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Two-dimensional (2D) semiconductors are promising in channel length scaling
of field-effect transistors (FETs) due to their excellent gate electrostatics.
However, scaling of their contact length still remains a significant challenge
because of the sharply raised contact resistance and the deteriorated metal
conductivity at nanoscale. Here, we construct a 1D semimetal-2D semi-
conductor contact by employing single-walled carbon nanotube electrodes,
which can push the contact length into the sub-2 nm region. Such 1D-2D
heterostructures exhibit smaller van der Waals gaps than the 2D-2D ones,
while the Schottky barrier height can be effectively tuned via gate potential to
achieve Ohmic contact. We propose a longitudinal transmission line model for
analyzing the potential and current distribution of devices in short contact
limit, and use it to extract the 1D-2D contact resistivity which is as low as 107
Q-cm? for the ultra-short contacts. We further demonstrate that the semimetal
nanotubes with gate-tunable work function could form good contacts to
various 2D semiconductors including MoS,, WS, and WSe,. The study on 1D

semimetal contact provides a basis for further miniaturization of nanoelec-
tronics in the future.

The extreme scaling of transistors is the relentless pursuit of inte-
grated circuit industry*. Scaling down both channel length and con-
tact length is necessary for the reduction of the overall device size.
Two-dimensional (2D) semiconductors have shown great potential in
the channel length scaling while reducing short-channel effects due to
their atomically thin structures®>. Field effect transistors (FETs) with
sub-5 nm gate lengths can thus be developed with these materials®.
Furthermore, some new strategies have also been proposed to opti-
mize the contacts on the 2D channels, including van der Waals (vdW)
contacts'®™, edge contacts” ", introduction of thin tunnel barrier,
ultra-high vacuum metal deposition'” as well as semimetal bismuth
contacts®. These efforts can effectively reduce the interface contact
resistivity. However, it is still a great challenge to achieve ultra-short
contact length with low contact resistance for high-performance 2D
FETs. In addition to the contact resistance increase caused by

shortening of contact length (transmission line model)* %, the elec-
trical conductivity of electrodes decreases seriously when the width is
tailored to less than a critical value (typically ~10 nm). In the case of
traditional 3D metal, the reduction of metal width leads to the reduced
grain size and the enhanced electron scattering at grain boundaries.
This results in a significant increase in resistivity’*? and even elec-
tromigration phenomena®?’. For 2D semimetals such as graphene, the
length scaling will lead to quantization. Band gaps could be opened
when the width of nanoribbon goes down to 10 nm***, Even if metallic
nanoribbon can be realized by chirality design®, the reduced carrier
mobility caused by edge scattering will also limit its electrical
performance®**. Therefore, it is of great significance to explore new
solutions to reduce the contact length of 2D transistors.

Metallic single-walled carbon nanotubes (SWCNTs) are the
best-performance nano-scale quantum wires thanks to their perfect
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quasi-1D single crystal structure®, long distance ballistic transport
behavior’**” and high current carrying capacity (10° A/cm?)*. Recent
progresses have shown that they can be assembled with 2D materials
to form mixed-dimensional vdW heterostructures with multiple
functions®*2. Furthermore, the density of states (DOS) of the 1D
semimetal SWCNT is small and almost constant between the two first
van Hove singularities***. In such semimetal-semiconductor junc-
tions, the clean and intact vdW interface as well as the suppressed
metal-induced gap states (MIGS) in semiconductors can effectively
eliminate the Fermi level pinning. The small DOS could also enable an
efficient modulation on work function of CNTs by external electric
field. Therefore, the gate-tunable Schottky barrier height (SBH) at such
1D/2D interface can be predicted. All these specific properties indicate
that the individual semimetal SWCNT has great potential as an ultimate
scaled contact in 2D electronics.

In this work, we propose a 1D semimetal contact by integrating
two SWCNT electrodes with the same chirality on 2D semiconductors,
which successfully reduces the contact length of 2D FETs to sub-2 nm.
We demonstrate that such mixed-dimensional semimetal-semi-
conductor (Sm-S) junctions are more tightly contacted than the 2D-2D
ones and can be switched between Schottky and Ohmic contact by
tuning gate potential. A longitudinal transmission line model (LTLM)

was developed to describe the potential and current distribution of
devices in short contact limit. The 1D-2D interfacial contact resistivity,
as well as the contact resistance, were measured as 10 Q-cm? and 50
kQ-pm in Ohmic contact mode, which leads the way in ultra-short
contacts to 2D semiconductors. Furthermore, the MoS,, WS, and WSe,
FETs with 1D semimetal contacts all exhibited high on/off ratio
exceeding 10° and on-state current of several microampere, indicating
the generality of SWCNT contacts. This work indicates that FETs
composed of 1D semimetal contacts and 2D semiconductors are pro-
spective for future integrated circuits in the post Moore’s law era.

