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M Check for updates

The International Roadmap for Devices and Systems (IRDS) forecasts that, for
silicon-based metal-oxide-semiconductor (MOS) field-effect transistors (FETs), the
scaling of the gate length will stop at 12 nm and the ultimate supply voltage will not
decreasetolessthan 0.6 V (ref.'). This defines the final integration density and power
consumption at the end of the scaling process for silicon-based chips. In recent years,
two-dimensional (2D) layered semiconductors with atom-scale thicknesses have
been explored as potential channel materials to support further miniaturization

and integrated electronics. However, so far, no 2D semiconductor-based FETs have
exhibited performances that can surpass state-of-the-art silicon FETs. Here we report
aFET with 2D indium selenide (InSe) with high thermal velocity as channel material
that operates at 0.5V and achieves record high transconductance of 6 mS pm™and a
room-temperature ballistic ratio in the saturation region of 83%, surpassing those of

any reported silicon FETs. An yttrium-doping-induced phase-transition method is
developed for making ohmic contacts with InSe and the InSe FET is scaled down to
10 nmin channel length. Our InSe FETs can effectively suppress short-channel effects
withalow subthreshold swing (SS) of 75 mV per decade and drain-induced barrier
lowering (DIBL) of 22 mV V. Furthermore, low contact resistance of 62 Q um is
reliably extracted in 10-nm ballistic InSe FETs, leading to a smaller intrinsic delay and
much lower energy-delay product (EDP) than the predicted silicon limit.

Inrecent years, 2D layered semiconductors with atom-scale thick-
nesses have been explored as potential channel materials to avoid
short-channel effects? ¢, and the gate lengths of 2D FETs have even been
scaled below 5 nm (refs. ). However, so far, no experimental results
have demonstrated that, with the standard supply voltage of 0.7 V
(the supply voltage in commercial silicon 10-nm node), the on-state
currentand transconductance of 2D semiconductors-based FETs can
surpass those of state-of-the-art silicon FETs, and experimental results
of 2D semiconductors-based FETs still lag far behind that of theoreti-
cal predictions and are insufficient to show the ultimate potential of
2D semiconductors® ™. This is because of several challenges, such
as the low-quality interface between 2D semiconductors and high-k
dielectrics®, poor source and drain contacts with considerable Schottky
barrier at 2D semiconductor-metal interfaces”*® and the inherent
shortcomings of 2D semiconductors”.

Figure 1a depicts the basic physical rules for designing ultrascaled
ballistic transistors with good on and off characteristics by referring to
two key material parameters: thermal velocity and scale length'®”, InSe
isphysically superior to Sifor larger thermal velocity (smaller effective
mass) and smaller scale length' (thinner body and smaller dielectric
constant®), as suggested in Fig. 1a. Also, small valley degeneracy (g. =1)
for InSe (compared with g- = 2 for ultrathin silicon) is another advan-
tage for achieving smaller delay and lower power consumption (Sup-
plementary Fig. 1). In this work, we use three-layer InSe to construct
ultrashortballistic transistors, aiming to explore the ultimate potential
of 2D semiconductors.

Aschematicdrawing of the 2D InSe transistor structure used in this
workis shown in Fig. 1b and cross-sectional high-resolution scanning

transmission electron microscopy (STEM) imaging of a real device
with a 10-nm channel length and 2.6-nm-thick HfO, dielectrics is
shown in Fig. 1c. The spatial distributions of indium, hafnium, tita-
nium, gold and yttrium (Y) were observed in the electron energy-loss
spectroscopy maps of the FET (Fig. 1d), confirming the locations of
the 2D InSe channel, HfO, dielectrics, electrodes and the existence
of athinlayer of yttrium, which was introduced and used to improve
the contacts between the source/drain metal and 2D InSe through
yttrium-doping-induced phase transition. Details on the fabrication
process and ascanning electron microscopy (SEM) image of our devices
areincluded in Extended Data Fig. 1.

The realization of ohmic contacts is of crucial importance for con-
structing high-performance FETs. Usually, 2D-materials-based devices
tend to have large contact resistance between metal electrodes and
2D semiconductors owing to the severe Fermi-pinning effects>. To
overcome this problem, here we adopt a phase-transition method in
the contact region by using yttrium doping to convert semiconducting
InSe into semimetallic Y-InSe. Density functional theory (DFT) is first
used to search for the most probable doping lattice structure by calcu-
lating the formation energies of different structural configurations for
Y atoms doped to InSelayers, including different types of adsorption,
interstitial doping and substitutional doping (Fig. 1e). The calculation
results show that Y atoms are extremely prone to replacing In atoms
because the system energy decreases in this substitutional-doping
process and, thus, this Y-InSe configuration has the lowest energy and
isthe most stable among all potential structures. The band structure of
this most stable Y-InSe configurationis then calculated by DFT and the
results show that there exists a very small overlap between the bottom
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ofthe conductionband and the top of the valence band in Y-InSe, that is,
semiconductor InSe has been converted into semimetal Y-InSe through
substitutional doping (Fig.1f and Supplementary Figs.2 and 3). Experi-
mentally, we developed the following process to achieve Y doping in
InSe: the contact area was treated with low-power argon plasma (to
induce active sites) after electron-beam exposure and development,
followed by rapid evaporation of 1nm Y and Ti/Au electrode metalsin
highvacuum (1x 1078 torr). When annealing at 230 °C for 30 mininan
inert-gas environment, the solid-dopant-source yttriumtends to diffuse
into the top-layer InSe (ref.?), causing the substitutional activation of
dopantY atoms at the activesites (induced by the previous process of
plasma) inthe top-layer InSe. Furthermore, we carried out detailed char-
acterizationto verify the predicted semiconductor to semimetal phase
transition. (1) After removing the excess Y by selective wet etching,
X-ray photoelectron spectroscopy (XPS) was performed on the surface
of the fabricated Y-InSe sample, showing that Y signal (with different
binding energy to that of pure Y metal) appearsin the treated 2D Y-InSe
sample (Fig.1g, bottom). (2) BothIn3d and Se 3d peaks (Fig.1g, top and

Fig.1|Structural and electronic characteristics of ballistic InSe FETs.

a, Thermal velocities and scale lengthsinsilicon and typical 2D semiconductor
materials. b, Schematic ofadouble-gate InSe FET. ¢,d, Transmission electron
microscopy image and electron energy-loss spectroscopy map showinga
cross-section ofanInSe FET with double-gate structure; top-gate length about
5nm, bottom-gate lengthabout10 nm, channellength about10 nm, InSe
thicknessabout 2.4 nm, HfO, thickness about 2.6 nm. Scale bars, 10 nm.

