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Advanced beyond-silicon electronic technology requires both channel materials and
also ultralow-resistance contacts to be discovered"*. Atomically thin two-dimensional
semiconductors have great potential for realizing high-performance electronic
devices"*. However, owing to metal-induced gap states (MIGS)*”7, energy barriers at
the metal-semiconductor interface—which fundamentally lead to high contact
resistance and poor current-delivery capability—have constrained the improvement
of two-dimensional semiconductor transistors so far>®°, Here we report ohmic
contact between semimetallic bismuth and semiconducting monolayer transition
metal dichalcogenides (TMDs) where the MIGS are sufficiently suppressed and
degenerate states in the TMD are spontaneously formed in contact with bismuth.
Through this approach, we achieve zero Schottky barrier height, a contact resistance
of123 ohm micrometres and an on-state current density of 1,135 microamps per
micrometre on monolayer MoS,; these two values are, to the best of our knowledge,
the lowest and highest yet recorded, respectively. We also demonstrate that excellent
ohmic contacts can be formed on various monolayer semiconductors, including
MoS,, WS, and WSe,. Our reported contact resistances are a substantial improvement
for two-dimensional semiconductors, and approach the quantum limit. This
technology unveils the potential of high-performance monolayer transistors that are
on par with state-of-the-art three-dimensional semiconductors, enabling further
device downscaling and extending Moore’s law.

Theelectrical contact resistance at a metal-semiconductor interface
has been anincreasingly critical, yet unsolved, issue for the semicon-
ductor industry, hindering the ultimate scaling and the performance
of electronic devices’. The main cause of this resistance is the energy
barrier—the Schottky barrier—formed between the metal electrode
and semiconductor®, owing to (I) the energy difference between the
metal work function and the semiconductor electron affinity, and (II)
MIGS, resulting in Fermi-level pinning*”. When a semiconductor is in
close proximity to a metal surface, the extended wavefunction from
the metal perturbs the environment of the semiconductor, leading
to rehybridizations of the semiconductor’s original wavefunctions.
MIGS are aresult of such perturbation, where new states in resonance
with the metal states emerge in the bandgap (Fig. 1a), as compared
to the original density of states (DOS) of the semiconductor (such as
MoS,) before contact (Fig.1c). Resembling the contours of metal DOS
after theband alignment, the density of the MIGS is contributed by the

valence band (that is, donor-like, positively charged states) and the
conduction band (that is, acceptor-like, negatively charged states)™.
It has been theoretically and experimentally demonstrated that the
Fermi level of the metal-semiconductor system is pinned at around
thebranching point of these two components (referred to as gap-state
pinning; Fig.1a), an energetically favourable state when free of residue
charges™. If the Fermi level of the system lies inside the semiconductor
bandgap, a Schottky barrier is unavoidable (Fig. 1d).

Two strategies have been developed to solve thisissue: (I) reducing
the Schottky barrier width by heavily doping the semiconductor so
that the tunnelling current outweighs thermionic emission current at
the Schottky barrier"; and (1) decoupling the metal-semiconductor
interaction by introducingathin dielectric, molecular layer, or vander
Waals gap at the interface®? ™. Whereas the first strategy is techno-
logically challenging for two-dimensional (2D) materials, the second
architecture is dominated by anon-negligible tunnelling barrier owing
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Fig.1| The concept of gap-state saturation at semimetal-semiconductor
contact.a, The DOS of normal metal and semiconductor contact. The
contributions of the conduction band (CB) and valence band (VB) to the
metal-induced gap states (MIGS) are shaded as orange and blue areas,
respectively. The Fermilevel (£;) is pinned at around the branching point of
the MIGS, leading to gap-state pinning. Green area, electron-occupied states.
b, The DOS of semimetal and semiconductor contact. Because the Fermilevel
of the semimetal aligns with the conduction band of the semiconductor, and
theDOS at the Fermilevel of the semimetalis near-zero, conduction-band-
contributed MIGS are suppressed and the branching pointis elevated into the

to the increased metal-semiconductor distance™". Since these two
strategies typically resultineither high Schottky barriers (in the range
0f100-400 meV), orinterface tunnelling barriers with thickness greater
than 1 nm in monolayer TMD transistors®***", the state-of-the-art
contactresistanceis around 1kQ pm, at least one order of magnitude
larger than metal-Si contact.

Here we propose a strategy to reduce contact resistance by sup-
pressing MIGS using semimetal-semiconductor contacts to avoid
gap-state pinning (Fig. 1b). A semimetal has near-zero DOS at the Fermi
level where few MIGS can be induced; therefore, if the Fermilevel of a
semimetalis close to the conduction band minimum of the semiconduc-
tor, the conduction-band-contributed MIGS are greatly reduced. As a
result, the MIGS are greatly suppressed and are purely contributed by
the valence band, thus canbefilled up and saturated—thisisreferred to
as gap-state saturation. In this way, the semiconductor in contact with
semimetal will be in a degenerate state and free of a Schottky barrier
attheinterface (Fig. 1e).

To prove this hypothesis, we fabricate back-gated field-effect transis-
tors (FETs) with various monolayer TMDs and form low-resistance con-
tacts (‘ohmic’ contacts) by depositing semimetal bismuth (Bi) onto the
contact windows of the 2D channel (Fig. 1f). Figure 2a compares typical
transfer curves (drain-to-source current, /s, versus gate-to-source volt-
age, V) of Bi-, Ni-and Ti-contacted transistors made of monolayer MoS,
synthesized by metal-organic chemical vapour deposition (MOCVD).
Among them, the Bi-MoS, FET clearly exhibits enhanced n-channel con-
ductionwith a high on/off current ratio of >10’. Moreover, the Bi-MoS,
interface shows linear output characteristics (/s versus drain-to-source
voltage, V,s) both atroom temperature (7=295K) (Fig. 2b) and also at
low temperatures (Fig. 2g and Extended Data Fig. 1a-c), indicating a
good ohmic contact withanegligible Schottky barrier height. By con-
trast, the nonlinear output characteristics inboth Ni- and Ti-contacted
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conductionband. The MIGS, now mostly contributed by the valence band, are
saturated, leading to gap-state saturation. ¢, The reference DOS of the
semiconductor before contact.d, e, The band structure of metal-semiconductor
contact (d), whereaSchottky barrieris formed as aresult of gap-state pinning,
and semimetal and semiconductor contact (e), where ohmic contactis formed
asaresultof gap-state saturation. f, Schematic of a2D FET witha monolayer
semiconductor (MoS,) channel and semimetal (Bi) contacts. The degenerate
partof Bi-contacted MoS, due to gap-state saturation (GSS) is marked in orange
colour.

MoS, (Extended Data Fig. 1d, e, h) suggest the presence of barriers,
which are similar to previous reports using either Schottky or interfa-
ciallayer contacts™*'2!, The contact resistance, R, for the Bi contact
to monolayer MoS, is as low as 123 Q pum at a carrier density (n,p) of
1.5x10"cm?, as shown in Fig. 2c (more data points are shown in Fig. 4h
and Extended Data Fig. 2d).

Itisobserved that the electrical characteristics of Bi-MoS, FETs are
dominated by the MoS, channel. The contact resistance (2R.) in the
Bi-MoS, FETs contributes to less than 5% of the total resistance (Ryor)
for awide range of values of n,, (Extended Data Fig. 2d). By lowering
the temperature from room temperature to 77 K, the drain current
density (/,s) in two-terminal Bi-MoS, FETs increases owing to the
enhanced electron mobility of MoS,, whereas the /s in both Ni-MoS,
and Ti-MoS, FETsis dramatically suppressed (Fig.2d and Extended Data
Fig.1g), owing to the reduction of thermionic emission current at con-
tact. The field-effect mobilities from two-terminal and four-terminal
devices as a function of temperature (Fig. 2e) show identical char-
acteristics, which suggests that the ultralow R. makes two-terminal
devices a simple yet powerful platform for characterizing intrinsic
temperature-dependent transport properties of 2D semiconductors,
whereas four-terminal devices were always required previously*%.
As aside note, the two-terminal field-effect electron mobility of the
MOCVD-grown monolayer MoS, channelreaches 120 cm?V?*s?at 77K
and 55cm?Vs™Matroom temperature, outperforming ultrathinsilicon
(<2nm) and germanium (<4 nm) on insulator devices>.

We present three pieces of evidence of the absence of aSchottky barrier
inBi-MoS, FETs.First, R.inthe Bi-MoS, FETsis nearly independent of n,;,
(determined by the overdrive voltage, Vs — V1, where V; is the threshold
voltage), suggesting anegligible, if notzero, energy barrier at the Bi-MoS,
(Fig. 4h)"*182022 Second, our temperature-dependent /s shows that the
Bi-MoS, FETs operate in the barrier-free transport limit (see Methods).
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Fig. 2| Comparison of ohmic and Schottky contacts inmonolayer MoS,
FETs. a, Comparison of room-temperature transfer characteristics (/ps—Vs) of
typical monolayer MoS, FETs with Bi, Niand Ti contacts on 300-nm-thick SiO,
dielectrics. The Bi-MoS, FET presents an on/off current ratio (Ion//og) 0f >107.
b, Typical output characteristics (/,s—Vps) of Bi-MoS, FETs atroom
temperature. ¢, Contact resistance (R.) extraction using the transfer-length
method (TLM) for Bi-MoS, FETs on100-nm-thick SiN, dielectrics. Blue squares
andblack circles are total resistance versus channellength at carrier densities
of 5.6 x10”and 1.5x 10" cm?, respectively. Inset, False colour SEM image of the
TLMstructure.Scalebar,1pm.d, Typical /s Vs of ohmic Bi-MoS, (blue) and
Schottky Ni-MoS, (red) FETs on 300-nm-thick SiO, dielectrics at various
temperatures. e, Two-terminal and four-terminal electron mobilities of the

For Schottky contacts, the Arrhenius plots (In(/,s/7-) versus 1,000/T; T,
temperature) are linear with negative slopes (Fig. 2f and Extended Data
Fig.2a,b), from which the Schottky barrier heights (®g;) at flatband are
extractedtobe100 meVfor Ni-MoS, and 150 meV for Ti-MoS, (Extended
Data Fig. 1f, i). However, this analysis becomes invalid for Bi-MoS, FETs
when the device is turned on (Vs> -30 V). Instead, the saturation-like
regime at lower temperatures (<200 K) suggests a zero contact barrier
height for electrontransport, and the positive slope in the range of 200-
300K canbeattributed to the negative correlation between mobility and
temperature. Finally, the /,s—V;,s curves of Bi-MoS, FETs remain linear at
low temperatures (Fig. 2g and Extended Data Fig. 1a-c). We define the
nonlinearity, N, of the s Vys relation as N = (d?lys/d V25 /2(d s /d V).
N=0correspondstolinearrelation, where nobarrier exists; larger Nmeans
increased nonlinearity, whichis associated with a higher Schottky barrier.
As shown in Fig. 2h, although the nonlinearities are close to zero for the
Niand Ticontactsatroomtemperature, they increase quickly as the tem-
perature decreases; by contrast, the nonlinearity for the Bi contact remains
zero for different temperatures.

Bi-MoS, FET as afunction of temperature. The consistency between these two
methods suggests negligible R.. The temperature dependence of the mobility
p < TVindicates the dominant optical phononscattering®. f, Arrhenius plots of
the ohmic Bi-MoS, (blue) and Schottky Ni-MoS, (red) FETs at a carrier density
(n,p) 0f 1.5x10"2cm™and Vs 0of 1V. A30-meV and negligible barrier for Ni-MoS,
and Bi-MoS, FETs, respectively, are extracted. g, Typical /s~ Vs of Bi-MoS,
(blue) and Ni-MoS, (red) FETs with V=60V and n,,~4.3x10?cm2at 77K.The
full I,s-Vps characteristics can be found in Extended DataFig.1b, e. h,
Nonlinearity (N= (dZIDS/d V39)/2(dlps/dVps)) of the Ips—Vps for MoS, FETs with Bi,
Niand Ticontactsat various temperatures. Dataare extracted at V,s=0.1V at
ny,~4.3x10%cm™ N=0 of the Bi-MoS, FET indicates its linear Ins— Vs
characteristics, revealing ohmic contact at the Bi-MoS, junction.

To confirm the gap-state saturation of Bi-MoS,, we carry out
first-principles calculation based on the crystal structure identified
from transmission electron microscopy (TEM), and the theoretical
result is further substantiated by evidence from X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. The selected-areaelec-
trondiffraction (SAED) measured on a freestanding MoS,/Bi/Au stack
(Fig.3a) shows three sets of hexagonal patterns corresponding to the Bi,
MoS,and Au crystals, respectively, indicating that the Bi (0001) planeis
parallel to the plane of MoS, (Fig. 3b and Extended Data Fig. 3b-d). The
diffraction pattern of MoS, proves its 2H semiconducting phase with
no metallic phase transition®>. Among the pseudocubic (metallic) and
rhombohedral (semimetal) phases of Bi?*, the hexagonal SAED pattern
hasruled out the possibility of the former. Asacomparison, when Biis
directly deposited onto amorphous carbon, itbecomes polycrystalline
and partially oxidized into Bi,0;, evidenced by the powder-like diffrac-
tionrings withan extraset of Bi,O, patternslocated at 3.0 cm™, as shown
in Extended Data Fig. 3f. From this, we conclude that no oxidation takes
place at the Bi-MoS, interface.
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Fig.3|Crystal structure and mechanism of ohmic contact. a, Schematic of
freestanding Au/Bi/MoS, onameshed amorphous carbon (a-carbon) TEM grid
for SAED. b, SAED patterns of MoS, (3.6 cm™), Bi (4.3cm™) and Au (6.8 cm™)
circledinyellow, pink and orange, respectively. ¢, The side view of Bi-MoS,
(upperright, withtheareamarkedin theinset three-dimensional render), and
the corresponding electrostatic potential profile along the vertical direction
(left). The electron tunnelling barrier is shaded in purple (width, w,=1.66 A;
height, ®,=3.6eV). The distance between Biand S atomic layersisd=3.4 A. The
differential charge density inside the region of dashed line, calculated by
subtracting the pre-contact charge density from the post-contact charge
density, is superposed inthe atomicstructure (red, positive; blue, negative).
Bottom, the band profile of MoS,.d, The equivalent circuit of the Bi-MoS,

We build a supercell (Fig. 3c) based on the above information and
perform first-principles calculations using density functional theory
(DFT).First, theresistance of the tunnelling barrier between Bi and MoS,
is calculated to be low. The barrier has awidth (w,) of 1.66 A and a height
(@) of 3.6 eV marked inthe electrostatic potential profile. Thisinduces a
tunnelling resistivity (p,) 0f 1.81x107° Q cm?, as shownin the equivalent
circuit in Fig. 3d, which is very small compared with those made with
thindielectricgaps®*. Second, the Fermilevel of MoS, is shiftedinto the
conduction band (Fig. 3e), yielding a degenerate MoS, in contact with
Biwith n,,~2x10" cm™and asmallsheet resistance R, ¢ =15.6 kQ. The
degenerate MoS, (I) reduces the overall resistance of the p,—R,; - network
in Fig. 3d, and (I) more importantly, eliminates the Schottky barrier
between Bi and MoS,, resulting in a negligible Schottky barrier resist-
ance. The overall contact resistanceis calculated tobe 130 Q um, in very
good agreement with our measured values (see Methods for details).