Results

1D semimetal contact

Figure 1a, b sketch the fabrication process of the 2D FETs with 1D
semimetal contacts. The ultralong CNTs (centimeters in length) were
grown with iron as catalyst and ethylene as carbon source by chemical
vapor deposition (CVD)**¢ (Fig. 1a). Suspended CNTs were obtained
across the trenches on patterned silicon wafer (Fig. 1b-i). Evaporated
sulfur particles were deposited on the surface of CNTs to assist the
optical imaging®’ and precise manipulation of CNTs under optical
microscope, as shown in Fig. 1b-ii and Supplementary Fig. 1. The entire
individual ultralong CNT on Si substrate can be efficiently tracked with

a d
b Suspended ultralong CNT W Tips MoS, with SWCNT contacts
i Sulfur i iii Metal iV
7 vapor [SEEEEee Transfer deposition
- by e me me e we we w
RN W W
: — . —
T Vacuu
LJ Frrrrey Annealing
Lo — 60
e | SWCNT G f < g MosS,
— \RBM G 30+ —Sp
% - CNT-1 “-(‘D Q !
5 |her ONT-2 ) = S 0 v o
g L , — . s 2 ]cnTimes,
S 100 1300 1400 1500 1600 S 304 {:
P T > -
@ Moéz | 2 8 0 r T
ko) o At © a CNT
c Exf\ | E & 30l
! °
M M (. M o M M M M 0
250 300 350 400 450 500 0 5 10 15 20 25 -3

Raman shift (cm™)

Fig. 1| Illustration and structural characterizations of 1D semimetal contact.
a Chemical vapor deposition of the ultralong CNTs. b Fabrication processes of the
2D FET with 1D semimetal contact: (i) sulfur treatment of CNTs; (ii) optically
identification of the CNT position on the entire Si substrate; (iii) transfer two seg-
ments of a same metallic SWCNT (red circles in panel ii) onto the prepared rec-
tangular TMD channel; (iv) vacuum annealing and metal deposition. ¢ Cross-
sectional STEM image and EELS map of a representative sample showing the MoS,
channel and CNT electrode. Scale bar: 2 nm. d False-colored SEM image of the back-
gate MoS; FET showing the MoS, channel (blue) and SWCNT electrodes (white).
The dotted boxes present MoS, FET with 1D semimetal contacts (orange), CNT FETs
with different channel lengths for transfer length method analysis (blue), and MoS,
FETs for four-probe method measurements (green). Electrical properties of the

Energy (eV)

devices defined by electrodes A, B, C, D, E, 1 and 2 are shown in Fig. 2. Scale bar:
8 um. e Raman spectra of individual CNT electrodes and the MoS, channel on
Si/SiO, substrate using a 532 nm laser. The vertical dashed lines are used to mark
the Raman peaks. The radial breathing mode (RBM) peaks of the SWCNTs verify
their single-walled structure and same chirality. f Plane-averaged charge density
difference and electrostatic potential of the (5,5) CNT/MoS, heterostructure along
the Z direction (pointing from MoS, to CNT). The inset is the charge density dif-
ference of heterostructure with an isosurface is 7 x 10~ e/A%, where yellow and cyan
correspond to charge accumulation and depletion, respectively. E is the Fermi
level. g Projected density of states (PDOS) of MoS,, (5,5) CNT before contact for-
mation, and the 1D-2D heterojunction. The @, and @, represent the Schottky
barrier for electrons and holes respectively.
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the optical microscope (Supplementary Movie 1), and the metallic
ones can be screened out in combination with resistance monitoring.
Two suspending segments from a same metallic SWCNT across two
neighboring trenches were picked by the W tips and then transferred
onto a mechanically exfoliated 2D MoS, in parallel as the source and
drain electrodes, respectively (Fig. 1b-iii). The specimen was then
annealed at 300 °C under 400 mTorr Ar atmosphere for 1 h to remove
the sulfur particles while achieving clean and tight mixed-dimensional
vdW interface. More comparative experiments have further verified
that the sulfur-assisted transfer technique does not affect the transport
properties of both SWCNT and MoS,, which can be found in Supple-
mentary Note 1 and Supplementary Figs. 5, 6. Finally, the patterned Ti/
Au (5nm/50 nm) electrodes were fabricated by using e-beam litho-
graphy, electron beam evaporation and lift off procedures (Fig. 1b-iv).

Further characterizations were performed on the as-fabricated
device. The 1D-2D interface between the SWCNT and MoS, was con-
firmed by a cross-sectional scanning transmission electron microscopy
(STEM) image and the corresponding element spatial distribution
captured by the electron energy-loss spectroscopy (EELS), as shown in
Fig. 1c. Figure 1d is a scanning electron microscope (SEM) image of
such a device, in which the two parallel and straight bright lines are the
metallic SWCNT electrodes. The two 1D contacts defined a rectangular
channel for the MoS, FET (orange dotted box). The electrodes in the
blue and green dotted boxes were fabricated for further analysis on the
interface contact resistivity. Figure le displays the Raman spectra of
MoS, and the two SWCNTs on Si/SiO, substrate. More information
about the Raman experiments can be found in Supplementary Fig. 4.
The CNTs exhibit the prominent radial breathing mode (RBM)
peaks around 146 cm™, verifying their single-walled structure and their
same chirality. On Si/SiO, substrate, the quantitative relationship
between the RBM peak and SWCNT diameter can be expressed as
Wpy =248 /dnr*®, and the diameter of CNT can be calculated to be
1.7 nm. The absence of D peak around 1350 cm™ indicates the high
quality of the CNT structure.

