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Abstract: The growing demand for high-performance logic transistors has driven the exponential rise in chip integration, while
the transistors have been rapidly scaling down to sub-10 nm. The increasing leakage current and subthreshold slope (SS) in-
duced by short channel effect (SCE) result in extra heat dissipation during device operation. The performance of electronic
devices based on two-dimensional (2D) semiconductors such as the transition metal dichalcogenides (TMDC) can significantly re-
duce power consumption, benefiting from atomically thin thickness. Here, we discuss the progress of dielectric integration of 2D
metal–oxide–semiconductor field effect transistors (MOSFETs) and 2D negative capacitance field effect transistors (NCFETs), out-
lining their potential in low-power applications as a technological option beyond scaled logic switches. Above all, we show our
perspective at 2D low-power logic transistors, including the ultra-thin equivalent oxide thickness (EOT), reducing density of inter-
face trap, reliability, operation speed etc. of 2D MOSFETs and NCFETs.
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1.  Introduction

The  gradual  geometrical  scale  down  of  logic  devices  has
successfully  approached  the  ultimate  performance  of  silicon
transistors  in  the  past  60  years[1].  In  state-of-the-art  techno-
logy  node,  more  and  more  additional  performance  boosters
are introduced into the processes for higher performance and
lower power consumption[2–4]. However, with the process com-
plexity increasing and the ultimate scale approaching, the un-
desirable phenomena such as increasing leakage current and
subthreshold slope (SS) induced by short channel effect (SCE)
cannot be suppressed through new process alone[5]. The Inter-
national Technology Roadmap for Semiconductors (ITRS 2.0) in-
dicates  that  new materials  beyond silicon will  be an effective
route  towards  continuing  the  scale  and  address  the  formid-
able  challenges  of  transistor  scaling  after  7  nm  technology
node, the so-called “More Moore” approach[6].

2D semiconductors, especially transition metal dichalcogen-
ides (TMDC), have a satisfied thickness-dependent bandgap of
1–2  eV,  which  can  enable  lots  of  fascinating  device  applica-
tions  in  field-effect  transistors  (FETs)  with  the  extraordinary
on/off current ratio (> 108) and off-state current (< 1 pA), and
atomically  thin  body  thickness,  which  gives  new  opportunit-
ies to improve gate control and reduce the SCE main issues in
ultra-scaled devices[7–12].

The static and dynamic power consumption of logic tran-
sistors are proportional to operating voltage (Vdd) and quadrat-
ic of Vdd,  respectively[11, 13, 14].  Therefore, reducing the operat-
ing  voltage  will  effectively  shrink  the  power  consumption[14].

More  directly,  on  the  device  level,  the  reducing  SS  to  realize
steeper switch will translate into reduction of Vdd.
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According  to  the  Boltzmann  tyranny,  the  SS  of  MOSFETs

at  room  temperature  will  not  be  lower  than  ≈

60 mV/dec[15]. From the Eq. (1) of the mathematical analysis of
SS, the main strategies to reduce SS for metal–oxide–semicon-
ductor  field  effect  transistors  (MOSFETs):  (1)  to  enhance  the
dielectric capacitance (Cox) of the device; (2) to improve the in-
terface  quality  and  suppress  the  interface  capacitance  (Cit),
thereby to achieve a near-ideal SS (60 mV/dec at room temper-
ature). Recently, some researches have shown that intrinsic fer-
roelectrics can provide negative capacitance during the switch-
ing process between two polarization states and importantly,
with the matching of capacitance, the switching barrier could
be lowered. Referring to Eq. (1),  a negative capacitance could

lower  below  1,  make  a  sub-60  SS,  and  thus,  im-

prove the energy efficiency of conventional electronics just bey-
ond fundamental limit of Boltzmann tyranny[16, 17]. So far, negat-
ive capacitance field effect transistors (NCFETs) using ferroelec-
tric as gate dielectric have demonstrated extraordinary perform-
ance  of  steep  SS  down  to  20  mV/dec[16, 18].  However,  the  re-
search of NCFETs is still in infancy, while the physical origin of
NC  effect  is  still  controversial,  and  the  researches  on  device
speed and reliability are still way off.

Here,  we  will  summarize  the  latest  progress  of  2D  low-
power  logic  transistors  from  the  following  aspects.  First,  we
will  give  a  brief  discussion of  the  ultra-thin  dielectric  integra-
tion  on  2D  TMDC,  together  with  analysis  of  interface  quality
from  different  interface  passivation.  Then,  novel  NCFETs  will
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be discussed, including the working mechanism and device pro-
gress.  Moreover,  a  perspective for  sub-1 nm EOT and NCFETs
will  be  discussed  in  the  last  paragraph  of  the  corresponding
section.