In contrast to other metals (such as Ni, Pt, Au, Ag, In)*?, the MIGS
are greatly reduced in the case of Bi (Fig. 3e). The wavefunction of the
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contactareawith the space partitioned with respect to their atomic colours.
p. tunnelling resistivity; Ry, ¢, sheet resistances of MoS, in contact with Bi.

e, PLDOS of MoS, before (upper panel) and after (middle panel) in contact with
Bi (lower panel). The valence band is shaded inlight blue and conduction band
inlightred. The Fermilevel (E;) is shifted frominside the gap (before Bi contact)
toabove the conduction band minimum (after Bi contact). Inset to middle, the
magnified PLDOS in the bandgap, showing MIGS. f, The change of PLDOS of
different orbitalsin the valence band and MIGS areas marked ine. g, The band
alignment of monolayer MoS, with examples of semimetals (Bi, Sb and As).

h, i, The shift of Raman (h) and XPS (i) spectra comparing standalone MoS, and
Bi-contact MoS,. a.u., arbitrary units; CBM, conduction band minimum; VBM,
valence band maximum.

p.orbital of Biisinresonance with the p,and d ,2orbitals of MoS, where
the MIGS clearly follow the projected local density of states (PLDOS)
of Bi (Fig. 3e, inset). However, unlike the others, the MIGS have been
completely saturated with electrons, which leads to gap-state satura-
tion. Several other observations include: (I) The charge transfer from
Bi to MoS, is minimal based on the undistorted potential profile, and
theinduced electric dipole almost completely falls within the van der
Waals gap (seen from the differential charge distribution of Fig. 3c).
(II) The decrease of the valence band states has outpaced the increase
of MIGS (Fig. 3f), pushing the Fermilevel up into the conductionband.
(111 Two factors are strongly correlated to the final contact type: (a)
the nature of zero DOS at the Fermi level and saturated bonds on the
surface of the semimetal, and (b) the work function of the semimetal
compared with the electron affinity of MoS,. The DFT results of the
contactbetween V-group semimetals (Bi, Sb and As) and MoS, support
this hypothesis: since the Fermi levels of Bi and Sb are equal or above
the conduction band minimum of MoS, (Fig. 3g), they are predicted
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g, Scaling of Rc with the thickness of MoS, and ultrathin Sifins or films. The
ranges of R. for monolayer WS, (shaded green) and WSe, (shaded orange) are
also shown?131418,22,3032-34.42.454748 The plack solid line indicates the quantum
limitatn,,=10"cm™. h, State-of-the-art contact technology for MoS,
transistors plotted as a function of n,;, showing the respective R. of various
semiconductor technologies (Si, llI-Vs, and MoS,)"1314172233344749°51 The plack
linerepresents the quantum limit of R, h/(4q°k;) = 0.036(n,p) **kQpum,
whichis determined by the quantum resistance (h/2¢*~12.9kQ, where his
Planck’s constant and gis the elementary charge) and the number of
conducting modes per channel width (ki/Tt, where k; is the Fermi wavevector)
related to the 2D sheet carrier density (n,p, in units of 10** cm™)2. 1L, monolayer.
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to have negligible Schottky barrier contacts (Fig. 3e and Extended Data
Fig.4a); whereas the Fermilevel of As-MoS,is stillinside the bandgap.

Both Raman and XPS characterization results confirm that the
monolayer MoS, under the Bi contacts turns to degenerate. First,
the A, Raman vibration mode of Bi-contacted monolayer MoS,
shows a ~10 cm™ redshift, corresponding to an electron density of
(2-5) x 10" cm™and a Fermi level position at 40-100 meV above the
conduction band minimum (Fig. 3h)**. In comparison, the A, peaks for
the Ni-MoS, and Au-MoS, samples do not exhibit such shifts (Extended
Data Fig. 5b). We note that all the three metal contacts result in simi-
lar shifts of the E,, phonon mode, which is probably due to the strain
induced at the MoS,-metal interface?. Second, the blue shifts of both
Mo 3d and S 2p peaksinthe XPS spectrashowninFig. 3iand Extended
Data Fig. 5c reveal a400-meV lifting of the Fermilevel*® when MoS, is
in contact with Bi.

The proposed gap-state saturation mechanism at the Bi-MoS, inter-
face applies to various 2D semiconductors and enables reliable and
greatlyimproved transistor performance. We benchmark our transistor
performance with the on-state current density (/oy), a figure of merit
in transistor scaling, and R, a key parameter limiting the scaling of
Ioyand power supply voltage (V,,p)°. Figure 4a-c shows typical output
characteristics of monolayer MoS,, WS,, and WSe, transistors (channel
length, Le,;=120 nm) on100-nm-thick SiN, gate dielectrics. The linear
relationships of /s~ Vs at low-field regime indicate their ohmic con-
tacts, and this leads to high on/off current ratios (>107, Extended Data
Figs. 6, 7e) and very high current-delivery capability (Fig. 4e) among
monolayer TMDs at adrain voltage of 1.5 V**'"3, The highest values of
Ioyachieved inourstudy are 560 pA pm™and 1,135 pA pm™fora120-nm
Lcyanda35-nm Loy monolayer MoS, FETs, respectively (Extended Data
Fig. 7d and Fig. 4d). Given that W-based TMDs have lower electron
affinity than MoS,, making it more difficult to make good n-type ohmic
contacts to these materials®, we perform first-principles calculation to
confirmthe formation of the degenerate state of WS, when contacted
with Bi as shown in Extended Data Fig. 4c. In addition, it is observed
that such barrier-free contacts can be formed on TMD crystals pre-
pared by different methods including chemical vapour deposition
(CVD), MOCVD, and mechanical exfoliation (Fig.4a-c, Extended Data
Figs. 7d-f, 8b-d), whereas a high-quality crystal is essential to avoid
the undesired gap-state pinning (see DFT results in Extended Data
Fig. 4b, experimental results in Extended Data Fig. 8 and additional
discussion in Methods). Last but not least, the Bi contact is formed
through a standard CMOS-compatible evaporation process, which
promises good reliability and scalability. Figure 4e presents statistics
of [,ymeasured onmore than 20 Bi-TMD transistors. Average I,y values
0f367,331and 300 pA pm™ at a Vs of 1.5 V with narrow distributions
are achieved for monolayer MoS,, WS, and WSe, FETs.

Figure 4g, h summarizes the state-of-the-art contact methods for
both monolayer and thicker MoS,. The Bi contact to monolayer MoS,
yields the lowest R.. We expect an even lower R for Bi contacts with
thicker MoS, than monolayer?**3534¢37 and the I,y of our monolayer
transistor has already exceeded the previous record for multilayer tran-
sistors (Fig.4e). Furthermore, our measured R. values are comparable
tothosereported in commonly used three-dimensional semiconduc-
tors, approaching the quantum limit**

Finally, we propose that the Bi-TMD FET technology could be readily
scaled down to sub-10 nm technology nodes and potentially meet the
requirement of the International Roadmap for Devices and Systems
(IRDS) 2024 targets of logic transistors (pentagons in Fig. 4f)*, Our
Bi-TMD transistors establishanewbenchmark for monolayer TMD FETs
(Fig.4e), and deliver comparable performance to modernsilicon tran-
sistors with similar dimensions (diamonds in Fig. 4f)***°, With the con-
sideration of critical scaling rules such as the contactlength (L¢) scaling
and supply voltage (V;,p) scaling, we conclude that our low-R. contact
is essential for maximized /,yin aggressively down-scaled transistors.
First, as the current transfer length of the contact (L;) for Bi contact is
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as small as -7 nm (Extended Data Fig. 9b), the L-scaling-associated
R increase and /,y suppression are mitigated (Fig. 4f). Second, the
much lower R. ensures that the drain voltage is dropped mostly across
the channel, which greatly reduces the required minimum V,,p ateach
technology node for driving the MoS, channel to the velocity satura-
tion regime, in order to reach its maximum current (Extended Data
Fig. 9¢, d). The current saturation for the /,s—V, characteristics, as
well as the constant spacing between the saturated /s for the same
overdrive voltage interval (Fig. 4a—c, Extended Data Fig. 7f), suggests
that the Bi-TMD FETs canalready work in velocity saturationwhen L., =
120-150 nmand V,,,=1.5V. This promises amaximized /,y for FETs with
evenshorter channels and lower V;, (blue dashed lines and open circles
inFig. 4f). The saturation velocity v,,,, which determines the maximum
Iy, isextracted tobe -2.5x10°cms™ (see Methods). As a value of /oy of
1,135 pA pmis achieved experimentally for a 35-nm-channel device,
we envision that /oy exceeding 1,800 pA pm™in a10-nm-channel mon-
olayer TMD FET at a n, of 4.5 x 10" cm™ (Fig. 4f) could be realized in
theforeseeable future, reaching theindustrial goal of next-generation
transistor technologies.
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Methods

MOCVD of monolayer MoS,

Monolayer MoS, films are grown using low-pressure metal-organic
chemical vapour deposition (MOCVD). Molybdenum hexacarbonyl
(Mo(CO),, 98%, Sigma Aldrich) and diethyl sulfide (C,H,,S, 98%, Sigma
Aldrich) areselected as the precursors of molybdenum (Mo) and sulfur
(S), respectively. With argon (Ar) as the carrier gas, the precursors are
suppliedinthe vapour forminto the chamber usingahomemade bub-
bler system. The monolayer MoS, films are deposited on 300-nm-thick
SiO,/Si wafers at 320 °C for 15 h with flow rates of 100 standard cubic
centimetres per minute (sccm) for Ar, 0.6 sccm for Mo(CO),, and
2.0 sccm for C,H,,S. The typical Raman spectrum for the as-grown
MOCVD monolayer MoS, is shown in Extended Data Fig. 5a.

CVD of monolayer MoS,

Perylene-3,4,9,10-tetracarboxylic potassium salt molecules are used
as the seeding promoter and are coated onto two clean SiO,/Si pieces,
servingasthe seedreservoirsto provide the seeding molecules during
the MoS, growth. The target substrate of a 300-nm-thick SiO,/Si wafer
issuspended between those two seed reservoirs. All of these three sub-
strates arefaced down and placed onacrucible containing molybdenum
oxide (M00;, 99.98%) powder precursor. ThisMoO, precursoris putin
the middle of aquartztubereaction chamber and another sulfur powder
(99.98%) precursor is placed upstreamin the quartz tube. Before heat-
ing, the CVD system is purged using 1,000 sccm of Ar (99.999% purity)
for 5min. Next, the flow rate of Ar is switched to 20 sccm as the carrier
gas forthe MoS, growth, and the temperature of the reaction chamber
isincreased to 625 °C at a rate of 30 °C min™. The monolayer MoS, is
synthesized at 625 °C for 3 min under atmospheric pressure.

CVD of monolayer WS,

A simple method for deposition of monolayer WS, crystals at atmos-
phericpressureis used. Tungsten trioxide (WO;) powder is sprayed onto
apiece of SiO,/Siwafer, acting asa WO, reservoir during the deposition.
TheSiO,/Sitarget substrate is positioned face-up and downstream,1cm
away from the WO, reservoir. A crucible containing sulfur powder is
placed upstream. Prior to the growth, the reaction chamber is purged
using 1,000 sccmof Ar for 5min. Then the furnace temperatureisramped
to 800 °C at a rate of 39 °C min™ and the deposition of monolayer WS,
crystalsisimplemented at 800 °C for 5 min with 50 sccmof Ar carrier gas.

CVD of monolayer WSe,

An (NH,),WO, aqueous solution (2 mg ml™) is spin-coated (2,500 rpm
for1min)onto aSiO,/Sisubstrate, and then placed inthe centre of the
furnace. Se powder (30 mg, 99.5%, Sigma Aldrich) is loaded upstream
about17 cmaway fromthe centre. Before the growth, the tubeiis flushed
with 300 sccm of Ar for 10 min to eliminate residual oxygen and mois-
ture. During the growth, the temperature is increased to 900 °C ata
rate of 50 °C min™ and the growth lasts for 10 min with 30 sccm of Ar
and10sccm of H, flow as the carrier gases. After the growth, the furnace
israpidly cooled to room temperature.

Mechanically exfoliation of monolayer WS, and WSe,

Monolayer WS, and WSe, flakes are mechanically exfoliated onto the
100-nm-thick SiN, dielectrics by the standard scotch tape technique.
Prior to device fabrication, the exfoliated TMD flakes are immersed
in acetone for 3 h to remove the tape residues. Raman spectroscopy
are performed on the selected TMD flakes to confirm their monolayer
characteristics for further device fabrication as shown in Extended
Data Fig. 5a.

Transfer of monolayer TMDs on dielectric/Si substrates
The monolayer TMD crystals grown by MOCVD or CVD are transferred
onto the dielectric/p**-Si substrates for device fabrication using a

wet transfer process. First, poly(methyl methacrylate) (PMMA) is
spin-coated onto the monolayer TMD samples. Then, the PMMA/
TMD stacks arereleased from the SiO,/Si growth substrate by etching
in a concentrated potassium hydroxide (KOH) aqueous solution at
90 °C.The freestanding PMMA/TMD stacks are picked up, rinsed with
deionized water three times for 2 h, and then attached onto the target
substrates. Todry the samples and enhance the adhesion, the PMMA/
TMD stacks are baked on the hotplate at 70 °C for 20 min and 130 °C
foranother20 min. Finally, the sampleisimmersedin cold acetone for
atleast 6 h to remove the PMMA.

Device fabrication and characterization

Monolayer TMD crystals are confirmed by Raman and photolumines-
cence characterization and then selected for transistor fabrication.
Electron-beam (e-beam) lithography is used to define the channel and
the source/drain contacts with PMMA e-beam resists (MicroChem).
Metallization is implemented by e-beam evaporation of 20-nm bis-
muth with awell controlled deposition rate of 0.5As™, followed by an
Au capping layer (10-100 nm at 2 A s™) at -10~® torr. Lift-off process is
carried outin hotacetone. No annealing or chemical doping treatment
is performed on the devices. The channel widths for the devicesin this
study are in the range of 2 to 10 pum. All electrical characterization is
conducted in a vacuum environment (10-10"® torr) in a Lakeshore
probe station using a semiconductor parameter analyser (Keysight
B1500A). The electrical resistivity of the evaporated bismuth film on
monolayer MoS,, and on SiN, are measured to be 9.0 x10*Qmand
9.5x107°Qm, respectively. The gate dielectrics for the monolayer TMD
transistors studied in this workinclude 300-nm-thick SiO, (NOVA Elec-
tronic Materials) and 100-nm-thick SiN, (MTI Corporation). To estimate
the sheet carrier density and carrier mobility of the devices accurately,
the capacitances for the dielectrics are measured at 1MHz with a power
device analyser (Keysight BISO5A) on separate metal-insulator-metal
capacitors at room temperature.

