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Supplementary Notes 

 

Note 1. Desulfurization process 

The annealing process performed under vacuum at 300 °C for 1h can achieve complete 

desulfurization without affecting the transport properties of both SWCNT and MoS2. At the same 

time, the clean and tight van der Waals contact can be formed between CNT and MoS2. The FETs 

with fresh CNT and MoS2 channels were fabricated to confirm the desulfurization results 

experimentally, as shown in Supplementary Fig. 5 and 6. Supplementary Fig. 5a and 6a present the 

optical images of the devices before sulfur deposition, after sulfur deposition and after annealing. 

There are no sulfur particles around the devices after annealing treatment. Supplementary Fig. 5b 

and 6b show the corresponding transfer curves. After sulfur deposition, the transfer characteristics 

of the CNT FET became gate-independent, and the threshold voltage of the MoS2 FET shits 

positively and the on current decreases significantly. While the transfer curves of the CNT and MoS2 

FETs after annealing treatment are almost coincide with those before sulfur deposition. These results 

indicate that the sulfur particles can be completely removed by the annealing treatment and the 

annealing procedure carried out under vacuum does not lead to a significant healing of sulfur 

vacancy in MoS2. 

 

Note 2. Extraction of Schottky barriers. 

The barrier heights at the CNT-MoS2 and Ti-MoS2 interfaces can be extracted using the 2D 

thermionic emission model1. The source-drain current through a barrier into the 2D channel can be 

expressed as: 
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where Id, A, T, q, ��, ��, Vd is the drain current, the effective Richardson constant, temperature, 

electronic charge, the SBH, the Boltzmann constant, and source-drain bias, respectively. n is the 

nonideal factor of the Schottky diode. The Arrhenius plots, slope of which is −��� + ���/�, are 

drawn to extract the SBHs corresponding to different gate voltages. 

 



Note 3. Extraction of resistivity of SWCNT 

Since there are only two conductive channels near the Fermi level of metallic SWCNT, the total 

resistance of a long-range SWCNT device can be expressed as2: 
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where the 
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 represents the wire resistance of the SWCNT channel, L is the channel length 

of SWCNT and ���� is the mean free path of electrons; ���
��� is the interfacial resistance caused 

by the imperfect contact between metal and SWCNT, �� = 6.5��  is the quantum resistance 

determined by the number of conductive channels, these two items are collectively referred to as 

the contact resistance of CNT. According to equation above, we plot the transfer characteristics of 

the several 2-terminal CNT FETs with different channel lengths in Figure 1c, then extract the contact 

resistance ���
��� and channel resistivity ����
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 corresponding to each Vg through the 

transfer length method (inset of Supplementary Figure 15a). Note that the resistance induced by the 

electron scattering at the junctions between CNTs with and without MoS2 contacting can be 

neglected due to the linear dispersion relationship of the metallic SWCNT and the mismatched 

momentum between its two conducting channels3-5. Thus, resistivity of the CNT segments 

contacting with MoS2 channel (����
�� ���� ) can be further calculated by subtracting the contact 

resistance and wire resistance of the CNT (on SiO2) from the 2-terminal resistance (electrodes 1 and 

9, Supplementary Figure 16c). 

 

Note 4. CIFS and band alignment analysis. 

The gate-tunable contact-induced Fermi level shift (CIFS) in semimetal has been discussed in our 

previous work6. It indicates that the Fermi level of the SWCNT electrode in contacting with TMD 

channel is misaligned with that of the SWCNT wire on SiO2 substrate due to the Sm-S interface 

charge transfer (Figure 2e). On the basis of the as-developed Resistivity Comparison Methodology 

and Fermi Level Catch-up Model, the CIFS in CNT electrodes under different Vg has been illustrated 

by the band diagrams (Supplementary Figure 15c) corresponding to the 5 regions (A to E) in the 

comparative resistivity plot (Figure 3b, Supplementary Figure 15b). In Region A, the Fermi level of 

CNT is lower than that of MoS2, the P-type CNT receives electron injection and the conductivity 

decreases. Then from A to B, CNT’s Fermi level catches up with and surpass MoS2 at β. Region B 

indicates that the P-type CNT accepts hole injection and the conductivity is improved. Then the 

conductive type switching occurs at Region C and D, where the N-type CNT accepts hole injection 

and then reverses into a P-type one. Point X indicates where the CNT with and without MoS2 

contacting have different conducting types but the same resistivity, revealing that their Fermi levels 

are symmetric with respect to the Dirac point. Region E represent that the N-type CNT accepts hole 

injection, the N-doping is weakened and the conductivity is reduced. On this basis, the Fermi level 

positions of CNT and MoS2 before and after contact formation as well as the direction of built-in 

electric field in MoS2 after contact formation can be confirmed (Supplementary Figure 15d, 15e). 