2.  Integration of ultrathin dielectric on 2D
materials

In  the early  days of  the semiconductor  industry,  SiO2 has
been used as a gate dielectric of MOSFETs for decades due to
nearly ideal interface between Si and SiO2

[19]. As logic transist-
ors  scaling  down,  the  thickness  scales  SiO2 has  steadily  de-
creased to 2 nm, and leakage current owing to direct tunnel-
ing  increases  drastically,  leading  to  much  higher  power  con-
sumption and dramatically reduced device reliability[20, 21]. Re-
placing SiO2 with high-κ dielectric at 45 nm technology node,
such as HfO2, allow improved gate capacitance without the as-
sociated leakage current problem[21, 22].

So  far,  the  most  controllable  approach  in  semiconductor
industry  for  low  cost,  high-quality,  scalable  dielectric  depos-
ition  is  atomic  layer  deposition  (ALD)[23, 24].  In  the  most  ad-
vanced Si MOSFETs (e.g. Intel 14 nm Fin-FET), the physical thick-
ness of HfO2 is 2.6 nm, corresponding to 0.9 nm EOT[25]. In addi-
tion,  the  gate  leakage  and  interface  state  density  (Dit)  re-
quired  for  low-power  CMOS  is  1.5  ×  10–2 A/cm2 and  ~1010

cm–2eV–1[25].  These  performance  serves  as  important  bench-
marks for any emerging technologies. Due to the ultra-clean in-
terface without dangling bond on the 2D materials, the dielec-
tric deposition via ALD on 2D materials remains great challen-
ging  (Fig.  1(a))[26].  To  achieve  high  quality  dielectric  integra-
tion on 2D materials for top gate FET (Fig. 1(b))[7], many active
processes  have  been  developed  for  uniform  deposition  of
high-κ dielectric on 2D materials, mainly including surface func-

tionalization (such as plasma[27, 28], ozone[29–31], electron beam
irradiation[32]), metal seeding layer[33, 34], van der Waals integra-
tion[35–37] and organic seeding layer[38–41] and so on.

The  surface  of  2D  material  is  pretreated  by  high-activity
units such as plasma, ozone and electron beam to increase the
nucleation  sites  for  ALD.  However,  these  processes  involve
high-energy and reactive species which will introduce the over-
much defects and interface states[42]. Wang et al. reported that
top gate few-layer MoS2 FETs with ~10 nm HfO2 deposited by
ozone pretreatment are fabricated (Fig. 1(d)), showed large Dit

of ~5 × 1012 cm2eV–1 due to undesirable damage of MoS2 inter-
face[31]. Metal seeding layer which is evaporated onto 2D materi-
als  followed  by  oxidation  is  the  most  extensive  technique  to
achieve ALD deposition on 2D materials[43]. Subject to the thick-
ness and roughness of  the seeding layer,  this  method is  diffi-
cult  to  achieve  ultra-thin  EOT  with  smooth  enough  interface.
Zou et al. presented that 1 nm Y as seeding layer for ALD nucle-
ation sites could improve the coverage of high-quality dielec-
trics  on  MoS2 channels  (Fig  1(e))[33].  The  statistical  results
showed average mobility and SS of 47.7 cm2/(V·s), 120 mV/dec,
respectively.  When the HfO2 thickness  down to 9  nm (corres-
ponding  EOT  is  about  4  nm)  with  optimized  fabrication  pro-
cesses,  a  reduced  SS  of  65  mV/dec  was  achieved,  indicating
the improved interface quality.  More recently,  Illarionov et  al.
used epitaxial  calcium fluoride (CaF2)  as dielectric to build up
back  gate  2D  transistors  (Fig.  1(f)).  Bilayer  MoS2 transistors
were  achieved  by  transferring  MoS2 film  onto  2.2  nm  CaF2

dielectric,  corresponding EOT of  which is  less  than 1 nm.  The
devices exhibit  SS down to 90 mV/dec,  which are among the
leading  values  reported  for  back-gated  devices[35].  It  is  worth
noting  that,  the  greatest  challenge  of  CaF2 as  a  dielectric  is
how to achieve top gate dielectric integration.