e, Calculated formation energy of possible doping or adsorption configurations
inthe Y-InSe system. The gold, blue and purple spheresrepresentIn,SeandY
atoms, respectively. Adsorption cases: Y atomis absorbed on the surface of
InSe ontop of ahollowsite (ads-H) and on the top of In atom (ads-In). Doping
cases:Yatomistrappedinterstitially between Se atoms (inter-Se), between In
atoms (inter-In) and between InSe atoms (inter-H); Y atom substitute for In
atom (sub-In) and for Se atom (sub-Se). f, Calculated band structure for trilayer
InSe and yttrium-doping-induced phase-transition contact region (inwhichY
atoms are substitutionally dopedin the top layer of InSe). g, Shift of XPS
spectra (all C1s peak at 284.8 eV) of Y-InSe compared with the standalone InSe.
AU, arbitrary units. h, Transfer characteristics of two types of ballistic device at
Vps=0.1V,including Y-InSe channel (purple curve), pure InSe channel (orange
curve) and compared with1-nmY channel (grey curve). i, Schematic side view of
yttrium-doping-induced phase-transition contact. The band alignment of pure
semiconductingInSe with semimetal Y-InSe. CBM, conduction band minimum;
VBM, valence band maximum; vdW, van der Waals.j, Output characteristics of a
typical10-nm ballistic InSe FET using Y-doping-induced phase-transition contact
andatypical 10-nmInSe FET directly using conventional Ti/Au contact. The
totalresistanceisabout 124 Q pm for our ballistic InSe FET using Y-doping-
induced phase-transition contact.

middle) shift towards the lower-energy direction in the XPS spectra,
providing strong evidence of Y-doping-induced phase transition from
semiconductor to semimetal'®?, (3) Y substitutional doping changes
the lattice structure of top-layer InSe and generates new vibrational
modes, resulting in two further peaks in the Raman spectrum (Sup-
plementaryFig.4).(4) Asthe most direct evidence, the electric-transfer
characteristics in Fig. lh strongly suggest that the FET with the doped
Y-InSe as the channel has semimetallic properties with particularly
weak gate-field modulation (on/off ratio < 10, purple), which is much
lower than that of the pure InSe channel (on/off ratio > 107, orange).
Theband alignment between Y-InSe and intrinsic InSe is calculated
and showninFig.1i,demonstrating that the Fermilevel of the semime-
tallic Y-InSe is located above the conduction band minimum of pure
InSe, meaning that the band alignment is appropriate between the
top-layer semimetallic Y-InSe and the lower-layers semiconducting
InSe for electroninjection from Y-InSe to the conduction band of InSe.
Moreover, the internal van der Waals interface between the top-layer
semimetallic Y-InSe and lower-layers semiconducting InSe remains
clean and, as a result, the source and drain contacts are free of the
Fermi-pinning effect™. A typical InSe FET using semimetallic Y-InSe
contacts shows a total resistance of 124 Q pm, which is two orders of
magnitude smaller than those using conventional Ti/Au contact, lead-
ingtosuperior on-state performance in output characteristics (Fig. 1j).
Figure 2a shows seven typical saturation output characteristics of
our ballistic transistors compared with those of other reported 2D
short-channel FETs. As a result of the high injection velocities and
excellent ohmic contacts of our 2D InSe FETs, only 0.4 V drain voltage
(Vi5s) is required to saturate the currents and to surmount 1 mA pm?,
whichismuchlower thanthose of other short-channel 2D FETs (a Vs of
morethan1.2 Visneeded toreach1 mA pm™)%22 We benchmark the
total resistance (Fig. 2b) and drain current (Vs = 0.5 V) of our ballistic
InSe FETs and previous reports when considering the same inversion
charge® (Fig. 2c and Extended Data Fig. 2a). The external metal line
resistances in our devices are measured and de-embedded to correct
the total resistance as shown in Supplementary Fig. 5. It should be
noted thatextraction of 2R is usually done by using a transmission-line
method (TLM) (our 2R. by TLM is approximately 83 Q um; Extended
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Fig.2|Electroniccharacteristics and total resistance of InSe FETs.

a,b, Saturation output characteristics (with maximum gate voltage) and total
resistance comparison of our ballistic 2D InSe FETs and other 2D short-channel
FETs®!122328 ¢, Benchmarking total resistance versus carriers density n in
afewrepresentativereports®. Thered stars are the total resistance of our
representative 10-nm-channel-length ballistic InSe FET and the dashed line is
thetheoretical limit of InSe FETs calculated using the Landauer formula. The
numbersin parenthesesis the channellength (nm).d, Schematic diagrams of
temperature-related diffusive and ballistic transport modes in transistors.

e, Transfer characteristics ofatypical10-nm ballistic2D InSe FET at various

DataFig.2b,c), butthe TLM method for extracting R.is strongly affected
by resistance fluctuations among long-channel FETs with different
lengths®. Because the channel of a ballistic transistor does not suffer
from scattering (Fig. 2d), a far more reliable method to extract R is
thus directly from the saturation output characteristics of the ballistic
transistor, as we do here. Furthermore, technology computer-aided
design (TCAD) simulations are performed for the double-gate structure
with a back-gate-to-contact overlap in InSe FETs, as shown in Supple-
mentary Fig. 6.

Figure 2e shows that our ohmic-contact ballistic10-nm 2D InSe FETs
have a constant on-state current over awide temperature range (300 K
to 100 K) and this behaviour is similar to that observed previously in
carbon nanotube transistors (ballistic, ohmic contact)*®, whichis strong
evidence that ohmic contacts have been achievedin our ballistic tran-
sistors (compared with typical Schottky contacts in a non-optimal
ballisticInSe FET in Extended Data Fig. 3a-c). Inlong-channel diffusive
FETs, with increasing temperature, the scattering in the channel is
increased, leading to reduced on-state current, and this isan opposite
temperature-related trend with respect to the Schottky-barrier ther-
mionic emission (Fig. 2d). There exists only a single thermal emission
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ohmic contact

temperatures ranging from 300 K to 100 K. f, Typical transfer characteristics
of our ballistic2D InSe FET with ohmic contact (Y/Ti/Au, red) and a ballistic

2D InSe FET with unoptimized normal Schottky contact (Ti/Au, yellow).
Thereseemtobe two segmentsinthe subthreshold region onthe transfer
characteristics of the Ti/Au-contact device (yellow), corresponding to thermal
emission (TE) and thermal field emission (TFE), which is consistent with the
40-nm WS, FET inaprevious report?. By comparison, our ohmic-contact

InSe FET (red) shows only asingle thermal-emission process in the whole
subthreshold region. g, Schematic band diagrams related to Schottky contact
and ohmic contact.

region (lack of thermal field emission region) in the subthreshold trans-
fer characteristics of our InSe FETs in Fig. 2f,g, and this fact serves as
direct evidence for the realization of ohmic contact with negligible
Schottky barrier in our InSe FETs®.. Furthermore, the quantum limit
of contact resistance in an InSe ballistic transistor is calculated by the
Landauer formula (Extended Data Fig. 3d).

