022
version [18,19]. However, the shortest L, standard of the ITRS
2013 is 5 nm. To ensure that the standard is more precise for
the sub-5-nm L, region, we fit the figures of merit (FOMs) in
the sub-5-nm L, region for ITRS 2013. The fitted values of the
FOM standards in the sub-5-nm L, region are adopted in this
work (see Fig. S1 and Table S1 in the Supplemental Material
for details) [20].

The transistor model of the double-gated (DG) ML H-BAs
MOSFET is shown in Fig. 1(d). The scaling behavior of the
DG ML H-BAs MOSFET is calculated using DFT combined
with the nonequilibrium Green’s function (NEGF) formal-
ism in the QuantumWise ATK package [16,17]. The retarded
Green’s function Gy, (E) is represented as:

s d -1
Gy, (E) =[(E+ia+)sk// —Hy, =Y (E)- Z(E)} , (D

kyy kyy

where k,, represents the reciprocal lattice vector orthogo-
nal to the z direction in the irreducible Brillouin zone (IBZ). s
and d is the source drain electrode, respectively. Sy, and Hy,
are the overlap matrix and Hamiltonian matrix, respectively.

8.4 is an infinitesimal positive number. Z(d) is the self-energy
s(d)

of the source(drain) electrode (Z,S(j‘/i) =1 G},, r:(rd)), indi-
cating the effect of the electrodes on the carrier transport
in the channel region. 74q) is the interaction between the
source(drain) electrode and the channel region. The transmis-
sion coefficient 7y, (E) is represented as

Ty, (E) = Tr[Gy,, (E)T} (E)Gy, (E)NTY (E)]. (2)

The broadening function ijfd)z i 27{5(/1) — (ZZ&?) )] rep-
resents the imaginary part of the self-energy [21]. The
density matrix in the channel region is defined as
P, = 37 S (i3 G, T G+ G, T G VdE, where fi)
and [i4q) are the Fermi-Dirac distribution functions and elec-
trochemical potential for the source (drain), respectively. The
transport current is calculated using the Landauer formula:

(22]

26 +00
=" f TEVVIiE — ) — f(E — po)dE.
- 3)

The transmission function T (E,W,V,) is the average of
Ty, (E,W,Vy) over the IBZ. In terms of the fitted data of the
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ITRS, the bias voltage (V) is fixed to 0.64 ~ 0.55 eV when
L, is scaled from 5 to 1 nm. V; is equal to (us—uq)/e, and
s(d) is the source(drain) of the FETs. V, is the gate voltage.
The device is simulated using a real-space density mesh cutoff
of 100 Hartree, and a k—point mesh of 28 x 28 x 151 and
28 x 28 x 1 for the electrodes and channel, respectively. The
electrodes are set to 300 K. The atomic compensation charge
method is used as the doping method [23,24]. The correspond-
ing carrier doping concentrations are tested (see Fig. S2 in the
Supplemental Material for details) [20]. The optimal doping
concentration can enable steep I-V curves and high-driven
currents, and the corresponding optimal doping concentra-
tions for the n(p)-type ML H-BAs MOSFETs along with
the armchair and zigzag directions are 1.5(0.5) x 10'*cm—2
and 1.5(1.5) x 10" cm™2, respectively. The underlap (UL)
structure is the undoped channel region between the gate edge
and the electrode along the transport direction, as shown in
Fig. 1(d). The UL technology is used to improve the immunity
against the short-channel effect both in the simulations and
experiments. An appropriate UL length (Lyr) could elevate
the on-state current (I,,) by reducing the leakage current
[23,25,26]. Moreover, the distance between the gates and the
channel along the vertical direction is about 3 A, as shown in
Fig. 1(d).

