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Fig. S1. Band structure and built-in atomic layer protection in monolayer MoGe,N,. (a) The band
structure of MoGe2N4 monolayer calculated by PBE (black solid line), PBE+SOC (green dotted line) and
HSEO06 (red dashed line) methods, respectively. (b) The schematic of the built-in atomic layer protection
in MoGe;N,. (¢) The projected density of states (PDOS) of MoGe,N,. The conduction band bottom and
valence band top of the MoGe,N, are mainly composed of the Mo-N inner layer, which is protected by
the outer atoms.
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Fig. S2. The vdW contacts in MoGe,N,/Graphene junction as revealed by the independent gradient

model (IGM) diagram. sign(4;)p mapped 2D scatter plot of the electron density gradient difference (
89), where 64 is divided into interlayer and intralayer interactions. The value of sign(4,)p of interlayer

interactions is represented by filling color according to the color bar, while the value of sign(4;)p of

intralayer interactions is represented by filling gray. P denotes the electron density at the weak interaction

sign(4

critical point, 2) denotes the sign of the second largest eigenvalue Ay of the electron density

Hessian matrix. The MoGe,N,/Graphene junction is only bonded by the weak vdW forces.
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Fig. S3. Comparison of band structures calculated from HSE06 and GGA+U method. The band
structures of Ti;C,(OH)y/MoGe,N,, Ti;C,Fo/MoGe,Ny, and Ti3C,0,/MoGe,N, junctions are shown from
top to bottom. The hubbard U,y value is set to 2.0 eV for Ti 3d orbitals, where U,y = U-J with the
exchange parameter J] = 0.5 eV and the effective on-site Columbic repulsion parameter U = 2.5 eV,
respectively. For Ti;Cy(OH),/MoGe,N, and Ti;C,0,/MoGe;N,, GGA-PBE (Figs. 3e, h), GGA+U, and
HSEO06 method show consistent results, that is, Ti;C,(OH),/MoGe,N,4 and Ti;C,0,/MoGe,N, can form N-
type Ohmic contacts and P-type Ohmic contacts, respectively. And for Ti;C,F,/MoGe,N4, N-type Ohmic
contacts are obtained by the GGA+U and HSE06 method, while the GGA-PBE method yields Schottky
contacts (Fig. 3g). The Fermi-level is set to zero.
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Fig. S4. (a) Effect of strain on the tunneling properties of Ti;C,(OH),/MoGe,N, junction. The width
(WB) and height (¢TB) of the tunnelling barrier and the probability of tunnelling (TB) take extreme values
at biaxial compressive strains of about -2%. (b)Effect of electric field on Schottky barrier and band
gap of Ti;C,(OH),/MoGe,N, junction. The direction from MoGe,N, to Ti3C,(OH), is defined as the
positive direction of the electric field. The more negative electric field leads to a smaller hole Schottky
barrier and band gap of the junction, while the electron Schottky barrier is larger. When the electric field
strength is about -1.8 V/A, the electron Schottky barrier changes from negative to positive, indicating the
disappearance of the N-type Ohmic contact.
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Fig. SS5. Relaxed lattice structures of conventional metal/MoGe,N, junctions. The contact surfaces of
metals are selected based on their low surface free energy and thermodynamic stability. The
metal/MoGe,N, junctions are constructed by stretching the metal layer to match the lattice constant of
MoGe,Ny, and the lattice mismatches are all less than 5%.
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Fig. S6. Relaxed lattice structures of 2D vdW metal/MoGe,N, junctions (top) and semimetal
MoGe;N, junctions (bottom). The metal/MoGe,N, junctions are constructed by stretching the metal
layer to match the lattice constant of MoGe, Ny, and the lattice mismatches are all less than 5%.
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Fig. S7. The plane-averaged electrostatic potential along the z-direction of metal/ MoGe,;N,

