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Two-dimensional (2D) semiconductors are promising channel materials for next-generation field-effect transistors
(FETs) thanks to their unique mechanical properties and enhanced electrostatic control. However, the performance
of these devices can be strongly limited by the scattering processes between carriers and phonons, usually occurring at
high rates in 2D materials. Here, we use quantum transport simulations calibrated on first-principle computations to re-
port on dissipative transport in antimonene and arsenene n-type FETs at the scaling limit. We show that the widely-used
approximations of either ballistic transport or simple acoustic deformation potential scattering result in large overes-
timation of the ON current, due to neglecting the dominant intervalley and optical phonon scattering processes. We
additionally investigate valley engineering strategy [Nano Lett. 19, 3723 (2019)] to improve the device performance
by removing the valley degeneracy and suppressing most of the intervalley scattering channels via an uniaxial strain
along the zigzag direction. The method is applicable to other similar 2D semiconductors characterized by multivalley
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transport.

I. INTRODUCTION

Recently, two-dimensional (2D) materials have shown a
wealth of interesting properties and possible technological
applications'™. Their mechanical properties, ultimate thin-
ness and absence of surface dangling bonds are particularly
suitable for conventional and flexible electronics 4 The
2D materials with a finite energy bandgap have the potential to
replace Si as the channel material in ultra-scaled metal-oxide-
semiconductor field-effect transistors (MOSFETs) for future
nanoelectronics?. However, two main issues hinder the
adoption of 2D materials for MOSFET applications, namely
the high resistance between metallic contacts and semicon-
ducting 2D materials'> and their relatively low mobility.

Experimental measurements of room temperature electron
mobilities in 2D materials have so far reported values lower
than 400 cm2V—1g~1 21619 pyyych smaller than the value for
bulk Si (about 1400 cm?V~!s~ 12021 When employed in
electron devices in place of 3D semiconductors such as Si, Ge
and III-V compounds, 2D-material-based MOSFETs do not
suffer from surface roughness scattering22%, but have a room-
temperature mobility limited by defects and electron-phonon
coupling (EPC). The former, just as the contact resistance, can

YElectronic mail: jiang.cao@njust.edu.cn
YElectronic mail: izhangh @fudan.edu.cn
9Electronic mail: zhangslvip@njust.edu.cn

in principle be reduced by developing dedicated engineering
processes>*. On the contrary, the electron-phonon scattering
represents an intrinsic mechanism and cannot be easily sup-
pressed at room temperature.

Unfortunately, 2D semiconductors usually have larger
electron-phonon scattering rates with respect to their 3D coun-
terparts, due to a higher density of electronic and phononic
states at energies close to the band extrema?). The low
phonon-limited mobility in monolayers has been also con-
firmed by several first-principle calculations based on density

functional theory (DFT) and on the Boltzmann transport equa-
tion®9125H29

In light of these considerations, it appears compulsory to
take into account the electron-phonon interactions in the simu-
lation of 2D material-based electron devices, in order to obtain
reliable quantitative predictions of the device performance at
room temperature. Nevertheless, only a few recent simula-
tion studies have fully included the effect of EPCU3L In
other works, the mobility has been evaluated through the Tak-
agi formula®®, which takes into account only the Bardeen-
Shockley acoustic-deformation-potential (ADP) scattering™
and neglects all the optical and intervalley phonon scatter-
ings'#*% However, many 2D semiconductors have multiple
degenerate conduction band valleys, which results in a large
phase space for intervalley scatterings and in large scattering
rates'?>>. The inelastic nature of these scattering processes
has been already shown to deeply affect the transport in elec-
tronic devices>030,
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FIG. 1. (a) Top and side views of the single-layer antimonene and
arsenene atomic structure. The unit cell and the direction of the uni-
axial strain is also represented. (b) Energy contour plots of the lowest
conduction band (CB) in single-layer antimonene. Six-fold degener-
ate CB valleys are indicated. Three types of intervalley scattering
channels are represented by red arrows. (c) Schematic view of the
double-gate field-effect transistor investigated in this work. The gate
length L varies between 4 and 9 nm. The source and drain exten-
sions are doped with a donor concentration Np= 3.23x 1013 ecm—2.
The doping region is marked by blue color and stops exactly at the
channel-source and channel-drain interfaces. Two fgx=2 nm thick
dielectric layers (HfO;) sandwich the 2D material channel and sep-
arate it from the gate electrodes. Transport occurs along the x-axis,
z is vertical confinement direction, and the device is assumed to be
periodic along y. (d) local k-space reference frame (kH’ k) of aCB
valley and the global one (ky, ky), where k, and k, are the wavevector
components along the transport and the transverse (periodic) direc-
tion, respectively.