The DFT-GGA method can be an accurate method to de-
scribe the exchange and correlation interaction in ultrathin
FETs. The main reason is that the shielding effect is improved
in the ultrathin FETs, and the band gap of the channel material
is effectively renormalized to the DFT-GGA level [15,27,28].
First, such a shielding effect is caused by the dielectric layer
[27]. For instance, the band gap (E;) of ML MoS, at the
GW level is renormalized to 1.9 eV when coupled with a
high-dielectric-constant (xg) dielectric layer, consistent with
the DFT-GGA value of 1.76 eV [29,30]. Additionally, the
shielding effect is caused by carrier injection. When the de-
vice operates, the carrier influx into the channel intensifies,
leading to substantial shielding of electron-electron interac-
tions. This is exemplified by degenerately doped ML MoSe;.
The GW-renormalized E, of 1.59 eV aligns closely with
the intrinsic E; of 1.52 eV at the DFT-GGA level and the
measured value of 1.58 eV obtained through angle-resolved
photoemission spectroscopy [31,32]. Moreover, the validity of
the DFT-NEGF method has been verified through the experi-
mental realization of ultrathin FETs. In the actual transistors,
material defects, impurities or device imperfections are usu-
ally unavoidable in fabrication processes [33-35]. However,
the trilayer InSe transistors with a short channel of 10 nm
exhibit an excellent crystal structure without visible defects
[36]. This experimental research on the ultrashort transistor
has approached the simulation limit. The simulation made by
the DFT-NEGF method regarding transfer characteristics, Iy,
delay time, power dissipation, and energy-delay products of
the n-type carbon nanotube MOSFETSs with L, = 5 nm align
closely with experimental counterparts [37,38]. Moreover, the
prediction of the transfer characteristics, high I,,, low sub-
threshold swing, low delay time, low power dissipation and
low energy-delay products of the InSe transistor is consistent
with the latest experimental value (e.g., 1497 (simulation) vs
1430 (experiment) pA um- ! for I,,) [36,39]. The ballistic ratio
has reached 83% in the 10-nm-L, InSe FET in the experiment
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FIG. 2. I-V, characteristics of the n— and p-type ML H-BAs
MOSFETs along with the (a), (b) armchair and (c), (d) zigzag
directions.

[36], and that is predicted to be nearly 90% in the MoS, FET
at L, = 5 nm [40]. Therefore, the ballistic transport is a good
approximation in the sub-10 nm FET simulation.

III. RESULTS AND DISCUSSION

A. Figures of merit

In terms of the ITRS and IRDS [18,19], most of the
FOMs, such as current, capacitance, transconductance, and
power-delay product (or power dissipation), are required to
be normalized to width in the FETs both in the experiments
and simulations [26,41-43]. For example, the off-state current
and transconductance on the experiment have been width-
normalized to 0.1 uA um™ ! and 6 mS um ™', respectively [36].
The reason is that the width of the devices in various works
might be different, and the width-normalized FOMs help to
benchmark the devices. The width of the ML H-BAs transistor
in our work is set to be periodic without energy quantization.
The unit width is 5.9 A in the zigzag-directed FET and 3.4 A
in the armchair-directed one (see Fig. S3 in the Supplemental
Material for details) [20].

The on-state current I, is vital for the performance of
FETs, and a higher I, indicates better device behavior. /,, can
be calculated from the I —V, characteristics, where Iy is the
source-to-drain current and V; is the gate voltage. I,, repre-
sents the current at on-state voltage Vy_on = Vaq + Ve—ofr- Vaa
is the supply voltage, equal to the bias voltage V4. In terms
of the fitted data of the ITRS, Vyq is 0.55 ~ 0.64 V when
the gate length L, is 1 ~ 5 nm, and Vy_o is the off-state
voltage at Iy, = I¢. The I, standards are 406 ~ 893 pA pum- !
when L, is 1 ~ 5 nm, and the corresponding off-state current
L is set to 0.1uA um ', Considering the optimized dop-
ing concentration, the Iy; — V, characteristics of the DG ML
H-BAs MOSFETs with L, = 5, 3, 2, and 1 nm are calculated,
as shown in Figs. 2(a)-2(d) and Table II. The I, values of
both the n— and p-type armchair- and zigzag-directed ML
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TABLE II. Benchmark of the device performances of the n— and p-type double-gated (DG) monolayer (ML) BAs MOSFETsS against the

ITRS requirement for the HP application [6].