Sample preparation for Raman and XPS characterizations
First,a20-nm bismuththin filmis deposited ona continuous monolayer
MoS, film grown on a SiO,/Si wafer followed by an Au capping layer
using e-beam evaporation. Next, the heterostructure of Au-Bi-MoS,
canbepeeled off by athermal tape, as the MoS, adheres more strongly
to the thermal tape than to the silica substrate. Finally, the sample is
inverted to expose the continuous MoS, film on top of the bismuth
film for characterization. In this way, a pristine Bi-MoS, interface can
be studied without oxidation of bismuth. This method allows us to
directly carry out the Raman and XPS characterizations on the Bi-MoS,
interface.

Raman spectroscopy

Raman spectroscopy of monolayer MoS, flakes is carried out on
a confocal Raman system (HR800, Horiba Scientific) with a laser
wavelength of 523 nm at a laser power of 2.5 mW and accumula-
tion time of 0.5 s. The emitted Stokes Raman signal is collected by a
0.9 numerical aperture of 100x objective (Carl Zeiss Microscopy) with
a1,800 lines per mm grating for the measurements. The spectrum
is calibrated by the silicon characteristic peak at 520.6 cm™ from an
undoped silicon wafer.

XPS analysis

The XPS measurement is carried out by using a PHI Versaprobe Il XPS
instrument withmonochromated Al Ka source (1,486.6 €V) and aspot
size of 200 um. A 50-W gun power and 15-kV operation voltage are
used during spectrum acquisition. During the measurement, samples
are flooded with electron and Ar ion guns to compensate the surface
charging. All the XPS spectra presented in this work are calibrated by
the C1s peak at 284.8 eV. The XPS spectra are analysed and fitted by
Gaussian/Lorentzian mix function.



TEM analysis

The TEMis performed using an FEI Tecni (G2 Spirit TWIN) under 120 kV.
The SAED images are taken with a 1-pum selected-area aperture. The
Bi/MoS, freestanding sample is prepared by direct e-beam evapora-
tion of Bi and Au on top of freestanding monolayer MoS, sample on a
Protochips C-Flat TEM grid (2/4) asillustrated in Extended DataFig. 3a,
e.Thestreaks connecting the diffraction pattern of Biin SAED originate
from the diffusive scattering of grain boundaries of Bi.

Extraction of Schottky barriers

A2D Schottky FET canberegarded astwo Schottky diodes connected
back-to-back. Most of the applied drain-to-source voltage (Vys) drops
at the reverse-biased contact. Therefore, for an n-channel FET the
transistor behaviour is dominated by the source side. The drain cur-
rent density (/s, in units of gA um™) thermally injected from the metal
contactintothe 2D channel through areverse-biased Schottky barrier
canbe expressed as:

P, -Y
Ips =A% Tl'sexp[— —B] {1 - exp[ Dsﬂ, (D
ps— 72D kgT kgT

where A5, = q(811kém*)0'5/h2 isthe Richardson constant for a 2D system
(m*, electron effective mass), T'is the temperature, kg is Boltzmann'’s
constant, g is the elementary charge, and @y is the effective contact
barrier height at a given gate-source voltage (V). If Vs » k3 T, equa-
tion (1) can be simplified to

o
Ins = Alp Tl'sexp(—kB—;_j. ()

Inthis way, the effective energy barrier atagiven Vs can be extracted
by finding theslopeinthe Arrhenius plots, asshownin Extended Data
Fig. 2a, using the following equation:

-0
In(fps/T) = K; +c, (3)

where cis a constant. @ is then extracted at the flatband condition
(Vgs=Vip)?, asshown in Extended Data Fig. 1c, f, i.

However, the Arrhenius plots of Bi-contacted MoS, FETs display an
opposite trend to the thermionic emission model (equation (3)). As
shownin Extended DataFig.2b, the Arrhenius plots of the Bi-MoS, tran-
sistors canbe divided into two regimes: (i) a positive slope regime where
the mobility increases with a decreasing temperature (150-300 K) and
(ii) a saturation-like regime where the mobility reaches constant at
evenlower temperatures (77-150K). For anideal transistor withazero
contactbarrier, the thermionic emission model gives rise toazero slope
in the Arrhenius plot when ignoring the contribution of the channel
resistance. However, in our devices the drain current is dominated by
the channel resistance, so the temperature dependence of the MoS,
mobility needs to be considered, which contributes to the increasein
drain current density (/s). Therefore, the positive slopes within the
range of 150-300 K originate from the enhancement of MoS, mobility
owing to the reduced phonon scattering. Once the mobility gradu-
ally reaches a constant, owing to scattering of long-range Coulomb
impurities or short-range atomic defects in the range of 77-150 K, the
slopes of the Arrhenius plots tend to saturate, which implies the contact
barrier-free nature of the Bi-MoS, FETs.

Extraction of contact resistance through transfer-length
method (TLM)

In atwo-terminal device, the major resistance components originate
fromthe contact resistance (R.) and the channel resistance (R,,). Asa
result, the total device resistance (R;or, in units of kQ pm) normalized

by channel width (W) canbe expressed as Ryor=2R.+ Ry =2Rc+ Ryl o,
where Ry, isthe sheet resistance of the semiconductor channel (in units
of kQ persquare, kQ[77) and L, is the channel length. The total device
resistance varies linearly with the L, if Rc (in units of kQ pm) and Ry,
arespatially homogeneousinthe device. Therefore, by measuring the
total resistances of the devices with various L, the R;o; can be plotted
as afunction of L. The residual resistance at L, = 0 corresponds to
the total contact resistance (2R.) of the device.

Accordingly, we extract the R. of the Bi-MoS, transistors for a given
carrier density (n,p) by plotting R;o; versus L., as shownin Fig. 2c and
Extended DataFig. 2¢c, d. The vertical intercept at L., = O of a linear fit
yields the 2R for the two-terminal Bi-MoS, devices. Also, the Ry, of the
MoS, channelfor a certain n,, canbe calculated from the slope of the lin-
ear fit. The effective mobility is then calculated by u=1/(gn,pRsy). The nyy
induced by electrostatic gating is estimated by assuming a simple linear
charge dependence on the gate voltage overdrive n,, = C, (Vs — V1)/q,
where C, is the capacitance per unit area of the gate dielectric and is
experimentally characterized by standard capacitance-voltage (C-V)
measurement (C,, =6 x108F cm™for the 100-nm-thick SiN, dielectrics
usedinthisstudy), and V;is the threshold voltage linearly extrapolated
from the transfer characteristic curve of the device. AsshowninFig.2c
and Extended DataFig. 2d, the good linear fits to the plot of Ry, versus
L, indicate uniform channel materials and electrical contacts.

Theaccuracy of the Rc extraction canbe improved by: (I) a more effi-
cient gate with higher gate capacitance (100-nm SiN, instead of 300-nm
Si0,), sothatthe carrier density—and thus the sheet resistance (slopes
of Fig.2cand Extended Data Fig. 2d)—can be substantially reduced; (II)
shorter channel lengths so that the data points are closer to the y-axis
intersection (2R.); and (Ill) samples with minimal variation in terms
of V;and . With the consideration of these factors we estimated the
mean and the fitting uncertainty of the R value of our best Bi-MoS,
devicetobe 123 + 63 Q um (mean *10).

Extraction of field-effect mobility from two-terminal and
four-terminal devices
From the transfer curves (/ps— V) of a two-terminal MoS, device, the
field-effect mobility is extracted using the expression i =1/(gn,pRsy) =
(dlps/dVis) X [Le/ (WC, Vips) 1. Note that this field-effect mobility typically
represents the lower limitbecause of contact resistancein the devices.
In a four-terminal configuration, a bias current (/) is applied
between the two outer electrodes (D and S), while the voltages on the
twoinner electrodes are measured (V;and V,). Ideally, the current path
in the material should not be affected by the inner sense electrodes,
which allows for an accurate assessment of the channel resistivity and
thustheintrinsic mobility. We calculate the channel resistance as R, =
(V,=-V)/lys x (W/Ly), where Ly is the length between the inner voltage
contacts. The four-terminal field-effect mobility can be calculated by
n=1/(qnypRsy) = (dlps/dVes) x [L,/(WC,, V)], where Vy, is the voltage
difference between the two inner electrodes.

First-principles calculations
We build amodel with three layers of Bi with its (0001) surface in con-
tact with monolayer MoS,. A vacuumslab of 10 A is used for separating
the cells to mimic the 2D system. The layer thickness of Bi is proved
to be adequate given that very little electronic structure is changed
at the second Bi layer (counting from Bi-MoS, interface), and almost
no electronic structure is changed on the third layer demonstrated in
the differential charge plotin Fig. 3c. The supercell of MoS,isa5x 5
replicate of its unit cell, and the supercell of Biis a3 x 3 replicate of its
redefined unit cell. The lattice mismatch between these two supercells
is only 0.1%, making the structure stable during the ionic relaxation
steps in the first-principles calculations.

Thefirst-principles calculations for geometric optimization and the
electronic properties of crystal structure are carried out using DFT
and projector augmented wave (PAW) method implemented in the
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Vienna Ab-initio Simulation Package (VASP)*. The semilocal general-
ized gradientapproximation in the form of Perdew-Burke-Ernzerhof
(PBE), and the PAW pseudopotentials are adopted. During the ionic
optimization steps, the Hellman-Feynman forces of single atoms are
optimized to be less than 0.02 eV A, where the energy cutoff is set to
be 400 eV and only gamma point is used for k-space sampling. In the
DOS calculation, k points for the supercell are chosentobe 9 x 9 x 1
and an energy cutoffis set to be 400 eV, and the single electronic step
is converged to 1x 107 eV. Dipole correction along the z axis is imple-
mented in all the DFT calculations, which is especially important for
electrostatic potential calculations. The orbital PLDOS is a projection
of total DOS into each orbital and further into the sphere of atoms
natively defined in VASP code. Spin-orbit coupling is not included
in generating Fig. 3 but has been tested in a smaller Bi-MoS, system
where the Fermi level is proved to be still located at the conduction
band minimum. The one-dimensional electrostatic charge potential
alongthezaxis s calculated from Poisson’s equation where the charge
density per unitlengthisacquired by integrating the charge along the
xyplane fromthe DFT calculation. According to Bader charge analysis,
thereare 0.88 electrons per supercell transferred from Bi to MoS,, which
is equivalent to an electron doping of 4 x 10" cm™.

Analysis of contact resistance with transmission line model

The contact resistance (R.) measured from the TLM originates from
two components: (I) transport through the metal-semiconductor
energy barrier, and (II) lateral access resistance under the contact due
to the sheet resistance (Ry,) of the channel material. We employ the
transmission line model for R, expressed as'*:

L .
Rc=[pRsp coth (L—:j =~ [pcRsu, ifLc>> Ly, 4)

where R.is normalized by Win units of Q um, pis the specific contact
resistivity accounting for the vertical interlayer transport under the
contact, L;is the current transfer length, and L. is the physical contact
length (1 pmin this study). Ry, here is extracted from the slopes of the
TLM plots.

We estimate that p. = 8.8 x 107° Q cm?at n,, = 1.5 x 10" cm™ for the
Bi-MoS, FETs on 100-nm-thick SiN, at room temperature. Based on
the definition of the current transfer length L,

- | Pc
L=, Ry’ (%)

we evaluate the best ; to be around 7 nm at room temperature, much
smaller thanthe L.usedinour devices, justifying the use of the approxi-
mation in equation (4). These results suggest that the dimension of
the contacts for the Bi-MoS, FETs can be reduced to -7 nm without
performance degradation resulting from the current-crowding
effect.

Extended Data Fig. 9a plots the fractions of the total contact resist-
ance (2R.) and theintrinsic channel resistance (R.,) withrespect to the
total deviceresistance (Ryor) asafunction of L, using R. =123 Qpum and
mobility ~20 cm?V's™ as extracted from our Bi-MoS, FETs on100-nm
SiN, (Fig. 2c). Extended Data Fig. 9b shows 2R versus L, for different
contact technologies. It can be seen that R. does not dominate the
performance of Bi-MoS, FETs until the L, reaches -7 nm, providing a
substantial improvement in the scaling limit of TMD transistors.

Equivalent circuit model for the contact resistance of Bi-MoS, FET
Based onthe first-principles calculation and the experimental results,
we builtanequivalent circuit for the Bi-MoS, contact region (Fig. 3d).
The contact resistance is composed of a network of the van der Waals
gap tunnelling resistors (with tunnelling-specific resistivity, p,) and the
Bi-contacted MoS, resistors (with sheet resistance R, ¢). Because the

barrier height at the Bi-MoS, interface is negligible, we do not consider
the contact resistance contribution due to the thermionic emission at
the Schottky barrier. The tunnelling current density (/,) through the
van der Waals barrier can be obtained through Simmon’s model**>*,

/2
__4q ) o] 2@ (- 0V)
S 412 hw? {(‘D‘ 2 jexp{ 2 e Be

qV 2m)"? qv "’
- [(Dt+ 7] exp {—ZTeawt O+

where w,is the tunnelling gap width, @, is the tunnelling barrier height,
aisanempirical factor thatis associated with the shape of the barrier
(a=1foranideal squarebarrier), Vis thebias voltage, gisthe electron
charge, histhe reduced Planck’s constant, and m. is the free-electron
mass. At low bias (qgV « @,), the tunnelling-specific resistivity is
given by

(6)
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Accordingto our DFT calculation results, w,=1.66 Aand ®,~3.6 eV.
We therefore estimate that p, ~1.81x 107 Q cm?for our Bi-MoS, contact.

In addition, R, ¢ is estimated to be 15.6 kQ assuming that the 2D
carrier density of Bi-contacted MoS, is around 2 x 10” cm™ Then the
contactresistance is Re = (0.Rsy )+ Rgo, Where Rgpo = kT /(q Asp T?)
istheresidual contactresistance (according to the thermionic model,
equation (1)) forazero Schottky barrier height. The contact resistance
for Bi-MoS, is calculated to be 0.13 kQ pum, in very good agreement
with our measured values.

Velocity saturation, critical channel length and scaling rulesin
Bi-TMD transistors
In the linear regime, the transistor on-state current density (/o) is
approximately determined by the total device resistance (Ryor =
2R+ Ry, and Iy increases linearly with the applied Vs at a given R,
which can be modulated by the gate voltage. By taking the contact
resistance into account, the effective drain-to-source voltage (V)
dropped across the TMD channel is Vg= Vps— 2Rcloy - As the Vg
increases and/or the channel length reduces, at a certain point where
the lateral field becomes greater than the critical field strength (F¢) in
the TMD material, the conducting electronin the TMD channelis accel-
erated toits saturationvelocity (v,,) and the /,y saturates to amaximum
of I,y =nypquq,.. Inthis velocity saturation regime, the /oy in the transis-
tor thus scales only linearly with n,, induced into the TMD channel
through electrostatic gating. Accordingly, for /oy 0f 450 pA pm ™ shown
inFig. 4a, the v, of monolayer MoS, is extracted to be ~2.5x10°cms™
atan n,pof -10% cm™

Atafixed Vsand gatebias, thereis atransition fromthelinear regime
tothe velocity saturation regime when the L., of the transistor reduces
tothecritical channellength, L, and the TMD channel reachesits criti-
calfield strength

_Vbs _ Vos= 2RcapqVeac
L Ly

Fe (8)

Taking MoS,as an example, F¢is1.15x10°V cm™ (ref. ). Therefore, for
aBi-MoS, transistor with R. =123 Qumbiased ata Vs of 1.5V withann,,
of 1.5x10" cm™, the L, is~117 nm, which agrees with our experimental
results. Onthe other hand, with the same device dimension and bias con-
ditions, a higher R would drive the TMD channel to operate below F, or
inlinear regimes, with smaller /s than the saturation current; therefore,
alarger Vs is required to reach the maximum /,y (saturation current)



atasimilardevicedimension, limitingtheallowed minimumpowersupply
voltage.