To benchmark the performance of our 2D InSe FETs against those
of silicon counterparts, we directly compare five typical transfer
characteristics of our 2D InSe FETs (Fig. 3a) to those of 10-nm-node
silicon (Intel) and 20-nm-gate InGaAs (IBM) FinFETs with the standard
off-state current of 100 nA pm™ for high-performance integrated cir-
cuits (ICs)****. The 2D InSe FETs show saturation currents comparable
with that of silicon FinFET but at a much lower supply voltage of 0.5V
(versus 0.7 V for silicon Fin) and also exceed those of InGaAs FinFETs.
Arecord peak transconductance of 6 mS pm™ (at 0.5 V) is realized inour
2D InSe FETs (Fig. 3b), whichis also the highest value against all reported
low-dimensional nanomaterial-based FETs and is comparable with that
of Si10-nm-node FinFET (Intel) but with alower voltage of 0.5 V (versus
0.7 Vforsilicon) and three times larger thanthat of InGaAs FinFET (IBM).
Thegate capacitances of our devices are shownin Extended Data Fig. 4.
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Fig.3|BenchmarkingInSe, siliconand InGaAs FETs. a, Transfer characteristics
comparisonof five typical ballistic2D InSe FETs (coloured dots), 10-nm-node
silicon FinFET (Intel, solid black line)** and 20-nm-L ¢ InGaAs FinFET normalized
by state-of-the-art Fin Pitch = 34 nm (IBM, dashed black line)**. Note thatall
currents arenormalized with thesamerule.b, Transconductance comparison
of five typical ballistic 2D InSe FETs ina, a10-nm-node silicon FinFET (Intel, solid
blackline) and anInGaAs FinFET (IBM, dashed black line)***. ¢,d, On-state
current (/oy) and peak-transconductance comparison of ballistic 2D InSe FETs at
Vpp=0.5Vand other 2D FETs with sub-50-nm Lgat Vi =1V (Vyp = Vs = Vi) 3272,
Theon-state currentand peak-transconductance values are extracted from the
transfer characteristicsacross a voltage window of V,,and with astandard
off-state current of 100 nA um™. e, Benchmark of ballistic ratios of our InSe FETs
with those of silicon MOS FETs, including bulk Si FET**, FinFET* and double-gate
(DG) Si FETs*®. f-h, Scaling trends of V,,;, gate delay and EDP (with parasitic
capacitance) of our ballistic 2D InSe FETs compared with those of silicon FETs
(thesilicon dataare from IRDS 2022 and Intel)"*>%, Alow-k spacer structure
withawidth of4 nm (in2037,inIRDS 2022) and different dielectric constants,
from2.5(in2037,inIRDS2022) to13 (in our work), isassumed to be embedded
to evaluate the delay and EDP of overlap-free InSe ballistic transistors, and we
alsogive the non-optimized extrinsic values with bottom gate (BG)/top gate
(TG) overlap. Also, we calculated the parasite-contained delay and EDP of
silicon FETs (based on the FEOL parasitic capacitance in IRDS 2022) and also
thelIntel 10 nmand 14 nm as abenchmark.

More transconductance values of our devices are presented in Extended
DataFig.5. The on-state performance parameters of our InSe FETs are
compared with those of other short-channel 2D FETs in Fig. 3¢,d. Our
on-state current ranges from 0.7 to1.2 mA pm™and our transconduct-
ance ranges from 3 to 6 mS pm™ at an ultralow voltage of V;,, = 0.5V,
approximately one order of magnitude larger than those of other 2D
FETs, even those with a larger supply voltage of V,, =1V (refs. 3%2%),
By fitting our data with the standard ballistic Virtual Source Model

(MIT), the ballistic ratios in the saturation region of our 2D FETs were
extracted and reached more than 83%, which is the highest recorded
value for 2D-based transistors so far and surpassed those of all the
previously reported silicon FETs***¢ (Fig. 3e and Extended Data Fig. 6).

The power dissipation of amodern IC is strongly dependent on the
supply voltage through V,,,>. A practical voltage-saving strategy is to
improve the transconductance of aconventional MOS FET to save the
overdrive voltage. The high thermal velocity and ballistic ratio, ultrathin
HfO, double-gate structure and source/drain ohmic contact in our
FETsboost the transconductance up toarecord 6 mS pm™. Asaresult,
the V,pof our InSe FETs is scaled down to 0.5 Vwhile still being able to
switch the channel, with the current from 100 nA um™ (off state) to
over 1 mA pum™ (on state), which isimpossible for Si single-sheet MOS
FETs (in which the ultimate V;, predicted by the IRDS is 0.6 V for the
0.5-nmtechnology nodein2037; Fig. 3f). Furthermore, the gate delay
and EDP, two key device parameters proposed by Intel, are used here to
assess the potential of our InSe transistors for constructing good logic
ICs. Benefitting from the ultralow voltage of 0.5V and considerable
on-state currents exceeding 1 mA pm™, our InSe FETs exhibit a better
scaling trend for the delay and EDPs (overlap-free structure) than that
of silicon counterparts. The delay of our best 10-nm-gate-length InSe
FET is 0.32 ps (k,, = 2.5) and 0.87 ps (k,, =13), which is better than the
predictedfinal delay of SiFET (1.32 ps, 12 nm gate length) by IRDS 2022
(Fig. 3g). Moreover, the 10-nm-gate-length InSe FETs exhibit EDPs as
low as 4.32x 10 Js um™ (k,, = 2.5) and 3.20 x107* Js pm™ (k,, = 13),
which are much smaller than the predicted limit for Si FETs"*** (Fig. 3h).
In Extended Data Fig. 7, we propose a self-aligned double-gate struc-
ture with the low-k inner spacer that is compatible with the Y-doping
ohmic-contact method discussed earlier. On the other hand, a high-k
spacer or doping of the ungated extension region could increase the
density of the carriers at the extension surfaces and thus decrease
the extensionresistance. However, for actual applications, the high-k
spacer could induce considerable parasitic capacitance.

Typical transfer characteristics of our 10-nm InSe FET show ideal
switching behaviour (Fig. 4a), including a SS of 75 mV per decade,
a DIBL of 22 mV V' and a current on/off ratio of more than seven
orders of magnitude. The off-state leakage current of the 10-nm
InSe FET is less than 1 nA pm™, which meets the requirement for
commercial-standard-performance ICs. The photoluminescence spec-
trumof'the 2D InSe and the gate-leakage currents of devices are shown
inSupplementary Figs. 7 and 8. More transfer characteristics of ballistic
2D InSe FETs with 10-nmand 20-nm gate lengths of our device are shown
in Extended DataFig. 8 and a typical hysteresis of our device is shownin
Supplementary Fig. 9. The scaling trend of SS and DIBL of our InSe FETs
(Fig.4b,c) are compared with those of the state-of-the-art silicon FETs
(brown dots for IBM and aquamarine blue dots for Intel) and the theo-
retical simulation of silicon FETs (dashed black line)***”*%, Some of our
10-nm FETs show better SS (75 mV per decade versus more than 90 mV
per decade) and DIBL (22 mV V™ versus more than 100 mV V™). The
larger bottom-Fin widthis the bottleneck degrading the electrostatics
of silicon FinFETs (Fig. 4c,d). By contrast, three-layer 2D InSe channels
with auniform thickness of 2.4 nmexhibit DIBLs far lower than 50 mV V!
(redstarsinFig.4c), evenin10-nm-gate-length FETs (10-nm gate length
corresponds to the sub-5-nmnodes defined for silicon FETs). Generally,
sub-50-mV-V DIBL is a prerequisite to work at an ultralow voltage of
0.5 V.Furthermore, the simulation predicts that, by thinning the 2D
channel fromthree layersto asingle layer, the SS of 10-nm-gate-length
2D FETs couldbe further reduced to 65 mV per decade and the DIBL to
17 mV V' (ref. **) (dashed pink line in Fig. 4b,c), providing plenty of room
for further optimization of the off-state leakage current. It should be
noted, however, that monolayer InSe is sensitive to moisture and may
degrade to some extent in the air (Extended Data Fig. 8c,d). Besides,
the relatively weak relationship between SS and temperature verifies
that the direct source-drain tunnelling only slightly affects our ballistic
10-nm InSe FET* (Fig. 2e and Supplementary Fig. 10). For sub-5-nm
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Fig.4|Short-channel effect comparison of InSe FETs and silicon FinFETs.