More often, only the ballistic regime is considered in sim-
ulations. This approximation is usually justified by invoking
the shortness of the considered device, though no experimen-
tal evidence of ballistic transport at room temperature for 2D
materials other than graphene has been provided yet. There-
fore, it is still unclear to which extent the electron-phonon
scattering affects the room-temperature transport even in de-
vices with characteristic lengths of less than ten nanometers.

In this paper, we report the results of room-temperature nu-
merical simulations of arsenene- and antimonene-based short-
channel MOSFETs with double-gate architecture. Arsenene
and antimonene are among the most promising candidates as
channel materials in emerging MOSFET devices, due to their
small effective masses and correspondingly high theoretical
mobility@@m‘. However, previous application-oriented stud-
ies have been based either on purely ballistic simulations or
have considered only acoustic phonon scattering. A full treat-
ment of EPC in these materials is therefore still missing.

To this purpose, we use a non-equilibrium Green’s func-
tion (NEGF) transport solver including acoustic and optical
intra- and intervalley EPCs with parameters fully determined
from first-principles calculations. The NEGF transport solver
is coupled with a Poisson solver for self-consistently comput-
ing the electrostatic potential in the whole device domain.

The main findings of this work are not limited to the spe-
cific case of arsenene and antimonene, but have more general
implications and suggest that a more careful treatment of the
electron-phonon coupling is necessary in simulating MOS-
FETs based on 2D materials in order to avoid severe overesti-
mations of performance. In view of our results, we investigate
the approach proposed by Sohier et al®¥ o mitigate the detri-
mental intervalley scattering. This technique is applicable not
only to the case of antimonene and arsenene, but also to many
similar 2D materials characterized by multivalley transport.

Il. RESULTS AND DISCUSSION
A. Conduction band valleys

For the purpose of electronic transport simulation, the con-
duction band of arsenene and antimonene [a single-layer of
arsenic/antimony atoms forming a buckled hexagonal honey-
comb structure, see Fig. Eka)] can be described as six ener-
getically degenerate valleys, located at the midpoint of the I'-
M line. We note that the next low-energy conduction band
valley is 0.23 eV (0.27 eV) above the conduction band mini-
mum for antimonene (arsenene), thus playing negligible roles
in the electronic transport at 300 K. In our simulations, we
restrict ourselves to consider the six low-lying valleys, mod-
eled within an anisotropic effective-mass approximation, as
described in Sec.[[IVA] We have verified that this is enough to
include the relevant states for transport at the doping level and
temperature (300 K) considered in this work. In this regard,
we compare in Fig. [2] the transfer characteristics computed in
the ballistic regime within our model for an antimonene-based
MOSFET with the corresponding data obtained by using an
atomistic full-band model in Ref. The good agreement be-
tween our results (dashed line) and those obtained within the
atomistic full-band model (dots) confirms the validity and ac-
curacy of our approach. The spin-orbit coupling is neglected
in this work since it does not affect appreciably the conduction
band, as also shown in Ref.

B. Electron-phonon couplings from first-principles

We compute the relevant electron-phonon couplings from
first-principles by using the density functional perturbation
theory (DFPT). The values of the deformation potentials and
phonon mode frequencies of intravalley and intervalley EPCs
are listed in Table [l The details about the DFPT calcula-
tions can be found in Sec.[[V.C] As shown in Fig. [T|b), three
types of intervalley EPCs connecting two electronic states lo-
cated in different valleys (V1<V2, V1<V3, and V1-V4)