Just as shown in Figure 2g, the built-in electric field points from CNT to MoS2, and the band of 

MoS2 bends upward in junction region when Vg>-13V. The Fermi level of the CNT wire on SiO2 

and the CNT electrode on MoS2 approaches their Dirac points at Vg=-8V and Vg=37V, respectively. 

It should be noted that the resistivity change of the CNT electrode on MoS2 tends to be weak at 



Vg=20V~50V, which is due to the enhanced electrostatic screening introduced by the bottom MoS2. 

Thus, the gate modulation efficiency of CNT electrode’s Fermi level decreases and its Fermi level 

is confined near the Dirac point when the device is switched to the on state.  

 

Note 5. Gate modulation of the potential barrier at the semimetal-semiconductor (Sm-S) 

junctions 

The band diagrams of Sm-S (n-type) junctions have been sketched in Supplementary Figure 14. 

The potential barrier at the interface �� can be expressed as: 
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where ���, ��, �� = ��� − ��� are Schottky barrier height, the energy difference between the 

work function and affinity of the semiconductor, the surface potential of the semiconductor, 

respectively. For �� < 0, �� = ��� = ��� − ��� , where ��� and ��� are the work function 

of semimetal and the affinity of semiconductor respectively. For �� > 0 , �� = �� = ��� +

�� = ��� − ��� + �� = ��� − ���, where ��� is the work function of semiconductor.  

When an external electrical field is applied, the work functions of both semimetal and 

semiconductor are tuned following 
�
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, where the quantum capacitance  

�� is proportional to the DOS, ��� is the interface trap capacitance caused by the surface states, 

��is the gate capacitance of SiO2 dielectric. At Vg=-13V~50V, the work function of CNT is smaller 

than that of MoS2 as shown in Supplementary Figure 15e, which means �� > 0 and the potential 

barrier �� = �����
− �����

. In this way, the dependence of the barrier on Vg can be expressed as 
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When the Fermi level of MoS2 is located in the band gap, the ��,���2
= 0 and 

1
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Therefore, the �� is linearly correlated with Vg and the conduction current in the device increases 

exponentially (corresponding to the subthreshold region), which is consistent with the low Vg regime 

(Vg < 10V) in Figure 2a and 2f. When the Fermi level of MoS2 approaches its conduction band edge 

or the donor level, the ��,���2
 increases and the 

���

���

 is not a constant anymore and decreases, as 

shown in the high Vg regime (Vg > 15V) in Figure 2f. The device switches to the on state. 

 

Note 6. Longitudinal transmission line model. 

As the size of the MoS2 FET with 1D semimetal contacts is in the order of microns, the wire 

resistance of the CNT electrodes cannot be ignored. Part of the voltage will be distributed on the 

electrodes when bias voltage applied, so that the current injected from CNT to MoS2 is uneven in 

the y direction (Supplementary Figure 16a). Considering the symmetric conditions of our device, 

the potential drop on the two CNT segments can be assumed to be the same, and the current in MoS2 

is parallel to the channel direction. Taking the two intersections (orange and green points in Figure 

3a, Supplementary Figure 16b) of CNT and the edge of MoS2 as the boundary, the potential 

conditions can be set as: ��(0) = ��  and ��(0) = 0 . According to the Kirchhoff's law, the 

differential equations of potential and current distribution on the CNT-1 are: 
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�� � (Ω·µm) is defined as the resistance to be overcome when current is 

injected into MoS2 channel and transport along the x direction; �� = ����
�� ���� (Ω·µm-1) is defined 

as the resistance to be overcome when the current is transmitted in CNT wire along the y direction. 

Therefore, 
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where 0 ≤ � ≤ �. The transfer length �� = �
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 (µm) is a characteristic length 

to evaluate the decay rate of current density along the y direction. 

Then the transverse current density in the channel is: 
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The total current in channel is: 
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Thus the equivalent resistance of the heterostructure can be expressed as: 
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And the total resistance of the MoS2 FET with 1D contacts is: 
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Note 7. Contact resistance in short contact limit. 