a, Transfer characteristics of atypical 2D InSe FET with 10-nm gate length at
drainbias Vs =0.1V (purple) and 0.5V (blue). b,c, Scaling trends of SSand
DIBL.Thered stars represent our 10-nm-gate-length and 20-nm-gate-length
ballistic InSe FETs (five typical devices respectively for each gate length;
Extended DataFig. 8). Theaquamarine blue dots represent the Intel 10-nm-node,
14-nm-node and 22-nm-node FinFETs. The brown dots represent the 7-nm-node
FinFET developed jointly by GlobalFoundries (GF) and IBM*2”%8, The dashed
pinkandblacklines represent the theoretically calculated performance of

FETs, transition-metal dichalcogenides with larger effective carrier
masses (for example, MoS,) will be a better choice to suppress direct
source-drain tunnelling, but with smaller ballistic injection velocity
than that of InSe channels. We further investigated three structures,
single back gate, single top gate and double gate (Extended DataFig. 9),
and our results show that the double-gate structure is much more
effective at suppressing the short-channel effect than the single-gate
structure?. Also, the top-gate stacks of HfO,/Ti/Au in our devices can
effectively isolate the InSe channel from moisture (Extended Data
Fig.10), making our devices perform better and be more stable than
the previously reported back-gate InSe transistors.

Figure 4e shows transfer characteristics for three typical ballistic
InSe FETs with L; =20 nm, exhibiting a large saturation-state current
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monolayer 2D FETs* and silicon FinFETs, respectively. d, Cross-section
schematicsofatypical10-nm-nodesilicon FinFET and 2D FET. Light blue and
goldrepresent the oxide and gate electrodes, respectively. e, Typical transfer
characteristics of three ballistic 2D InSe FETs with 20-nm L and the reported
best-switching sub-50-nm 2D FET#'223262840 The highest saturation current
of our devicesis1.35 mA um™ (red). f, SS versus /, of our ballistic 2D InSe FETs
compared with other sub-50-nm short-channel 2D FETs. The solid dots denote
three typical ballistic 2D InSe FETs, whereas the hollow dots denote other sub-
50-nm 2D FETs®!1%23726,

of1.35 mA um™, alarge current on/off ratio of 108 and an ideal SS with
an average value of nearly 60 mV per decade across more than three
orders of current magnitude, and these data are compared with those of
thereported best-switching sub-50-nm 2D FETs81223262840_Calibrating
with100 nA pm™as the off-state currentand 1 mA pm™as the on-state
current, a 0.5-V voltage window across the transfer characteristics is
needed for our InSe FETs. Thisis compared with the supply-voltage win-
dow oflargerthan 3 Vfor other 2D FETs. Further, our ballistic InSe FETs
have asteeper SS atamuch larger magnitude of I, compared with other
reported 2D FETs®'2%*% (Fig. 4f and Supplementary Fig.11). The realiza-
tion of ohmic contact not only contributes to large on-state current and
large transconductance butis also an easily overlooked prerequisite to
achievingideal switching characteristicsin the near-threshold region.



In summary, extremely scaled high-performance InSe FETs with
ohmic contact, high gate efficiency and near-ideal ballistic ratio have
beenfabricated and shown toworkat an ultralow voltage of 0.5 V. This
work confirms for the first time that 2D FETs can deliver actual perfor-
mance close to that of theoretical prediction and are strong competi-
tors for silicon FETs at the A node of the future.
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Methods

Scalelength and thermal velocity

Figure 1ashows that transistors with common 1-3 layers 2D materials
as the channels all have a scale length smaller than 3 nm (refs. °442),
thereby having better gate controllability than Si FETs (the mobility
degradation owing to thickness-fluctuation-induced scattering limits
the Si channel thickness scaling at 5 nm (ref. **), corresponding to ascale
length of 4.2 nm and minimum gate length of 12 nm). The second key
parameter is thermal velocity, which is defined as**

2kT
mm*

)]

Uro=,

in which k is the Boltzmann constant, T is temperature and m* is
the effective carrier mass and is the only material parameter here.
Three-layer indium selenide (InSe, with a lattice structure as shown
in Extended Data Fig. 1) has a small theoretically effective mass of
0.17m, (ref. **) and thus a large thermal velocity of 1.34 x 10’ cm s,
exceeding that of the intrinsic (non-strained) silicon (m* = 0.19m,,
vr=126x10"cms™).

Device fabrication
A highly doped silicon substrate was cleaned for 20 s with a buffered
oxide etch solution to remove oxidized layers and organic contami-
nants and then rinsed with deionized water. Then, the substrate was
quickly taken into a chamber for atomic layer deposition. Atomic
layer deposition (BeneQ TFS 200) of 2.6-nm-thick back-gate HfO, on
the substrate was performed at 230 °C with a growth rate of 0.98 A
per cycle. The 5/40-nm-thick Ti/Au mark was made by the process of
electron-beamlithography (EBL)/electron-beam evaporation (EBE)/
lift-off. Furthermore, few-layer InSe nanosheets (Extended Data Fig. 1)
were mechanically exfoliated frombulk InSe single crystals and trans-
ferred to the prepared substrates using 3M Scotch Tape®*¢™*, and
the substrates were pretreated with low-power oxygen plasma for
2 min. Double EBL/EBE/lift-off was adopted to form the source and
drain contacts respectively and to achieve approximately 10-nm
gaps to define the channel length*°. A 1/5/7-nm-thick Y/Ti/Au film
stack was used as a contact for ballistic InSe FETs. Before evapora-
tion, the contact area was treated with a low-power argon plasma to
modify the interface, making the solid-dopant source of the reactive
metal Y easier to inject. Then, after annealing at 230 °C for 30 minin
aninert gas environment, the solid-dopant-source yttrium tends to
diffuse into the top-layer InSe, causing the substitution activation of
dopant Y atoms at the active sites (induced by the previous process
of plasma). The InSe was then etched into a banded structure using
a hardmask. Atomic layer deposition of 2.6-nm-thick top-gate HfO,
onthe device was performed at150 °C with a growth rate of 1.21 A per
cycle by first depositing a few layers of Al atoms and then oxidizing
itinto about 0.3-0.4 nm Al,O; as the seed layer. Furthermore, EBL/
EBE/lift-off was adopted to form the top-gate metal of Ti/Au. Finally,
athin layer of top HfO, on the pad was etched through a polymethyl
methacrylate (PMMA)-defined pattern. Hydrogen silsesquioxane (2%)
defined the pattern through EBL and solidified it into 60-nm-thick
SiO,, which was placed under the wires and pads to reduce the leak-
ageoftheback gate. A5/70-nm Ti/Au film was used as wires and pads
by the EBL/EBE/lift-off process. To avoid oxidation and degradation
of the sample, most of the process was carried out under a vacuum
or inert gas environment and completed as quickly as possible. The
schematic diagram of the preparation process is shown in Extended
DataFig. 1. This self-aligned phase-transition method for fabricating
ohmic contacts is also compatible with advanced-node complemen-
tary metal-oxide-semiconductor (CMOS) processes.