For future transistor scaling, a low supply voltage (V) is required.
We further consider the minimum V4 to bias the Bi-MoS, transistor
inits velocity saturation regime while satisfying the IRDS target /, for
high-performance and low-power logic transistors. Owing to the short
current transfer length of the Bi contact (L; =7 nm), the R. would remain
low without major current crowding even with a reduced contacted
gate pitch (CGP =L, + L.) used in the future technology node (that is,
L; < Lo)*®. Thus, the minimum Vs for Bi-TMD transistors to meet the
target I,y in different future technology nodes is shown in Extended
DataFig.9c, d:

Vos, min= Fclcn t 2Rclon- (9)

The projection, as shown in Fig. 4e, suggests that the Bi contact
to TMDs can potentially meet the IRDS requirements for future
energy-efficient electronics. An n,, of 4.5x10" cm™is assumed based
onthe use of a3-nmultrathin gate dielectric with a dielectric constant
(k) of15and an overdrive of 1.6 V. This condition corresponds to a ver-
tical electric field of 5.3 MV cm™ in the dielectric, which lies below its
breakdown strength (Fap) of 6.2 MV cm™ (Fyp = 35K7%64)%,

Bi contacts for other monolayer TMDs and effects of TMD
quality

We would like to point out that a high sample quality is a prerequisite for
the proposed gap-state saturation mechanism. Both our DFT calcula-
tion (Extended Data Fig. 4b) and experiment observations (Extended
Data Fig. 8 and Extended Data Table 1) indicate that a high density of
structural defects such as chalcogen vacancies tend to obstruct the
formation of ohmic contact while the gap-state pinning mechanism
becomes dominant at the contact interface.

Tostudy the effects of material quality, monolayer TMD crystals with
different sample conditions are contacted with Bielectrodes and their
electrical characteristics are measured. Since CVD normally exhibits a
high variationinlocal concentrations of precursors along the growth
substrate, CVD-grown TMD crystals typically show a larger variation
in the sample quality. Extended Data Fig. 8a shows the output char-
acteristics of a device based on a CVD-grown monolayer MoS, crystal
possessing poor sample quality (thatis, non-clean surface with curved
edges). The lower /s and the nonlinear /,s—Vps curves resulting from
this device suggest the presence of a contact barrier and imply that
gap-state pinning takes over the band-alignment mechanism at the
MoS, surface, whichis further confirmed by DFT calculation (Extended
DataFig. 4b). In our experiments, we note that MOCVD-grown MoS,
crystals exhibit a higher homogeneity and reproducibility and low
variationinsample quality, probably owingto the well controlled flow
rate of the precursors during the deposition (Extended Data Fig. 8b).

For the case of monolayer WSe,, similar variation in the contact
performance is also observed in CVD WSe, devices. The aged sample
with adefective surface (thatis, holes and cracks) even turns to p-type
conductionwithalow /s, which manifests the strong gap-state pinning
at the metal-TMD interface where the Fermi level is aligned closer to
the valence band of WSe,, as shown in Extended Data Fig. 8e, f. This
gap-state pinning effectis mitigated when a WSe, crystal with reason-
able quality is used and the device behaviour changes to ambipolar,
indicating that the Fermi level is pinned upward at a position closer
to the conduction band minimum (Extended Data Fig. 8g, h). As Bi

electrodes are in contact with a high-quality, freshly exfoliated WSe,,
the ohmic characteristics become prevalent at the Bi-WSe, interface,
giving rise to a good ohmic contact and the considerably enhanced
n-type conduction (Extended DataFig. 8i,j). Note that good ohmic con-
tacts canbe also formed on CVD monolayer TMDs when a high-quality
sample is obtained (Extended Data Fig. 8c, d).

Data availability

All data needed to evaluate the conclusions herein are present in the
Article.
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Extended DataFig.1| Temperature-dependentelectrical characteristics.
a, b, Typical Ips-Vpscurvesat150 K (a) and 77 K (b) for the Bi-MoS, FET. The
device exhibits linear output characteristics at all the temperatures measured.
c,Schottky barrier height (@) extraction for the Bi-MoS2 FET, showing a
negligible contactbarrier. Inset, logarithmic plot of the /,s-V,s curve at 77K
and n,p~4 x10" cm™, demonstrating ohmic contact in the Bi-MoS, FETs.

d, e, Typical /,s-V,scurvesatroom temperature (d) and 77 K (e) for the Ni-MoS,
FET. The nonlinear output characteristics atlow temperatures suggest the
existence ofaSchottkybarrier at the Ni-MoS, junction. f, Schottky barrier (®;)

L \J L L
-1.0 -05 0.0 05 1.0

v v v v v LJ \J
-40-30-20-10 0 10 20

Drain voltage (V) Gate voltage (V)

extracted by equation (3) asafunction of the gate voltage for the Ni-MoS, FET.
@y isaround 100 meV at the flatband voltage (the elbow of the curve)®.

g, Typical I,s—V;s curves of the Ti-MoS, FET. h, Typical [ps— Vs curves at 77 K for
the Ti-MoS, FET. Similar to the Ni-MoS, device, the Ti-MoS, FET exhibits both
drain-currentsuppressionand obviously nonlinear output characteristics at
low temperatures, owing to the presence of aSchottky barrier at the Ti-MoS,
interface.i, Extracted @y for the Ti-MoS, FET asafunction of the gate voltage,
whichisaround 150 meV at the flatband voltage.
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Extended DataFig.2|Arrhenius plots and extraction of contactresistance.

a, b, Arrhenius plots of Ni-contacted (a) and Bi-contacted (b) monolayer (1L)

MoS, FETs. The two transistors yield opposite slopes derived from equation (3),
reflecting different metal-semiconductor junction configurations. The good
agreement between the dataextracted from the Ni-MoS, FET and the
thermionic emission model suggests that there is thermally activated

electronic transportatanenergy barrier, thatis, aSchottky barrier at the Ni-

MoS, interface. By contrast, the deviation from the thermionic emission model
and nearly saturated slopes at low temperatures observed in the Bi-MoS, FET
indicate the disappearance of an energy barrier for electroninjection. The light
blue curverepresents the off state of the Bi-MoS, FET biased at a negative gate
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voltage of —-60 V. The device at this condition shows anegative slopein the
Arrhenius plotand the effective barrier heightis extracted tobe-130 meV. This
barrier originates from the energy difference between the Fermilevel of the
degenerate MoS, underneath Biand the conduction band minimum of the
depleted MoS, channel. ¢, Transfer characteristics, /s~ Vs, of Bi-contacted
monolayer MoS, FETs on100-nm-thick SiN, with various channellengths (L)
ataVpsof 0.5V forthe TLMstudy. d, Plots of total device resistance Ryor
(normalized by width) versus L, for the Bi-MoS, FETs at various carrier
densities, fromwhich the total contact resistance (2R.) canbe extracted from
they-axisintercepts. Symbols are experimental data and lines are linear fits in
aandd.
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Extended DataFig. 3 |SAED patterns of the freestanding Au/Bi/monolayer-
MoS, and Au/Bi/amorphous carbon. a, e, Schematics of the Au/Bilayer
deposited directly on the monolayer (1L) MoS, (a) and amorphous carbon
(a-carbon; e)inthe TEM grid. b-d, SAED patterns of Au/Bi/1L-MoS, at three
differentlocations. The [0001] zone axis of Biis always observed in parallel to
theelectronbeam throughout the whole sample. The diffraction spots of MoS,
at3.6nm™canbeclearly identified. The in-plane rotations of MoS, with respect

tothe Bi(0001) plane are 30° (b), 4° (to the nearest Bi diffraction spots; c), and
8°(d). Formostofthe areas, Bi demonstrates homogeneous orientation, as
showninbandd, but polycrystalline areas can also be found, asshowninc. The
selected-areaapertureis1pum.f-h, The diffractionringlocated at3.0 nm™is
identified to be from Bi,O; polycrystal, as confirmed from the atomic structure
of Bi,0, viewing at zone axes [110] (g), and its simulated diffraction pattern (h),
demonstrating the diffraction patternat3.0nm™.
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contact with Bi. The Fermilevelis pinned at the sulfur vacancy defect state
inside the bandgap. This implies that a high-quality TMD crystal with alow
defect density is critical to form ohmic contact to Bi. The result of LDOS of WS,
in contact with Bi, predicting that ohmic contact canalso be formed at the
Bi-WS, interface owing to gap-state saturation.
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Extended DataFig. 5| Characterization of transition metal dichalcogenide
monolayers. a,Raman characterization of MOCVD-grown monolayer MoS,
(blue) and mechanically exfoliated WS, (green) and WSe, (red) monolayers for
device fabrication. b, Raman characterization of Ni-MoS, and Au-MoS,
interfaces. Samples are prepared using the mechanically tape-assisted
exfoliation. No substantial shiftsin A, are observed for Niand Au contacts. The
shiftin E',,is prevalently observed in the metal-MoS, system, probably
originating fromthe straininduced at the metal-MoS, boundary.
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¢, Deconvolution of the XPS spectra of S 2p and Bi 4ffor pristine monolayer
MoS, and Bi-contacted MoS,. The blueshifted core-level binding energies for
the Bi-contacted MoS, indicate the upward shift of its Fermilevel induced by
the Bicontact, whichisingood agreement with the DFT calculation and the
Ramanspectroscopy analysis. Moreover, the absence of characteristic peaks
for Bi,O,suggest that the Bi contact s free of oxidation whenin contact with
MoS,, whichis consistent with the TEM results (Fig.3b and Extended Data
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e, Semi-logarithmic plot of the transfer characteristic of a different Bi-MoS,
FET showing an excellent /oy/lo ratio of 108, Insets, SEM image of a
representative 150-nm L, Bi-contacted monolayer MoS, FET on100-nm-thick
SiN,and its channel region. f, Output characteristics of the same Bi-MoS,
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monolayer MoS,. The room-temperature output characteristics of the Bi-MoS,
transistors fabricated witha CVD-grown defective MoS, monolayer (a) and
MOCVD-grown MoS, monolayer (b). Inset to a, opticalimage of a typical
low-quality MoS, crystal with anon-clean surface and curved edges; scale bar,
Sum.Insettob, opticalimage of a typical high-quality MoS, crystal withaclean
surface; scale bar,10 um. ¢, d, Output characteristics of Bi-contact transistors
fabricated with fresh CVD-grown monolayer WS, (c) and monolayer WSe, (d)
FETs, showing that the proposed gap-state-saturation-induced ohmic contact
canalso be formed on high-quality WS, and WSe, CVD samples. e, f, Room-
temperature output characteristics (e) and transfer curves (f) of the Bi-WSe,
transistors fabricated withanaged CVD-grown WSe, monolayer (low quality).
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Scale bar,10 um. g, h, Room-temperature output characteristics (g) and
transfer curves (h) of the Bi-WSe, transistors fabricated with a fresh
CVD-grown WSe, monolayer (medium quality). Scale bar,10 pm.1i, j, Room-
temperature output characteristics (i) and transfer curves (j) of the Bi-WSe,
transistors fabricated witha mechanically exfoliated WSe, monolayer (high
quality). Scale bar, 5um. The results show a clear evolution from p-type
conductiontoenhanced n-type conduction with the sample quality
improvement. These variations could be attributed to the gap-state pinning
effectinduced by the chalcogen vacancies (Extended DataFig. 4b). Insets to
f,handjare theopticalimages of atypical low-quality CVD WSe, crystal with an
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Extended Data Table 1| Key performance metrics of representative devices

Ion
. Gate L UFE2t
Channel | Synthesis method | Contact . o (LA/um) | Ion/Iorr
oxide (nm) | (cm?/V/s) s (V)
120 21 560/1.5 107
100 nm 8
. SiN, 150 21 378/1.5 10
Bi1
500 17 150/1.5 107
MOCVD
1000 30 28/1 108
. 300 nm 6
Ni SiO» 1000 3 2/1 10
1L Ti 1000 0.03 0.02 10*
MoS,
35 22 1135/1.5 10°
. 50 25 1005/1.5 107
CVD, high 100 nm
ualit SiNx
anay Bi 100 16 B41s | 107
200 15 339/1.5 107
CVD, low 300 nm 3
quality SiO» 500 0.2 0.2/1 10
exfoliated, high 120 19 350/1.5 107
quality '
IL WS, Bi | o0
CVD. high 150 21 o1 | 107
quality
exfoliated, high 120 12 2115 | 108
quality '
CVD, high 100 nm - 6, 17 14/1 108
1L quality SiNx
WSe> =
CVD, medium 1000 4 3.9/1 10°
quality
CVD, low 300 nm 4
qualifyifaoed) Si0, 300 0.02 0.06/1 10

The field-effect mobility, e 5., is extracted by two-terminal configurations in which the effect of contact resistance is included (see Methods for details). 1L, monolayer.
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Editorial Notes:

Reviewer Comments & Author Rebuttals

Reviewer Reports on the Initial Version:

Referee #1 (Remarks to the Author):

Paper reports high drive current in a back-gated MoS2 FET through contact resistance reduction. The
work ascribes the low-contact resistance to the use of a semi-metal Bi as the contact metal to TMD
channel. The data reported in the paper show high currents and an enhanced linearity in the electrical
characteristics.

I have the following questions --

1. The authors have proposed that the reason for the unpinning is the semi-metallic nature of an
evaporated Bismuth. Outside of its use as a contact metal in MoS2 transistor, can you share if any other
electrical testing was done to confirm the nature of the Bismuth? What is its resistivity? How does it
respond to a gate field?

2. Can an evaporated Bi metal layer be represented by a band structure? Would the small grain size
complicate the picture?

3. How does one ensure that the fermi-level of the semi-metal aligns with conduction band edge of the
n-type semiconductor? Would one still be able to make a zero-barrier contact if this is not the case?

4. Arrhenius plots to extract R_contact -- The authors show "normal” Arrhenius behavior with expected
gate voltage dependence for Ni contacts. Bismuth, however, shows an opposite slope at high
temperatures. This anomalous behavior is attributed to channel resistance dependence on mobility.

a. When the nickel contact is made more "transparent” at higher VG does the channel resistance
dependence on temperature show up?

b. If the Bi-MoS2 device is biased in its off-state, the mobility of the channel should cease to matter. |
would expect to see a "normal™ Arrhenius plot which barrier height determined by the top of barrier in
the channel. | request the authors to add this to extended data Fig 3.

5. Can the authors show what the barrier height of Bi contact to WS2 and WSe2 is? Does it follow
expected trends from electron affinity of the channel?

6. What is the role of SiN as the gate oxide for the study? What is the channel width used for the MoS2
1L device with Bi contacts?

