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Abstract: Owing to  the high carrier  mobility,  two-dimensional  (2D)  gallium antimonite  (GaSb)  is  a  promising channel  material
for  field-effect  transistors  (FETs)  in  the  post-silicon  era.  We  investigated  the  ballistic  performance  of  the  2D  GaSb
metal–oxide–semiconductor  FETs  with  a  10  nm-gate-length  by  the  ab  initio  quantum  transport  simulation.  Because  of  the
wider  bandgap and better  gate-control  ability,  the  performance of  the  10-nm monolayer  (ML)  GaSb FETs  is  generally  superior
to  the  bilayer  counterparts,  including  the  three-to-four  orders  of  magnitude  larger  on-current.  Via  hydrogenation,  the  delay-
time and power consumption can be further enhanced with magnitude up to 35% and 57%, respectively, thanks to the expan-
ded bandgap. The 10-nm ML GaSb FETs can almost meet the International Technology Roadmap for Semiconductors (ITRS) for
high-performance demands in terms of the on-state current, intrinsic delay time, and power-delay product.
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1.  Introduction

In the past few decades, the development of Si-based mi-
croelectronics  obeys  the  performance  scaling  trend  pre-
dicted by Moore’s law. As the building block of the microelec-
tronics,  silicon  metal–oxide–semiconductor  field-effect  tran-
sistors  (MOSFETs)  behave as  switches and are integrated into
logic  circuits  to  realize  logic  operations.  Nowadays,  the  con-
tinuous  and  aggressive  scaling  of  MOSFETs  has  highly  in-
creased  the  capability  of  calculation.  However,  traditional  Si
MOSFET  scaling  could  no  longer  satisfy  the  original  trend  as
the  power  density  dissipated  by  logic  chips  got  about  100
W/cm2[1].  Such  a  phenomenon  originates  from  the  so-called
“short  channel  effects”.  In  the  ultra-short  Si  MOSFET,  it  be-
comes  very  hard  to  suppress  the  source  to  drain  leakage  by
gating.
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A  direct  way  to  enhance  the  gate  electrostatics  is  by  de-
creasing  the  thickness  of  the  semiconducting  channel.  The

nature  length  scale λ is  defined  as [2]. , , 
and  are the thickness and dielectric  constant of  the chan-
nel and dielectric oxide layer, respectively. λ stands for the dis-
tance  across  which  the  electric  field  can  penetrate  from  the
electrode region to the device’s channel region. A smaller λ im-
plies better gate controllability. Obviously, a thin channel thick-
ness  enhances  the  gate  control  ability  and suppresses  the
short channel effects. Tremendous efforts have been made in
the  fabrication  of  the  ultrathin-body  silicon  FETs[3].  Although
the  thickness  of  Si  bulk  can  be  reduced  even  to  1  nm,  non-
ideal  scattering  of  charge  carriers  happens  due  to  thickness
variation  and  surface  dangling  bonds[4−6].  The  phenomenon

leads  to  enormous  degradation  of  carrier  mobility  compared
with the bulk Si. Two-dimension (2D) semiconductors have at-
tracted  intense  interest  for  their  atomically  thin  body  thick-
ness,  featuring  a  dangling-bond-free  surface  and  little  mobil-
ity variation[7−11]. While the instability and zero-gap semimetal-
lic character in the 2D form of Si (silicene)[12] hinder its applica-
tion,  seeking  2D  analogs  of  other  semiconductors  is  a  pos-
sible solution.

Most  III−V  semiconductors  have  smaller  effective  masses
than  Si,  and  thus  higher  drift  velocity[13−16],  which  endows
them  great  potential  in  high-speed  MOSFET.  Gallium-based
materials  possess  high  carrier  mobility,  which  is  advantage-
ous for MOSFETs. Moreover, in the 2D region, research shows
that  the  effective  mass  of  monolayer  (ML)  GaSb  is  smaller
than  ML  GaN,  GaP,  and  GaAs,  implying  high  carrier  mobility
of ML GaSb[17].  Thus,  the ultrathin GaSb is  of  high interest for
the post-silicon electronic.