As an environmentally sensitive 2D semiconductor, the stability of
InSe should be given special attention during the processing of FETs.

Inour InSe FETs fabrication flow, to avoid the degradation of 2D InSe in
the environment and the EBL process, we have also made some improve-
ments as follows.

First, the main cause of degradation of atomically thin InSe semi-
conductorsisbecause of the reaction with moisture and oxygen when
exposed to the environment. Fortunately, previous reports give us a
guide that the encapsulationisolated from the moisture can effectively
slow down the degradation process*~"%*, So once the top-gate stack and
gate metal are deposited, the channel avoids moisture and oxygen and
the device remainsstable, asshown by the measured resultsin Extended
DataFig.10. Therefore, the process before top-gate preparation is criti-
cal for the stability of atomically thin InSe. The high-quality bulk InSe
materialisrapidly encapsulated and stored in aninert gas environment
after growth and the subsequent transfer and positioning processes
arealso carried outinaninert gas in the glove box.

Second, it is necessary to adopt a method compatible with
photo-beam or electron-beam lithography for the fabrication of InSe
2D transistors. We found that the baking PMMA process is critical
before the EBL process, whichis animportant factor for degradation
buthasbeenignoredby previous reports because the approximately
170-180 °C baking in the air on the hot plane was usually done. There-
fore, to minimize the impact of PMMA and electron-beam exposure
on InSe contact, the baking temperature of the PMMA resistance is
akey parameter to be set at a lower temperature of 110 °C (conven-
tionally 170-180 °C) at 3 min in a vacuum tube furnace and quickly
placedina high-vacuum environment (1 x 1078 torr) for 8 h to wait for
the solvent to evaporate. EBL (Raith Voyager) is used for patterning,
with a system chamber vacuum of 1 x 10~® mbar. The contact areas
are exposed using a minimum beam current of 220 pA in the system
to minimize the impact of the electron beam on the InSe electronic
contacts. Although the areal dose is fixed to expose a given e-beam
resist, the level of resist (PMMA) heating to affect the depolymeriza-
tion is dependent on the EBL current level®*. This heating is greater
for higher EBL currents®, resulting in the resist being more likely to
produce free radicals that get trapped between the contact and the
resist, thus degrading contact resistance and stability. Then, the fol-
lowing electron-beam evaporation deposition of metalsis also carried
outinahighvacuum of 1078 torr.

Asshownin Extended DataFig.10, after the top gate is prepared, the
high-k dielectriclayer and the metal can be used as a passivation layer
to effectively isolate moisture and oxygen from the environment and
improve its stability. Moreover, there is only 8.5% performance degra-
dation even after annealing at 250 °C for 1 h (Extended Data Fig. 10).

Characterization and measurements

SEM imaging was performed using a Zeiss Sigma 300 SEM (Extended
Data Fig. 1). The thickness of the as-exfoliated few-layer material was
determined by atomic force microscopy (Veeco Instruments Inc.,
DimensionIcon). Atomic force microscopy was carried out in tapping
mode and theresonant frequency was about 300 kHz. The cross-section
STEMimages were obtained using a high-resolution spherical aberra-
tion correction transmission electron microscope (JEOL ARM20OF).
The transmission electron microscopy slice samples with devices are
cut from our chips using a dual-beam focused ion beam system and the
lamellasamples were transferred to atransmission electron microscopy
grid by OmniProbe 200 nanomanipulators. Electrical characterization
was carried out under a vacuum of about 1.3 x 107 mbar in the Lake
Shore vacuum low-temperature probe station and using a Keithley
4200A Parameter Analyzer. Awet etching process was used to remove
the capping yttrium layer before measuring the Y-InSe channel FET, to
eliminate the shunting effect from the yttrium metal layer on top. In
Fig. 1h, Y-InSe channel devices show weak gate modulation owing to
the semimetallic nature of the channel, which directly confirms that
the plasma-assisted Y-doping method can induce phase transition of
2D InSe.



Extraction of contact resistance

Inaballistic FET, the source and drain contacts account for most of the
total resistance of the FET, so we directly extract the total resistance
asthe upper limit of the total contact resistance 2R, for our InSe FETs
from the low-field slopes of the saturation output characteristics,
as shown in Fig. 2b. The minimum total resistance extracted from
our ballistic devices is 124 Q um (corresponding to a R. lower than
62 Q um; Fig. 1j), which is much lower than those of other reported
2D short-channel FETs and, more importantly, this value meets the
requirements of 2R for 2037 proposed by the IRDS. It is worth noting
that, as the conduction band approaches the Fermi level, the band
movement is slowed down by the quantum capacitance, and it is dif-
ficult to accurately extract Schottky-barrier heights using the widely
used variable-temperature Arrhenius method, especially when the
Schottky-barrier height is below a certain value (for example, lower
than3 kT or 78 meV).

Relation between ballistic on-state current and thermal velocity
In 2D ballistic transistors, the current is generally expressed as

l—F%(rzF - VDS)/F% (np)
1+ FO(’]F - VDS)/FO(”IF)

Fing)

2= aWn, xv
ps = qWng TOFO(,ZF)

(2)

Here Wis the channel width, gn = C; (V55— V4) is the carrier’s density
in the channel, = -~ is the location of the Fermi level, which s
determined by the carrier’s density induced by the gate and F, ,(n) and
Fy(n) are the Fermi-Dirac integrals of 1/2 and O orders, respectively.
Further, ;o= |28 istheso-called non-degenerate thermal velocity.

mm
When the drain voltage is high enough, the factor in the square brack-
ets becomes unity and the current saturates as

F1/2 (’IF)
T FO (’ZF)

IR on=WCq (Vs = Vi) x v (3)

Thisequation shows that the ballistic on-state current is determined
by both the thermal velocity and the gate efficiency®.

Landauer formula
The Landauer formula for the current can be written as

= %qj T(EYM(E)(f; (E) - £, (E))dE )

T(E) =1when ballistic transport is assumed. The Fermi function of
the source and drain reservoir is

1
F)=——
]g/D (E) e(E’EFS/D)/kT +1 (5)
For 2D InSe, the number of modes M(E) has the formula
\J2m*(E-EQ)
M(E)= WgVTH(E—EC) (6)

inwhich Wisthewidth of the device, g, denotes the valley degeneracy,
E.isthe conductionband minimum, m*(0.17m,) is the effective mass,
histhe reduced Plank constant and H(E - E.) is the Heaviside step
function. Because our devices are fabricated with ohmic contact
and 10-nm ballistic channel, the gap between our experimental con-
tactresistance value and the quantum limit is indeed very small and
could be attributed to the limited channel scattering (consider-
ing that the ballistic ratio is not 100%) and measurement error and
noise.