TABLE 1. Conduction band effective masses (mH and m | ), phonon frequencies (), and electron-phonon deformation potentials (£) calculated

from DFT and DFPT for all the phonon modes in antimonene and arsenene. The values of Cop and Egc are taken from Re

antimonene arsenene
mj 0.51 0.46
my 0.15 0.15
Cop [eV/AZ] 1.9487 32711
Intravalley EPC
El, [eV/em] 8.07x107 1.09x 107
Elg [eViem] 4.90x 107 7.03x 107
oo [meV] 20 27
ol [meV] 16 23
Ehc [eV] 3.2657 3.8157
intervalley EPC (VI—=V2) (VI—=V3) (VI=V4H|(VI=V2) (VI=V3) (VI=V4)
Zza [ eViem] 3.55x107  9.37x10° 2.22x10°[4.78x107 7.37x10° 1.74x10°
Wz [meV) 3.50 8.89 7.26 5.81 8.89 7.26
Era [ €V/em] 8.51x10* 2.71x10° 1.26x10%|1.65x10° 2.16x105 1.06x10%
1A [meV] 476 8.97 8.53 7.97 8.97 8.53
Zra[eViem]  2.841x107 1.501x10° 1.05x107|3.97x107 1.18x10° 8.24x10°
oA [meV] 6.58 13.90 10.07 9.58 13.89 10.07
Zro; [eViem]  4.201x10° 2.871x108 9.6x10° | 9.50x10° 2.26x10% 7.53x103
o701 [meV] 17.0 24.08 24.81 24.61 24.08 24.81
1oz [eV/iem]  1.481x10% 1.961x10° 1.39x108|1.72x108 1.54x10° 1.09x108
O102 [meV] 17.8 27.17 26.19 25.85 27.17 26.19
Zro [ eViem] 1.031x10% 2.201x10° 9.08x107 | 1.57x108 1.72x10° 7.12x107
oo [meV] 20.7 27.58 30.59 30.26 27.58 30.59

3l

are considered. In the transport calculations, all the intraval-
ley EPCs are included, while only the intervalley EPCs with a
significant deformation potential (>4 x 107 eV/cm) are taken
into account. Ignoring the smaller EPCs has very little ef-
fect on the results, since the electron-phonon self-energies de-
pend quadratically on the deformation potential (see Eq. (6) in
Sec. [VB). The intravalley electron-ZA phonon interactions
(not included in Table I) are neglected in our simulations. The
validity of this approximation can be checked from Table S
I and S II in the Supplementary Information, that report the
scattering rates at the conduction band minima associated to
each phonon mode. The data show that the intravalley scat-
tering rates between electrons and ZA phonons are extremely
small compared to all other scattering processes. Recently,
it has been shown that in antimonene the electron-transverse
acoustic (TA) phonon couplings are forbidden by symmetry
for both intra- and intervalley scattering®, in good agreement
with our numerical calculation here.

From Table [l we can notice that some intervalley EPCs
have deformation potential values almost an order of magni-
tude larger than those of the intravalley EPCs. Due to the rel-
atively low phonon frequencies in antimonene and arsenene,
those phonon modes can be thermally populated at room
temperature, which leads to increased scattering of electrons
through both emission and absorption of phonons. Therefore,
the intervalley EPCs are expected to play a non-negligible role
in the electronic transport and sensibly affect the MOSFET
performance. This is confirmed by our quantum transport sim-
ulations, presented in the next section.

C. Quantum transport simulations with dissipation

Our aim is to provide quantitative and precise predictions
of the optimum performance of these devices, when all the
extrinsic sources of scattering are eliminated. Under these hy-
potheses, the electron-phonon interaction represents the dom-
inant scattering mechanism at room temperature.

Based on the electronic model and the EPC models pre-
sented in the previous sections, we have built a dissipative
quantum transport solver including all the elastic and inelas-
tic electron-phonon scattering mechanisms, while still keep-
ing the computational burden at the minimum level. More de-
tails on the quantum transport model are given in Sec.

We focus on n-type MOSFET devices. A sketch of the
simulated device structure is drawn in Fig. [T(c). We con-
sider a double-gate MOSFET architecture with source and
drain extensions chemically doped at a donor concentration
Np =3.23 x 10'3 cm~? and gate lengths L ranging from 4 to
9 nm. The channel is undoped and has the same length of the
gates. The effective oxide thickness is chosen to be 0.42 nm
(corresponding to a 2 nm thick HfO, high-k dielectric layer),
and the supply voltage is Vpp=0.55 V, according to the ITRS
specifications*?.