To present the geometry and electronic structures of the mixed-
dimensional heterojunction, density functional theory (DFT) calcula-
tions were performed on a (5,50 CNT/MoS; heterostructure. The
junction atomic structure, differential charge density and electrostatic
potential distribution are presented in Fig. 1f. Comparative calcula-
tions were also conducted on a graphene/MoS; heterojunction (Sup-
plementary Fig. 7). As shown by the variation of the relative energy as a
function of interlayer distance, the most stable structure shows a vdW
gap of 3.06 A for CNT/MoS, and 3.42 A for graphene/MoS,, respec-
tively. The obviously small vdW gap of such 1D-2D junction can be
attributed to CNT’s tubular structure. Since the tunneling probability
of electrons decreases exponentially with the increase of barrier width,
the smaller vdW gap indicates a smaller tunneling resistance. Figure 1g
shows projected density of states (PDOS) of the heterostructure. The
small and nearly constant DOS endows the CNT with gate-tunable work
function, and efficiently suppresses the MIGS in MoS,. Therefore, the
gate-tunable SBH at the CNT/MoS, interface can be predicted. Without
external electrical field, the Fermi level of CNT is 0.35 eV lower than the
conduction band (CB) edge of MoS,, indicating an n-type Schottky
barrier. While with applied electrical field of 0.2 V/A, the Ohmic contact
can be achieved (Supplementary Fig. 9), the corresponding width w,
and height @, of the potential barrier are calculated to be 1.87 A and
4.03 eV, respectively (Supplementary Fig. 10). This contributes to a
small tunnelling resistivity of 2.882x10™° Q-cm? (see details in Sup-
plementary Note 7). These results present the potential of 1D semi-
metal contact for 2D FETs.

Electrical transport measurements

Electrical transport measurements indicate that the ultra-short
contact length of such 1D semimetal contacts can achieve
improved performances of 2D FETs. Comparative transistors were

made on the same MoS, flake with CNT contacts (smaller than
2 nm in diameter, electrodes A and B) and Ti/Au contacts (2 um in
contact length, electrodes 1 and 2), respectively. Transfer char-
acteristics (black curve in Fig. 2a) of the individual SWCNT (elec-
trodes C and D) present a conduction current about 5 uA and on/
off ratio less than 5 under a bias voltage of 0.1V, revealing good
metallicity. The four-layered (4 L) MoS, transistor with CNT con-
tacts exhibits n-type conduction with an on/off ratio exceeding
107 and on-state current of 4 uA, both of which are one order of
magnitude larger than those of the device using Ti contacts.
Supplementary Fig. 19 also shows the better switching perfor-
mance of CNT contacts by comparing the devices using CNT, Ni
and Au contacts. The linear and symmetrical output character-
istics (Fig. 2b) indicate that Ohmic contact with negligible
Schottky barrier can be acquired at the CNT-MoS, interface under
positive Vy. In contrast, the /-V curves of the device using
Ti contacts show obvious nonlinearity (Fig. 2c), implying the
presence of barriers. This can be further verified by temperature-
dependent transfer characteristics. As temperature lowering, the
on-current of CNT-MoS, FET increases due to the enhanced
mobility of MoS,, whereas the current of Ti- MoS, FET decreases
for the weakened thermal emission current (Fig. 2d). Further-
more, the barrier heights @ at the CNT-MoS, and Ti-MoS, inter-
faces have been extracted as a function of Vg from the slops of
In(l4s/T*?) ~ q/kT (Fig. 2e) following the 2D thermal emission
theory', and the results are presented in Fig. 2f. It can be seen that
the @ at CNT-MoS, interface changes significantly in the lower
Vg regime and the tuning efficiency of the barrier decreases at
higher V. In comparison, the barrier height at CNT-MoS, interface
can be modulated more efficiently than that at Ti-MoS, interface.
Ohmic contact can be achieved for the CNT contact at Vz=35V,
where the barrier height drops to 0. The FET composed of
monolayer (1L) MoS, behaves similarly, which can be found in the
Supplementary Fig. 13.

The comparative band diagrams in Fig. 2g further reveal the
advantages of semimetal CNT contacts, which can be deduced from
the CIFS analysis in the Supplementary Note 4 and Supplementary
Fig. 15. For Ti/Au, the SBH at the metal-semiconductor (M-S) interface
is practically determined by the Fermi level pinning effect and is gate-
independent, which places great challenges on the realization of high-
performance Ohmic contact. While for CNT, the SBH at the Sm-S
interface can be efficiently modulated because of the absence of Fermi
level pinning and the gate-tunable work function of CNT. The SBH can
be reduced to zero and Ohmic contact can thus be achieved. In addi-
tion to SBH, the @z modulation is also assisted by the tuning efficiency
of MoS,’s Fermi level, which is more efficient at lower V; than at higher
V, (see details in Supplementary Note 5). Briefly, the gate modulation
process of the FETs with CNT contacts can be depicted in Fig. 2g. At
V,=-8YV, the interface barrier height is above 600 meV and the device
is at off state. As V; is tuned from negative to positive, the work
function of CNT, as well as the SBH significantly decreases. At
Ve=7.5V, the barrier height of the 1D contact is 191 meV, and the
device is at the subthreshold region. When V; =50V, the Fermi level of
CNT enters the conduction band of MoS,, indicating an Ohmic contact
is achieved.