 

(a)

Non conformal ALD

ALD oxide on 2D materials directly

Challenge Requirement

Strategy

z: 19.6 nm

y: 500.0 n
m

x: 500.0 nm

(b) (c)

Small EOT (<1 nm)

High quality interface

Damage-free to channel

Scalabel integration

(g)(f)(e)

Buffer layer

(d) O atom MoS2

MoS2

MoS2

CaF2

Si

Ti/Au

HfO2

HfO2

DS

Top gate

SiO2
P+Si

Surface functionalization Oxidized metal layer Van der Waals integration Organic film

PTCA

 

Fig. 1. (Color online) Integrating ultra-thin high-κ dielectric on 2D materials. (a) The 3D AFM image of HfO2 deposited directly on MoS2 by ALD
technique forms an island structure[26]. (b) Schematic of top gate FET based on monolayer 2D TMDC[7]. (c) Requirement of high-κ dielectric on 2D
materials for low power device; (d) Device schematic of the top-gated MoS2 FET with HfO2 dielectric deposited by ozone pretreatment[31]. (e)
Structural schematic of few layer MoS2 covered with the metal oxide buffer layer and HfO2 film[33]. (f) Illustration of the atomic structure of the
bilayer MoS2 FETs with a CaF2 gate dielectric[35]. A quasi-van der Waals interface is formed between the F-terminated CaF2 (111) and the MoS2

channel. (g) PTCA coated graphene. PTCA selectively adheres to graphene on SiO2 surfaces, providing binding sites for ALD deposition. Inset is a
top view of PTCA structure[38].
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Besides,  using organic film as the seeding layer to realize
the  conformal  deposition  of  oxide  on  2D  materials,  which  is
more amicable than the above surface functionalization and ox-
idized  metal  layer  method  to  2D  materials  because  of  ultra-
smooth  interface  of  organic  crystal  and  damage-free  van  der
Waals  interaction[38, 40].  Organic  film  buffer  layer  usually  con-
tains many hydroxyl groups, carboxyl groups or other hydrophil-
ic  groups,  serve  as  ideal  reaction  sites  for  ALD[38–40].  Wang
et al. firstly used perylene tetracarboxylic acid (PTCA, a kind of
carboxylate-terminated  perylene  molecule)  to  functionalize
graphene  with  densely  packed  functional  groups  and
achieved  uniform  ultrathin  Al2O3 deposition  on  graphene.
PTCA  is  selectively  coated  graphitic  surfaces  owing  to  its
planar,  conjugated  ring  system  and  its  symmetrically  ar-
ranged, negatively charged terminal carboxylates (Fig. 1(g))[38].
Sangwan et  al.  showed  that  using  perylene-3,4,9,10-tetra-
carboxylic  dianhydride  (PTCDA)  organic  film  as  seeding  layer
to  deposit  Al2O3 and  HfO2 stacks  exhibited  high  uniformities
(Weibull  parameter β >  25)  and  large  breakdown  strengths
(Weibull parameter EBD > 7 MV/cm), which are comparable to
dielectrics on Si substrate[40]. However, the most of current or-
ganic  seeding  layers  are  thick  organic  films,  resulting  in  de-
creased overall  gate capacitance and a reduced effective die-
lectric constant, which cannot achieve 1 nm EOT even below.

Although  some  new  techniques  applied,  compared  with
the  advanced  technology,  high-κ dielectric  with  larger  EOT
and  inferior  interface  quality  are  still  one  of  the  biggest
obstacles  to  the  application  of  2D  MOSFETs. Fig.  1(c) shows
the requirement of high-quality dielectric on 2D materials, in-
cluding  smaller  EOT  and Dit,  potential  of  scalable  integration
and so on. The organic seeding layer is one of the most prom-
ising techniques for implementing large-scale 2D integrated cir-
cuits due to damage-free interface and scalable integration po-
tential, which are the great advantages beyond other technolo-
gies.  Recent  developments  indicate  that  some  organic  mo-
lecules  can  self-limited  assemble  on  2D  materials  by  van  der
Waals  interaction  with  thickness  of  only  single  atomic
layer[39–41].  These  molecules  are  likely  to  be  a  very  good  op-
tion for  integrating ultra-thin dielectric  while  avoiding reduc-
tion in overall capacitance due to increased thickness of seed-
ing layer. In the following development, combination of mono-
layer  hydrophilic  organic  molecules  as  seeding  layer  which
can self-limited grow on 2D interface and higher dielectric con-
stant  oxide  (such  as  La2O3,  etc.)  will  hopefully  achieve  sub-1
nm EOT on scalable 2D logic transistors.