We show in Fig. | the transfer characteristics of armchair-
antimonene-based MOSFET with L; = 5 nm. To illustrate the
role played by the different electron-phonon scattering chan-
nels we carry out the simulations in three cases: (1) including
only the intravalley acoustic scattering (elastic), (2) including
only the intravalley scattering (elastic and inelastic), and (3)
including all the intravalley and intervalley scattering (elastic
and inelastic).
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FIG. 2. Ips-Vgs transfer characteristic in linear (a) and logarith-

mic (b) scale for an antimonene-based double-gate transistor with
Ls=5 nm. The considered electron-phonon scattering processes are:
intravalley scattering mediated by acoustic phonons (blue line), in-
travalley scattering mediated by acoustic and optical phonons (black
line), and both intervalley and intravalley scattering mediated by
acoustic and optical phonons (red line). The results obtained in the
ballistic transport regime (dashed lines) are compared to the values
(gray dots) reported in Ref. |13l

For a clearer comparison of different calculations and fol-
lowing the common practice, we shift all the transfer charac-
teristics in order to set the OFF state, chosen to be the de-
vice state in which Ips = Iopr = 0.1 A/m>2, at Vgs = 0. Ac-
cordingly, the ON state is at Vgs = Vpp=0.55 V, and the cor-
responding current defines the ON current (Ipn). The sub-
threshold swing (SS) is defined as the inverse slope of the
Ips-Vis curve in semi-logarithmic scale in the subthreshold
regime (Ips < 1 A/m), SS=[dlog,,(Ips)/dVss] .

As shown in Fig. [2|for an antimonene-based MOSFET with
Lg = 5 nm, the SS is unaffected by the EPC. However, the ON
state performance is strongly degraded, especially by the in-
tervalley scatterings, consistently with the high amplitude of
the associated deformation potentials. In quantitative terms,
when all the significant scattering processes are included, the
ON current drops by a factor larger than 4 with respect to the
ballistic or ADP scattering approximation. Similar results are
obtained in the case of the MOSFET based on arsenene and
can be found in the Supplementary Information. More in gen-
eral, these data strongly suggest that modeling the transport
in 2D-material-based transistors as elastic, either in the ballis-
tic or in the ADP scattering approximation, is not sufficient to
reliably predict the device performance. On the contrary, in-
elastic intravalley and intervalley scattering mechanisms dom-
inate and significantly affect the transport, even at gate lengths
as short as 5 nm.

To elucidate the effects of EPC on the charge transport all
along the device, we plot in Fig. [3|the current spectrum in the
OFF and in the ON states for L; =5 nm. We consider both
the case in which all the relevant scattering processes are in-
cluded (panels (a) and (b)) and the case in which only the elas-
tic scattering between electrons and acoustic phonons is taken

into account (panels (c) and (d)). We first compare the current
spectra in the OFF state. In Fig. 3] (a), it can be seen that the
injection energies associated to the inelastic current spectrum
gather around the source Fermi level (set to O eV). However,
close to the barrier the spectrum broadens over a wider en-
ergy window, similar to that over which the elastic current
concentrates (Fig. E] (c)). This effect is driven by the signif-
icant optical phonon absorption, which rises electrons at en-
ergies for which the tunneling probability through the barrier
is higher. The net result is that the barycenter of the inelastic
current spectrum crossing the barrier is close to that observed
in elastic transport conditions. Moreover, due to the small-
ness of the charge density in the channel in the subthreshold
region, the conduction band profile is unaffected by the trans-
port and only determined by the device geometry and by the
dielectric properties of the materials (see the Supplementary
Information for related data). Particularly, the efficiency of the
gate in modulating the barrier turns out to be independent of
the electron-phonon scattering processes taken into account.
Since the SS is completely determined by the energy distri-
bution of carriers and by the gate modulation efficiency, the
previous considerations explain the closeness between the SS
values in the elastic and inelastic transport cases. This argu-
ment holds respectless of the considered gate length (see the
Supplementary Information for the data at L5=9 nm).

We now focus on the ON state. The current spectrum in
Fig.[3|(b) and (d), shows that, contrarily to the behavior in the
OFF state, electrons are now mainly injected at higher ener-
gies with respect to the top of the channel barrier. The cur-
rent spectrum in Fig. [3] (b), obtained by including the inelas-
tic scattering processes, demonstrates that electrons gradually
lose energy by emitting optical phonons. The strong emission
processes entail a significant backscattering and explains the
considerable decrease of the current with respect to the case
in which only elastic electron-phonon interactions are consid-
ered.