LTLM and extraction of contact resistance

The contact resistance R, (Q-um) is a critical parameter for quantitative
evaluation of the 1D semimetal contact. It is a combination of the
interface contact resistivity r, (Q-cm?) and the channel sheet resistivity
P35 (O™ for 3D or 2D metal contacts according to the conventional
transmission line model. In the case of the 1D semimetal contact, the
current is efficiently injected into the channel (Supplementary
Fig. 16e), and the contact resistance in short contact limit should be
expressed as R =r./l. (see details in Supplementary Note 7). The
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Fig. 2 | Electrical transport measurements of MoS, FETs with 1D semimetal
contacts. a Room-temperature transfer characteristics of a 4L-MoS, FET with
SWCNT (red) and Ti (green) contacts on 300 nm SiO, dielectrics. The /4s and V, are
conduction current in channel and gate voltage respectively. b Output character-
istics of the MoS, FET with SWCNT contacts. The V; is drain bias voltage. ¢ Output
characteristics of the MoS, FET with Ti contacts. d Temperature-dependent
transfer characteristics of the MoS, FET with SWCNT (red) and Ti (green) contacts.
e Arrhenius plots of the CNT-contacted four-layer MoS,. The g, k and T are

0 10 20 30 40 50
Ve V)

1D Semimetal Contact Ti/Au Contact

elementary charge, Boltzmann constant and temperature respectively. f Gate-
dependent barrier height of the CNT/MoS, (red) and Ti/MoS, (green) interfaces.
g Comparison band diagram for 2D FETs with 1D semimetal contact and conven-
tional metal contact. The orange dashed lines represent the Fermi levels. The
barrier height at semimetal-semiconductor interface is gate-tunable due to the
gate-dependent work function of semimetal, while the one at metal-semiconductor
interface is nearly fixed.

contact length [, is defined as the diameter of CNT (the feature size of
contact geometry).

Due to the micron-scale 2D FET device size (on the same order of
magnitude as the mean free path of electrons in metallic SWCNT), the
resistance of CNT electrodes is not negligible, and the potential/cur-
rent distribution in the channel is not uniform. Thus, the commonly
used four-probe method or transfer length method is not applicable
for the measurement of the 1D contact resistance. Considering the
symmetric conditions of our devices, an LTLM can be developed to
describe the potential and current distribution of devices in short
contact limit (details can be found in Supplementary Note 6). The
1D-2D heterostructure can be modeled as a resistor network, as
sketched in Fig. 3a. The total resistance of the device R, (two-probe
resistance between Source and Drain) includes three parts in series:
the contact resistance R; between CNT and Ti, the interconnect
resistance R, of the CNT wires on SiO, substrate, and the resistance R
of the heterostructure region. They can be expressed as:

Rt =R1t Ry tR; 1)

where Ry =2RNT+REVT, R, =2p%: "Ly, Ry=Ry+RG. RSVT, RO,

21;3102, L;, is the quantum resistance of CNT, the interfacial resistance
between CNT and Ti, the resistivity of the CNT wire, and the inter-
connect length of CNT wire, respectively. Ry, is the equivalent resis-

tance of the heterostructure:

Ry=+/2Rp;/ (1 - e’%) @

where R, (Q-um) is defined as the resistance experienced by the
transverse component of current that is injected into MoS, channel
and transport along the x direction; p;, (Q-.um™) is defined as the
resistance experienced by the longitudinal component of current that
is transmitted in CNT wires along the y direction; L; is a characteristic

length to evaluate the decay rate of current density along the y
direction. They can be expressed as:

R.=2r¢/Denr +piupL, =Pt 2 e = V/Re/2p)
where p2,, p22 %2 D1, L and W is the sheet resistivity of MoS,, the
resistivity of CNT electrodes in contact with MoS,, the diameter of
CNT, channel length, and channel width, respectively; r. is the 1D-2D
interface contact resistivity, to be deduced from our model and mea-
surement results. )

The parameters p2n; 2, pon can be obtained by mea-
suring the CNT FETs with different channel lengths (blue and orange
dotted boxes in Fig. 1c)*. Since the current flowing through MoS, is
three orders of magnitude smaller than that in CNT, the influence of
MoS, can be neglected (electrodes A and E). The results were pre-
sented as the blue, green and black curves shown in Fig. 3b and inset of
Fig. 3¢, respectively. Meanwhile, the four-probe measurement of the
Ti-MoS; FETs (green dotted box in Fig. 1c) can determine p2D,,. Fig-
ure 3c plots p2X,; of 1L and 4 L MoS; as a function of V. The L;,, L and
W were measured by atomic force microscope (AFM), as shown in
Figure S3a, b. The Dy was determined to be 1.7 nm from the RBM
peak position of CNT Raman spectrum.

On the basis of these measurements and Eq. 2, the 1D-2D interface
contact resistivity (r.) and the contact resistance (R.) can be acquired.
The r. between the CNT and the 1L and 4L MoS, is shown in Fig. 3d. The
contact resistivity as low as 10° Q-cm? can be achieved at high gate
potentials for both 1L and 4L MoS,. Under these gate voltages,
the heterojunctions are in Ohmic contact mode and the contact
resistivity is independent of their initial band alignment. The hetero-
junction composed of 1L MoS, exhibited larger contact resistivity at
low gate bias due to its larger band gap and the higher Schottky barrier
at the Sm-S interface. Figure 3e compares the contact resistance R. of
this work with the state-of-the-art contacts in literatures including Ti,