Calculation of the intrinsic delays and EDPs
Theintrinsic gate delay and EDP are key parameters commonly used to
characterize CMOS and the intrinsic gate delay is defined as*®

T_CXV
o

(7)

inwhich V= V,isthe supplied voltage of operation and/is the on-state
current. Cis the total gate capacitance”, such that

1111 ®
Ctotal C COX CQ

inwhich Coyis the double-gate capacitance of the dielectriclayer, Cy is
the quantum capacitance and the quantum capacitance of three-layer
InSe FETs is shown in Extended Data Fig. 4.

Limited by the area of mechanically exfoliated thin-layer 2D InSe, the
exact capacitance value of the as-prepared metal-oxide 2D structure is
extremely difficult to obtain directly (it is beyond the accuracy of our
parameter analyser). Instead, we use the metal-insulator-metal struc-
ture to measure directly the oxide capacitance C,y and the calculated
quantum capacitance C,of 2D InSe to obtain the channel capacitance
(C=CoCox/(Cy+ Cox)) of our InSe FETs. The intrinsic channel capacitance
is calculated in two steps: (1) we fabricated 30 metal-insulator-metal
structure samples (asshownin Extended Data Fig. 4a-c) with the same
dielectrics stacks structure and the same fabrication process as our InSe
double-gate FETs and then performed capacitance-voltage measure-
ments toaccurately determine the top-gate and back-gate capacitance
values (Extended Data Fig. 4d-k). The variable-frequency capacitance-
voltage characteristics show that the back-gate and top-gate capaci-
tances are almost independent of frequency (varying from 10 kHz to
1MHz), as shown in Extended Data Fig. 4d,h, and the hysteresis-free
capacitance-voltage characteristics (Extended Data Fig. 4e,i) confirm
the high quality of our gate stacks. Here we use the measured statis-
tical average capacitance density value (3.5 uF cm™) of 30 top-gate
devices and 30 back-gate devices as the gate dielectric capacitance
of our InSe FETs. (2) We calculated the quantum capacitance density
Co =~ 6.6 uF cm™in the ballistic saturation region at V,s=0.5 Vasin
Extended DataFig. 41 (whichis about half of the quantum capacitance of
approximately12.2 uF cm2inthelinear region). This quantum capaci-
tance is serial with the dielectric capacitance of 3.5 pF cm™in an InSe
FET. Therefore, for our 10-nm-channel InSe FET, the top-gate and
back-gate capacitances are 0.26 fF um™ from TCAD simulation, which
contains the fringing field of the top gate and 0.35 fF pm™ (Cy 5 ¥
Lcy=3.5 uF cm™ x 10 nm), respectively, and thus the intrinsic total
gate capacitance s calculated as 0.317 fF pm™ ((Crg + Cy) Il (Co X Ley) =
(0.26 fF um™+0.35 fF um™) || (6.6 pF cm™ x 10 nm), inwhich || denotes
capacitance in series), which is adopted to derive the intrinsic delay
and intrinsic EDP. Furthermore, the intrinsic total gate capacitance is
similar to that of the silicon FETs (0.44 fF pm™ for 3-nm node in 2022,
0.37 fF pm™ for 0.5-nm node in 2037, IRDS 2022). Therefore, Fig. 3
directly shows the potential advantages of 2D materials.

The EDPs formula is as follows>**’

X

EDPs = v, cv? 9)

inwhich V=V, is the supplied voltage of operation, /is the on-state
current and Cis the total gate capacitance.

DFT calculations

1. Thestability of each doped or adsorption configuration is examined
by calculating the formation energy. For doped structures, the for-
mation energy is
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Eform= Edoped—mlnSe - EmlnSe + Z niﬂ,' (10)
Edoped-minse aNd Epynse are the total energies of the doped-mInSe and
the pristine mInSe, respectively, and n;and y;are the number of atoms i
removed (+1) or added (-1) and the corresponding chemical potential,
respectively. For adsorption structures, the formation energy is

Eform = EadsorpfmlnSe - EmlnSe - niEbeulk 1)

E,dsorp-minse aNd E 5. are the total energies of the adsorbed-miInSe
and the pristine mInSe, respectively, and n;and £, ., are the number
of atoms i added (+1) and the energy per atom of bulk yttrium. Here
we use 2 x 2 x 1 bilayer InSe cell and one yttrium atomin the doped or
adsorption systems.

2. Weuse DFT with the projector augmented wave method builtin the
Vienna Ab initio Simulation Package to perform geometry optimi-
zation and electronic-structure calculations. The k-point mesh for
the relaxation and single-point calculation was sampled using the
Monkhorst-Pack method with a mesh of 0.04 and 0.02 A'in the
Brillouin zone. A plane-wave basis set with a 500-eV cut-off energy
is used. The electronic self-consistent iteration is converged until
the energy difference is smaller than 107° eV and atomic positions
optimizationis obtained until the forces are lower than 0.01 eV A™, We
alsotake van der Waalsinteractions into consideration, so the DFT-D3
method is adopted. With the periodic boundary condition existing
in the vertical direction, the dipole correction is implemented to
eliminate the pseudo interaction.

Virtual Source Model

Inthe Virtual Source Model (MIT)*®¢, the drain currentis calculated by
aproduct ofthe mobile charge density and the carrier average velocity
along the channel. The Virtual Source Model uses a gradual channel
approximation and calculates the drain current as

b= WonUxo Foae (12)

Fsat _ VDS/ |/DSAT

- 1)
@+ (Vos/Voss)

inwhich Wis the device width, Q, is the charge density at the virtual
source, v,,is thevirtual sourceinjection velocity at the top of the barrier,
F,,.denotes the empirical transition functionand Sis afitting parameter.

When the device is under low Vy, the charge density at the top of
the barrier is

Qo= gNyp In(1+€™) (14)
m*kgT
Nyp= ——5— (15)
2D ITflz
N = (Efs_Ec+q¢5)/kBT 16)

in which k; is the Boltzmann constant, Tis the temperature, h is the
reduced Planck’s constant, N,; is the effective density of states of the
2D channel, Eg, is the Fermi level at the source/drain contact, which
are,under smallbias, nearly the same, E_ is the first subband energy of
the 2D channel and g, is the surface potential. The surface potential ¢,
canbe calculated as

d=agVo+aphp+ashs+Q,,/Cy 17)

inwhich ag=C,/C;, ap=Cy/C;, as=C/Cand C; = C,+ Cy+ Co. Vg, Wy
and V;represent the voltages of the gate, drain and source terminal,

respectively. C,, C;and C, denote the gate capacitance, drain capaci-
tance and source capacitance, respectively.

When the FET operates under a large V,, the device is in a non-
equilibrium state and the charge density becomes

Q,o=—ql2 = TON;+ TNyl 18)
N, = Nyp In(1+e")/2 (19)
Ny=Nyp In(1+ e /2 (20)

Ny = (Ers— Ec+ qps — qVos)/kgT 21

inwhich 7, is the Landauer transmission coefficientand N, is the elec-
tron density from the source and drain reservoir, respectively. The
intrinsic bias is calculated by

Vos=Vgs, ~ Relp (22)

Vos= Vos, ~ 2Relp (23)
inwhich R.isthe source/drain contactresistance, Vs (Vys) and Vg (Vge)
aretheintrinsic (extrinsic) drain voltage and the gate voltage, respec-
tively. We can extract the virtual source injection velocity v, by fitting
Virtual Source Model to the output characteristics of our InSe FETs.