junctions. The tunneling barrier height brp is marked in the Fig.s. The Fermi-level is set to zero.
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Fig. S8. The detailed electronic structures of various metal/MoGe,N, junctions. The projections of
MoGe,N, are marked in red in the band structures, and the projections of d orbitals of Mo and p orbitals
of N are marked in light blue and dark blue respectively in the PDOS. The Fermi-level is set to zero.
Conventional metal contacts introduce metallic-induced gap states (MIGS) in the band gap, while MIGS

is completely absent in 2D vdW contacts. In contrast, MIGS saturation occurs for semimetal Bi and Sb
contacts.
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Fig. S9. Tunable hydrogen-bonding enhanced contacts in Ti;C,0,F,(OH),...,/, MoGe,;N, junctions.
The relaxed lattice structures, electronic structures, and plane-averaged electrostatic potential along the z-
direction of the junctions are shown from left to right. The Fermi-level is set to zero. The Ti;C,O(OH)
and Ti;C,F(OH) with surface hydroxyl content of 50%, and Ti;C,O;s5(OH),s with surface hydroxyl
content of 25% are shown from top to bottom. As the surface hydroxyl content decreases the tunneling

barrier height brp rises accordingly.
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Fig. S10. Quantum transport properties of 5-nm MoGe,N; FET with double-side Ti;C,(OH),
contacts. Projected local density of states (PLDOS) and transmission spectrum (including two spin
channels) are shown on the left and right respectively. The Fermi-level is set to zero. The lateral Schottky
barrier for double-side contacts is about -0.46 eV, which is consistent with the value for single-side
contacts. Ultra-sharp contact interfaces indicate the damage-free properties of hydrogen-bonding contacts
Transmission spectrum shows the existence of nearly-perfect conducting channels near the Fermi-level,
showing good Ohmic contact properties.
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Fig. S11. Comparison of transmission spectra between MoGe,N, FETs with hydrogen-bonding
contact and with fully ideal contact. Due to the energy band bending and the enhancement of the hole
Schottky barrier, the transmission gap of the hydrogen-bonding contact is broadened compared to the
ideal transmission spectrum. The green and orange dashed lines indicate the Fermi energy levels at carrier
concentrations of 5x10'2 cm and 5%10'3, respectively. The transmission spectrum near the bottom of the
conduction band of hydrogen-bonding contact perfectly reproduces the ideal ballistic transport spectrum.
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Fig. S12. Performance comparison between Ti;C,(OH),/MoS,, (top), Nb,C(OH),/MoS, (middle),
and Ta,C(OH),/MoS, (bottom) contacts. The relaxed lattice structures, electronic structures, and plane-
averaged electrostatic potential along the z-direction of the junctions are shown from left to right. The

Fermi-level is set to zero. All three systems form N-type Ohmic contacts and have clean interfaces
without MIGS.

13 /37



Zr,N(OH), n R — " Bl
IMosS, : 7 {’ o=
= 30

1 TN e Y
% - — | = EH
:o W e W .. 5
: g 3
w <

!
=
=)

NN = | -

M K M -0 -3 -20 -10 0 10

Electrostatic poteneial (eV)

DOS (ev™)
0 2 4 6
3 H
/ 40 B
N /i . ]
2 /’\
\ /
30
1 c ~ as_
% =Y 1
= Fermi level = -
o & (O ... 52 &
3
2 ! g by
L - S

-
o

—

-

M -40 -30 -20 -10 O 10
Electrostatic poteneial (eV)

<
W/
/

DOS (ev)
0 2 4 6
e '
Hsz(OH)2 \ Lﬁ?\; 40 E’i
/MoS > A j e
? AN = "
}\, 3 — = d
{ g = g 3
‘\" ‘é\\ 5 o e — el 2
e [ [+ = 10
AR -2 T
OO¢ WD
g r K m _a0 “h -0 -lo & 10

Electrostatic poteneial (eV)