In this paper, we investigate 10 nm double-gated (DG) n-
and  p-type  metal–oxide–semiconductor  FETs  with  ML  and
bilayer (BL) GaSb by using ab initio quantum transport simula-
tions.  The  DG  ML  GaSb  MOSFETs  show  on-currents  (Ion)  ran-
ging  from  1.0  ×  101 to  1.3  ×  103 μA/μm.  Good  gate  electro-
statics  with  the  subthreshold  swing  ranging  from  87  and
120  mV/dec  and  transconductance  from  7.9  ×  103 to  2.8  ×
104 μS/μm  are  observed.  The  power-delay  products  (PDP)
and  delay  time  (τ)  of  almost  all  the  studied  ML  GaSb  MOS-
FETs are lower than the requirements of ITRS and IRDS, which
indicates their competitiveness in low-power applications. 

2.  Model and method

The two-probe 10 nm-gate-length DG MOSFET is construc-
ted  with  intrinsic  ML  and  BL  GaSb  and  their  hydrogenated
counterparts  as  the  channel,  respectively.  The  source  and
drain are highly doped 2D GaSb. The doping concentration is
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5  ×  1013 cm–2[18].  We  adopt  SiO2 dielectric  with  3.9  dielectric
constant  and  0.56  nm  equivalent  oxide  thickness  (EOT).  The
supply  voltage  (Vdd)  is  set  to  0.45  V  (= Vb)  in  terms  of  the
ITRS standard.

We  apply  the  density  functional  theory  (DFT)  combined
with  the  nonequilibrium  Green’s  function  (NEGF)  formalism
in  the  Atomistix  ToolKit  package  to  calculate  the  electronic
and  transport  properties[19, 20].  The  following  Landauer–
Büttiker formula gives the drain current Ids: 

Id (Vb, Vg) = e
h

∫
+∞

−∞
{T(E, Vb, Vg)[fS (E − μS)− fD(E−μD)]}dE, (1)

where e is  the  elementary  charge, h is  the  Planck  constant,
T(E, Vb, Vg)  is  the  probability  of  transmission  at  a  given  gate
voltage Vg and voltage Vb, fS and fD are the Fermi–Dirac distri-
bution function for  the source and drain,  respectively,  and μS

and μD are  the  electrochemical  potentials  of  the  source  and
drain,  respectively.  OpenMX basis  set  with a mesh cut-off  en-
ergy  of  200  hatree  was  used.  The  temperature  was  set  to
300  K.  The  Brillouin  zone  was  sampled  with  separations  of
0.01  Å–1[21].  We  applied  the  Neumann  boundary  condition
along  the  direction  out  of  the  GaSb  plane,  the  Dirichlet
boundary condition along the transport direction, and the peri-
odic  boundary  condition  along  the  transverse  direction  of
the  transistors.  The  generalized  gradient  approximation
(GGA)  in  the  form  of  Perdew–Burke–Ernzerhof  (PBE)  poten-
tial  was  used  to  describe  the  exchange-correlation  interac-
tion in the transistor[22]. 

3.  Results and discussion

We  investigate  four  types  of  GaSb-based  materials:  ML
GaSb, BL GaSb, and their hydrogenated counterparts. The hy-
drogenated  GaSb  is  noted  as  h-GaSb  for  short.  These  struc-
tures are shown in Fig. 1, and the optimized parameters are lis-
ted  in Table  1.  ML  GaSb  is  a  buckled  honeycomb  structure
with  an  optimized  lattice  parameter  of  4.36  Å  and  thickness
of  0.80  Å.  After  hydrogenation,  the  lattice  parameter  of  ML
GaSb  is  slightly  increased  to  4.37  Å  and  thickness  is  in-

creased  to  2.19  Å.  The  increment  of  the  thickness  comes  not
only  from the introduction of  the H atoms,  but  also from the
deformation  of  the  Ga–Sb  bonds. d′ is  defined  by  the  dis-
tance between two Ga and Sb atomic  planes.  The full  hydro-
genation  makes  Sb  atom  rise  and  Ga  atom  lower,  increasing
d′ of  ML GaSb from 0.81 to 0.87 Å.  It  is  consistent  with previ-
ous  theoretical  studies  on  the  ML  III–V  compounds[15].  BL
GaSb is truncated from the zinc-blende bulk structure. The lat-
tice  parameters  of  BL  GaSb  and  h-GaSb  are  close  to  their  ML
counterparts, and the thicknesses are 4.46 and 7.69 Å, respect-
ively.  A  similar  increase  of d′ from  0.81  to  0.90  Å  is  observed
in the BL after hydrogenation.