SS Iy 8m C T PDP
Direction ~ Doping type L, (nm)  Lyp (nm)  (mVdec™))  (Apm™!) (@mSum™)  (Fum™) (ps) (fT um~1)
1 3 161 158 2.0 0.02 0.057 0.007
4 117 228 1.5 0.01 0.020 0.003
n-type 2 3 118 680 4.2 0.04 0.035 0.017
3 2 103 1318 6.6 0.07 0.032 0.029
3 91 1003 3.6 0.09 0.210 0.031
5 1 88 3514 13 0.10 0.018 0.040
Armchair 1 3 198 42 0.3 0.02 0.054 0.007
4 151 166 0.3 0.04 0.126 0.011
p-type 2 3 126 562 3.1 0.03 0.029 0.009
3 2 120 1081 4.5 0.04 0.021 0.015
3 108 383 0.5 0.08 0.130 0.029
5 1 92 2330 9.0 0.10 0.018 0.040
1 5 122 260 0.9 0.02 0.034 0.005
n-type 2 4 101 350 1.4 0.03 0.053 0.010
3 3 100 695 3.0 0.07 0.055 0.023
Zigzag 5 1 106 2580 7.4 0.24 0.061 0.100
1 5 115 175 0.9 0.02 0.051 0.005
p-type 2 4 107 380 1.8 0.04 0.061 0.013
3 3 106 658 29 0.07 0.058 0.023
5 1 91 2200 7.4 0.24 0.063 0.097

H-BAs MOSFETs are shown in Fig. 3(a). The corresponding
Ly values are shown in Table III. Besides, those Ly, values
are used in all the considered DG ML H-BAs MOSFETs
hereafter. /., generally decreases with the downscaling L, for
all of the considered FETs. When L, of the armchair-directed

FETs is scaled down from 5 to 1 nm, the corresponding values
decrease from 3514 to 228 uA um™' for the n-type FETs
and from 2330 to 166 uA um™! for the p-type FETs. In the
zigzag-directed devices, the corresponding values decrease
from 2580 to 260 uA um! for the n-type FETs and from
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FIG. 3. Gate length L, scaling of the (a) on-state current I,,, (c) transconductance g, (¢) subthreshold swing SS, (d) total gate capacitance
G, (e) delay time 7, (f) power dissipation PDP for the n— and p-type ML H-BAs MOSFETs along with the armchair and zigzag directions.
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TABLE III. The optimal underlap length for all the considered
DG ML BAs MOSFETs hereafter.

Underlap length (nm)
Gate length (nm) Armchair-oriented Zigzag-oriented
5 1 1
3 2 3
2 3 4
1 4 5

2200 to 175uA um ! for the p-type FETs. In addition, Iy,
of the armchair-directed n-type structure is generally higher
than that of the zigzag-directed counterpart at a given Ly. For
example, the former is over 30% higher than the latter when L,
is 5 nm. The reason lies in the much lower m; of the armchair-
directed ML H-BAs (0.17 vs 0.47 myg). In terms of the ITRS,
the scaling limit is 2 nm L, for armchair-directed devices and
3 nm L, for zigzag-directed ones for high-performance (HP)
applications. Therefore, the ML H-BAs MOSFETs exhibit
excellent immunity to short-channel effects (SCEs). Remark-
ably, the zigzag-directed devices show good symmetry for
I, of the n— and p-type devices. However, the symmetry
of the n— and p-type armchair structures is worse due to
the asymmetric effective mass (0.17 mg for m} vs 0.44 my
for my).

Gate control is also important for transistors. Enhancing
gate control is a key method to prevent SCE. The gate control
in the superthreshold region is described by transconductance
gm using the equation g, = %4 Besides, the gate control in

vy
the subthreshold region is described by subthreshold swing
SS using the formula SS = Mi—‘g/z_), where I is the source-to-

drain current, the same as the current / plotted in Fig. 2. The
equation d(loglys) = logl; — logl, = log(l, /1) represents the
order of magnitude change for the current, where I; and I,
are the two current points in the subthreshold region. The
higher g, and lower SS, the higher the gate controllability. In
Fig. 3(b), gm of all of the considered ML H-BAs MOSFETs
gradually decreases when L, is scaled down from 5 to 1 nm.
The symmetry for g, is lost in the armchair-directed devices,
and the corresponding g, values range from 13 to 2mS um™!
(from 9 to 0.3mSum™"!) for the n (p)-type. However, the
zigzag-directed devices show good symmetry for g, of the
n— and p-type ones, ranging from 7.4 to 2mSum~' with
L, =5~ 1 nm. The SS values of all of the considered ML
H-BAs MOSFETs increase when L, is scaled down from 5
to 1 nm. The results indicate weakened gate control with
scaling L,. The SS values of all of the considered ML H-BAs
MOSFETs are comparable at a given L, ranging from 88 to
122mV dec™!.