Referee #2 (Remarks to the Author):

The authors demonstrated a record-low contact resistance (RC) of 123 Q um, and a record-high on-
state current density (ION) of 802 pA um-1 on monolayer MoS2 by achieving zero Schottky barrier
height. They suggested and proved a new strategy for ohmic contact formation by suppressing the CB
component of MIGS using semimetal-semiconductor contacts to avoid the GSP. The results were quite
impressive and meaningful for next generation transistor technologies beyond Si. The experiment and
simulation in manuscript logically described. However, in order to more clarify the suggested concept,
the manuscript has following questions and issues that must be fully addressed.

1. Ti-MoS2 contact showed a different performance and barrier height compared to Bi-MoS2, despite
having similar low work functions. | wonder if the experimental difference between Bi and Ti is due to
surface deformation such as Ti and MoS2 bond formation as previously reported. If MoS2 formed
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interface without damage, it would be better to add the simulation data to support the role of semi-
metal more clearly as shown in Fig. 3e.

2. Figure 1 shows the main concept of this paper. However, since it is still before the concept is
understood as a result, it must be clearly presented on the key points without any confusion.

i) Band diagram of semi-metal in Figure 1le should be modified as like Figure 1b. It would be better to
understand intuitively by the schematic.

ii) Where is the origin of TB in Figure 1d and 1e? Does it mean vdW gap?

iii) The reviewer proposes to change the GSS to clearly show the phenomenon between Bi and MoS2 in
Figure 1f.

3.i) How to control nD in Figure 2c?

ii) In Fig 2f, it is necessary to clearly explain why the positive slop exist in 200-300K.

iii) Theoretically, mobility decreases with temperature because more carriers are present and these
carriers are more energetic at higher temperatures. Each of these facts results in an increased number
of collisions and mobility decreases. Why does mobility behavior in Ti-MoS2 FET have the opposite
phenomenon?

4.i) Based on Figure 3b and Extended data Figure. 1f, what crystallinity does Bi on defective CVD MoS2
have? Is it like Bi on amorphous carbon? Or does it have a rhombohedral structure like on intrinsic
MOCVD MoS2?

ii) Based on Extended data Figure 8a and 8b, drain current is different each other. Here, defective CVD
MoS2 showed significantly low performance. It is necessary to present film analysis data on how CVD
MoS2 and MOCVD MoS2 are different. The authors need to explain how the meaning of defective is
distinguished.

iii) The authors should show the cross-section TEM images of Bi on two types of MoS2. As mentioned in
the previous studies, de-pinning of MoS2 begins with the no-bonding and no-damage between Metal and
MoS2.

iv) The authors explained that there is charge transfer between Bi and MoS2 in Figure 3h. Is there any
nature of BixSy bonding due to charge transfer?

5. The author showed diverse FET results of Bi-MoS2 according to various channel lengths in each
Figure. They then compared different characteristics for each device. In terms of contact resistance, the
world best record is important, but it makes sense to systematically show the mobility, contact
resistance, lon, and loff associated with each other according to length changes. | recommend
summarizing FET characteristics according to the channel length scale.

Referee #3 (Remarks to the Author):

The paper addresses the very important topic of lower contact resistance to transistors where the
channel is a 2D transition metal dichalcogenide. This class of materials has been put forth as having
excellent properties to extend transistor gate length scaling beyond what can be implement with Si
transistors. Despite a long slew of articles in high impact journals, relatively little has been
demonstrated experimentally in terms of device performance, i.e. I_ON. This paper is trying to tackle
this challenge by improving contact resistance to 2D channels. The solution investigated here is very
simple, using Bi as contact material to the 2D channel and trying to prove that the contact thus made is
ohmic.

We expect a paper on this topic and proving beyond doubt would have a large impact on the
semiconductor industry and thus be a cornerstone for technology for years to come.

Before going into technical details, a note about readability: the paper would benefit from an extended
format as about half of the figures described in the main text and key figure for the paper, are now
relegated to Extended Data. While the abundance of data is needed to support the claims of the paper,
the continuous back and forth between the data in the main body and the extended data makes for a
cumbersome read.

Gauging the full achievement of the paper is difficult because of inconsistent data reporting plotting
across figures. For example figure 2 in main body of the paper shows Id-Vg data at Vds= 1V. Data in
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figure 4d (on current performance) seems to be reported at Vds=1.5V and data in extended figure 3c is
plotted at Vds=0.5V. Very difficult to follow and compare. We propose keep one VDS throughout the
paper 1V and include extended data at VDS=50mV.

Fig 2, panel a. Comparison of transfer characteristic for MoS2 with Bi, Ni or Ti contact. Current levels for
Ni and Ti are lower than literature elsewhere (for example papers from Pop group at Stanford) which
report — 10-20uA/um for similar device conditions with Au contact. This makes the comparison here
look very good for Bi, but not clear if this stands when compared with best data out there.

Figure 2 panel c: contact resistance extraction is performed in a back-gated configuration at very high
doping levels. Relevant data for transistor performance is normally done without overlap between gate
and source/ drain. Please include data or extrapolation at zero back-gate voltage, or data from devices
when the contacts are not gates. Otherwise, comparison with Si devices and the IRDS target is
irrelevant.

The authors use TLM as the method to extract contact resistance. Several publications on 2D materials
and SOI have proposed that the method has high inaccuracy for these types of thin channels. In the
case of graphene, several report zero or negative contact resistance. This has been ascribed to this
inaccuracy. Please compare TLM extracted contact resistance with that from 4-point probe
measurements.

Please show series for 1d-Vg data at different channel length at VDS=1V. Data from figure 2a is no
included in the 2c plot. Why not? Can you please include?

The paper compares contact resistance with IRDS targets for 2024. This is irrelevant for the
technological target. They should be derived from performance in a loaded ring oscillator from
implications on delay considering the target drive current.

Probably most exciting part of the paper is now relegated to Fig 10 in extended data. Any kind of data
from scaled devices especially showing channels scaled to 35nm should be prime and center in the
paper itself. While 1d-Vd data is shown for 35nm channel, 1d-VG data is shown for 150nm channel
length. To prove ohmic contacts, please include data from 35nm channel without Off current
degradation, so include 1d-Vg data for Lch=35 nm.

In the current form, I do not recommend the paper for publication in Nature. Addressing data
consistency as described below and including crucial data 1d-Vg at Lch<50nm could make it into the
quality and value of reporting we expect from Nature.

Author Rebuttals to Initial Comments:

*The responses are shown in blue fonts.

Referee #1:

Paper reports high drive current in a back-gated MoS; FET through contact resistance reduction. The work
ascribes the low-contact resistance to the use of a semi-metal Bi as the contact metal to TMD channel. The
data reported in the paper show high currents and an enhanced linearity in the electrical characteristics.

I have the following questions --

1. The authors have proposed that the reason for the unpinning is the semi-metallic nature of an evaporated
Bismuth. Outside of its use as a contact metal in MoS; transistor, can you share if any other electrical
testing was done to confirm the nature of the Bismuth? What is its resistivity? How does it respond to a gate
field?

Answer: To characterize the electrical properties of the Bismuth (Bi) contacts, 20 nm of Bi thin film was
evaporated on monolayer MOCVD MoS; with 100-nm SiNx and heavily doped silicon as the dielectric and
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back-gate, respectively (inset of Figure R1a). The whole device architecture is the same as the Bi contacts
used in the presented transistors in the manuscript.

As can be seen in Figure R1a, the Bi thin film (or the Bi contacts in this work) clearly shows no gate
dependence over the entire range of gate voltages (-40 V ~ 40 V), confirming its metallic nature. The
linearity of the output characteristic shown in Figure R1b again suggests the metallic nature of the Bi
contact itself. The sheet resistance (Rsn) is estimated to be 0.46 kQ/square, which is two orders of
magnitude smaller than that of monolayer semiconducting MoS; (for example, Rsy ~ 17 kQ/square for the
our MoS; channel with a carrier density of 1.5 x 10 cm?). Therefore, the semi metallic Bi contacts can act
well as electrical contacts to 2D semiconductors, as demonstrated in the manuscript. The electrical
resistivity of the Bi thin film is estimated to be 9 x 10° Q m.

In the revised manuscript, we have added the following sentence in the “Device fabrication and
characterization” section of Methods: “The electrical resistivity of the evaporated bismuth film is measured
to be 9x10° Q-m. “

20-nm Bi film on MosS,

24 -
1.2 Metallic behavior Ry, ~ 460 (V/sq,

] p~9x10°Qm

€ 104 14
=5 =3
< <
E E
-— ' 0 —
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Gate voltage (V) Drain voltage (V)

Figure R1. Electrical properties of a 20-nm Bi film evaporated on monolayer MoS,.

2. Can an evaporated Bi metal layer be represented by a band structure? Would the small grain size
complicate the picture?

Answer: The TEM SAED image (with aperture size of 1 um) shows that the crystal orientation is highly
aligned and the diffraction pattern of Bi can be clearly visualized, which is a strong evidence that Bi can be
described as crystals well depicted by atomic models and first-principles calculations. Therefore, the grain
boundaries, which is only a small fraction of the totally area, should not be a dominating factor in
alternating contact properties.

3. How does one ensure that the fermi-level of the semi-metal aligns with conduction band edge of the n-
type semiconductor? Would one still be able to make a zero-barrier contact if this is not the case?

Answer: From first-principles calculation, we have concluded that the following conditions need be met for
an ohmic contact to be realized:
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a. The electron hybridization between metal and semiconductor needs to be weak so the metal-
induced gap states are minimized. Bi semimetal has two characteristics to ensure this: (1) The
density of states (DOS) of semimetal around Fermi level is zero, so metal-induced gap states
(MIGS) is minimal around the Fermi level. (2) The layered structure of Bi semimetal ensures that
the electron bonds are completely saturated at the surface, excluding the possibility of having
dangling bonds which may induce significant metal-induced gap state. This also requires the
semiconductor to be free of dangling bonds, where MoS; fortunately is.

b. The work function of the semimetal (or metal) and the electron affinity of the semiconductor before
contact is important, because if the Fermi level of (semi)metal is not aligned with the bands (either
conduction or valence bands) of semiconductor in the first place, no ohmic contact can be formed.
For example, it has been experimentally shown that graphene, which is also a semimetal, does not
have as good contact with MoS,, due to the fact that graphene itself has a work function of around
4.7 eV, larger than the electron affinity of MoS,. We have also predicted in the main text that
arsenic doesn’t have a good contact with MoS;, for the same reason. More details can be found in
Fig. 3g.

4. Arrhenius plots to extract R_contact -- The authors show "normal™ Arrhenius behavior with expected
gate voltage dependence for Ni contacts. Bismuth, however, shows an opposite slope at high temperatures.
This anomalous behavior is attributed to channel resistance dependence on mobility.

a. When the nickel contact is made more "transparent” at higher Vs does the channel resistance dependence
on temperature show up?

Answer: Figure R1b shows the Arrhenius plots of the Ni-MoS; device at a higher gate voltage presented in
the previous Extended Data Fig. 3. Indeed, when the Schottky barrier of Ni/MoS; interface becomes more
transparent due to a higher electron doping level at the interface, the device is dominated more by the
channel resistance and the similar positive slope also shows up. For Ni contacts, this positive slope only
happens at a high gate voltage (60 V) and high carrier concentration in the channel (~4.3x10% cm?), while
a Bi-MoS; transistor shows such behavior with a much lower gate voltage and lower carrier concentration
in the channel (~10* ¢cm), as shown in Fig. 2f and Extended Data Fig. 2b in the revised manuscript.
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Figure R2. a. Arrhenius plot of a Ni-MoS, FET with different gate voltages (same as previous Extended
Data Fig. 3). b. Zoom-in plot of a focusing on a high gate voltage of 60 V.
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b. If the Bi-MoS; device is biased in its off-state, the mobility of the channel should cease to matter. | would
expect to see a "normal” Arrhenius plot which barrier height determined by the top of barrier in the channel.
I request the authors to add this to extended data Fig 3.

Answer: Thank you for pointing this out. We have plotted the Arrhenius plot of the Bi-MoS; device biased
at a negative gate voltage of -60 V so that the device is in its off-state (the threshold voltage Vr is around 0
V). As can be seen in Figure R3, the device at this condition shows a negative slope in the Arrhenius plot
and the effective barrier height is extracted to be ~ 130 meV. As the reviewer suggested, this barrier
originates from the energy difference between the Fermi level of the degenerate MoS, underneath Bi and
the CBM of the depleted MoS; channel. We have added this plot into Extended Data Fig.2b (light blue
curve) in the revised manuscript.

-31
Bi-MoS, FET at OFF state
32- Ve =-60V
‘m
-33- *, channel barrier
] ® ~130 meV
—~ -34- L]
=
- |
8 -35-
<
-37 1 MoS,  MoS,channel oS,
1 (n++) (n++)
'38 I I T T T

1000/T

Figure R3. Arrhenius plot of a Bi-MoS; device at its OFF state. The device was fabricated on a 300-nm
thick SiO; /Si substrate as the back gate. The data were extracted at Ves = -60 V and Vps = 1 V.

5. Can the authors show what the barrier height of Bi contact to WS; and WSe; is? Does it follow expected
trends from electron affinity of the channel?

Answer: In this work we have done a systematic study on MoS,, we have not measured the barrier heights
for WS, or WSe; yet, which is in our plan for the investigation in the next step. However, following the
answer in question 3 above, the increasing trend of Rc (extracted from a virtual source compact model, see
Figure R4) between Bi-contacted MoS,, WS, and WSe; follows the general trend of decreasing electron
affinity of these TMDs [Y. Liu et al, Sci. Adv. 2, e1600069 (2016), ref. 15], which in turn implies the
possibility of a small increase in Schottky barriers when Bi and these TMDs are in contact. On the other
hand, the same trend can also be obtained from DFT calculation where the Fermi level in Bi-WS; is lower
than Bi-MoS;, although still above the CBM, as can be found in Extended Fig. 4c and Fig. 3e. This matches
with our observation in Figure R4 and Fig. 4d.
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Figure R4. Contact resistance for three types of Bi-contact monolayer TMD devices extracting from
device modeling.

6. What is the role of SiN as the gate oxide for the study? What is the channel width used for the MoS, 1L
device with Bi contacts?

Answer: In this work, we presented two different device structures: 1L TMD on 300 nm SiO; (Fig. 2) and
1L TMD on 100 nm SiNy (Fig. 4a-c). SiO> is the most commonly used dielectrics for 2D-material-based
device studies, so we performed the temperature-dependent measurements and the comparison study for Bi,
Ni and Ti contacts on SiO,, to make these results more consistent with previous studies. In both our
experiment and literature (T. Liu et al. Nat. Nanotech. 14, 223-226 (2019).), it is observed that SiNx is a
better substrate because TMD tends to have better carrier mobility on SiNy and the higher thermal
conductivity of SiNx (12 W/m/K for SiNx and 1.3 W/m/K for SiO) can reduce the current degradation due
to self-heating for high-performance transistors. We therefore selected SiNy as the substrate to demonstrate
the high-performance transistors.

It should be noted that the selection of substrates does not impact the electrical contact at the Bi-TMD
interface. First, the crystallinity of the evaporated Bi on TMD, and thus the resulting interface, should not
be affected in any way by the substrate. Second, since the MoS, underneath Bi is in a degenerate state as
presented in our work, there is no Schottky barrier and no depletion region on the MoS; channel side of the
contact. As a result, no barrier width modulation exists which normally comes from the different
electrostatics determined by the dielectric constant and the thickness of the gate oxide, as is usually the case
in previous work (D. Schulman et al. Chem. Soc. Rev. 47, 3037-3058 (2017)).