Freestanding ML GaSb may has dangling bonds on its sur-
face,  this  feature  might  affect  the  stability  of  the  material.
While there is no dangling bond on ML h-GaSb, since the sur-
face  is  passivated.  Comparing  the  phonon  spectra  of  ML
GaSb[23] and  ML  MoS2

[24],  ML  GaSb  may  not  be  as  dynamic-
ally  stable  as  the  latter  one.  However,  the  previous  studies
have shown that the formation energy of ML GaSb[23] is lower
than that of ML SiC[25],  which had been successfully manufac-
tured, so it is possible to synthesis ML GaSb. In addition, select-
ing  lattice-matched  high  atomic  density  surfaces  of  sub-
strates  enhances  the  stability  of  ML  GaSb.  A  suitable  sub-
strate  like  Pd  can  energetically  stabilize  materials  during  the
growth process[26].

 

(a) (b) (c) (d)

y

z

x

z

d = d‘ d‘

a

a

d‘ d‘

d d d

1.00 eV

3

2

1

0

−1

−2

−3

E
n

e
rg

y
 (

e
V

)

ΓM K M

1.38 eV

3

2

1

0

−1

−2

−3
ΓM K M

0.23 eV

3

2

1

0

−1

−2

−3
ΓM K M

0.50 eV

3

2

1

0

−1

−2

−3
ΓM K M

Ga Sb H

 

Fig. 1. (Color online) Top and side views and band structures of (a) ML GaSb, (b) ML h-GaSb, (c) BL GaSb, and (d) BL h-GaSb.

Table 1.   Structural and electronic parameters of monolayer (ML) and
bilayer (BL) GaSb. h-GaSb stands for the hydrogenated layer.

Parameter ML GaSb ML h-GaSb BL GaSb BL h-GaSb

a (Å) 4.36 4.37 4.38 4.37
d (Å) 0.81 2.19 4.46 7.69
d′ (Å) 0.81 0.87 0.81 0.90
Δ (eV) 1.00 1.38 0.23 0.50
me

* (m0) 0.070 0.081 0.588 0.086
mh

* (m0) 0.485 0.620 0.685 0.555
a: lattice parameter; d: thickness; d′: the distance between Ga and Sb
atom along the direction out of the plane; Δ: bandgap; me

*: the
electron effective mass; mh

*: the heavy-hole effective mass. m0: the
free effective mass.
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The  electronic  band  structures  of  2D  GaSb  and  h-GaSb
along  the  high  symmetric  k-path  M–Γ–K–M  are  shown  in
Fig.  1.  ML  GaSb  is  a  semiconductor  with  a  direct  bandgap  of
1.00  eV.  The  valence  band  maximum  (VBM)  and  conduction
band minimum (CBM) are located at Γ point. After hydrogenat-
ing, the crystal remains a direct bandgap at Γ point with an ex-
pended  size  of  1.38  eV.  Compared  with  the  ML  ones,  the
bandgaps  of  the  BL  counterparts  are  much  smaller.  BL  GaSb
shows  an  indirect  bandgap  of  0.23  eV  with  VBM  located  at  Γ
point and CBM at K point. BL h-GaSb shows a direct bandgap
of  0.5  eV  at  Γ  point.  A  bandgap  of  at  least  0.4  eV  is  required
for  the  semiconductor  as  the  channel  in  the  transistor[27] so
as to achieve an on/off current ratio large enough for practic-
al  use.  ML  GaSb,  ML  h-GaSb  and  BL  h-GaSb  are  promising  in
this regard.

m∗ = ( 
h̵

dE
dk )−The effective mass (m*) is estimated from the band struc-

ture,  in  accordance  with  the  equation: .  We  se-

lect  the  heavy-hole  band  to  calculate  hole  effective  mass
here.  The  effective  masses  of  ML  GaSb  and  h-GaSb  range
from  0.070m0 to  0.685m0.  The  electron  effective  masses  ex-
cept  for  BL  GaSb’s,  under  0.10m0,  are  much  less  than  bulk  Si
(0.273m0 to 0.367m0)[28]. It is noted that the values of the elec-
tron and hole effective mass of the BL GaSb are closed. While
for the other three materials,  the heavy-hole effective masses
are generally about seven times as large as the electron coun-
terparts.  Therefore,  a  relatively  better  n-type  performance  of
the  devices  based  on  the  ML  GaSb,  h-GaSb  and  BL  h-GaSb
are expected than p-type ones.