For general 2D/3D contacts, the contact resistance Rc (in Ω·μm) is determined by the interface 

contact resistivity rc (in Ω·cm2) and the channel sheet resistivity ρ2D (in Ω·□-1), which can be 

expressed by the transmission line model7,8 as: 

�� = ���������ℎ(
��
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where �� is the contact length. The current transfer length �� = ��� ���⁄  is defined to describe the 

current crowding effect at the electrode edge. It presents the average distance that an electron (or 

hole) travels in channel beneath the contact before it enters the contact. (Supplementary Figure 16d) 

When �� ≫ ��, �� = ������ is independent of the contact length; while when �� ~ �� or �� < ��, 



�� increases exponentially with the decrease of contact length (curves in Figure 3e). In short contact 

limit (�� ≪ �� or �� ��⁄ → 0), the equation can be simplified as �� = �� ��⁄ . 

   In the case of the 1D semimetal contact, there is no current crowding phenomenon and the 

current is directly injected into the channel from the contacting point. Thus, the injection efficiency 

of electrons from electrode to channel is greatly improved, and the contact resistance at the short 

contact limit shall be expressed as �� = �� ����⁄  , which is independent of the channel sheet 

resistivity ρ2D. Furthermore, when the Ohmic contact is formed, the interface contact resistivity �� 

caused by electron tunneling through the van der Waals gap determines the contact resistance ��. 

   At low bias, the tunnelling-specific resistivity is9,10 
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where ��, ��, �, �� and ℏ is the tunneling (vdW) gap width, the tunneling barrier height, the 

empirical factor that is associated with the shape of the barrier, the free-electron mass and the 

reduced Planck’s constant respectively. According to the DFT calculation results, for 

(5,5)SWCNT/MoS2 heterostructure, �� =1.87Å and �� =4.03eV. Therefore, the corresponding 

�� ≈ 2.882 × 10�� Ω · cm� , and the contact resistance �� = �� ����⁄ = 419 � · �� . The 

�(�,�)��� = 0.6875��. 

 

Note 8. Calculation of the maximum on-state current density. 

On the perspective of FETs, the current density should be expressed as: 
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The experimentally measured ��  is about 10μm when the device is switched to the on state 

(Supplementary Figure 17b). Thus, 1 − �
�

�

�� → 0 when � < 0.1 ��. 
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That is, the current distribution in channel is nearly uniform when the channel width W is less than 

100nm. The theoretical on-state current density of the FETs with 1D semimetal contact can be 

calculated by substituting the measured rc (Rt) into the above formula. For rc=1×10-6 Ω·cm2 

(experimental measured), Jmax=5·m-1. 

 

Note 9. Calculation of the field-effect mobility. 

The field-effect mobility of our device can be extracted from the transfer characteristics using the 

equation � = ����� ���⁄ � × [� ������⁄ ], where Cox = 11 nF·cm-2 is the back gate capacitance (300 

nm SiO2). The mobility of the CNT-MoS2 FETs reaches peak values of 14 cm2V-1s-1 and 5.4 cm2V-

1s-1 for the 4L and 1L channel, while the Ti-MoS2 FETs show smaller values of 7.6 cm2V-1s-1 and 

0.3 cm2V-1s-1 respectively. However, it should be noted that the mobility of the CNT-MoS2 FETs 

calculated in this way is far smaller than the actual situation due to the uneven current distribution 



in channel. A modification to the current density ��� = ���/�  is necessary. Considering the 

maximum current density (5μA·μm -1) we have deduced, the mobility of the 4L and 1L MoS2 FETs 

were calculated to be 85.9 cm2V-1s-1 and 69.3 cm2V-1s-1. 

 

Note 10. Method to estimate the gate-dependent Fermi level position of CNT. 

The Fermi level positions (�) and work functions (� = 0 − �) of low-dimensional materials can be 

controlled by �� through electrostatic capacitance effect following 
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, where 

��, �� is the gate capacitance and quantum capacitance11, respectively. The acknowledged value 

of the quantum capacitance of metallic SWCNTs is 0.2fF·μm -1 (between the two first von Hove 

Singularities)12. The gate capacitance of CNT transistors with 20-nm thick dielectric layer is �� =

������

�� (��
��

�
)
, where �� is the permittivity of vacuum, �� = 3.55 is the relative dielectric constant of h-

BN, � = 20�� is the dielectric thickness and r is the radius of SWCNTs. Specially, r(5,5)=0.344nm 

and r(12,12)=0.825nm. We therefore estimate that Cg,(5,5) = 0.04135 fF·μm -1 and Cg,(12,12) = 0.05033 

fF·μm -1. Then 
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= 0.201 

 