The channel width in this study is in the range of 2 to 10 um. Since we presented the current density (drain
current normalized by channel width) throughout the manuscript, we considered it unnecessary to show the
channel width for each device. But based on the reviewer’s question here, we have mentioned the range of
channel width in our study in the “Device fabrication and characterization” section of Methods of the
revised manuscript: “The channel widths for the devices in this study are in the range of 2 to 10 um.”
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Referee #2:

The authors demonstrated a record-low contact resistance (Rc) of 123 Q um, and a record-high on-state
current density (lon) of 802 pA pm-1 on monolayer MoS2 by achieving zero Schottky barrier height. They
suggested and proved a new strategy for ohmic contact formation by suppressing the CB component of
MIGS using semimetal-semiconductor contacts to avoid the GSP. The results were quite impressive and
meaningful for next generation transistor technologies beyond Si. The experiment and simulation in
manuscript logically described. However, in order to more clarify the suggested concept, the manuscript has
following questions and issues that must be fully addressed.

1. Ti-MoS; contact showed a different performance and barrier height compared to Bi-MoS;, despite having
similar low work functions. | wonder if the experimental difference between Bi and Ti is due to surface
deformation such as Ti and MoS; bond formation as previously reported. If MoS, formed interface without
damage, it would be better to add the simulation data to support the role of semi-metal more clearly as
shown in Fig. 3e.

Answer: Previous simulation between Ti and MoS; reported by H. Zhong et al. [Sci. Rep. 6, 21786 (2016),
ref. 25] indeed shows that there is strong interaction (bonding) between Ti as mentioned by the reviewer — a
pristine non-damaged MoS; leads to what they call "metallization™ of MoS,. Based on the understanding of
our current work, this results in a very strong gap-state pinning (GSP) between Ti and MoS; contact and a
large Schottky barrier. Because of the strong interaction, Ti-MoS; contact cannot be explained by the
Schottky-Mott limit in that the barrier height of Ti-MoS; is not proportional to the work function of the
metal. Therefore, even though Ti has similar work function as Bi, Ti-MoS; devices has large contact
resistance.

For the question “If MoS; formed interface without damage, it would be better to...”, we are unclear if the
reviewer is referring to MoS;-Bi or MoS,-Ti interface, but most likely it is the former as we all agree earlier
results already indicated MoS,-Ti bond formation. As we have shown in the main text, the sample with poor
quality might suffer from Gap State Pinning due to the pinning effect of defect states such as sulfur
vacancy. However, we do not observe such pinning for a MOCVD MoS; samples, proving that the Bi
deposition process is mild and free of defect creation.

2. Figure 1 shows the main concept of this paper. However, since it is still before the concept is understood
as a result, it must be clearly presented on the key points without any confusion.

i) Band diagram of semi-metal in Figure 1e should be modified as like Figure 1b. It would be better to
understand intuitively by the schematic.

Answer: Thank you very much for this suggestion, we would like to follow but realized Fig. 1e is plotted in
real space while Fig. 1b is in reciprocal space. Overlapping the DOS (Figure 1b) with the band diagram
(Figure 1e) may introduce additional confusion about the DOS in real space versus in reciprocal space, so
we still keep the current layout to represent the concept.

ii) Where is the origin of TB in Figure 1d and 1e? Does it mean vdW gap?

Answer: TB means tunneling barrier. The origin of the tunneling barrier could be different for different
contact technologies, such as (1) the vdW gap for non-covalently bonded metal-TMD interface (as in the
case of In-MoS;, Au-MoS;, graphene-MoS; [Y. Wang et al. Nature 568, 70-74 (2019), ref. 13; C. D.
English et al. Nano Lett. 16, 3824-3830 (2016), ref. 18; S. S. Chee et al. Adv. Mater. 31, 1804422 (2019),
ref. 19], and in our case, Bi-M0S;), (2) the small energy barriers formed at the covalently bonded metal-
TMD interface (as in the case of Ti-MoS; [H. Zhong et al. Sci. Rep. 6, 21786 (2016), ref. 25]), or (3) the
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tunneling barrier introduced by the metal/thin insulator/semiconductor structures (as in the case of Co-hBN-
MoS; [X. Cui et al. Nano Lett. 17, 4781-4786 (2017), ref. 14]).

iii) The reviewer proposes to change the GSS to clearly show the phenomenon between Bi and MoS; in
Figure 1f.

Answer: Thank you very much for this suggestion. We have modified accordingly in the revised
manuscript, we have moved the “GSS” to the side and replaced it with “n™*” to clarify the degenerate state
of MoS..

3.i) How to control np in Figure 2¢?

Answer: nyp is controlled by the back-gate voltages. The way we estimated nzp is described in Method.
Please see details in “Extraction of contact resistance through transfer length method (TLM)” in Methods
section.

ii) In Fig 2f, it is necessary to clearly explain why the positive slop exist in 200-300K.

Answer: Because in the case of Bi-MoS; devices, the contact resistance (determined by the Schottky
barrier) is much smaller than the channel resistance (determined by the carrier mobility), the Ips-T trend in
the Bi-MoS; device is dominated by the trend of mobility-T (Fig. 2e): mobility remains constant in the low
temperature range (<200K), and decreases with temperature at higher temperature (200-300K). This
explains the positive slope in the Arrhenius plot (Fig. 2f). Please find this explanation on page 6, paragraph
1lof the revised manuscript: “However, this analysis becomes invalid for Bi-MoS; FETs (Fig. 2f and
Extended Data Fig. 3b). Instead, the saturation-like regime at lower temperatures (< 200 K) suggests a
zero contact barrier height for electron transport through the conduction band of MoS,, while the positive
slope in the range of 200 — 300 K can be attributed to the negative correlation between mobility and
temperature.”

iii) Theoretically, mobility decreases with temperature because more carriers are present and these carriers
are more energetic at higher temperatures. Each of these facts results in an increased number of collisions
and mobility decreases. Why does mobility behavior in Ti-MoS, FET have the opposite phenomenon?

Answer: We agree with the reviewer about the relationship between the carrier mobility and temperature.
This trend should stay the same for different contact metals and it has been shown in Fig. 2e. However, the
drain current, or the output resistance, is affected by both the channel resistance (thus carrier mobility) and
the contact resistance (thus Schottky barrier). The opposite temperature dependence seen in the Ni and Ti
devices is because the drain current for these devices are dominated by the contact resistance or the
Schottky barrier: at lower temperature the thermionic emission across the Schottky barrier is suppressed,
giving rise to a lower drain current. This experimental observation is not in conflict with the fact that the
carrier mobility in the MoS; channel is enhanced at lower temperature.

4.1) Based on Figure 3b and Extended data Figure. 1f, what crystallinity does Bi on defective CVD MoS;
have? Is it like Bi on amorphous carbon? Or does it have a rhombohedral structure like on intrinsic
MOCVD MoS;?

Answer: Bi still preserves the same type of diffraction patterns on CVD MoS; as in MOCVD MoS; as
shown in our experiments (Please note that the original Extended Data Fig. 1 has been changed to Extended
Data Fig. 3.)

ii) Based on Extended data Figure 8a and 8b, drain current is different each other. Here, defective CVD
MoS; showed significantly low performance. It is necessary to present film analysis data on how CVD
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MoS; and MOCVD MoS; are different. The authors need to explain how the meaning of defective is
distinguished.

Answer: (Please note that the original Extended Data Figs. 8 and 9 have been merged to Extended Data Fig.
8.) Thank you for this suggestion. The sample quality can be distinguished visually by the morphology of
individual MoS, domains as shown in the insets of Extended. Data Fig. 8a,f,h, and more rigorously from
Raman spectra, as shown in Figure R5. The trends are also summarized in Table R1. Generally, the full
width at half maximum (FWHM) and the shift of Raman peaks can be used to identify the crystal quality
due to the activation of new vibrational modes from phonon scattering by defects [S. Mignuzz et al. Phys.
Rev. B 91, 195411 (2015)] — The higher the FWHM is, the worse the quality is. We noted that for some
CVD samples, a much broader FWHM of E»q peak than that of MOCVD-grown samples can be observed.
We thus consider this type of CVD sample low-quality CVD MoS,. For those CVD samples exhibiting a
similar E;g FWHM as MOCVD are grouped as high-quality CVD MoS;, as shown in Figure R5.

—— High-quality MOCVD MoS,
— High-quality CVD MoS,
—— Low-quality CVD MoS,

Intensity (a.u.)

360 380 400 420
Raman shift (cm™)

Figure R5. Comparison of Raman spectra for monolayer MoS; on SiO; prepared by CVD and
MOCVD methods.
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Table R1. A summary of Raman spectroscopy results and morphologies for different MoS, samples.

Exg Eag Ayg Agg Morphology
FWHM FWHM
(cm™) (cm?)
(cm™) (cm™)
high-quality 3849 |29 4045 (4.8 Perfect triangles with flat edges and clean
MOCVD MoS; surfaces
high-quality CvD | 383.5 | 3.0 4044 (4.9 Perfect triangles with flat edges and clean
MoS; surfaces
low-quality CVD | 383.4 |51 4045 |5.0 Triangles with curved edges and surface
MoS; contaminants

iii) The authors should show the cross-section TEM images of Bi on two types of MoS,. As mentioned in
the previous studies, de-pinning of MoS; begins with the no-bonding and no-damage between metal and
MOSz.

Answer: Thank you for this suggestion, and we have indeed performed cross sectional TEM for Bi-MoS..
However, atomic cross sectional STEM is particularly hard to be performed on Bi-MoS; boundary, due to
the low melting point of Bi. As shown in Figure R6, the crystal structure of Bi-MoS; is completely
damaged by the ion beam during FIB. The clustering of Bi and Au particles shows a polycrystalline state of
metals, different from the status demonstrated by Fig. 3a. Bi crystal is not stable under electron beam
exposure in STEM either — a low dose of electron irradiation with a few frames of scan can get Bi
amorphized.

¢ damaged structures
gaused by FIB and electron beam

monolayer MoS,

monolayer MoS,

Si/SiO, substrate 10 nm

Si/SiO, substrate

Figure R6. Scanning transmission electron microscopy (STEM) cross-sectional images of Bi/MoS:. a.
Overall view of sample structure (15-nm Au/20-nm Bi/MoS;). b. STEM image of a Bi/MoS; structure
focusing on a likely non-damaged region. c. STEM image of a damaged region.
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We would like to point out that the ultralow contact resistance observed at Bi-TMD interfaces is not due to
the de-pinning mechanism as reported previously, where no-bonding and no-damage is critical for reducing
the defect-induced gap state pinning.

iv) The authors explained that there is charge transfer between Bi and MoS; in Figure 3h. Is there any
nature of Bi.Sy bonding due to charge transfer?

Answer: First, we would like to clarify that the charge transfer between Bi and MoS; is very small. The
electron transfer from Bi to MoS;, according to the Bader charge analysis performed by DFT, is at 4x10%!
cm2 which is a very small amount (shown by the differential charge analysis in Fig. 3c). Furthermore, Fig.
3h shows that MoS; underneath Bi is heavily doped, not because of charge transfer between Bi and MoS,
but because of the Gap State Saturation (GSS) mechanism (i.e., due to MoS; contacting with Bi, the
reduction in the number of valence band (VB) states in MoS; is more than the number of increased MIGS,
thus those electrons in VB before now are filled in the MIGS and into the conduction band. Therefore, the
Fermi level of MoS, moves into conduction band, and as a result, the free electron concentration in MoS;
increase significantly).

Second, we do not think there is BixSy bonding formed in MoS.. If BixSy exists at the Bi and MoS;
interface, XPS characteristic peaks of the interfacial BixSy and the adjacent Bi layer should be both
observed. However, as can be seen in Extended Data Fig. 5¢, only two prominent peaks of pure Bi were
observed (157.3 and 162.6 eV), confirming the lack of BixSy bonding formed at the interface. Our XPS
spectra of Bi is also in good agreement with the thermo scientific XPS database for Bi
(https://xpssimplified.com/elements/bismuth.php). In addition, previous studies on Bi.Ss have shown that
BixSy exhibits XPS peaks at ~ 158.9 and 164.2 eV for Bi 4f;;, and Bi 4fs,, respectively [F. P. Ramanery et
al. Nanoscale Res. Lett. 11, 187 (2016); S. V. P. Vattikuti et al. Sci. Rep. 8, 1-16 (2018).]. This significant
difference in peak position of our Bi compared with the BixSy XPS spectra also supports the lack of Bi.Sy
formation at the contact interfaces in our Bi-MoS; devices.

5. The author showed diverse FET results of Bi-MoS: according to various channel lengths in each Figure.
They then compared different characteristics for each device. In terms of contact resistance, the world best
record is important, but it makes sense to systematically show the mobility, contact resistance, lon, and loss
associated with each other according to length changes. | recommend summarizing FET characteristics
according to the channel length scale.

Answer: We acknowledge the suggestion. Per the reviewer’s request, we made a table to summarize the key
performance metrics of different devices (including different materials, different gate oxides, and different
channel lengths). The field-effect mobility ure is extracted by 2-terminal configuration in which the effect
of contact resistance is included. Since the extraction of R. requires special device structures (TLM or 4-
terminal device), we only have data for MOCVD 1L MoS; on 100 nm SiNy, as shown in Fig. 2c. We
expect the Rc values to be similar for different substrates. The key performance metrics of different devices
in this study are summarized as Table R2 below and have been also added into the revised manuscript
(Please see Extended Data Table 1).
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Table R2. Key performance metrics of representative devices.

Channel Synthesis Contact | Gate oxide L (nm) | ureat | lon lon/lorr
method (cm?/ | (WA/pum)/V
VS) DS (V)
1L MoS; | MOCVD Bi 100 nm SiNy | 120 21 560/1.5 107
100 nm SiNyx | 150 21 378/1.5 108
100 nm SiNyx | 500 17 150/1.5 107
300 nm SiO, | 1000 |30 28/1 108
Ni 300 nm SiO, | 1000 |3 2/1 108
Ti 300 nm SiO, | 1000 |[0.03 [0.02 10*
CVD, high | Bi 100 nm SiNyx | 35 22 1135/1.5 10°
quality
CVD, high | Bi 100 nm SiNyx | 50 25 1005/1.5 107
quality
CVD, high | Bi 100 nm SiNyx | 100 16 434/1.5 107
quality
CVD, high | Bi 100 nm SiNy | 200 15 339/1.5 107
quality
CVD, low Bi 300 nm SiO, | 500 0.2 0.2/1 10°
quality
1L WS, exfoliated, Bi 100 nm SiNyx | 120 19 350/1.5 107
high quality
CVD, high | Bi 100 nm SiNy | 150 21 100/1 107
quality
1L WSe;, | exfoliated, Bi 100 nm SiNy | 120 12 321/1.5 108
high quality
CVD, high | Bi 100 nm SiNx [ 1000 | 17 14/1 108
quality
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CVD, Bi 100 nm SiNy 1000 |4 3.9/1 108
medium
quality

CVD, low Bi 300 nm SiO; | 300 0.02 |(0.06/1 104
quality
(aged)

Referee #3:

The paper addresses the very important topic of lower contact resistance to transistors where the channel is
a 2D transition metal dichalcogenide. This class of materials has been put forth as having excellent
properties to extend transistor gate length scaling beyond what can be implement with Si transistors.
Despite a long slew of articles in high impact journals, relatively little has been demonstrated
experimentally in terms of device performance, i.e. I_ON. This paper is trying to tackle this challenge by
improving contact resistance to 2D channels. The solution investigated here is very simple, using Bi as
contact material to the 2D channel and trying to prove that the contact thus made is ohmic.