Transistors with a large working speed and low power
consumption are favorable for heat dissipation in CMOS ICs.
The delay time 7 (r = C;V‘”) represents the time required for
a transition from the on-state to the off-state in a device. Vad
is the supply voltage, equal to the bias voltage V4. In terms
of the fitted data of the ITRS, Vyq is 0.55 ~ 0.64 V when
the gate length L, is 1 ~ 5 nm. A lower 7 indicates a higher
operational speed. C; is the total capacitance in the transistor
and is three times the gate capacitance Cg (Cy = V‘?L;‘Z Och

represents the charge from the channel), as specified by the
ITRS. W is the unit width of the channel (3.4 and 5.9 A
along with the armchair and zigzag directions, respectively).
In Fig. 3(d), the logarithmic coordinates visually enlarge the
deviation when compared to the linear coordinate (see Fig. S4
in the Supplemental Material for details) [20]. Thus, we use
logarithmic coordinates to show the data of C; more clearly.
C; of all of the considered ML H-BAs MOSFETs gradually
decreases when L is scaled down from 5 to 1 nm. The corre-
sponding values range from 0.24 to 0.01 fF um~!, reaching the
HP ITRS standards. However, there is no monotonic decrease
in T when L, is scaled down because 7 is not only proportional
to C; but also inversely proportional to ,, [Fig. 3(e)]. When L,
is 1 nm, t of both the n— and p-type ML H-BAs MOSFETs
along with the armchair and zigzag directions surpasses the
HP ITRS standards (0.410 ~ 0.426 ps). In particular, the n—
and p-type ML H-BAs MOSFETs along with the armchair
direction show a lower T at a given L than its zigzag-directed
counterpart. This is because the armchair-directed ones have
generally higher /,, and lower C;. For instance, t of the n-type
armchair-directed one is 70% lower than that of its zigzag-
directed counterpart due to its higher I, (3514 vs 2580 uA
um™ ') and lower C; (0.1 vs 0.24 fF um~"), The power dissipa-
tion (PDP) shows the energy cost associated with one on-off
switching. PDP is proportional to C; and Vygq (PDP = C, V.23
[41]. In Fig. 3(f), the scaling behavior of the PDP is the same
as that of C;. The PDP values of all the considered ML H-BAs
MOSFETsS can surpass the ITRS for HP applications (0.007 ~
0.100 fJ um~! with L, = 1~ 5nm). They gradually decrease
with the downscaling L, because both the required Vyq and the
C; values are reduced.

The energy-delay products (EDPs) quantify the trade-off
between energy consumption and the time it takes to per-
form a specific operation. The EDPs are expressed as EDP =
7 x PDP. The gray lines are the requirements of the ITRS
(1.02 x 1072 J s um~") and IRDS (3.67 x 1072 J s um~")
at the 2028 horizon for HP applications. A lower EDP value
indicates more energy efficiency, which is also favorable for
energy efficiency in CMOS ICs. The ML H-GaAs MOSFETs
have been predicted to have the lowest EDPs among the simu-
lated MOSFETS based on the typical ML channel materials in
the 5-nm-L, region [23]. Especially, the EDPs of both n-type
and p-type ML H-BAs MOSFETs are comparable to those of
their H-GaAs counterparts in the 5-nm-Lg region [Fig. 4(a)].
Besides, the EDPs of all the considered ML H-Bas MOSFET's
gradually decrease when L, is scaled down from 5 to 1 nm
because of the decreased PDPs and the slightly changed r,
ranging from 1.7 x 1073 ~ 6.1 x 1072 J s um~".

The on-state current I, of the experimental n-type silicon
(Si) Fin FETs with 5-nm gate length is 497 uA um~! [44].
Although both the source-drain voltage Vys and dielectric per-
mittivity e,x of the ML H-Bas FETs in this work are lower
than those of such conventional Si-based FET (0.64 vs 1.0 V
for Vg5 and 3.9 vs 20 for ), the performance of the n-type
ML H-Bas FET is still better than that of the conventional
Si-based FET (e.g., ~ 3000 vs 497 uA um~! for I,, and ~ 100
vs 208 mV dec™! for SS) [44]. Therefore, the ML H-BAs
is a competitive alternative to Si to extend transistor minia-
turization. Moreover, the current semiconductor technology
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represent PDP = ==, where the EDP is the abbreviation of the energy-delay product. The ratio of (b) I,, and (c) SS between the NMOS and

T

PMOS with the same channel material, including the ML H-BAs, H-GaAs, H-InP, and silicane [23,46,47].

advancing into the 1-nm scale is the technology node, cor-
responding to the physical 12-nm gate length [19]. Notably,
the ML H-BAs FET can reach the IRDS and ITRS standards
until the gate length is miniaturized to 2 nm. Therefore, the
ML H-BAs FET with ultrashort gate length is prospective for
next-generation electronics.