Fig. S13. Performance comparison between Zr,N(OH),/MoS,, (top), Nb,C;(OH),/MoS, (middle),
and Hf,N(OH),/MoS; (bottom) contacts. The relaxed lattice structures, electronic structures, and plane-
averaged electrostatic potential along the z-direction of the junctions are shown from left to right. The
Fermi-level is set to zero. All three systems form N-type Ohmic contacts and have clean interfaces
without MIGS. The hydrogen-bonding formed in Hf;,N(OH),/MoS, has the closest contact.
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Fig. S14. Quantum transport properties of 5-nm MoS, FET with double-side Ta,C(OH), contacts.
PLDOS and transmission spectrum (including two spin channels) are shown on the left and right
respectively. The negative lateral Schottky barrier means that the Schottky-barrier-free transport is
achieved. The dispersed electronic states around the interfaces are due to the presence of unsaturated
bonds at the interruption of the Ta,C(OH), lattice. Due to the energy band bending and the enhancement
of the hole Schottky barrier, the transmission gap of the hydrogen-bonding contact is broadened
compared to the ideal transmission spectrum. The green and orange dashed lines in transmission spectrum
diagram indicate the Fermi energy levels at carrier concentrations of 5x10'2 cm and 5x10'3 respectively.
The transmission spectrum near the bottom of the conduction band of hydrogen-bonding contact perfectly
reproduces the ideal ballistic transport spectrum.
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Fig. S15. Quantum transport properties of 5-nm MoS, FET with double-side Hf,N(OH), contacts.
PLDOS and transmission spectrum (including two spin channels) are shown on the left and right
respectively. The negative lateral Schottky barrier means that the Schottky-barrier-free transport is
achieved. The dispersed electronic states around the interfaces are due to the presence of unsaturated
bonds at the interruption of the Hf,N(OH), lattice. Due to the energy band bending and the enhancement
of the hole Schottky barrier, the transmission gap of the hydrogen-bonding contact is broadened
compared to the ideal transmission spectrum. The green and orange dashed lines in transmission spectrum
diagram indicate the Fermi energy levels at carrier concentrations of 5x10'2 cm and 5x10'3 respectively.
The transmission spectrum near the bottom of the conduction band of hydrogen-bonding contact perfectly
reproduces the ideal ballistic transport spectrum.
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Fig. S16. vdW contact between doped graphene (Gr) and MoS,. (a) Slab model for Gr/MoS,
heterojunction and equilibrium spacing distance. (b) Projected energy bands of Gr/MoS, heterojunction.
The contribution of MoS, is projected in red and the contribution of Gr is projected in blue. The doping
concentration of the doped Gr is 3x10'* e cm™. (c) Electron Schottky barrier as a function of doping
concentration of Gr. (d) Plane-averaged electrostatic potential along the z-direction of the Gr/MoS,
heterojunction. (¢) PLDOS of 5 nm MoS, FET with 2 nm doped Gr (n = 3x10'* ¢ cm?) contact. The
carrier concentration of MoS, is 3x10!3 ¢cm™.
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Fig. S17. Comparison of the contact resistance as a function of gate-induced carrier concentration
of Ti;C,(OH),/MoGe,N, based long-channel FETs with short-channel FETs with 5-nm channel
length. Lower contact resistances in short-channel devices due to the heavy doping effect of Ti;C,(OH),

electrodes.
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Fig. S18. Relaxed lattice structures of various hydrogen-bonding M/S junctions. The M/S junctions
are constructed by stretching the metal layer to match the lattice constant of semiconductor, and the lattice
mismatches are all less than 5%.