Figure 4| summarizes the simulated transfer characteristics
of the antimonene- and arsenene-based MOSFET for L vary-
ing from 4 to 9 nm, and the transport axis along the armchair
and zigzag directions. All the relevant electron-phonon scat-
tering processes are included. In all the considered cases the
antimonene- and arsenene-based devices exhibit very similar
transfer characteristics. The extracted SS and the ON current
for the antimonene-based MOSFET are reported in Fig. [5]
The very similar data obtained for the arsenene-based tran-
sistor can be found in the Supplementary Information. We
observe that the armchair and zigzag transport directions are
not equivalent, since the rotation by 7/4 needed to switch be-
tween them is not a symmetry of the crystal. Particularly,
while the density of states and the scattering rates associated
to the six degenerate valleys are invariant under arbitrary rota-
tions, the anisotropy of the valleys makes the average effective
mass seen in the armchair and zigzag directions different. The
higher ON current in the zigzag direction arises from a smaller
average transport effective mass (i), and thus a higher group
velocity. On the other hand, the smaller () entails a larger
source-to-drain tunneling (STDT), which results in higher SS
values.
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FIG. 4. Ips-Vs transfer characteristics in linear and logarithmic scale of antimonene (Sb) and arsenene (As) based MOSFETs along armchair

and zigzag directions, and for Lg=4, 5, 7 and 9 nm.
D. Reducing phonon scattering by valley-engineering

Since the six-fold degenerate conduction band valleys are
inherited from the crystal rotational symmetry, applying an
external symmetry-breaking uniaxial strain along the zigzag
direction (see Fig.[I) can split the six valleys into four higher-
energy and two lower-energy valleys on the armchair axis. On
the contrary, if the uniaxial strain is along the armchair direc-
tion, only two valleys will be pushed up to higher energ.
In the following, we will consider the uniaxial strain along
the zigzag direction. A sizable splitting of ~0.16 eV can be
obtained for a small uniaxial strain of 2% in the case of ar-
senene, while the splitting is ~0.1 eV in antimonene®>. The
effect on EPC and effective masses by such small strain has

been shown to be negligibléﬂ. Instead, since the strain shifts
the energy of the valleys, it effectively turns off the intervalley
scattering channels between the lower-energy and the higher-
energy valleys. In addition, the transport becomes anisotropic,
since the two lower-lying valleys both have the large effective
mass in the armchair direction and the small one in the zigzag
direction.

Figure compares the transfer characteristics of the
strained-arsenene-based MOSFET along the armchair and
zigzag directions, for Lg=4 and 9 nm. The transfer charac-
teristics of the unstrained device are also plotted for reference.
The simulations clearly shows an improvement of the ON cur-
rent for all the considered configurations. Such an improve-
ment is in excess of a factor 2.5 in the zigzag direction for
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Ls=9 nm and amounts to approximately a factor 2 in the arm-
chair direction for Lg=4 nm. Similar improvements (a fac-
tor of 2.4 in the zigzag direction for L5=9 nm and 2 in the
armchair direction for Lg=4 nm) are obtained for MOSFETSs
based on strained antimonene. The corresponding data are re-
ported in the Supplementary Information.

The SS and Ipn for both arsenene- and antimonene-based
MOSFETs are quantified in Fig. for Lg=4, 5,7, and 9 nm.
The plots shows that, while the transistors fabricated by using
the two monolayers exhibit almost identical SSs as a func-
tion of Lg, that based on arsenene can achieve higher values
of Ion. In both cases, at short channel lengths (Lg< 5 nm)
the best performance are obtained when the transport occurs
along the armchair direction. Indeed, due to the higher ef-
fective mass along this direction, the Ipn is less degraded by
the STDT, which results in a better scaling behavior. On the
contrary, at longer gate lengths, the transport along the zigzag
direction is more advantageous, due to the higher injection ve-
locity associated to the small effective mass. We remark that
also the low m /m ratio plays a significant role in enhanc-
ing the carrier velocity, since at each given energy it entails a
larger kinetic component in the transport direction.