B. Symmetry of N and PMOS

The symmetry of n-type MOS (NMOS) and p-type MOS
(PMOS) is very important for CMOS circuits. This is be-
cause NMOS and PMOS jointly complete logical operations
and signal processing in CMOS circuits. If there is asym-
metric performance between NMOS and PMOS, imbalanced
amplification and transmission of the signal appear in the
circuit, leading to logic errors or unreliable output [3,45].
Moreover, NP symmetry ensures lower power consumption.
Therefore, symmetry of the FOMs for n— and p-type FETs is
desirable. However, III-V compound semiconductors usually
suffer from asymmetric device performance. The reason lies
in the asymmetric m and mj; in typical bulk III-V, leading to
10 ~ 100 times higher electron mobility than hole mobility
[3].

The ratio of I,, and SS between the n— and p-type ML H-
BAs MOSFETs is shown in Fig. 4(a, b). The ratio values of the
ML H-GaAs, H-InP, and silicane FETSs in the simulation are
shown for comparison [23,46,47]. ML H-GaAs and ML H-InP
are typical III-V materials, and silicane is the limiting form
of Si. The ML H-InP and silicane FETs have the asymmetric
performance of the n— and p-type devices. For example, the
Ion ratio of the n— and p-type ML H-InP FETs is more than
200 [Fig. 4(a) [46]. The ML H-GaAs MOSFETs show more
symmetry [23], and the I, ratio is comparable to that of the
armchair-directed ML H-BAs (1.2 ~ 1.6 at L, = 1 ~ 5 nm).
The symmetry of the n— and p-type devices is well kept in the
zigzag-directed ML H-BAs ones, and the corresponding I,
ratio is 0.92 ~ 1.26 when L, is 5 ~ 1 nm, superior to those
of other considered FETs. Meanwhile, the SS, 7, and PDPs
values between the n-type and p-type zigzag-directed ones
also exhibit good symmetry. For example, the SS ratio ranges
from 0.94 to 1.06 at L, = 1 ~ 5 nm [Fig. 4(c)], also showing

better symmetry than other considered MOSFETSs. The reason
lies in that the m} and mj; of the zigzag-directed ML H-BAs
are symmetric (0.47 for m} and 0.43 for mj) while those in
other considered channel materials are asymmetric (e. g., 0.10
for m} and 0.53 for m;} in the ML H-GaAs) [23]. Therefore, the
zigzag-directed ML H-BAs MOSFETs with symmetric FOMs
exhibit great potential for future nanoelectronics.

C. Strain engineering

Strain engineering is an additional tool to boost the mo-
bility of the channels, especially the compressive strain for
the p-type III-V transistors [48,49]. Common strain resources,
such as source/drain (S/D), strain-relaxed buffer, four-point
wafer bending, and capping layer, have been used in the planar
II-V transistors to enhance the p-type device performance

[25,50-54].
The strain effect on the band structure of ML H-BAs is
studied in this work, and the uniaxial straina = —2 ~ —12%

is considered, as shown in Fig. 5. With increasing compres-
sive strain, the conduction band minimum (CBM) gradually
shifts down and the valence band maximum (VBM) shifts up.
Therefore, the bandgap largely depends on the value of uniax-
ial strain. Three near-band-edge states A, B, and C can explain
such bandgap-strain dependence. The Bloch state reflects the
electron density distribution and wave function characteris-
tics. The contour map of the Bloch state of states A-C is
drawn, as shown in Fig. 6(a). According to equation Wy (r) =
€*7ur (), the material structure determines the distribution of
electrons at different energy levels. The general mechanism
based on Heitler-London’s exchange energy model could ex-
plain the variation in different energies with strain [55,56].
The different energy response trends with strain are closely
related to the bonding/antibonding nature of the orbitals.
The energies of the bonding and antibonding states in the
Heitler-London model are given by the following equations:

Euoning = 2B+ &4 e o)
bonding — 0 R 1+S2 P
e K—H,

Entibonding = 2E0+E+W, )
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(a) strain a. = 0 (b) strain a = -2% (c) strain o =-4%  (d)

strain o = -6% (d) straino=-8% (e)
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FIG. 5. (a)—(f) Energy band structure of ML H-BAs with and without the uniaxial compressive strain « = —2 ~ —12% along with the
armchair direction. The indirect/direct bandgap properties are the result of energy competition among the near-band-edge states A—C. Dashed

lines indicate the energy shifts of CBM and VBM.

where Ej is the energy of an isolated atom, the second term
represents the energy of ion-ion interactions, K represents
the classical Coulomb energy between electron-electron and
electron-ion interactions, and S is the overlap integral of the
orbitals between different atomic positions, which is usually
much less than 1. § squared will be even smaller. Therefore,
the exchange integral term (H.x) will play a dominant role
in determining the different energy variation behaviors with
strain for the bonding and antibonding cases. The exchange
integral term H,y is given by

1 1
ex:/ ¥, (h)%(h)( ————— )
2 g I'lp
X Yp(r)Va(r2)dridr,, (6)

where subscripts 1 and 2 represent the electrons of the
two ions a and b, respectively, and the exchange integral
term Hex is contributed by the electron-electron interaction

(i.e. positive) and the electron-ion interaction (i.e., T
a
1

" negative). For any hybrid orbitals where the electron
density is not extremely localized, they have a large spatial
distribution, usually spanning multiple atoms. The contribu-

tion of their electron-ion interactions dominates in exchange

,r3

(a) StateA 2w (d)

/‘
V“& 1651 /‘
D —
(b)  State B 8 10l a—* —A— State A
bl A —- State B
- = 3 —Hk— State C
L
— < CIRRERIE *\*\
*
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(c) StateC _1.481 *—*\*
\*
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FIG. 6. (a)-(c) Bloch state energy contour diagram of near-band-
edge states A—C of ML H-BAs under uniaxial strain o = —4%.
States A and B are bonding along with the armchair direction while
state C is antibonding. (d) The energy of near-band-edge states A-C
as a function of applied uniaxial strain.

Hex, corresponding to all states A, B, and C. As the atomic dis-
tance decreases (corresponding to the compressive strain), the
energy contributed by the electron-ion interaction decreases
more rapidly compared to the energy increase of the electron-
electron contribution, leading to a decrease in the value of Hey.
The reduced Hex value also results in a decrease in Eponding OF
an increase in Eqnibonding-

Taking strain = —4% as an example [Figs. 6(a)-6(c)],
states A and B bond along with the armchair direction, and
the electron wave function has a coherent superposition be-
tween the atoms. The phase of the wave function between
adjacent atoms is the same or continuous [Figs. 6(a) and 6(b)].
The exchange integral term Hex values of states A and B all
decrease with the compressive strain, and the corresponding
energy will decrease in terms of Eq. (4). Notably, state A has
a more uniform color in the armchair direction than that of
state B, indicating a more concentrated phase distribution for
the wave function and a higher degree of bonding. Therefore,
the energy change of state A will be more sensitive than state
B under the same compressive strain. When the uniaxial strain
« is increased to -6%, state A at the I" point replaces state B
as the new CBM. State C is antibonding because its electronic
wave function along with the armchair direction has an an-
tiphase superposition between atoms, as shown in Fig. 6(c).
The corresponding phase of the wave function between ad-
jacent atoms is opposite or discontinuous, and the exchange
integral term H,x value decreases with the compressive strain,
so the energy of state C will increase in terms of Eq. (5).
Therefore, the VBM gradually moves up with the uniaxial
compressive strain. Owing to the response of states A, B, and
C, the bandgap of ML H-BAs is decreased under uniaxial
compressive strain, and it transitions from indirect to direct
ato = —6%.

To narrow the performance gap of the n— and p-type
armchair-directed devices, uniaxial compressive strains are
applied to ML H-BAs along with the armchair direction. Only
-2% and -4% strains are considered because they are the
common compressive strain values in the actual FETs [49,51,
57-60]. In Figs. 7(a) and 7(b), under the uniaxial strain along
with the armchair direction, E, linearly decreases from 3.68
to 3.37 and finally to 3.02 eV when « ranges from 0 to -2%
and finally to -4%. Regulating the effective mass has been
proven to be the primary mechanism influencing mobility in
strained III-V group compound semiconductors and silicon
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FIG. 7. (a) Band gap and hole effective mass under the uniaxial
strain o for the ML H-BAs. (b) The p, , orbitals of the ML-H-BAs
valence band without and with strain (upper panel). The schemat-
ics of ML H-BAs under uniaxial compressive strain (lower panel).
(c) The projected band structures of ML H-BAs onto the p, and py
orbitals. (d) The energy contour plots of the highest valence band of
ML H-BAs without and with strain.