19/37



TizC,(OH),/WGe;N, V;C{OH),/MoSi,N, Ti;C5(0OH),/ZrSi;N, Ti;C;(0OH),/GeS
E 1 & 40 &
0 a0-
30
30- B
2 2 = = _ F £ %
5 i £ £ H 5204 -
2 £ o 220 . 5 g 8
s 3 E LI ;o 3 3
10 < 10 = 5 104
: 0 ] ;
40 -3 -1 -0 o 10 0 30 - - o 1 a0 -30  -20 " -lo 10 -a0  -30 -0 -10 10
Electrostatic poteneial {ev) Electrostatic poteneial {eW} . Electrostatic potensial (eV) Electrostatic poteneial (eV)
TiyC,(OH),/AIN Ti;C,(OH),/GaN Ti3C,(OH),/Ti,CO, Zr,C(OH),/WSe,
o —_ 40 i
3 & T
i 40- H
0 30 i 30
30- ;
— = i T F £
=20 220 = L] Z20
£ £ £20 N E
g H & E z
§ g g re 3
10 —— 10
10 i W
0 0 s o

ety o} s S i
-40 -30 -20 -10 0 10 -a0 -30 =20 ~-10 o 10 —40 -30 -20 =10 0 10 -40 -30 -20 -10 0 10
Electrostatic poteneial {eV} Electrostatic poteneial (V) Electrostatic poteneial (eV) Electrostatic poteneial (ev)
Ti,C,(OH),/Al,0, TisC,(0H),/In,0, TisC,(OH),/Cro, Ti;C,(OH),/GeSe
- & il i - El - &
30 30 : 30 30- J
_ _ p P s g = T
T = _— S —_— o g _—
£ 20 S20 e £20 S— ~ £20 —_
e E T %= g D g R
g 5 —_ e S —=" " o 3 T
10 10 — 10 l 10 j
a 0- o o
H ) - _—
-40 -30 -20 -10 o 10 -40 -30 -20 -10 a 10 —-40 =30 -20 -10 10 =40 =30 -20 -10 0 10
Electrostatic pateneial (@V) Electrostatic poteneial (ev) Electrostatic poteneial (eV) Electrostatic poteneial (eV)
TiaCo(OH),/Si,F, TiyC,{OH),/ZrCl, Ti5C,(OH),/MoS,
E E E
40 40 40
30 ‘ 30 30
- s - - s
= _——— i g = = i
S——t < - 43
g0 — 5 §20 g0 =R
K = K] K] - ——F 2
10 W 104 10 Tt
a 0 0
-0 -3 -20 -6 0 10 -0 <30 -0 -0 0 10 —a0 <30 - <o 0 w0

Electrostatic pateneial (eV) Electrostatic poteneial (eV) Electrastatic poteneial [eV)

Fig. S19. The plane-averaged electrostatic potential along the z-direction of various hydrogen-

bonding junctions. The tunneling barrier height Prp is marked in the figure. The Fermi-level is set to

zero. Hydrogen-bonding contacts exhibit high tunneling efficiency due to the small tunneling barrier.

20/37



TisCo(OH)/WGE;Ngoy 05551 2o VoC(OH)/MOSIN o P2 TI3C2(OH)2/ZrS|2N40 posevhy
20 ~
W b 7 - — T 74\

10 - " ==
— HY/N = DN
— 0.6 : P (_E 0.0 1= Lo ;_—.

g g g
z = i level = o Fermi level = + Fermi level
% et & =06 . & -10
-12 ; -151 3
-10 e il il e o
-15 — -24 /\ /\ T\ -25
{ / 7 A
-2.0 /’.‘\ -3 - e _3 7 y
i DOS (ev1) i DOS (V1) i i DOS (V')
TisCo(OH),/AIN 6o o5 @58 15 20 TC(OH)/GaN oo o5 8™ ss 20 TisG(OH),/Ti,CO0  , *2670 5 4
2 — — : Y
- 52 e \ - — 5= — \ / e
_;ﬁ ?\ j _JS//&. L ——— i \
(N ["{7 il (\'-;/ y '-u"i‘f \ v / S i —]
10 7
r & - Fermi level o ! —
s - Ferm level s I e : 2 e
» s — ni=0 2 Nlm1 - Fermi level
B — =1 3 i Fe g™ —— semiconductor
2 el 2 Gal=1 &
5 = & -2 — Ga:l=2 =05
-3 / 2 r —af Y A -10
N\ / N g asd =
] S - —
e e S— AN — KN
= /\-\7 — \ i | — -2 L—;
K K M M