MoS, pCNT
T » R nc
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Fig. 3 | Contact resistivity analysis and benchmark of 1D semimetal contact.
a Top view and equivalent circuit of the MoS, FET with 1D semimetal contact.
Dotted boxes present the contact resistance between CNT and Ti (R;, yellow), the
interconnect resistance of the CNT wire (R,, green) and the overall resistance of the
heterostructure (Rs, red). The white arrows represent the conduction current in
channel. The W, L, and L;, are channel width, channel length and interconnect
length of CNT wire. The shown resistance/resistivity quantities include the quan-
tum resistance of CNT (R§\"), the interfacial resistance between CNT and Ti (RDY'),
the resistivity of CNT wire (p‘é&?ol ), the resistivity of CNT electrodes in contact with
MoS; (p2'%2), the 1D-2D interface contact resistivity (r,), the sheet resistivity of
MoS, %‘,?,,D) and the equivalent resistance of the 1D-2D heterostructure (Ry,).

b Measured resistivity of the CNT with and without MoS, contacting. The feature

points B, X, DP and DP (marked by the vertical dashed lines) and the resulting five

regions A-E are used for the CIFS analysis in Supplementary Note 4. ¢, Measured
sheet resistivity of 1L and 4L MoS;. Inset is the interface resistance between CNT
and Ti. d Extracted interface contact resistivity of the CNT/IL-MoS, and CNT/4L-
MoS, heterojunction. Inset shows the band offset between different materials.

e State-of-the-art contact technology for MoS, transistors plotted as a function of
contact length. The gray line represents the quantum limit of R, with the carrier
density n,p =5 x 10" cm™. The polygons represent the data reported in experi-
ments. The corresponding curves are theoretical deduction and the vertical dashed
lines are transfer length for different contacts, they are all given by the Transmis-
sion Line Model (Supplementary Note 7). The blue shaded area indicates the area
where the resistivity of conventional 3D/2D metal increases sharply due to the
limitation of size effect. The solid red star represents the experimental measured
data and the one with yellow core is the theoretical calculated result.

Ni, Au, In, Graphene, Bi and CNT bundles (refs. 11, 14, 19-21, 50-52).
The polygon symbols present the experimental results, and the curves
represent the theoretically deduced R, versus contact length /.. (given
by the transmission line model, see details in Supplementary Note 7).
The contact resistance increases rapidly with the reduction of contact
length when [, <[, (I, = \/r./p®p)- The blue shaded area (/.<10 nm) is
difficult to reach using 3D/2D metal contacts, and therefore, no
experimental result exists before this work. The introduction of 1D
semimetal contact successfully reduces the contact length by an order
of magnitude to sub-2 nm, while its corresponding contact resistance
maintains a relatively small value about 50 kQ-pm (the solid red star in
Fig. 3e). It should be noted that the experimentally measured r, of the
CNT contact is still about two orders of magnitude larger than the
theoretical tunneling resistivity (2.882 x10™° Q-cm?). This means that
the 1D semimetal contact could potentially further be reduced to an
ultra-low contact resistance of 419 Q-um (the hollow red star in Fig. 3e).
Moreover, the field-effect mobilities of the 4L and 1L devices were
calculated to be 85.9 and 69.3 cm? V' s™, respectively, after taking into
account the inhomogeneous distribution of currents (see details in
Supplementary Note 9). Overall, in short contact limit, the 1D semi-
metal contact using individual SWCNT is prominent over most of the
conventional metal contacts as well as the family of semimetal carbon
nanomaterials including graphene and CNT bundles. Such perfor-
mance can be attributed to the Ohmic contact achieved by gate
modulation, the smaller vdW gap between 1D and 2D materials, and
the perfect quasi-1D single crystal structure of CNT electrodes. All

these results and comparison indicate that the SWCNT contact is a
promising solution for the ultimate scaling of 2D transistors.

General semimetal CNT contact

Benefiting from the clean and intact vdW interface as well as the small
DOS of CNT, the CNT electrodes perform well as ultra-short contacts
for 2D MoS, FET. To further evaluate their capability as general elec-
trodes for various 2D semiconductors, MoS,, WS,, and WSe, FETs with
1D semimetal contacts were fabricated on 2D h-BN flakes, where an Au
bottom gate was set beneath the BN dielectric layers (inset of Fig. 4a).
The solid curves in Fig. 4b present the transfer characteristics of the
three FETs. They all exhibit on/off ratio exceeding 10° and subthres-
hold swing lower than 250 mV/dec. The different threshold voltages
come from their different band edge positions. The negative threshold
voltage of this MoS, device compared with the one in Fig. 2a should be
attributed to their different gate materials. The linear output char-
acteristics of MoS, (Fig. 4c) and WS, (Fig. 4d) FETs under high gate
voltage confirm the Ohmic contacts, while the WSe, FET shows
excellent ambipolar conduction characteristics. The arrows with gra-
dient color indicate the direction of V, sweeping. All the three FETs
with CNT contacts exhibit on-state current of several microampere.
By contrast, the comparative FETs using Ti/Au contact (dashed cur-
ves in Fig. 4b) show poor performance for all the three channel
materials due to Fermi level pinning and fixed SBHs. The compatibility
with various 2D materials could be further attribute to the
efficient modulation on Fermi level of CNT. The work function of CNTs
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Fig. 4 | General semimetal CNT contacts. a Calculated gating efficiency
(ducnt/dVg) of armchair CNTs using 20 nm-thick h-BN dielectric. Inset shows the
optical image of the as-fabricated device and the band offset between different
materials. The white vertical dashed lines represent two CNT electrodes. Scale bar:
5 um. The two horizonal dashed lines represent the gate-tunable work function of

CNT. b Room-temperature transfer characteristics of local bottom-gate FETs with
MoS,, WS, and WSe, channels. Output characteristics of MoS, (c), WS, (d), and
WSe; (e) FETs, showing Vg-dependent /-V relationship and on-state current of
several microampere. The arrows with gradient color indicate the direction of