Also, the generalized expression for degenerate thermal velocity v;
(considering the carriers’ degeneracy) is

_ Fl/Z(’Zfs)
Ur= ol 1+ o) @y

inwhichpyy= [ 2L

mm

F;»(ngs) is the Fermi-Dirac integral of order 1/2 (refs.

The main fitting parameters of the Virtual Source Model for the
10-nm InSe FET are: C,, = 0.07 F m™ mge=0.17m,, DIBL=0.02VV?,
Vio=0.75V,n,=1.2,£,,=6,0,,=177 10’ cmsand v; =2.14 10’ cm s™.
For the 20-nm-gate-length device, the main fitting results are:
Cox=0.07 F m2 m ;= 0.17m,, DIBL=0.02V V", V;,=0.62V,n,=1.2,
£ =6,U,0=1.55%x10" cms™'and v; =2.07 x10” cms™,, in which C,, is
the gate insulator capacitance, m.gis the effective mass of the InSe
channel, V;,isthethreshold voltage, n,is the SSfactor, €, is the dielec-
tric constant, v, is the virtual source injection velocity and v; is the
degenerate thermal velocity (considering the carriers’ degeneracy).
The fitting output curves are shown in Extended Data Fig. 6 and the
calculated Bg,r = v,o/v7 for 10-nm-gate-length and 20-nm-gate-length
2D InSe transistors are 83% and 75%, respectively.

denotes the non-degenerate thermal velocity and
59—61)

Thermal emission and thermal field emission

Althoughpreviousstudieson2DFETshavealsoshownthattheycanreach
the thermioniclimit of 60 mV per decade, the near-60-mV-per-decade
region often appears at the deep off-state current region (typi-
cally lower than 1 nA pm™; Fig. 4f), which contributes little to the
whole gate-switching range. This may be caused by the insufficient
gate efficiency or poor interface in gate stacks of 2D FETs and—most
importantly—the existence of large Schottky barriers in some of
these contacts. The subthreshold regions on the transfer character-
istics of those Schottky FETs can be divided into two segments, cor-
responding to thermal emission and thermal field emission. When
the middle-channel potential is higher than the Schottky barrier,
the channelis in deep off state and the leakage current is dominated
by thermal emission (usually smaller than 1 nA um™), and the corre-
sponding SSis close to 60 mV per decade. On the other hand, when
the middle-channel potential is lower than the Schottky barrier, the
currentis mainly contributed by thermal field emission, and the gate



opens the channel by squeezing the width of the Schottky barrier and
increasing tunnelling probability®>*3, which severely degrades the
equivalent gate efficiency and causes alarge SS in the near-threshold
region.

Three structures of ballistic InSe FETs

We simulated the electrical transport of three structures of a
single-back-gate transistor, a single-top-gate transistor and adouble-
gate transistor, all of which are set with heavy doping ohmic contact
(Extended Data Fig. 9). As expected, the double-gate transistor gives the
best field modulation with the highest on-state current and smallest SS
among thethreestructures. The single-back-gate FET hasslightly better
on-state current than that of the single-top-gate FET with the doping
contact. On the other hand, the single-back-gate transistor shows a
better SS than the single-top-gate transistor. This can be understood
thatthe added spacer width could benefit the actual gate modulation
for the back-gate structure.

Second, we fabricated the new InSe FETs in the experiment with
thesingle-top-gate structure and single-back-gate structure and then
added the extra top gate to construct the double-gate structure. Our
measured electrical characteristics have asimilar trend with the simula-
tionresults: the double-gate structure has the best on-off state behav-
iour and the single-back-gate structure has abetter off behaviour than
that of the single top gate.

To further explore the exact difference between the single-gate and
the double-gate structures, during the preparation of new double-gate
devices, we add a middle step to measure the characteristic of the
single-back-gate structure and the SEM images before or after the top
gateare shownin Extended DataFig. 9d. This classic comparative study
method is also used in comparing the on-off behaviour between the
double-gate and single-gate WS, FETs?***. The transfer characteristics
comparisonbetween the single-gate and double-gate devicesisshownin
Extended DataFig. 9e-h, corresponding to four sets of devices (includ-
ing two 10-nm-channel FETs and two 20-nm-channel FETs). Our meas-
urement shows that the double-gate FETs boost by about a third the
on-state current compared with the single-back-gate FET, and the SS
of the double-gate FETs is pushed close to the theoretical limit (10 nm
about 78 mV per decade and 20 nm about 63 mV per decade). This is
consistent with the trend of simulation that the double-gate structure
ismuch more effective at suppressing the short-channel effect thanthe
single back gate.

Engineering challenges

Leadingindustrial semiconductor companies and researchinstitutions,
such as Intel®, Taiwan Semiconductor Manufacturing Company®¢,
Samsung Advanced Institute of Technology® and Interuniversity
Microelectronics Centre®s, have invested in detailed research on 2D
integrated electronics. However, engineering challenges remain and
potential solutions are being explored. These include the synthesis
of wafer-scale high-quality 2D material (although chemical vapour
deposition InSe has been reported®, it remains challenging to realize
controlled synthesis of high-quality wafer-scale InSe single crystals),
shrinking the contact lengths of 2D FETs to less than 20 nm (differ-
ent from one-dimension carbon nanotube FETs, 2D FETs have been
proved to have better contact-length scaling behaviour and thus
smaller contact pitch’™), achieving complementary p-type 2D FETs
with comparable performance” (through, for example, the scheme
depicted in Supplementary Fig.12), CMOS-compatible fabrication
process for 2D-materials-based 3D-structure transistors (such as
multibridge-channel transistors; Supplementary Fig. 13).

Data availability

The datathat support the findings of this study are available from the
corresponding author onreasonable request.
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Extended DataFig.1|Structure characterization and schematic process
flow of ballistic InSe FETs. a, STEM image showing a top view of the atomic
structure of few-layer InSe and corresponding selected electron diffraction
patterntaken fromthesamelInSeregion.Scalebar,2 nm.Inset,atomicstructures
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of 2D InSe. Our InSe sample has an excellent crystal structure and an expected
hexagonal lattice spacing of 3.4 Awithout visible defects. b, Top-view SEM
images of ballistic InSe FETs. Scale bar,400 nm. ¢, Schematic process flow and
structure of ballistic InSe FETs.
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Extended DataFig.2|Benchmarking/, versus n,and TLM. a, Benchmarking
I,versus nyat Vs = 0.5V (refs. ”77), The numbers in parentheses is the channel
length (nm). b, SEM image of aset of devices for TLM. ¢, Total resistance versus
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emission and tunnelling current, also called thermal field emission (TFE). With
anincremental changein Vg, the thermionic emission component changes
onlyslightly owing to the Schottky-barrier effect. Also, the mainincreasein
currentisbecause of the tunnelling enhancement through squeezing

the source Schottky barrier width and therefore exhibits a poor SS®%,

d, Experimental and theoretical total resistances in ballistic InSe transistors.
Theredstars are the experimental total resistance from typical output
characteristics (Fig. 1j) and the black line is the calculated total resistance of the
quantum limitby Landauer’s approach (related to the number of modes)’*”.
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Extended DataFig. 4| Capacitance-voltage characteristicsand C,
simulation. a,b, Optical and SEM images of our metal-insulator-metal (MIM)
structure for capacitance-voltage (C-V) characteristics. ¢, Schematic diagram
ofthe MIM structure. d, Typical as-measured back-gate multifrequency C-V
curves; 19 frequency curves are measured between 10 kHzand 1MHz. e, Typical
back-gate C-Vhysteresis curve atafrequency of1 MHz. f, The back-gate
capacitanceversusf(10 kHzto1MHz) for V;s=0.1,0.3,0.5and 0.7 V. g, Thirty