2T|3CZ(OH) JALO,e 2 PEET S, TisCo{OH) /N0 0 2 ™86 o TisCOH)/CrO,, 227

1.0

A = 0.5 s
~ N, o ?.:.F— S : i \ i
= e e Fermi level pa \ Fermi level > — - Femi re:e\
> -1 \ & —— semiconductor
B sriconducee|| B / T oot B
il g : o
= H %

L

N

M

M M M

TI3C2(0H)215|2F2n M L TI;CZ OH);IZrCIz o L) 6 TI3,C2(OH)2.(MOS20
2 20 /? \\‘ #

.‘-_- N\

15 ',’ A 21\
I, .

1
_ _ o5 — 724
B s B | 2
= z o T Fermilevel > 0o
3 3 00 fe=========__ cemiconductor *| g
g 5
i i &

|
&

|

— -3

M K M

DOS {ev-1) DOS (eV!)
SR TI3C2(OH)z/GeSeu AT
24 —
18
12 =
o —
—_
= = | -
< Fermilevel
g B oo g B
5 5 g
5 -1 & -0.6 &
-1.2
2 \ -18
-2.4 e e
-3 > = -3 ’ |
M M r K

Fig. S20. The Detailed electronic structures of various hydrogen-bonding junctions. The projections
of semiconductor are marked in red in the band structures and PDOS. The Fermi-level is set to zero. All
combinations form N-type Ohmic contacts and have clean interfaces without MIGS.
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Fig. S21. Relaxed lattice structures of various dehydrogenated MXenes and hydrogen-bonding M/S

junctions. Each model contains four H, molecules. The H-H bond length of the H, molecule is calculated
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Model C -56082.75609 0.85045

Fig. S22. Relaxed lattice structures of Ti;C,(OH),/MoGe,N, heterojunction (model A) and its two
dehydrated products (Model B and C). The table below shows a comparison of the energies of the
three models.
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Fig. S23. Effect of electric field on diffusion barriers. (a) The slab model of WSe,/Zr,C(OH), that takes
into account the action of the electrostatic field. (b) Calculated diffusion pathways for one H-atom
transferred from Zr,C(OH), to WSe, as a function of electric field strength. (c) Calculated energy
difference (Eena-Einiia) for the transfer process of one H-atom as a function of electric field strength. (d)
Calculated diffusion barriers for one H-atom transferred from Zr,C(OH), to WSe;, as a function of electric
field strength. The results show that electric fields in the range of -0.1 V/ A to 0.1 V/ A have a limited
influence on the diffusion barriers of H atoms, whereas the electric field strength of a practically operated
2D transistor is about 104-10- V/A.

24 /37
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Fig. S24. Geometric and electronic structures of (a)-(c) Hf,N(OH),/MoS, and (d)-(e)
Zr,C(OH),/WSe, heterojunctions after H-atom transfer occurs. The heterojunction is modelled as a
supercell containing 4 MoS, (WSe,) and 4 Hf;N(OH), (Zr,C(OH),), where an H atom is transferred from

MoS, (WSe,) to Hf;N(OH), (Zr,C(OH),). The projected energy bands and projected density of states
indicate that MoS, (WSe,) adsorbs an H atom and thus transforms into a semimetal.
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Fig. S25. Evolution of interfacial spacing with time for two typical hydrogen-bonding
heterojunctions at different temperatures. (a) Interfacial spacing of MoGe,N4/Ti;Cy(OH), and
MoS,/Hf,N(OH), as a function of time at 300 K. (b) Interfacial spacing of MoS,/Hf,N(OH), as a function
of time at 300 K and 350 K, respectively. (c)-d) The interfacial S-atom z-axis coordinates, H-atom z-axis
coordinates, and minimum interfacial spacing of MoS,/Hf;N(OH), as a function of time at 300 K (c) and
350 K (d) respectively.
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Fig. S26. Geometric and electronic structures of (a)-(c) Hf,N(OH),/MoS, and (d)-(e)
Zr,C(OH),/WSe, heterojunctions after H-atom transfer occurs. The heterojunction is modelled as a
supercell containing 4 MoS, (WSe,) and 4 Hf;N(OH), (Zr,C(OH),), where an H atom is transferred from