We expect a paper on this topic and proving beyond doubt would have a large impact on the semiconductor
industry and thus be a cornerstone for technology for years to come.

Before going into technical details, a note about readability: the paper would benefit from an extended
format as about half of the figures described in the main text and key figure for the paper, are now relegated
to Extended Data. While the abundance of data is needed to support the claims of the paper, the continuous
back and forth between the data in the main body and the extended data makes for a cumbersome read.

Answer: We would like to thank the referee for pointing this out, and we apologize for the hassle created by
back-and-forth referral of our data. We have revised the order of all the Extended Data Figures with respect
to their appearing order in the main text, so hopefully the readability is improved in this version. Due to the
editorial constraint of Nature and the large amount of data we want to present in order to comprehensively
prove our claims, we can only pick up the most essential and representative data in the main text. Even in
the current status, we still need to shorten the main text by 1000 words. We only managed to move the
original Extended Data Fig. 6e (now Extended Data Fig. 9) to the main body (Fig. 4e) in the revised
manuscript. We feel deeply sorry for the compromise in the readability due to the editorial limitation.

Gauging the full achievement of the paper is difficult because of inconsistent data reporting plotting across
figures. For example figure 2 in main body of the paper shows 14-Vq data at Vg= 1V. Data in figure 4d (on
current performance) seems to be reported at Vgs=1.5V and data in extended figure 3c is plotted at V4=0.5V.
Very difficult to follow and compare. We propose keep one Vps throughout the paper 1V and include
extended data at Vps=50mV.

Answer: We are sorry for the confusion. In fact, each voltage was chosen for a reason: the interest regimes
of device operation are either linear or velocity saturation depending on the channel length and Vps. In the
following, we provide the reason for each of them.

a. InFig. 4d, a Vps at 1.5 V was chosen because we need the devices to work at velocity saturation to
demonstrate the current delivery capability and compared with literature; whereas Vps at 1 V for
devices with similar dimensions (Lcw = 100-150 nm) typically corresponds to the transition regime
between linear and velocity saturation (see Fig 4a-c), making the comparison less informative.
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b. aVpsat 0.5V was only used in Extended Data Fig. 2c for the TLM devices because this value
allows all the devices with different channel lengths (from 100 nm to 500 nm) to work in linear
regime and at the same time to extract as much current as possible so that we were able to extract
the contact resistance more accurately.

c. Finally, Vps = 1V was used for the rest of the manuscript (Fig.2a,d, Extended Data Fig. 1, 6, 7, 8) to
consistently demonstrate the transfer characteristics of different devices. Among them, a special
case is that extraction of Schottky barriers from the Arrhenius plots typically require a sufficiently
large Vps while maintaining the device in linear regime (see Equation 1 to 3 in Methods). A Vps of
1V is widely used for such Schottky barrier extraction [Kim, Changsik, et al. ACS Nano 11, 1588-
1596 (2017).].

To further address the reviewer’s concern, we have included Ips-Ves curves with Vps=0.05 and 1 V for the
short channel devices (Lcw=35 nmand 50 nm) in Extended Data Fig. 7, and have added a table that
summarizes the performance of different devices in our study (Table. R2).

Fig 2, panel a. Comparison of transfer characteristic for MoS, with Bi, Ni or Ti contact. Current levels for
Ni and Ti are lower than literature elsewhere (for example papers from Pop group at Stanford) which report
~ 10-20 uA/um for similar device conditions with Au contact. This makes the comparison here look very
good for Bi, but not clear if this stands when compared with best data out there.

Answer: Thank you for pointing this out. We have tabulated several representative papers including Prof.
Pop group’s work on Au contacts as the reviewer mentioned. We noted that the device performance
reported from the representative literature employed much thinner gate dielectrics, which can be translated
into a much higher carrier density, thus increasing the device drain current. In Table R3, we summarized Ips
in our results in comparison with Prof. Pop’s work with the same level of carrier density. The drain current
of our Ni-MoS; devices is comparable to the values reported by other representative works. Another
important factor is that one of Prof. Pop’s work was done on multilayer MoS; samples, which are much
easier to form good contact as discussed in our manuscript as well as in C. D. English et al. Nano Lett. 16,
3824-3830 (2016), ref. 18.

We chose Ni contacts as the comparison group because it is the most widely used metal contact to MoS;
with a good balance between performance and consistency among different literatures. In addition, Ni
deposition does not require special instrumentation such as the UHV system in Prof. Pop’s Au contact [C.
D. English et al. Nano Lett. 16, 3824-3830 (2016), ref. 18], and special transfer technique of Prof.
Xiangfeng Duan(UCLA)’s transferred metal technique [Y. Liu et al. Nature 557, 696-700 (2018), ref. 16]
or Prof. James Hone(Columbia)’s hBN interfacial layer technique [X. Cui et al. Nano Lett. 17, 4781-4786
(2017), ref. 14]. In fact, we have taken these works into consideration when we benchmark our work (Fig.
4). Therefore, we believe Ni is a valid choice as the comparison group.

Table R3. Comparison between the key metrics across different works.

Channel Contact Gate oxide | Cox L Ips @
(VDs:].V,
Nop =
5X10%? cm-

’)
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This work Monolayer | Bi 300 nm SiO, | 11.5 nF/cm? | 1 um 28 pA/pum
MoS;
(MOCVD)
Monolayer | Bi 100 nm SiNy [ 60 nF/cm? 500 nm 34 pA/pm
MoS;
(MOCVD)
Monolayer | Ni 300 nm SiO, | 11.5 nF/cm? | 1 um 2 uA/pm
MoS;
(MOCVD)
Smetsetal. | 3~4 layer Ni 50 nm 69 nF/cm? 1 um 10 pA/pm
In IEEE MoS; )
Internationa | (MOCVD) SiO;
| Electron
Devices
Meeting
(IEDM)
23.2.1-
23.2.4
(2019).
English et 4.5nm UHV Au 90 nm SiO, | 38.4nF/cm? | 1 um 20 pA/pum
al. Nano MoS;
Lett. 16,
3824 (2016) (exfoliated)
Smithe et al. | Monolayer | UHV Au 30 nm SiO, | 115nF/cm? | 1.2 um 6 LA/pm
2D Mater. 4, [ MoS;
011009 (CVD)
(2017)
Smithe etal. | Monolayer | Ag 30nm SiO; | 115nF/cm? |5 um 4 pA/pm
ACS Nano MoS;
11, 8456 (CVD)
(2017)

Figure 2 panel c: contact resistance extraction is performed in a back-gated configuration at very high

doping levels. Relevant data for transistor performance is normally done without overlap between gate and
source/ drain. Please include data or extrapolation at zero back-gate voltage, or data from devices when the
contacts are not gates. Otherwise, comparison with Si devices and the IRDS target is irrelevant.

Answer: Thank you for this suggestion. We have extracted the contact resistance to be 167 Q um at zero
back-gate voltage (Figure R7). The contact resistance of Bi devices is almost independent of the gate-
induced carrier density in the channel, which is also shown in Fig. 4g. In the revised manuscript, we added
this data point to Fig. 4g.
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Figure R7. Contact resistance extraction for Bi-monolayer MoS; devices at zero back-gate voltage.

The authors use TLM as the method to extract contact resistance. Several publications on 2D materials and
SOI have proposed that the method has high inaccuracy for these types of thin channels. In the case of
graphene, several report zero or negative contact resistance. This has been ascribed to this inaccuracy.
Please compare TLM extracted contact resistance with that from 4-point probe measurements.

Answer: Thank you for this suggestion. We used TLM for the Rc extraction of Bi-MoS; devices because it
has been considered a more accurate model than 4-probe measurement [C. D. English et al. Nano Lett. 16,
3824-3830 (2016), ref. 18]. It has been found both from this literature and our experimental results that the
4-probe measurement could underestimate Rc by more than a factor of 10 due to shunted current path at the
metal/MoS; interfaces of the inner electrodes.

As the reviewer mentioned, TLM may also exhibit certain inaccuracy if one does not take caution with the
critical factors: high channel uniformity and a couple of short channels for fitting are required for the
extraction. Therefore, to improve the accuracy of the contact resistance extraction, we employed a more
efficient gate dielectric (100-nm SiNy) and fabricated five short channels (100 ~ 500 nm) for the TLM
devices so that both the slope and the fitting errors for the intersection can be much smaller. In addition, the
MOCVD MoS; channels exhibit high uniformity: the threshold voltage and electron mobility are the same
for different TLM devices (Extended Data Fig. 2¢ and Fig. R8b). These have been considered the critical
factors to make the Rc extraction robust and accurate [C. D. English et al. Nano Lett. 16, 3824-3830 (2016),
ref. 18]. Based on the simple linear regression model
[https://en.wikipedia.org/wiki/Simple_linear_regression], we have calculated the upper and lower bounds of
the Rc extraction, as shown in Figure R8a. The Rc of our best Bi-MoS; devices lies in the range of 123 + 63
Q pm.

In the revised manuscript, we added the following analysis in the Section “Extraction of contact resistance
through transfer length method(TLM)” in Methods: “The accuracy of the Rc extraction can be improved by:
() amore efficient gate with higher gate capacitance (100 nm SiNy instead of 300 nm SiO), so that the
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carrier density, and thus the sheet resistance (slopes of Fig. 2c and Extended Data Fig. 2d) can be
substantially reduced; (11) shorter channel lengths so that the data points are closer to the y-axis
intersection (2Rc); and (111) samples with minimal variation in terms of Vit and p. With the consideration of
these factors we estimated the mean and the fitting uncertainty of the Rc value of our best Bi-MoS; device to
be 123 £63 Q um.”
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Figure R8. a. Contact resistance (Rc) vs carrier density (nzp) induced in the MoS;. b. Field-effect mobility
of Bi-MoS; TLM devices, showing the high uniformity of the MoS, channels.

Please show series for I4-Vg data at different channel length at Vps=1V. Data from figure 2a is no included
in the 2c plot. Why not? Can you please include?

Answer: Ips-Vs curves at different channel lengths have been provided in Extended Data Fig. 2c. The
reason why we chose Vps=0.5 V instead of 1 V has been discussed above. The main purpose for Fig. 2a is
to provide a rough idea how different metal can impact the device performance. For this purpose, we
showed devices fabricated on 300-nm SiO; since this is the most commonly used substrate. However, we
noted that R. extraction could be inaccurate for those devices using 300-nm SiO- dielectrics since the total
device resistance in this case (typically in the order of 100 kQ um) can be several orders of magnitude
higher than the contact resistance, and as a result, the total resistance-channel length plot (Fig. 2c and
Extended Data Fig. 2d) will have a much higher slope and very inaccurate intersection (2Rc). To improve
the accuracy of the contact resistance extraction, we employed a more efficient gate dielectric (100-nm
SiNy) for the TLM devices so that both the slope and the fitting errors for the intersection can be much
smaller.

The paper compares contact resistance with IRDS targets for 2024. This is irrelevant for the technological
target. They should be derived from performance in a loaded ring oscillator from implications on delay
considering the target drive current.

Answer: We apologize for this mistake. After carefully reviewing the IRDS reports, we agree that the R. for
silicon is irrelevant. We have deleted this in the revised manuscript.

Probably most exciting part of the paper is now relegated to Fig 10 in extended data. Any kind of data from
scaled devices especially showing channels scaled to 35nm should be prime and center in the paper itself.
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While 14-Vq data is shown for 35nm channel, 14-V¢ data is shown for 150nm channel length. To prove ohmic
contacts, please include data from 35nm channel without Off current degradation, so include 13-V data for
Ler=35 nm.

Answer: (Please note that the original Extended Data Fig. 10 has been combined to Extended Data Fig. 7.)
Thank you very much for this suggestion. We have included data for 35-nm and 50-nm Lcy monolayer
MoS; transistor here (Figure R9) and in the revised manuscript (Please see Extended Data Fig. 7 a-d). The
device exhibits both good on- and off-state performance with an on/off ratio of > 10° and lon up to 1135
puA/um for Ley = 35 nm.
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Figure R9. Characteristics of short channel transistors. a,b, Transfer and output characteristics of a 35-
nm Lcn Bi-MoS; FET. Inset of b: SEM image of the 35-nm Lcw device. ¢,d, Transfer and output
characteristics of a 50-nm Lcy Bi-MoS; FET.

In the current form, I do not recommend the paper for publication in Nature. Addressing data consistency as
described below and including crucial data 14-V, at Lcn<50nm could make it into the quality and value of
reporting we expect from Nature.

We really thank the referee for pointing out these two issues. We hope the revised version of our manuscript
has solved all the problems.
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Reviewer Reports on the First Revision:

Referee #1 (Remarks to the Author):

Thank you for responding to my questions and adding additional information to the paper. Please see
file attached for my response to the rebuttal

Response to Rebuttal in different color.

Paper reports high drive current in a back-gated MoS2 FET through contact resistance reduction. The
work ascribes the low-contact resistance to the use of a semi-metal Bi as the contact metal to TMD
channel. The data reported in the paper show high currents and an enhanced linearity in the electrical
characteristics.
I have the following questions --
1. The authors have proposed that the reason for the unpinning is the semi-metallic nature of an
evaporated Bismuth. Outside of its use as a contact metal in MoSz transistor, can you share if any
other electrical testing was done to confirm the nature of the Bismuth? What is its resistivity? How
does it respond to a gate field?
Answer: To characterize the electrical properties of the Bismuth (Bi) contacts, 20 nm of Bi thin film was
evaporated on monolayer MOCVD MoS2with 100-nm SiNxand heavily doped silicon as the dielectric
and back-gate, respectively (inset of Figure R1a). The whole device architecture is the same as the Bi
contacts used in the presented transistors in the manuscript.
As can be seen in Figure R1a, the Bi thin film (or the Bi contacts in this work) clearly shows no gate
dependence over the entire range of gate voltages (-40 V ~ 40 V), confirming its metallic nature. The
linearity of the output characteristic shown in Figure R1b again suggests the metallic nature of the Bi
contact itself. The sheet resistance (RsH) is estimated to be 0.46 kQ/square, which is two orders of
magnitude smaller than that of monolayer semiconducting MoS: (for example, Rsi~ 17 kQ/square for the
our MoS:z channel with a carrier density of 1.5 x 1013cm2). Therefore, the semi metallic Bi contacts can
act well as electrical contacts to 2D semiconductors, as demonstrated in the manuscript. The electrical
resistivity of the Bi thin film is estimated to be 9 x 10-6 Q m.
In the revised manuscript, we have added the following sentence in the “Device fabrication
and characterization” section of Methods: “The electrical resistivity of the evaporated bismuth
film is measured to be 9x10-sQ-m. “

Thank you for providing data about Bismuth material.