MIM curves of back-gate capacitance versus f(10 kHzto1 MHz) at Vs =0.5 V.
h, Typical as-measured top-gate multifrequency C-Vcurves; 19 frequency
curves are measured between10 kHzand 1 MHz. i, Typical top-gate C-V
hysteresis curveatafrequency of1 MHz. j, The top-gate capacitance versusf
(10 kHzto1MHz) for V5s=0.1,0.3,0.5and 0.7 V.k, Thirty MIM curves of
top-gate capacitance versusf(10 kHzto1 MHz) at Vs =0.5V.1, Simulated C,
versus Vg — Vo, foral0-nmInSe FET at V,s=0Vand 0.5 V.
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dashedblackline). Note that all currents are normalized with the same rule.

g, Transconductances comparison of typical ballistic 2D InSe FETs, a
10-nm-nodesilicon FinFET (Intel, solid black line) and anInGaAs FinFET (IBM,
dashedblackline). h, Transconductances comparison of ballistic2D InSe FET at
Vps=0.5and 0.7 Vand other 2D FETs with sub-50-nm L at V;,, =1 V. It shows that
the transconductance of our InSe FETs at V,s= 0.7 Vreaches 7 mS um™, whichis
larger than that of silicon FETs at the same bias voltage of Vs = 0.7 Vbut with
slight degraded off-leakage current and subthreshold slope. The large
transconductances of our 2D-InSe FETs benefit from several features of our
FETs, including the ballistic channel with hardly any scatterings, higher thermal
velocity, better source and drain contacts with negligible Schottky barriers and
2.6-nm-thick HfO, double-gate structure.

Extended DataFig. 5| Transconductances of ballisticInSe FETs. a, Transfer
characteristics for ten typical ballistic InSe FETs at Vs = 0.5 V. The dashed

line is the theoretically calculated transfer curve®. b, Corresponding
transconductance of ten typical ballisticInSe FETs at V,s = 0.5 V. The best
transconductanceis 6 mS pm™. Six FETs have transconductances exceeding

4 mS pm™. The dashedlineis the theoretically calculated transconductance®.
c,d, Transfer curve and output of atypical ballistic InSe FET (with a
transconductance of 6 mS pm™). e, Transfer characteristics of a typical ballistic
2D InSe FET with20-nm channellengthat Vs=0.1,0.3,0.5and 0.7 V.f, Transfer
characteristics comparison of ballistic2D InSe FET at V,s=0.5and 0.7 V
(coloured dots), 10-nm-nodesilicon FinFET (Intel, solid black line) and
20-nm-L;InGaAs FinFET normalized by state-of-the-art Fin Pitch =34 nm (IBM,
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Extended DataFig. 6| Virtual Source Model fitting of output starsinFig.3e. Toobtainanaccurate Virtual Source Model fitting to extract the
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FETswithL;=10 nm (a) and L; =20 nm (b). Theseresults correspond to thered
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Extended DataFig. 8| Transfer characteristics of typical ballisticInSe FETs sensitive to the external environment and processing process than the
and InSe thickness dependence of FET characteristics. a, Transfer three-layerInSe, so the on-state current and SS of the fabricated monolayer
characteristics of five typical ballistic InSe FETs with L; =10 nm, including SS InSe FETs are degraded to some extent (Extended Data Fig. 8d). (2) The intrinsic
and DIBL. b, Transfer characteristics of five typical ballistic InSe FETs with electrical properties (thermal velocity etc.) of monolayer InSe are lower than
L;=20nm, including SSand DIBL. ¢, Typical AFM height profile of InSe those of the three-layer InSe channel (Fig.1a) and, in addition, quantum-
samples, correspondingtol,3, 6,13 and 22layers.d, Dependence of the transportsimulations also show that the transistors based on few-layer 2D
transfer characteristics of FETs on InSe channel thicknessesasin c. The reason semiconductors have higher on-state currents than those of monolayer 2D
for choosing the three-layer InSe channel material is that the monolayer InSe counterparts*®’®,

channel material has several basic limitations. (1) Monolayer InSe is more
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9 |Ballistic InSe FETs with single-top-gate, single-back-
gate and dual-gate structures. a,b, TCAD simulations of single-top-gate,
single-back-gate and double-gate structures with 2.4-nm-thickness InSe
channeland 10-nmgate length. The green transfer curveis the single-top-gate
InSe FET, the blue transfer curveis the single-back-gate InSe FET and the red
transfer curveis the dual-gate InSe FET. ¢, The experiment of the single-top-
gate, the single-back-gate and the double-gate structures with 2.4-nm-
thicknessInSe channeland 20-nm channellength. The green transfer curve is
thesingle-top-gate InSe FET, the blue transfer curveis the single-back-gate InSe

FET and thered transfer curveis the dual-gate InSe FET. d, Top-view SEM images
of ballistic InSe FETs with the single back gate (before top-gate fabrication) and
the dual gate (after top-gate fabrication). e,f, The transfer characteristics of the
typical ballistic10-nm-channel-length InSe FETs with the single back gate
(before top-gate fabrication, blue curves) and the dual gate (red curves).

g,h, The transfer characteristics of the typical ballistic20-nm-channel-length
InSe FETs with the single back gate (before top-gate fabrication, blue curves)
and the dual gate (red curves).
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Extended DataFig.10|Electrical stability of ballistic 2D InSe FETs. and will suffer froma certain degree of degradation® >, However, in previous
a, Transfer characteristics of a ballistic back-gate InSe FET without reports, passivated InSe FETs encapsulated with hexagonal boron nitride*, a
encapsulationin ambient conditions. b, Transfer characteristics of a ballistic high-quality dry oxide®, high-k dielectric layer> or PMMA® show high stability
double-gate InSe FET with top-gate encapsulationin ambient conditions. and canbe maintained foralongtime. Here we adopt the double-gate
¢, Transfer characteristics of a ballistic double-gate InSe FET before and after structure, including HfO,/Ti/Au top-gate stacks. The high-k dielectricand

annealingat250 °Cfor1lh.L;=10 nmand Vps=0.5V.d, Output characteristics top-gate metal covered on the InSe surface act as a passivation layer, which can
of the ballisticdouble-gate InSe FET before and after annealingat250°Cfor1h.  effectivelyisolate moisture and oxygenintheairandimprove the FETs’
L, =10 nm. Atomic thinInSe semiconductor is sensitive to moisture in the air stability.
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