I1l.  CONCLUSION

We have investigated the dissipative transport in single-
layer arsenene and antimonene MOSFETs by performing
first-principle-based NEGF quantum simulations including all
the relevant intra- and intervalley electron-phonon scattering
mechanisms. We have shown that even for a gate length of
5 nm the ON current can be strongly decreased by the opti-
cal intravalley and intervalley phonon scatterings, and that, as
a consequence, the simulations in the ballistic regime and/or
only including the acoustic phonon scattering can largely
overestimate the performance of real devices. Due to the
combination of the six-fold degeneracy of the conduction
band valleys, the large magnitude of the electron-phonon cou-
plings, and the low optical phonon frequencies, the intervalley
electron-phonon scattering is the dominant scattering mech-

anism in the arsenene- and antimonene-based MOSFETs at
room temperature.

Moreover, we have investigated a viable approach to mit-
igate the impact of intervalley phonon scattering by remov-
ing the valley degeneracy via a small uniaxial strain along
the zigzag direction. Our calculations indicate that for gate
lengths larger than 5 nm, the ON current in the zigzag direc-
tion can be increased by a factor 2.5. For gate lengths shorter
than 5 nm, selecting the armchair direction as the transport
direction minimizes the source-to-drain tunneling effect and
results in a two times ON-current improvement with respect
to the case with unstrained material.

Overall, our work can provide useful guidelines to the sim-
ulation of transistors based on 2D materials, and suggests that
there are room and opportunities to overcome the obstacles on
the way towards the development of a future 2D-based elec-
tronics.

IV. METHODS
A. The anisotropic effective mass model

The conduction band of Sb and As monolayers has six-
fold degenerate valleys located at the midpoint of the I'-M
paths. These valleys have a larger effective mass along the
high-symmetry I'-M direction, denoted by m. The effective
mass along the direction perpendicular to I'-M is denoted by
m . By using local k-coordinates for each valley, we can write
the conduction band energy in the anisotropic effective mass

model as
(e K
— | —=4+—|=F 1

2m0 <H1J_+m ’ ()

where 7 is the reduced Planck constant, my the electron mass,
and k|, k| the wavevector components along the I'-M and the
orthogonal direction, respectively. For transport calculations,
we need to express k; and k” in terms of k, and ky, namely
the wave vector components in the transport and transverse
directions, respectively (see Fig. 1 (d)):

2

k| = cos Ok, + sin Ok,
k| = —sin Ok, +cos Ok,

where 6 denotes the angle between the k|-axis and the trans-
port direction x.
The kinetic energy of electrons in terms of k, and k, reads:

m? [, (cos®> sinB? , [cos6? sinB?
2mo ki m + m +h m + m
I 1 L I

1 1
+2kyky sin 6 cos 6 < — )} =FE.
mH nm,

3)

The Hamiltonian in the form employed in the simulations
is obtained by replacing k, with the differential operator
—id/dx. We enforce periodic boundary conditions in the
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extracted from the transfer characteristics in Fig. [§] of the MOSFETs
based on strained antimonene (Sb) and arsenene (As).

transverse direction, thus the Hamiltonian maintains a para-
metric dependence on ky. The value of 6 to be considered for
each valley depends on the chosen transport direction (arm-
chair or zigzag).

B. Quantum transport

To simulate the electron transport, we adopt the Keldysh-
Green’s function formalism*?, which allows us to include the
electron-phonon coupling by means of local self-energies. We
self-consistently solve the following equations for every val-
ley

(EI—H —Zsp—Zp])G =1

4
G5 =G(Z5, +25 )G @

‘e—ph

where E is the electron energy, I is the identity matrix, H is
the anisotropic effective mass Hamiltonian matrix, Xgp and
Y. pn are the retarded self-energies corresponding to source
and drain contacts and to the electron-phonon coupling, G is

the retarded Green’s function, and ZS§D, Zeg_ph and GS are the
corresponding lesser-than and greater-than quantities. Equa-
tions (@) are spatially discretized over a uniform mesh with
stepsize equal to 0.5 A.

For the intravalley acoustic phonons, the local self-energies
at the i-th discrete space site along the transport direction at
room temperature can be expressed in the quasi-elastic ap-
proximation as*!

HdeBT

Zac V(l l k}7E q}? )7 (5)

ZG llk

where Cyp is the elastic modulus, E,. the acoustic deformation
potential, kp the Boltzmann constant, 7 the temperature, gy
the transverse phonon wavevector and v is the valley index.