 

  



Supplementary Figures 

 

Supplementary Fig. 1 Optical image of the sulfur-treated ultralong CNT. a, Ultralong CNTs on 

the trenched Si/SiNx substrate. Scale bar: 100 μm. b, CNTs prepared to be transferred using tungsten 

tips. Scale bar: 100 μm. c, CNT transferred from substrate. Scale bar: 100 μm. The condensed 

morphology of sulfur vapor on CNTs reflects the diameter of CNTs, and the sparser distribution of 

sulfur droplets always indicates the smaller diameter (b). 

 

 

 

 

Supplementary Fig. 2 STEM analysis. a, The as-fabricated FIB sample. b, Cross-sectional STEM 

image of the MoS2 channel. The Al2O3 grown by atomic layer deposition is used as the protective 

layer in FIB process, while the evaporated carbon layer is to enhance the conductivity of the sample 

surface. The top tungsten is deposited by the electron beam and ion beam successively, which is 

also used as a protective layer. The h-BN is used as the substrate of the heterostructure. c, Cross-

sectional STEM image of the CNT-MoS2 interface. The yellow dotted box presents the mapping 

area shown in Fig.1b. 

 

 

 



Supplementary Fig. 3 Atomic force microscope, Raman spectra and Photoluminescence 

spectra of the MoS2 channels. a, AFM peak force error image of the CNT-contact 4L-MoS2 FET. 

b, AFM peak force error image of the CNT-contact 1L-MoS2 FET. The interconnect length of CNT 

wire Lin, diameter of CNT DCNT, channel length L, channel width W and channel thickness are all 

marked. c, Raman spectra of the 1L and 4L MoS2. D, Photoluminescence spectra of the 1L and 4L 

MoS2.  

 

 

 

Supplementary Fig. 4 Raman spectra of the SWCNTs. a, The raw Raman spectra of the CNTs 

on Si/SiO2 substrate in range of 100 cm-1 to 400 cm-1 to confirm the RBM mode. The 303 cm-1 peaks 

come from the Si/SiO2 substrate13. b, The SEM image of the CNT-contacted MoS2 FET. The Red 

point indicates the position of the focused Raman laser beam. 

 

 

  



Supplementary Fig. 5 Characterization of the effect of the sulfur deposition and annealing 

process on CNT. a, Optical images of a Ti-contacted CNT FET with semimetal CNT channel before 

and after sulfur treatment. Scale bar: 4 μm. b, Transfer characteristics of the CNT FET before and 

after sulfur treatment. c, Raman spectra of the CNT before and after sulfur treatment.  

 

 

  



Supplementary Fig. 6 Characterization of the effect of the sulfur deposition and annealing 

process on MoS2. a, Optical images of a Ti-contacted MoS2 FET before and after sulfur treatment. 

Scale bar: 4 μm. b, Transfer characteristics of the MoS2 FET before and after sulfur treatment. c, 

Raman spectra of the MoS2 before and after sulfur treatment.  

 

 

  



Supplementary Fig. 7 a, Top and side views of the CNT/MoS2 and graphene/MoS2 heterostructures. 

b, Relative energy of CNT/MoS2 and graphene/MoS2 heterostructures as a function of vdW gap. 

The CNT/MoS2 presents obviously smaller vdW gap due to the tubular structure of CNT.  

 

 

  



Supplementary Fig. 8 Side views of the as-calculated (5,5) CNT/MoS2, (9,0) CNT/MoS2 and (4,6) 

CNT/MoS2 heterostructures. 

 

 

 

Supplementary Fig. 9 Unfolded band structures of (a) MoS2 and (b) CNT in the CNT/MoS2 

heterostructure under different external electric fields. 

 

 

 

Supplementary Fig. 10 Electrostatic potential of the (5,5) CNT/MoS2 heterostructure under 

applied electric field of 0.2 V/Å. The potential barrier width wt and barrier height Φt are 1.87 Å and 

4.03 eV, respectively. 

  



Supplementary Fig. 11 Current carrying capacity of the semimetal SWCNT. a, The I-V and R-

V curves of the metallic SWCNT electrode. The Ids tends to be saturated with the increase of Vd 

owing to the optical phonon limit. The R-V relationship reveals that the resistance of CNT electrode 

is approximately constant under low voltage (Vd < 100 mV), in which case it can carry more than 5 

μA current. b, The transfer characteristics of the metallic SWCNT electrode under different bias 

voltage.  