The  transfer  characteristics  of  the  2D  GaSb  MOSFET  are
shown in Figs. 2(b) and 2(c). The current of p-type devices de-
creases  as  the  gate  voltage  increases,  and  the  n-type  ones
are  in  contrast,  which  corresponds  with  the  general  trend

that devices switch between the off-state and on-state.  Addi-
tionally,  comparing  the  transfer  curves  of  the  n-  and  p-type
devices  based  on  the  same  material,  the  ML  GaSb  MOSFETs
have the most symmetrical current trend. The off-current (Ioff)
is  set  to  0.1  and  0.01 μA/μm  in  terms  of  the  high-perform-
ance  (HP)  requirement  of  2015  ITRS  and  2020  IRDS,  respect-
ively. From the pictures, all  the devices with ML materials can
meet the two requirements  for Ioff,  except  for  the BL GaSb n-
and  p-MOSFETs.  The  lowest  current  of  BL  GaSb  MOSFET  in
the  considered  voltage  range  (–4.5  to  3.5  V)  is  about  one  or
two  orders  of  magnitude  larger  than  0.1 μA/μm Ioff.  i.e.,  the
BL GaSb MOSFETs are hard to turn “off”.  This  phenomenon is
related to the small bandgap of 0.23 eV in BL GaSb. Thus, hy-
drogenation of  the BL GaSb is  suggested in order to increase
the  bandgap  and  thus  suppress  the  source  to  drain  leakage
so that to meet the off-current requirement.

With Ioff =  0.1 μA/μm  selected  from  the  HP  requirement
of  ITRS  2015  edition  for  2027  horizons, Ion can  be  determ-
ined by the supply voltage Vdd (0.45 V): |Vg,on – Vg,off| = Vdd. Be-
sides,  from  the  HP  standard  of  IRDS  2020  edition  for  2028
horizons,  we  also  calculated  the Ion with  0.01 μA/μm Ioff and
0.65  V Vdd.  A  higher Ion indicates  a  faster  logic  transition
speed of  the switch.  All Ion of  ML GaSb and h-GaSb MOSFETs
ranges  from  1.0  ×  101 to  1.3  ×  103 μA/μm.  In  comparison, Ion

of BL ones is lower than 1 μA/μm, which are apparently lower
than  most  ML  ones.  In Fig.  3(a),  we  plot  the  on-current  as  a
function  of  the  effective  mass  in  the  2D  semiconductor  that
we  considered  except  BL  GaSb  (because  the  simulated  low-
est  current  of  the  10  nm  BL  GaSb  MOSFET  is  larger  than  the
Ioff requirement of  0.1 μA/μm).  The n-MOSFETs behave better
than  the  p-type  counterparts  in  terms  of  the  on-current
mainly  because of  the much lighter  effective  mass.  Consider-
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Fig. 2. (Color online) (a) Schematic model of DG ML GaSb MOSFET with 10 nm gate length. (b, c) Transfer characteristic of ML GaSb and h-GaSb
and BL GaSb and h-GaSb.
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ing  materials  of  electron-effective  masses  (<  0.087m0), Ion

shows  an  increasing  trend  with  decreasing m* for  GaSb.
When heavy-hole effective masses of GaSb are relatively high-
er  (>  0.48m0),  there  is  no  obvious  dependence  between Ion

and effective mass. This phenomenon originates from the com-
petition between the factors of mobility and gate controllabil-
ity. While a small effective mass is beneficial for higher mobil-
ity,  a  larger  effective  mass  implies  a  larger  density  of  state
near  the  Fermi  level  and  thus  better  gate  controllability.  The
latter  factor  becomes  especially  important  in  the  ultrashort
MOSFETs. As a result, no simple linear relation between the ef-
fective  mass  and  the  on-current  is  found.  It  is  noted  that  for
ML  GaSb  MOSFETs  (no  matter  n-  or  p-type),  the  hydrogena-
tion enhances the Ion of  IRDS set,  but ITRS ones are opposite.
This may result from different slopes of transfer curves at differ-
ent gate voltage range.