For the intravalley optical phonons, the self-energies related
to a phonon with branch A can be expressed as

=2
<,. .
erv(l isky,E) = ng)r {G5 (i,isky — gy, E Fho} )N(T, 0} )
A 4y
+G5 (iyisky — gy, E £ 1o} [N(T, 0}) + 1]},

(6)

where p is the mass density, N(T,®}) is the Bose-Einstein
distribution at temperature 7 of a phonon with frequency a){
at I point, and the upper/lower sign of the term ha){ corre-
sponds to lesser/greater-than self-energies.

The self-energies associated to the intervalley scattering are
analogously obtained as:

<
Y aw(bisky, E) =

Z Z{GV, i,i3ky

A V£V gy
+G§,(i, i:ky— gy, E+hol) [N(T,0f)+1]},

)

— gy, ETho )N(T, o))



where q is the phonon wavevectors connecting two degenerate
valley minima, and the three scattering processes shown in
Fig.[T|are considered.

The total lesser-than and greater-than self-energies Eiph
are obtained by summing the self-energies associated to all
the different scattering processes. The retarded self-energy is
then computed by

1
Ee,ph(i, i;kva) = E[E?—ph(iv i;kva) *2e<—ph(iv i;kaE)]v
®)
The real part of the retarded self-energy, which only con-
tributes to a shift of the energy levels, is neglected.

Equations (@}8) are iteratively solved within the so-called
self-consistent Born approximation (SCBA) until the con-
vergence is achieved. The SCBA convergence ensures that
the electronic current is conserved along the device struc-
ture. Once the SCBA loop achieves the convergence, the elec-
tron and transport current densities are determined from the
Green’s functions of all the valleys

; E,
. —l max L.
i) = o VZI@/E dE G5 (i,i:ky, E), )

min

and

E
. e max . .
KO =2 ¥ [ B i G i+ ik )
V.ky Emin (10)

—Hi1,Gy (i,i+ 1:ky E)],

where the integration range from Ey, to Epax includes all
the energy states contributing to transport. We discretize the
energy into a uniform grid with a stepsize AE = 4 meV for
antimonene and AE = 5 meV for arsenene. Each energy in-
terval of width AE is further discretized by defining 3 quadra-
ture nodes. The charge and current densities are computed by
first performing an integration over each interval by using the
Gauss-Legendre quadrature rule and then adding the contri-
butions of all the intervals. The 2D charge density is used to
set up the Poisson equation, which is solved in the device x-z
cross-section. The simulation runs over a loop between the
Green’s function equations and the Poisson problem until an
overall self-consistent solution is reached.

C. First-principles calculation details

The DFT simulations were performed in a plane wave basis
by means of the Quantum Espresso suite*#43. The antimonene
and arsenene monolayers were simulated by using scalar rel-
ativistic norm-conserving pseudopotentials based on the lo-
cal density approximation exchange-correlation functional. In
both cases, a 16 x 16 x 1 Monkhorst-Pack (M-P) k-point grid
was used, with a cutoff energy of 90 Ry. A vacuum layer of
28 A is considered along the perpendicular direction to elim-
inate the interlayer interactions due to the periodic boundary
conditions.

The phonon dispersion relations were computed within the
DFPT framework by using a 8 x8x 1 M-P g-point grid and a
16x16x1 M-P k-point grid.

The electron-phonon matrix elements between two elec-
tronic states |nk) and |nk + g) connected by a phonon mode 4
of wavevector g were computed within the DFTP framework

as
Skqmni = h/(ZMwlq) <mk + q|AV,;<AS |nk> ) (11

where M is the unit cell mass, m and »n are band indices, and
AV;(AS is the lattice periodic part of the perturbed Kohn-Sham
potential expanded to first order in the atomic displacement.
The giq mna Were computed on a 16x16x1 k-point grid and
a 8x8x1 g-point grid, and then interpolated on a denser grid
by projection on a basis of maximally localized Wannier func-
tions by using the wannier90 code** and the EPW code®.
Six Wannier orbitals were employed to reproduce accurately
the conduction and valence bands close to the bandgap and
achieve good spatial localization of the Wannier orbitals. The
scattering rates for each phonon mode were computed through
the EPW code, by interpolating the electron-phonon matrix el-
ements on a 120x120x1 g-point grid. The intravalley and
intervalley electron-phonon coupling were described by the
matrix element at ¢ = 0 and ¢ = k’ — k, respectively, where
k’ and k correspond to two degenerate valley minima. The
deformation potentials were finally computed as

E)Lq = ‘gkq,mnll X4/ 21‘4()07Lq/h' (12)

V. DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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