 

 

 

 

Supplementary Fig. 12 Temperature-dependent electrical transport properties of the 

semimetal SWCNT. The temperature-dependent transfer curves (a) and output curves (b) of the 

semimetal SWCNT. Inset is the SEM image of the CNT device. Scale bar: 2 μm. The conductivity 

of semimetal SWCNT increases with the temperature decreases, showing good metallicity and 

indicating that there is no potential barrier at the metal/CNT interface. c, Band diagrams of the 

metal/CNT junctions before and after contact formation. 

 

 

 

  



  

Supplementary Fig. 13 Electrical transport measurements of monolayer MoS2 FETs with 1D 

semimetal contact. a, Room-temperature transfer characteristics of a monolayer MoS2 FET with 

SWCNT (red) and Ti (green) contacts on 300nm SiO2 dielectrics. b, Output characteristics of the 

MoS2 FET with SWCNT contacts. c, Output characteristics of the MoS2 FET with Ti contacts. d, 

Temperature-dependent transfer characteristics of the MoS2 FET with SWCNT (red) and Ti (green) 

contacts. e, Arrhenius plots of the CNT-contacted monolayer MoS2. f, Gate-dependent barrier height 

of the CNT/MoS2 (red) and Ti/MoS2 (green) interfaces. 

 

 

  



Supplementary Fig. 14 Band diagrams of the semimetal-semiconductor junctions for the surface 

potential of semiconductor �� > 0 (a) and �� < 0 (b). 

 



Supplementary Fig. 15 CIFS analysis of the CNT-MoS2 junction. a, Transfer characteristics of 

the two SWCNT segments. Inset is the transfer length model plot of total resistance versus channel 

length corresponding to Vg from -20V to 50V. b, Extracted �&�� − ��  curves of the metallic 

SWCNT, all the data was measured under Vd = 100mV. c, Schematic of the contact-induced Fermi 

level shift behavior in metallic SWCNT under different Vg. Each pair of band diagrams represents 

the position change of Fermi level of CNT before and after contact with MoS2. The orange and blue 

shaded background represents the contact-induced P-type (hole injection) and N-type (electron 

injection) doping, respectively. d, Schematic illustration of the deduced Fermi level positions of 

CNT and MoS2 under different Vg before junction formation. e, Band diagrams of the CNT/MoS2 

heterostructure under different Vg after junction formation. 

 

 

  



 

Supplementary Fig. 16 Model. a, Schematic of the current injection (side view). For metal Ti/Au, 

the wire resistance can be neglected and the current is injected into the channel evenly. For 

semimetal SWCNT, the wire resistance should be considered, and the current injected into the 

channel decreases gradually. b, Schematic of the simplified model and boundary conditions. c, 

Device design drawings. Schematic of the current injection (front view). d, Current crowding at the 

3D/2D metal contact edge region. e, Current injected into channel at almost one point at the 1D-2D 

interface, which improves the injection efficiency. 

 

 

 

Supplementary Fig. 17 Temperature-dependent rc and LT. a, The 1D-2D interface contact 

resistivity rc measured at different temperature. b, The calculated transfer length LT at different 

temperature. According to the Boltzmann distribution, the tail of hot electrons decreases with 

decreasing temperature, which means that a larger positive gate potential is required for the hot 

electrons to cross the potential barrier. Therefore, the rc increases with the decrease of temperature 

at Vg = 20V because of the Schottky barrier at the CNT/MoS2 interface. And the same value of rc 

can be achieves at Vg = 50V due to the formation of Ohmic contact.  

 

 



 

Supplementary Fig. 18 Mobility. The field effect mobility calculated using the equation � =

����� ���⁄ � × [� ������⁄ ] directly for the 4L-MoS2 FET (a) and 1L-MoS2 FET (b).  

 

 

 

 

Supplementary Fig. 19 Comparison of the 1D semimetal contacts and Ni, Au contacts. Transfer 

characteristics (a) and optical image (b) of a MoS2 FET with SWCNT (red, electrodes 1 and 2) and 

Ni (blue, electrodes A and B) contacts on P-type Si/300 nm SiO2 substrate. Transfer characteristics 

(c) and optical image (d) of a MoS2 FET with SWCNT (red, electrodes 1 and 2) and Au (yellow, 

electrodes A and B) contacts. Scale bar: 6 μm. 
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