It  is  intriguing  to  benchmark  the  performance  of  ML
GaSb MOSFETs against  transistors  with other  channel  materi-
als.  Almost  both  the  ML  GaSb  and  h-GaSb  MOSFETs  show
higher Ion than  Si  FinFET  with  a  similar  size  of  10  nm.  Com-
pared  with  the  10  nm  MOSFETs  based  on  other  commonly
studied  2D  materials  like  WSe2 and  MoS2

[31, 33],  the  ML  GaSb
and  h-GaSb  MOSFETs  are  not  inferior  in Ion.  With  the  2015
ITRS HP settings, Ion of ML GaSb MOSFETs can fulfill 33%–83%
requirement.  The  latest  IRDS  requires  a  lower  off-current
(0.01 μA/μm)  and  a  higher  on-current  (2.0  ×  103 μA/μm)  for
the  HP  application  in  2028.  With  this  off-current,  the  gap  of
Ion between  n-  and  p-type  MOSFETs  further  extends. Ion of
devices  with  ML  materials  can  meet  52%–69%,  and  p-type
counterparts only satisfy 1%–11% of the IRDS standard. To fur-
ther  increase Ion of  GaSb-based MOSFETs,  we can manipulate
the  electronic  structure  by  introducing  a  compressive  biaxial
strain.  Research  indicates  that  with  a  2.0%  biaxial  compress-
ive  strain,  the  maximum  hole  mobility  of  GaSb  p-MOSFETs
has  increased  2.86  times,  compared  with  the  freestanding
one[4, 34−36].

SS = ∂Vg
∂lgID

The  electronic  control  ability  of  the  MOSFET  gate  is
highly  significant.  The  subthreshold  swing (SS)  and transcon-
ductance (gm) evaluate the control ability in different regions.
SS is a parameter describing the gate control ability at the sub-
threshold  area.  It  is  defined  as ,  revealing  the  gate
voltage  needed  to  change  the  drain–source  current  by  one

∂Id
∂Vg

decade.  Transconductance  indicates  the  characteristic  of  the
gate control ability at the superthreshold region, and is calcu-
lated by gm = .  As shown in Fig.  3(b),  ML GaSb and h-GaSb
MOSFETs  show  relatively  small  SS  (87  to  120  mV/dec)  and
large gm (7.9  ×  103 to  2.8  ×  104 μS/μm).  On  the  other  hand,
SS of  BL GaSb and h-GaSb ones are higher  than 200 mV/dec,
and gm is  lower  than  12 μS/μm.  The  reason  lies  in  the  in-
creased  thickness  of  BL  GaSb  and  thus  reduced  coupling  of
the  top  and  bottom  gate,  which  brings  a  weaker  electric
field.  Additionally,  we can see that hydrogenation cannot en-
hance  the  performance  of  SS  for  both  the  ML  BL  GaSb  MOS-
FETs  (Fig.  3(b)).  Comparing  the  gate  control  abilities  of  GaSb
MOSFETs  with  other  transistors,  SS  of  ML  GaSb  MOSFETs  are
higher than Si FinFET[32],  and lower than 2D MoS2 MOSFET[29].
While  the  innovation  of  the  device  mechanism  is  needed  to
overcome  the  Boltzmann  limit  of  60  mV/dec[37] and  thus  the
ITRS  requirement  (25  mV/dec),  the  lowest  SS  in  the  studied
2D  GaSb  MOSFETs  is  already  very  close  to  the  IRDS  require-
ment (75 mV/dec).

To  understand  the  mechanism  of  gate  control  of  MOS-
FETs, we calculate the local density of state for n-type DG MOS-
FETs  with  ML  GaSb,  ML  h-GaSb,  and  BL  h-GaSb.  We  define  a
maximum  hole  barrier  height ΦB as  the  energy  barrier
between  the  highest  energy  level  of  the  channel  VBM  and
the source Fermi  energy level.  In Figs.  4(a)–4(c), ΦB of  DG ML
freestanding  GaSb  MOSFET  is  0.78  eV  when Vg =  –0.9  eV  at
the  off-state.  It  hinders  the  carrier  transport  from  source  to
drain,  and the current is  mainly contributed by the tunneling
current Itunnel.  With the increase of  gate voltage (–0.3 eV),  the
device  turns  to  the  intermediate  state,  and ΦB decreases  to
0.32  eV.  Both  the  tunneling  current Itunnel and  the  thermio-
nic  current Itherm contribute  significantly  to  the  total  current
of 16 μA/μm. They are separated by the top of barrier height.
When  enhancing  gate  voltage  to  0.3  eV,  the  barrier  disap-
pears, and Ion reaches 3.4 × 103 μA/μm with Itherm’s main contri-
bution.