Vg sweeping. The Vg step is1V.

can be tuned by V; through electrostatic capacitance effect following

1dWent — _ 1dPent —
e dV, e dV,
53,54

and quantum capacitance>”* respectively. Figure 4a presents the cal-
culation result of several armchair SWCNTs on 20 nm-thick h-BN gate
dielectric, and the calculated gating efficiency is around 20%. This
indicates that the Fermi level can be tuned in a wide range, which can
effectively match the band edge of various 2D materials and make sure
good contacts (inset of Fig. 4a). Therefore, good contacts can be
accessed for a variety of device design requirements including the
threshold voltage and conduction type by employing semiconductors
with different band edge positions. This further demonstrates the
ability of the 1D semimetal contacts to be applied in high density and
low power logic circuits.

C .
- Cq—fcg where C, and C, are the gate capacitance

Discussion

In summary, we report the 1D semimetal contacts to 2D semi-
conductors, which successfully reduce the contact length to sub-2 nm.
The FETs with such 1D contacts exhibited enhanced performance. The
potential and current distribution of devices in short contact limit was
modeled by the as-proposed LTLM and the 1D-2D interface contact
resistivity was thus measured as low as 10°° Q-cm? The low contact
resistance can be attributed to the formation of Ohmic contact and the
smaller vdW gap at the 1D-2D interface. The SWCNTs demonstrated
their ability to form good contact with various semiconductors, which

strongly supports the miniaturization of low-power electronic devices
and the extending of Moore’s Law in the future.

Methods

Synthesis of ultralong CNT

The ultralong CNTs are grown using a CVD system. The catalyst strips
are prepared by electron beam deposition of 0.2 nm Fe onto the silicon
substrate and then slicing. The furnace temperature is set to 970 °C for
CNT growth. The H, and C,H,4 with flow rate of 200 sccm and 1 sccm
are selected as reducing gas and carbon source, respectively. A pre-
prepared Si/SiN, substrate with seven 200 pm-wide trenches is placed
behind the catalyst strip to collect the CNTs grown in suspension. The
as-grown centimeter-long CNTs with suspending sections over tren-
ches can be observed in Supplementary Fig. 1 and Supplementary
Movie 1.

Selection of metallic SWCNT

The sulfur powder is heated to 150 °C via a hot plate for evaporation.
The fresh ultralong CNTSs placed on trenched Si/SiN, substrate are then
treated in sulfur atmosphere for 10s. Empirically, the condensed
morphology of sulfur vapor on CNTs depends on the diameter of CNTs
and the sparser distribution of sulfur droplets always indicates the
smaller diameter. Select the freestanding SWCNTs with the sparsest
sulfur droplet distribution under the optical microscope. W tips con-
nected to Keithley 2900 are used for judging the CNT conductivity.
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Since CNTs owns various helical structures, the /~V measurements,
Raman spectroscopy and AFM images are needed to fully confirm their
single-walled structure and metallicity after the device is prepared.

Measurements

Electrical measurements were carried out on a semiconductor analyzer
(Agilent B1500A) combined with a Lakeshore CRX-4K under vacuum.
Raman spectroscopy was performed on Horiba Jobin Yvon LabRAM
HR 800 with a 532 nm focused laser. SEM images were obtained on a
FEI Nova NanoSEM 450 with accelerating voltage at 1kV. The cross-
sectional STEM samples were prepared using a FEI Helios G4 PFIB CXe.
The STEM images and EELS map were performed using a FEI Titan
80-300 with a double-sided spherical aberration corrector at 300 keV.

Density functional theory calculations

Al DFT calculations in this study were performed within the Vienna Ab-
initio Simulation Package (VASP)*. The projector augmented wave
(PAW) potentials®® and generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) functional”” were used to describe
the electron-ion interaction and exchange-correlation energy,
respectively. A representative (5, 5) SWCNT with the 5 x 1 x 1 supercell
and a monolayer MoS, with the 4 x 3/3 x 1 supercell were taken into
account to establish the CNT/MoS, heterostructure. The DFT-D3 cor-
rection method*® was used to describe the van der Waals interaction.
The cutoff energy of the plane wave basis was set to 400eV. The
convergence criteria for the total energy and force were set to 107 eV
and 0.02 eV A™, respectively. The vacuum distance of at least 12 A in
the z direction was imposed to eliminate the interactions between the
periodic images.

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.

References

1. Moore, G. E. Cramming more components onto integrated circuits.
Electronics 8, 114-117 (1965).

2. Waldrop, M. M. The chips are down for Moore’s law. Nature 530,
144-147 (2016).

3. Chhowalla, M., Jena, D. & Zhang, H. Two-dimensional semi-
conductors for transistors. Nat. Rev. Mater. 1, 16052 (2016).

4. Liu, Y. etal. Promises and prospects of two-dimensional transistors.
Nature 591, 43-53 (2021).

5.  Yoon, Y., Ganapathi, K. & Salahuddin, S. How good can monolayer
MoS(2) transistors be? Nano Lett. 11, 3768-3773 (2011).

6. Desai, S. B. et al. MoS2 transistors with 1-nanometer gate lengths.
Science 354, 99-102 (2016).

7. Qiu, C. et al. Scaling carbon nanotube complementary transistors
to 5-nm gate lengths. Science 355, 271-276 (2017).

8. Xie, L. et al. Graphene-contacted ultrashort channel monolayer
MoS, transistors. Adv. Mater. https://doi.org/10.1002/adma.
201702522 (2017).