2. Can an evaporated Bi metal layer be represented by a band structure? Would the small grainsize
complicate the picture?

Answer: The TEM SAED image (with aperture size of 1 um) shows that the crystal orientation is highly
aligned and the diffraction pattern of Bi can be clearly visualized, which is a strong evidence that Bi can
be described as crystals well depicted by atomic models and first-principles calculations. Therefore, the
grain boundaries, which is only a small fraction of the totally area, should not be a dominating factor in
alternating contact properties.

Data does point to metal being crystalline. In Extended Data Fig. 3 also suggests that Bi seems to be
templating off underlying film. Does the electrical resistivity change if Bi is deposited on SiNx or
amorphous substrate? [Response required]

3. How does one ensure that the fermi-level of the semi-metal aligns with conduction band edge of the
ntype semiconductor? Would one still be able to make a zero-barrier contact if this is not the case?
Answer: From first-principles calculation, we have concluded that the following conditions need be met
for an ohmic contact to be realized:

a. The electron hybridization between metal and semiconductor needs to be weak so the metalinduced
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gap states are minimized. Bi semimetal has two characteristics to ensure this: (1) The

density of states (DOS) of semimetal around Fermi level is zero, so metal-induced gap states
(MIGS) is minimal around the Fermi level. (2) The layered structure of Bi semimetal ensures that
the electron bonds are completely saturated at the surface, excluding the possibility of having
dangling bonds which may induce significant metal-induced gap state. This also requires the
semiconductor to be free of dangling bonds, where MoSz fortunately is.

b. The work function of the semimetal (or metal) and the electron affinity of the semiconductor
before contact is important, because if the Fermi level of (semi)metal is not aligned with the
bands (either conduction or valence bands) of semiconductor in the first place, no ohmic contact
can be formed. For example, it has been experimentally shown that graphene, which is also a
semimetal, does not have as good contact with MoSz, due to the fact that graphene itself has a
work function of around 4.7 eV, larger than the electron affinity of MoS2. We have also predicted
in the main text that arsenic doesn’t have a good contact with MoSz, for the same reason. More
details can be found in Fig. 3g

Thank you for clarifying this point. | see that the line-up between SM and 2D material is described in the
main paper.

4. Arrhenius plots to extract R_contact -- The authors show "normal™ Arrhenius behavior with expected
gate voltage dependence for Ni contacts. Bismuth, however, shows an opposite slope at high
temperatures. This anomalous behavior is attributed to channel resistance dependence onmobility.

a. When the nickel contact is made more "transparent” at higher Ve does the channel resistance
dependence on temperature show up?

Answer: Figure R1b shows the Arrhenius plots of the Ni-MoSz device at a higher gate voltage presented
in the previous Extended Data Fig. 3. Indeed, when the Schottky barrier of Ni/MoS: interface becomes
more transparent due to a higher electron doping level at the interface, the device is dominated more by
the channel resistance and the similar positive slope also shows up. For Ni contacts, this positive slope
only happens at a high gate voltage (60 V) and high carrier concentration in the channel (~4.3x1012cm-2),
while a Bi-MoS: transistor shows such behavior with a much lower gate voltage and lower carrier
concentration in the channel (~1011 cm-2), as shown in Fig. 2f and Extended Data Fig. 2b in the revised
manuscript.

Figure R2. a. Arrhenius plot of a Ni-MoS2 FET with different gate voltages (same as previous Extended
Data Fig. 3). b. Zoom-in plot of a focusing on a high gate voltage of 60 V.

b. If the Bi-MoSzdevice is biased in its off-state, the mobility of the channel should cease to matter. |
would expect to see a "normal” Arrhenius plot which barrier height determined by the top of barrier in the
channel. I request the authors to add this to extended data Fig 3.

Answer: Thank you for pointing this out. We have plotted the Arrhenius plot of the Bi-MoSz device
biased at a negative gate voltage of -60 V so that the device is in its off-state (the threshold voltage Vris
around 0 V). As can be seen in Figure R3, the device at this condition shows a negative slope in the
Arrhenius plot and the effective barrier height is extracted to be ~ 130 meV. As the reviewer suggested,
this barrier originates from the energy difference between the Fermi level of the degenerate MoS:
underneath Bi and the CBM of the depleted MoSz channel. We have added this plot into Extended Data
Fig.2b (light blue curve) in the revised manuscript.

[Response required] Thank you for showing the rebuttal plots R2 and R3 that confirms my point. In the
revised version. The fact that the Nickel shows similar behavior at high VG as the Bi contact shows at
lower VG does not necessarily mean the Bi is doing something unexpected. Its just a sign that the
authors need to complete the plot in extended data fig 2b for all voltages between VG = -60V to 0V to
extract an effective barrier height over the entire VG range. This will allow for an extraction of a true SB
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height just like in the Nickel or Titanium case. The need for doing the SB height extraction at lower VG
than Ni and Ti is also evident from 2.a. This number is critical to prove that the SB is negative /
negligible.

5. Can the authors show what the barrier height of Bi contact to WS2and WSe:2is? Does it follow
expected trends from electron affinity of the channel?

Answer: In this work we have done a systematic study on MoS2, we have not measured the barrier heights
for WSz or WSez yet, which is in our plan for the investigation in the next step. However, following the
answer in question 3 above, the increasing trend of Rc (extracted from a virtual source compact model,
see Figure R4) between Bi-contacted MoSz, WSz, and WSez follows the general trend of decreasing
electron affinity of these TMDs [Y. Liu et al, Sci. Adv. 2, 1600069 (2016), ref. 15], which in turn implies
the possibility of a small increase in Schottky barriers when Bi and these TMDs are in contact. On the
other hand, the same trend can also be obtained from DFT calculation where the Fermi level in Bi-WS:is
lower than Bi-MoSz, although still above the CBM, as can be found in Extended Fig. 4c and Fig. 3e. This
matches with our observation in Figure R4 and Fig. 4d.

6. What is the role of SiN as the gate oxide for the study? What is the channel width used for the MoS2 1L
device with Bi contacts?

Answer: In this work, we presented two different device structures: 1L TMD on 300 nm SiO2 (Fig. 2) and
1L TMD on 100 nm SiNx (Fig. 4a-c). SiOzis the most commonly used dielectrics for 2D-material-based
device studies, so we performed the temperature-dependent measurements and the comparison study for
Bi, Ni and Ti contacts on SiOz2, to make these results more consistent with previous studies. In both our
experiment and literature (T. Liu et al. Nat. Nanotech. 14, 223-226 (2019).), it is observed that SiNxis a
better substrate because TMD tends to have better carrier mobility on SiNxand the higher thermal
conductivity of SiNx (12 W/m/K for SiNxand 1.3 W/m/K for SiOz2) can reduce the current degradation
due to self-heating for high-performance transistors. We therefore selected SiNxas the substrate to
demonstrate the high-performance transistors.

It should be noted that the selection of substrates does not impact the electrical contact at the Bi-TMD
interface. First, the crystallinity of the evaporated Bi on TMD, and thus the resulting interface, should not
be affected in any way by the substrate. Second, since the MoS2 underneath Bi is in a degenerate state as
presented in our work, there is no Schottky barrier and no depletion region on the MoS:z channel side of
the contact. As a result, no barrier width modulation exists which normally comes from the different
electrostatics determined by the dielectric constant and the thickness of the gate oxide, as is usually the
case in previous work (D. Schulman et al. Chem. Soc. Rev. 47, 3037-3058 (2017)).

The channel width in this study is in the range of 2 to 10 pm. Since we presented the current density
(drain current normalized by channel width) throughout the manuscript, we considered it unnecessary to
show the channel width for each device. But based on the reviewer’s question here, we have mentioned

the range of channel width in our study in the “Device fabrication and characterization” section of
Methods of the revised manuscript: “The channel widths for the devices in this study are in the range of
2to10 um.”

Thank you for sharing your thoughts on the SiN and channel width.

Another comment, | would recommend including the high drive current data into the main manuscript if
possible.

From the data presented in the paper so far | think more evidence is needed to support your argument
about Bismuth forming a zero or negative barrier contact. One path to providing convincing evidence is
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to show Arrhenius plots below VT and constructing a phisB vs VG plot. The opposite temperature
seen in Bi is not unique to Bi but can be accessed in other metals when contact is made
transparent (seen in Nickel data presented in rebuttal figures).

Referee #2 (Remarks to the Author):

The authors clearly responded to the reviewer’'s comments. And, the revised manuscript is well
organized and more clarified. Although it is necessary to find the best semimetal species according
to semiconductor (TMDs) species to generate gap-state saturation by band alignment between the
conduction band of the semiconductor and the Fermi level of the semimetal, this new discovery
will be a stepping stone to overcome contact technology. | recommend a publication in Nature for
the paper in its present form.

Author Rebuttals to First Revision:
*The responses are shown in blue fonts

Response to Referee #1.:

[Response required]

Answer: We fabricated devices of 20-nm Bi film that are directly deposited onto 100-nm SiNy with
heavily doped silicon back-gate. As shown in Figure R1a and b, the Bi film shows metallic
characteristics with a similar (slightly higher) resistivity as Bi deposited on MoS..

In the revised manuscript, the following sentence has been added to the Methods section:

“The electrical resistivity of the evaporated bismuth film on monolayer MoS,, and on SiN, are

measured to be 9.0x10° Qem and 9.5x10° Qem, respectively.”
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Figure R1. Electrical properties of a 20-nm Bi film evaporated on 100-nm SiNx (without monolayer
MoS2).

4. [Response required] Thank you for showing the rebuttal plots R2 and R3 that confirms my point.
In the revised version. The fact that the Nickel shows similar behavior at high VG as the Bi contact
shows at lower VG does not necessarily mean the Bi is doing something unexpected. Its just a sign
that the authors need to complete the plot in extended data fig 2b for all voltages between VG = -
60V to OV to extract an effective barrier height over the entire VG range. This will allow for an
extraction of a true SB height just like in the Nickel or Titanium case. The need for doing the SB
height extraction at lower VG than Ni and Ti is also evident from 2.a. This number is critical to prove
that the SB is negative / negligible.

Answer: Thank you very much for the suggestion. We have included a wider gate voltage range of -
50V to -10 V to extract an effective barrier height, as shown in Figure R2 (Other voltages can be
found in Extended Data Fig. 2b.). The result is consistent with the key conclusion made in our
manuscript. The Schottky barrier height (®sg) of Bi-MoS2 FETs is negligible for electron injection.
Figure R2b has been included into manuscript as Extended Data Fig. 1c, and the original Extended
Data Fig. 1c is moved to the inset.
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Figure R2. a. Arrhenius plot of a Bi-MoS2 FET (same as Extended Data Fig. 2) with gate voltages
ranging from -50 V to -10 V. b. Schottky barrier height (®sg) extraction for the Bi-MoS2 FET, showing
a negligible contact barrier.

6. Thank you for sharing your thoughts on the SiN and channel width.

Another comment, | would recommend including the high drive current data into the main
manuscript if possible.

From the data presented in the paper so far | think more evidence is needed to support your
argument about Bismuth forming a zero or negative barrier contact. One path to providing
convincing evidence is to show Arrhenius plots below VT and constructing a phisB vs VG plot. The
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Answer: Thank you for the suggestions. We agree with your viewpoint and have moved the high
drive current data of the 35-nm MoS, device into the main manuscript (Fig. 4d).

In addition, as the reviewer suggested, we’ve plotted Schottky barrier height (®sg) versus Vs for Bi
contacts to show the negligible barrier for Bi-MoS2 FETs. Please see Figure R2.

Reviewer Reports on the Second Revision:

Referee #1 (Remarks to the Author):

Thank you for answering my questions regarding the Bismuth contacts and sharing the data |
requested.

Based on the figure R2 and extended data fig 2, the manuscript states that "nearly saturated
slopes at low temperatures observed in the Bi-MoS2 FET indicate the disappearance of an energy
barrier for electron injection".

I disagree with this conclusion. It is indeed true that having a negligible barrier would result in
weak temperature dependence when VG is close to VT of the transistor. However at very low VG
the carriers still need to be emitted over the top of the channel potential controlled by the gate.
This portion will exhibit a slope that is governed by the Fermi-tail at the operating temperature. |
can see from the Arrhenius data you shared that this is not the case. Do you have a model to
explain why in Bi-MoS2 FET the carriers are never blocked off by the barrier in the channel?

The authors have shown exciting results in terms of achieving high currents in 2D material FET.
But most of the arguments about linearity are being made a deep in the on-state where the

contact can look ohmic if barrier height is small enough. None of this is sufficient proof that
Bismuth has a "negative" schottky barrier.

Author Rebuttals to Second Revision:

Referee #1 (Remarks to the Author):

Thank you for answering my questions regarding the Bismuth contacts and sharing the data |
requested.

Based on the figure R2 and extended data fig 2, the manuscript states that "nearly saturated
slopes at low temperatures observed in the Bi-MoS2 FET indicate the disappearance of an
energy barrier for electron injection™.

| disagree with this conclusion. It is indeed true that having a negligible barrier would result
in weak temperature dependence when VG is close to VT of the transistor. However at very
low VG the carriers still need to be emitted over the top of the channel potential controlled by
the gate. This portion will exhibit a slope that is governed by the Fermi-tail at the operating
temperature. | can see from the Arrhenius data you shared that this is not the case. Do you
have a model to explain why in Bi-MoS2 FET the carriers are never blocked off by the
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barrier in the channel?

The authors have shown exciting results in terms of achieving high currents in 2D material
FET. But most of the arguments about linearity are being made a deep in the on-state where
the contact can look ohmic if barrier height is small enough. None of this is sufficient proof
that Bismuth has a "negative™ Schottky barrier.

Answer: Thank you very much. In fact, we did not intend to claim a “negative” Schottky barrier
throughout the whole text. To make it clearer, we have modified relevant sentences in the revised
manuscript to clearly state that near-zero Schottky barrier is achieved only when the device is turned
on. Below is detailed discussion about the reviewer’s questions.

We agree with the reviewer that the Fermi-tail would contribute to a temperature dependence and an
effective “Schottky barrier” when the device is turned off. This is still in agreement with our
experimental findings as shown in Figure R2 and Extended Data Figure 2. The positive effective
Schottky barrier when Vg is smaller than -50 V is exactly what the reviewer suggested. In Extended
Data Figure 2, we showed that the extracted barrier height is 130 meV when Vg is -60 V, and
explained that “This barrier originates from the energy difference between the Fermi level of the
degenerate MoS; underneath Bi and the conduction band minimum of the depleted MoS; channel.”

As for the extracted negative values of the Schottky barrier height (@sg) when Vg is larger, we think
this is because the conventional model of thermionic emission over a Schottky barrier used here is
inaccurate (Equation 3), given that the model ignored the contribution of the MoS; channel resistance
which starts to dominate the temperature dependence in our case. Therefore we did not include Figure
R2 in main text but leave it in extended figure to avoid readers’ immediate confusion.

On page 5, 2" paragraph of the revised manuscript, we have changed “However, this analysis
becomes invalid for Bi-MoS; FETs” to “However, this analysis becomes invalid for Bi-MoS; FETs
when the device is turned on (Ve>-30 V).”
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