Compared  with  the  ML  GaSb  MOSFET,  the  ML  h-GaSb
MOSFET’s  gate  modulation  (Figs.  4(d)–4(f))  is  similar  on  the
overall  trend,  but ΦB becomes  larger  in  every  state.  From
the  off-state  (Vg =  –1.3  eV)  to  the  intermediate-state  (Vg =
–0.9  eV)  to  the  off-state  (Vg =  0.3  eV), ΦB decreases  from
1.69  to  0.9  and  to  0  eV,  and  the  current  increases  from  0.01
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Fig. 3. (Color online) (a) On-current versus the effective mass m*, (b) subthreshold swing versus transconductance, and (c) power-delay products
versus delay time. Labels with and without cross-shaped subscripts represent the values calculated according to IRDS and ITRS standards, respect-
ively. The data of other transistors with a similar gate length are also included for comparison: GaSb p-nanowire[29], BP (transfer along zigzag direc-
tion)[30], WSe2

[31], MoS2 MOSFETs[9], and Si FinFET[32].
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to  106  and  to  9528 μA/μm.  However,  during  the  on-off  state
transition,  the  BL  h-GaSb  MOSFET  (Figs.  4(g)–4(i))  performs
slightly  differently.  Its ΦB decreases  much  smaller  than  the
ML  material  MOSFET  one.  In  the  meantime,  the  current  in-
creases  much  smaller  from  0.07  (off-state)  to  0.6  (intermedi-
ate-state) and to 4.9 μA/μm (on-state). It depicts the worst con-
trol  ability  and  the  lowest  switch  speed  among  three  MOS-
FETs.

τ

τ = CtotalVdd
Ion

Cg =
∂Qch
∂Vg

Cf
Cg

Cf
Cg

Next, we consider the delay time ( ) and power consump-
tion.  The  delay  time  of  the  transistor  straightly  indicates  the
switching  speed,  which  can  be  calculated  by . Ctotal

is  defined  as  the  total  capacitance,  including  gate  capacit-
ance  (Cg)  and  fringing  capacitance  (Cf). Cg can  be  calculated
by ,  where Qch is  the  total  charge  of  the  central  re-

gion.  The ratio  is  calculated to be around 1 to  2  for  the 10

nm MOSFETs[38−40],  and here we set  to 2.  In order to evalu-
ate the performance more intuitionally, we also extracted the
energy-delay  product  (EDP  =  PDP  ×  τ),  which  can  measure
power  dissipation  and  transition  speed  simultaneously.  Ex-
cept for ML GaSb p-MOSFET under IRDS settings, the EDP val-
ues of the ML GaSb and h-GaSb MOSFETs are in the range sim-
ilar  to  those  of  MoS2 and  WSe2,  while  those  of  the  BL  GaSb

and  h-GaSb  ones  are  far  larger  than  them.  As  presented  in
Fig.  3(c),  almost  all  the EDP of  ML GaSb MOSFETs (from 2.6 ×
10–29 to  3.1  ×  10–28 J·s/μm)  satisfy  the  ITRS  and  IRDS  stand-
ards,  while  BL  ones  (from  1.1  ×  10–25 to  2.2  ×  10–25 J·s/μm)
have larger EDP than the standard and only meet the PDP re-
quirement. ML and BL MOSFETs are similar in the power con-
sumption  but  differ  a  lot  in  the  delay  time,  which  may  result
from  the  latter  ones’  extremely  smaller  on-current  than
former  ones.  All  the  considered  ML  materials  own  lower  PDP
than 0.45 fJ/μm and shorter delay time than 1.10 ps. The smal-
lest  EDP belongs to ML h-GaSb n-MOSFET (ITRS settings).  Hy-
drogenation  boosts  the  switching  speed  of  ML  GaSb  MOS-
FET, and reduces the PDP to lower than half of the freestand-
ing  counterpart,  bringing  on  the  smallest  EDP.  The  main
cause is found to be the decreased Ctotal.