9. Wu, F. et al. Vertical MoS2 transistors with sub-1-nm gate lengths.
Nature 603, 259-264 (2022).

10. VYu, L. et al. Graphene/MoS2 hybrid technology for large-scale two-
dimensional electronics. Nano Lett. 14, 3055-3063 (2014).

1. Wang, Y. et al. Van der Waals contacts between three-dimensional
metals and two-dimensional semiconductors. Nature 568,

70-74 (2019).

12. Liy, Y. et al. Approaching the Schottky-Mott limit in van der Waals
metal-semiconductor junctions. Nature 557, 696-700 (2018).

13. Wang, L. et al. One-dimensional electrical contact to a two-
dimensional material. Science 342, 614-617 (2013).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cheng, Z. et al. Immunity to contact scaling in MoS, transistors
using in situ edge contacts. Nano Lett. 19, 5077-5085 (2019).
Choi, H. et al. Edge contact for carrier injection and transport in
MoS, field-effect transistors. ACS Nano 13, 13169-13175 (2019).
Chu, C. H. et al. End-bonded metal contacts on WSe, field-effect
transistors. ACS Nano 13, 8146-8154 (2019).

Kappera, R. et al. Phase-engineered low-resistance contacts for
ultrathin MoS2 transistors. Nat. Mater. 13, 1128-1134 (2014).

Cui, X. et al. Low-temperature ohmic contact to monolayer MoS, by
van der Waals bonded Co/h-BN electrodes. Nano Lett. 17,
4781-4786 (2017).

English, C. D., Shine, G., Dorgan, V. E., Saraswat, K. C. & Pop, E.
Improved contacts to MoS, transistors by ultra-high vacuum metal
deposition. Nano Lett. 16, 3824-3830 (2016).

Shen, P.-C. et al. Ultralow contact resistance between semimetal
and monolayer semiconductors. Nature 593, 211-217 (2021).

Han, Liu et al. Switching mechanism in single-layer molybdenum
disulfide transistors: an insight into current flow across Schottky
barriers. ACS Nano 8, 1031-1038 (2014).

Yao, Guo et al. Study on the resistance distribution at the contact
between molybdenum disulfide and metals. ACS Nano 8,
TTT-7779 (2014).

Xia, F., Perebeinos, V., Lin, Y. M., Wu, Y. & Avouris, P. The origins and
limits of metal-graphene junction resistance. Nat. Nanotechnol. 6,
179-184 (20M).

Rossnagel, S. M. & Kuan, T. S. Alteration of Cu conductivity in the
size effect regime. J. Vac. Sci. Technol. B: Microelectron. Nanometer
Struct. https://doi.org/10.1116/1.1642639 (2004).

Steinhogl, W., Schindler, G., Steinlesberger, G., Traving, M. &
Engelhardt, M. Comprehensive study of the resistivity of copper
wires with lateral dimensions of 100 nm and smaller. J. Appl. Phys.
97, 023706 (2005).

Mustafa Badaroglu et al. PPAC scaling enablement for 5 nm mobile
SoC technology. 2017 47th European Solid-State Device Research
Conference (ESSDERC) 240-243 (2017).

Naik, M. Interconnect trend for single digit nodes. 2018 IEEE Inter-
national Electron Devices Meeting (IEDM), 5.6.1-5.6.4 (2018).
Black, J. R. Electromigration failure modes in aluminum metalliza-
tion for semiconductor devices. Proc. IEEE 57, 1587-1594 (1969).
Lloyd, J. R. & Clement, J. J. Electromigration in copper conductors.
Thin Solid. Films 262, 135-141 (1995).

Son, Y. W., Cohen, M. L. & Louie, S. G. Energy gaps in graphene
nanoribbons. Phys. Rev. Lett. 97, 216803 (2006).

Li, X., Wang, X., Zhang, L., Lee, S. & Dai, H. Chemically derived,
ultrasmooth graphene nanoribbon semiconductors. Science 319,
1229-1232 (2008).

Rizzo, D. J. et al. Inducing metallicity in graphene nanoribbons via
zero-mode superlattices. Science 369, 1597-1603 (2020).

Fang, T., Konar, A., Xing, H. & Jena, D. Mobility in semiconducting
graphene nanoribbons: Phonon, impurity, and edge roughness
scattering. Phys. Rev. B https://doi.org/10.1103/PhysRevB.78.
205403 (2008).

Basu, D., Gilbert, M. J., Register, L. F., Banerjee, S. K. & MacDonald,
A. H. Effect of edge roughness on electronic transport in graphene
nanoribbon channel metal-oxide-semiconductor field-effect tran-
sistors. Appl. Phys. Lett. https://doi.org/10.1063/1.2839330 (2008).
lijima, S. & Ichihashi, T. Single-shell carbon nanotubes of 1-nm
diameter. Nature 363, 603-605 (1993).

White, C. T. & Todorov, T. N. Carbon nanotubes as long ballistic
conductors. Nature 393, 240-242 (1998).

Mann, D., Javey, A., Kong, J., Wang, Q. & Dai, H. Ballistic transport in
metallic nanotubes with reliable Pd ohmic contacts. Nano Lett. 3,
1541-1544 (2003).