3.  Ultra-low power NC-FET based on 2D TMDC

The dielectric, as we all know, comprises a significant contri-
bution  to  the  power  dissipation  of  nano  devices  and  integ-
rated circuits. Different from boosting gate capacitance, ferro-
electric  NCFETs[17] preforms  an  internal  voltage  amplification
and  thus  sub-60  SS,  which  can  effectively  lead  to  reduce Vdd

and eventually low power consumption.

Uf = αP + βP + γP

The  phenomenological  formalism  for  the  double-well
Gibb’s free energy Uf of  a single-domain ferroelectric capacit-
or  is  given  as  a  function  of  the  spontaneous  polarization
Ps:  ,  known  as  the  Landau–Ginzburg–
Devonshire  (LGD)  theory[44].  The  polarization–voltage  (P–V)
curve of ferroelectrics (FE),  by mathematical  deduction, could
be  plotted  as  a  S-shape  and  a  negative  capacitance  zone
emerges near P ≈ 0, which is energetically unstable (blue lines in

Figs. 2(b) and 2(c)).  While a linear dielectric capacitor shows a
simple  quadratic Uf–P,  a  linear P–V curve  (yellow  lines  in
Figs. 2(b) and 2(c)) and constant positive capacitance, the NC re-
gion may be stabilized by a series linear dielectric (DE)[17]. One
would  see  that  a  well-matched  ferroelectric-dielectric  (FE-DE)
stack (Fig. 2(a)) shows a steep swing P–V shape and a capacit-
ance  enhancement  near P ≈  0  (green  lines  in Figs.  2(b) and
2(c)).
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According  to  Eq.  (1),  the  first  term ,  often  called

the  ‘body-factor’,  is  always  larger  than  1  due  to  positive Cox

and Cit.  Salahuddin et  al.  proposed that the negative capacit-

ance zone, where the , helps to realize SS of sub-

60  mV/dec,  reduce  switching  energy,  and  thus  decrease  the
power consumption of FETs. Of note, a FE-DE stack as well as a
resistor  are  always  used to  perform a  pulse  test  as  a  proof  of
existence  of  NC  effect,  known  as  transient  NC
measurements[45–47].  However,  the  origin  and  physical  mech-
anism of NC effect are still confusing and controversial, which
are beyond the scope of this paper.

For ferroelectric materials in NCFETs application, tradition-
al  perovskite  ferroelectrics  like  PbZrO3 (PZT),  BaTiO3 (BTO),  or
polymers like polyvinylidene fluoride-trifluoroethylene (PVDF-
TrFE)  obviously  become  out  of  place  due  to  their  poor  thick-
ness  scalability  and  CMOS  process  compatibility.  Fortunately,
ferroelectric  polycrystalline  HfZrO2 (HZO)[48] (Fig.  2(d)),  which
can be obtained through in situ alternating deposition of ZrO2

and  HfO2 via  ALD,  provides  an  appealing  proposal  to  con-
struct  NCFETs  using  Si[25, 49, 50],  Ge[51–53],  and  TMDC[16, 18, 54–57]

as channel. The composition of HZO could be achieved by con-
trolling the ratio of ZrO2 and HfO2 and the ferroelectricity is en-
hanced through a  rapid  thermal  annealing followed.  There  is
no  doubt  that  HZO  is  considered  as  the  most  industry-relev-
ant ferroelectric material currently.

Recent researches have shown that 2D semiconductors us-
ing  ferroelectric  as  gate  dielectric  exhibit  excellent  perform-
ance,  such  as  reduced  SS  and Vdd,  etc.  Yu et  al.  fabricated  n-
type  MoS2 NCFETs[16] using  the  structure  shown  in Fig.  2(e),
with  layered  MoS2 mechanically  exfoliated  onto  ALD  depos-
ited  Al2O3/HZO  gate  stack.  The  MoS2 NCFETs  devices  exhib-
ited ultra-low SS of 23 mV/dec, sub-60 mV/dec over 6 orders of
the drain current, nearly hysteresis-free up to VDS = 1 V. Import-
antly, they could modulate 5 orders of IDS using a gate drive of
232  mV,  clearly  demonstrating  the  potential  of  MoS2 NCFETs
for low-power logic applications. Furthermore, compared to nor-
mal MoS2 FETs with 11.2 nm EOT, the NCFETs achieve 60% im-
provement in current density (250 μA/μm) and 4 times improve-
ment  in  transconductance.  Moreover,  they  further  study  the
high frequency operation and show that sub-60 mV/dec is main-
tained at least to 10 kHz without signs of degradation. For cur-
rent CMOS technology, p-type transistors are also very import-
ant for low power application. Wang et al. realized hysteresis-
free p-type WSe2 NCFETs[57] by using van der Waals Pt-WSe2 con-
tact and HZO/Al2O3 as the dielectric layer with reduced SS for
both  forward  and  reverse  gate  voltage  sweep  (the  minimum
SSforward and  SSreverse of  18.2  and  44.1  mV/dec,  respectively).
Also, drain current could be modulated by 5 × 104 within small
gate voltage of 220 mV.