ft

ft ft =
gm

πCtotal
ft

ft

As  for  radio-frequency  (RF)  devices,  one  of  the  most  im-
portant  figures  of  merit  is  the  cut-off  frequency  ( ).  The  cut-
off  frequency  is  the  upper  frequency  at  which  the  mag-
nitude of the current gain has dropped to unity (0 dB), mean-
ing  the  transistor  loses  the  amplified  ability.  We  can  calcu-
late  using  the  equation: .  Here,  is  influenced  by
the  transconductance gm and  the  total  gate  capacitance
Ctotal.  BL  GaSb  only  has  at  about  GHz,  while  ML  GaSb’s  can
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Fig. 4. (Color online) Position resolved local density of state and spectral current in the channel region of (a–c) ML GaSb, (d–f) ML h-GaSb and
(g–i)  BL h-GaSb at different states. μs and μd are the electrochemical  potential  of  the source and drain,  respectively. ΦB is  the effective barrier
height.
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ft

reach  THz.  Freestanding  ML  GaSb  n-  and  p-MOSFET  are  1.2
and 1.8  THz,  respectively.  of  the  ML GaSb MOSFETs  are  lar-
ger  than those of  graphene-based FETs (0.3 THz)  and silicane
MOSFETs (0.5  THz)  at  room temperature[41],  but  still  need the
effort  to  reach  the  level  of  2D  MoS2 (4  THz)  and  2D  WSe2 (5
THz)[42].  Luckily,  hydrogenation  enhances  the  cut-off  fre-
quency  to  2.9  THz  for  the  ML  h-GaSb  n-MOSFET  and  11  THz
for  the  ML  h-GaSb  p-MOSFET.  In  particular,  this  cut-off  fre-
quency  of  11  THz  in  the  ML  h-GaSb  p-MOSFET  is  superior
among  all  the  MOSFETs  mentioned  above.  Thus,  ML  h-GaSb
is highly suggested to be tested for the RF devices.

In  our  simulation,  SiO2 of  0.56  nm  thick  is  used  as  the
dielectrics. Such a thin dielectric will result in a high gate tun-
neling leakage current  in  practice.  The high gate leakage will
lower  the  circuit  performance  severely,  and  it  is  a  critical  is-
sue  especially  in  the  sub-nanometer  scale.  Changing  SiO2 in-
to  other  high-k dielectrics  such  as  TiO2 and  HfO2 can  over-
come this disadvantage[43]. High-k materials have larger capa-
citance equivalent thickness than SiO2,  and thus a better abil-
ity to suppress the leakage. 

4.  Conclusion

Inspired by the high mobility of III–V binary materials, we
simulated the 2D GaSb n- and p-MOSFETs with a gate length
of  10  nm  based  on  ab  initio  quantum  transport  simulations.
BL  GaSb  MOSFETs  perform  significantly  worse  than  the  ML
ones,  owing  to  their  relatively  smaller  bandgap  and  heavier
masses.  Additionally,  it  is  found  that  power-delay  products
and  delay  time  can  be  best  improved  by  about  35%  and
57%, respectively, with full hydrogenation. The on-currents of
ML  GaSb  MOSFETs  range  from  1  ×  101 to  1.3  ×  103 μA/μm,
and  the  SS  cover  from  87  to  120  mV/dec.  ML  GaSb  transist-
ors  show a  fast  delay  time of  0.24  to  1.10  ps  and low power-
delay products of 0.08 to 0.45 fJ/μm. In general,  the ML GaSb
and h-GaSb MOSFETs perform similarly to the commonly stud-
ied  ML  MoS2 and  WSe2 counterparts  with  the  same  gate
length  of  10  nm,  in  terms  of  a  few  figures  of  metrics  includ-
ing  the  on-current,  PDP,  and  delay  time.  Therefore,  making
GaSb  thinner,  ideally  fabricating  the  thinnest  ML  GaSb,  is
worthy of being tested for the ultrashort transistors in the ex-
periment. 
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