MoS, (WSe,) to Hf;tN(OH), (Zr,C(OH),). The projected energy bands and projected density of states
indicate that MoS, (WSe,) adsorbs an H atom and thus transforms into a semimetal.
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Fig. S27. Training and testing of machine learned moment tensor potential for
Tiz;C,(OH),/MoGe,N; and Hf,N(OH),/MoS,. The total number of samples is slightly more than 200,
where the ratio of training set to test set is 4:1.
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1. Single-side contact device model
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Fig. S28. Schematic illustration of calculating contact resistance (RC) using single-side contact

device model. The single-side contact device model contains the source of the MXene top contact, the

scattering region, and the perfect doped semiconductor drain. The MXene contact derived Re is therefore

calculated by subtracting the total device resistance R ey from the contact resistance at drain, which is

obtained from a perfect doped semiconductor device.
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Supplementary Tables

Different stacking configurations for Ti;C,T,/MoGe,N, junctions

Configurations AA AB AC AA* AB* AC*
E) -95.80 -67.89 -75.80 -96.52 -6841 -59.12
Ti3C2(OH)2/ MOGezN4
djp 1.77 2.01 1.83 1.76 2.01 1.83
E, -41.16 -58.60 -57.18 -38.17 -60.47 -42.88
Ti3C202/ MOGe2N4
dip 2.88 2.40 2.40 2.86 2.37 2.50
E, -35.49 -48.73 -50.06 -50.85 -50.83  -47.40
Ti3C2F2/ MOGezN4
dip 2.83 2.38 2.30 2.33 2.34 2.36

Table S1. DFT calculated binding energy (E by and

configurations for Ti;C,T,/MoGe,N, junctions. The unit of E, and

interfacial distance (dID) of different stacking

d

The junction area 4 is 7.93 A2. The most stable configurations are marked in bold.
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Conventional metal/MoGe,N, contacts

Metal Au Ag Cu Pd Ti Sc Pt
ap, 4.149 4.147 3.621 3.890 2.938 3.395 3.917
(hy,hyhs) (111) (111) (111) (111) (0001) (0001) (111)
Any/s 3.026 3.026 5.242 5242 3.026 6.053 8.007
W, 5.09 4.33 4.83 5.27 4.48 3.40 5.68
£(%) 3.15 3.21 2.37 4.73 3.01 2.93 3.65
E, -64.51 -89.51 -88.27 -83.17 -159.83 -137.80 -57.01
dip 2.66 2.56 2.28 2.60 2.18 2.05 2.84
brp 2.69 2.09 1.96 2.83 0.17 0 3.98
Wpg 1.05 0.95 0.85 0.99 0.21 0 1.32
AV -0.07 0.48 -0.03 -0.42 0.88 1.77 -0.11
¢n -0.21 -0.25 -0.21 -0.06 -0.26 -0.34 0.27
b, 0.99 1.02 1.03 0.93 1.29 1.25 0.72
E, 0.78 0.77 0.82 0.87 1.03 0.91 1.00

Table S2. DFT calculated interfacial quantities for conventional metal/MoGe,N, contacts. %m and

%m/s are the lattice constants of the primitive cell of various metals and the constructed M/S

hyhs)

heterojunction, respectively. (hl’ is the crystalline index of contact surfaces of the metals, which is

chosen due to low surface free energy and thermodynamic stability. W is the work function (in the unit

of eV) of freestanding metals, which is calculated by the slab model using the ghost-atom method. € is the

strain applied to the metal to match the lattice of the semiconductor. E) is the binding energy (in the unit
of meV/A?) of M/S junctions. dip is the interfacial distance (in the unit of A) of M/S junctions. b5 and