The SS-Hysteresis phase diagram (Fig. 2(f)) summarizes rep-
resentative  reported  works  of  2D  NCFETs  with  comparison
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with the advanced Silicon technology and ITRS requirements.
According  to  ITRS  2.0  requirements  of  logic  transistors  re-
leased  in  2015,  SS  will  decrease  to  40  mV/dec  in  2024,  and
25 mV/dec in 2030, shown in Fig. 2(f). Of note, apart from large
hysteresis of MoS2/PVDF cases (in purple shadow),  several  2D
NCFETs  can  satisfy  ITRS  requirement  of  40  mV/dec  (even
25 mV/dec), while the difference of SS between forward and re-
verse sweep and hysteresis in transfer curves remain to be re-
duced.

Although results above have demonstrated excellent isol-
ated device performance, NCFETs applications still face sever-
al major problems: physics behind NC effect, the highest operat-
ing frequency of NCFETs, and the fatigue characteristics and reli-
ability  of  ferroelectric  materials  such as HZO.  Recently,  transi-
ent  NC  measurements[45–47] were  reported,  including  that  S-
shaped P-E loop predicted by Landau was obtained from an ul-
trafast pulse test on FE/DE stack[47], revealing that the ferroelec-
tric  does  possess  a  differential  negative  capacitance  in  a  cer-
tain region around P ≈ 0. These works all underline the import-
ance  of  the  frequency  dependence  of  ferroelectrics,  which
helps  to  understand  the  physical  mechanism  of  ferroelectric
NC, but they are not identical  to quasi-static NC behavior ob-
served in FETs measurement. According to the NC theory, the
appearance of the NC effect is  still  related to the ferroelectric
switch.  Therefore,  the  maximum  operating  speed  of  the
NCFETs may be subject to dynamics of polarization in ferroelec-
trics  instead  of CV/I as  MOSFET.  Krivokapic et  al.  from  Global
Foundries  reported  ring  oscillators[25] based  on  14  nm  Si  Fin-
FET  using  Si-doped  HfO2 with  competitive  performance.
However, the controversy still exists in this result that the per-
formance improvement is  derived from higher dielectric  con-

stant  than  NC  effect.  More  works  focused  on  device  speed
should be continued in the future. Another challenge is the reli-
ability  of  ferroelectrics,  due  to  ion  movement  and  degrada-
tion  from  ferroelectric  fatigue  and  imprint.  The  endurance  of
FE-HfO2 as memory is about 104–105, which is far from reliabil-
ity  requirements  of  logic  transistors[62].  In  addition,  reducing
oxygen  vacancies  of  doped  HfO2 is  also  one  of  the  key  tech-
nologies to improve reliability[63].  Therefore, although NCFETs
have significant advantages in low-power logic transistors, the
application still goes a long way.

4.  Conclusion

2D  semiconductors  are  promising  candidates  for  low-
power logic transistors due to their inherent advantages, such
as ultimate body thickness, dangling bond free, sizable and tun-
able bandgap, and reasonable mobility. However, the applica-
tion of 2D semiconductors remains in infancy, and more specif-
ic  techniques  for  2D  characteristics  have  been  developed.  In
this  paper,  low-power  2D  logic  transistors  using  ultra-thin
high-κ dielectric and NCFETs are overviewed. Some recent pro-
gresses  of  techniques  for  gate  dielectric  with  related  advant-
ages  and  disadvantages  are  reviewed.  Moreover,  a  perspect-
ive  discussion  for  realization  of  sub-1  nm  EOT  was  followed.
Then, the performance of typical 2D NCFETs are analyzed, and
more researches on 2D NCFETs are summarized. At last, a pro-
spect for further development for NCFETs is addressed.
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