[50,61]. The m; of ML H-BAs drastically decreases from 0.44
to 0.15 my with @ of -2% but is almost unchanged when «
further decreases from -2% to -4%. When « is zero, the heavy-
and light-hole bands degenerate at the I' point [Fig. 7(c)],
and the heavy-hole band is the topmost valence band, similar
to typical III-V materials such as GaAs and InP [23,46]. As
the uniaxial compressive strain increases, the light-hole band
suddenly shifts up and becomes the topmost valence band at
the I point. More py orbital charges of the As atoms accu-
mulate in the topmost valence bands, especially at the I" point
[Figs. 7(b) and 7(c)]. The contour lines become steeper along
with the armchair direction for the topmost band, leading to a
reduced m}.

The transport properties of the strained p-type ML H-BAs
MOSFETs along with the armchair direction are calculated.
Taking the 1-nm-L, case as an example, the I,, values gen-
erally increase with increasing uniaxial compressive strains
[Fig. 8(a)]. The I,, value drastically increases by over 80%
(from 166 to 330 uA um™ ') when « is from zero to 2% and
slightly increases from 330 to 338 uA um™! when « is from
2% t0 4%. Such a tendency is the same as that in m} under
strains. Therefore, the gap in I, between the n— and p-type
ML H-BAs MOSFETs could be effectively decreased with
the help of uniaxial compressive strain, and I,, of the p-type
ML H-BAs MOSFET can even be higher than that of its
n-type counterpart [Fig. 8(b)]. The local device density of
states (LDDOS) and the spectral currents of the p-type ML
H-BAs MOSFETs along with the armchair direction without
and with uniaxial strain are shown in Figs. 8(c) and 8(d). The
LDDOS near the valence band edge in the channel region sig-
nificantly accumulates with uniaxial compressive strain. The
corresponding peak spectral current is also higher than that
without strain (0.92 vs 0.83 uA eV~"), leading to a higher I,
(166 vs 338 uA um™ ). Therefore, the device can be effectively
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FIG. 8. (a) UL-optimized I,, for the p-type ML H-BAs
MOSFET along with the armchair direction under the uniaxial strain
«. (b) The N/PMOS ratio of I,, without and with uniaxial strain. (a)
Local device density of states and spectral currents of the p-type ML
H-BAs MOSFETs along with the armchair direction (c) without and
(d) with uniaxial strain. Corresponding L, and Ly are 1 and 4 nm,
respectively. Vag = (s—tq)/e = 0.55 V.

controlled by the strain, and the symmetry of the n— and
p-type armchair-directed devices can be improved with appro-
priate strain values. The influence of the strain effects on the
zigzag-oriented ML H-BAs FETs has also been considered.
Similar to the device performance of the armchair-oriented
one, I,, of the p-type zigzag-oriented ML H-BAs FETs is also
improved with the increasing uniaxial compressive strain (see
Fig. S5 in the Supplemental Material for details) [20]. The I,
value is increased from 175 to 205 and finally to 330 uA um-!
when uniaxial strain « is changed from O to -1% and finally to
-2%. The main reason is the broken valence band degeneracy
at the I" point, similar to the armchair-oriented one.

IV. CONCLUSION

In summary, we use ab initio quantum transport methods
to predict the transport properties of monolayer ML H-BAs
FETs. Both the armchair- and zigzag-oriented ML H-BAs
FETs can meet the requirements of the ITRS even if L,
is scaled down to 2 and 3 nm, respectively. Moreover, the
zigzag-oriented ML H-BAs FETs preserve the same good
symmetry of n— and p-type as bulk FETs. In contrast, the
symmetry of the armchair-oriented ones is not satisfactory.
Nevertheless, applying uniaxial compressive strain to p-type
armchair-oriented FETs effectively mitigates such asymmetry.
The reason is that the valence band degeneracy is broken,
and the light-hole band becomes the topmost valence band.
Therefore, both n— and p-type ML H-BAs MOSFETs along
with the armchair and zigzag directions are prospective for
next-generation electronics.
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