Yao, Z., Kane, C. L. & Dekker, C. High-field electrical transport in
single-wall carbon nanotubes. Phys. Rev. Lett. 84, 2941 (2000).

Nature Communications | (2023)14:111


https://doi.org/10.1002/adma.201702522
https://doi.org/10.1002/adma.201702522
https://doi.org/10.1116/1.1642639
https://doi.org/10.1103/PhysRevB.78.205403
https://doi.org/10.1103/PhysRevB.78.205403
https://doi.org/10.1063/1.2839330

Article

https://doi.org/10.1038/s41467-022-35760-x

39. Zhang, J. et al. SWCNT-MoS2 -SWCNT vertical point hetero-
structures. Adv. Mater. 29, 1604469 (2017).

40. Kamaei, S. et al. An experimental study on mixed-dimensional
1D-2D van der Waals single-walled carbon nanotube-WSe, hetero-
junction. IEEE Electron. Device Lett. 41, 645-648 (2020).

A1. Zhang, J. et al. Mixed-dimensional vertical point p-n junctions. ACS
Nano 14, 3181-3189 (2020).

42. Jadwiszczak, J. et al. Mixed-dimensional 1D/2D van der Waals het-
erojunction diodes and transistors in the atomic limit. ACS Nano
https://doi.org/10.1021/acsnano.1c10524 (2022).

43. Saito, R., Fujita, M., Dresselhaus, G. & Dresselhaus, M. S. Electronic
structure of chiral graphene tubules. Appl. Phys. Lett. 60,
2204-2206 (1992).

44. Charlier, J.-C., Blase, X. & Roche, S. Electronic and transport prop-
erties of nanotubes. Rev. Mod. Phys. 79, 677-732 (2007).

45. Huang, L. et al. Cobalt ultrathin film catalyzed ethanol chemical
vapor deposition of single-walled carbon nanotubes. J. Phys. Chem.
B 110, 11103-11109 (2006).

46. Wang, X. et al. Fabrication of ultralong and electrically uniform
single-walled carbon nanotubes on clean substrates. Nano Lett. 9,
3137-3141 (20009).

47. lJian, M. et al. Volatile-nanoparticle-assisted optical visualization of
individual carbon nanotubes and other nanomaterials. Nanoscale 8,
13437-13444 (2016).

48. Jorio, A. et al. Structural (n, m) determination of isolated single-wall
carbon nanotubes by resonant Raman scattering. Phys. Rev. Lett.
86, 1118-1121 (2001).

49. Li, X. et al. Gate-tunable contact-induced Fermi-level shift in semi-
metal. PNAS 119, e2119016119 (2022).

50. Cui, X. etal. Multi-terminal transport measurements of MoS, using a
van der Waals heterostructure device platform. Nat. Nanotechnol.
10, 534-540 (2015).

51. Guo, Y. et al. Soft-lock drawing of super-aligned carbon nanotube
bundles for nanometre electrical contacts. Nat. Nanotechnol.
https://doi.org/10.1038/s41565-021-01034-8 (2022).

52. Liu, H., Neal, A. T. & Ye, P. D. Channel length scaling of MoS,
MOSFETs. Acs Nano 6, 8563-8569 (2012).

53. Luryi, S. Quantum capacitance devices. Appl. Phys. Lett. 52,
501-503 (1988).

54. llani, S., Doney, L. A. K., Kindermann, M. & McEuen, P. L. Measure-
ment of the quantum capacitance of interacting electrons in carbon
nanotubes. Nat. Phys. 2, 687-691 (2006).

55. Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169 (1996).

56. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50,
17953-17979 (1994).

57. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

58. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

Acknowledgements
This work was financially supported by the National Key Research
and Development Program of China (Grant No. 2018YFA0208401

and 2021YFA1400100), the National Natural Science Foundation

of China (Grant Nos. 61774090, U1832218, 51727805), the National
Key Research and Development Program of China (Grant No.
2017YFA0205803), the Key-Area Research and Development Pro-
gram of Guangdong Province (Grant No. 2020B010169001), the
Local Innovative and Research Teams Project of Guangdong Pearl
River Talents Program (2017BTO1N111) and Basic Research Project of
Shenzhen, China (JCYJ20200109142816479).

Author contributions

Y.W. and Y.Z. conceived and supervised the research. Y.W. and X.L.
designed the experiments. X.L. performed experiments on synth-
esis of CNTs, device fabrication, characterization, measurements,
and data analysis with help from G.L., Z.M., G.Z., J.X., and L.L. Z.W.
carried out the density functional theory calculations. Y.K. per-
formed the Raman and AFM measurements. Y.P.S. participated in
the modeling of LTLM. Y.S. conducted the data analysis of STEM and
EELS.J.L.,Q.L., J.Z., and S.F. participated in data analysis. The paper
was written by X.L., Y.W., and Y.Z. with contributions from all the co-
authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35760-x.

Correspondence and requests for materials should be addressed to
Yang Wei or Yuegang Zhang.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:111


https://doi.org/10.1021/acsnano.1c10524
https://doi.org/10.1038/s41565-021-01034-8
https://doi.org/10.1038/s41467-022-35760-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	One-dimensional semimetal contacts to two-dimensional semiconductors
	Results
	1D semimetal contact
	Electrical transport measurements
	LTLM and extraction of contact resistance
	General semimetal CNT contact

	Discussion
	Methods
	Synthesis of ultralong CNT
	Selection of metallic SWCNT
	Measurements
	Density functional theory calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