Wp are the tunneling barrier height (in the unit of ¢V) and width (in the unit of eV), respectively. The
31/37



interface dipole AV =Wim = Wys (in the unit of eV) is the result of charge redistribution at the M/S
interface, where WSIm and WmIS are the work function of semiconductor surface covered with metal and

metal surface covered with semiconductor, respectively. Pn and bp are the Schottky barriers (in the unit

of eV) for electrons and holes of the M/S junctions, respectively. Eg is the band gap (in the unit of eV) of

the semiconductor covered with metal.
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Clean contacts in 2D/, semimetal/, and Ti;C,To/MoGe,N, junctions

Metal ~ NbS, NbSe; Gr Bi Sb Ti;C,(OH), TiC,F, Ti;C;0,
A 3345 3474 2466 4593 4348 3.092 3.079 3.039
(hphyhs)  (0001)  (0001) (0001)  (0001)  (0001) (0001) (0001)  (0001)
/s 9.079 6.053 9.079 8007  9.079 3.026 3.026 3.026
W 591 548 452 401 4.16 0.83 4.86 6.21
(%) 258 058 237  0.64 4.40 2.13 1.73 0.42
E, 2859 3461 -1752 2155  -17.14 -96.52 5085  -60.47
dip 305 308 319 324 3.16 1.76 2.33 2.37
Prp 526 480 421  3.65 3.81 1.14 3.86 4.69
Wy 188 1.80 177 178 1.77 0.77 1.30 1.37
AV 030 -0.03 028 075 0.60 3.50 0.30 -0.58
b, 085  0.65 009  -0.08 -0.05 -0.46 0.27 0.8
¢, 003 023 083 106 1.01 1.44 0.63 -0.09
E, 088 088 092 098 0.96 0.98 0.90 0.71

Table S3. DFT calculated interfacial quantities for clean contacts in 2D/, semimetal/, and
Ti;C,T2/MoGe,N, junctions. The terms follow the same definition as that of Table S2.
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Metal Au(111) Ag(111) Cu(111) Pd(111) Ti(0001)  Sc(0001)  Pt(111)

Theogy 1711 2445 2958  18.15 91.60 100.00 6.73
pr 0.079 0057  0.043  0.068 0.012 0 1.20
Metal ~ NbS,  NbSe, Gr  Bi(0001) Sb(0001) Ti;C,(OH), TisC;F; TisC,0,
Toopy 121 1.78 2.42 3.07 2.90 43.37 730 478
pr 3.93 2.89 2.44 2.26 2.27 0.035 121 1.22

Table S4. DFT calculated interfacial tunneling efficiency for metal/MoGe,N, contacts. Tg is the

tunneling probability across the interface estimated by using the rectangular barrier approximation. Pr s

the tunneling-specific resistivity (in the unit of 10~° Q-cm?) estimated by using the Simmon’s model (see
Methods).
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Hydrogen-bonding contacts in MXene/MoS, junctions

M/MoS,  TizC,(OH),  Nb,C(OH), Nb,C3(OH), Ta,C(OH), Zr,N(OH), Hf,N(OH),

Ay, 3.092 3.214 3.171 3.202 3.283 3.266
Ay /s 3.182 3.182 3.182 3.182 3.182 3.182
W, +AV 4.10 (4.14) 4.08 3.95 4.14 3.97 4.01
&(%) 2.83 (2.43) 0.99 0.35 0.62 3.08 2.57
E), -59.97 (-61.48) -71.20 -68.87 7447 71.63 78.07
dip 2.18 (2.21) 2.09 2.10 2.04 2.08 2.03
brp 2.06 (2.06) 1.73 1.80 1.55 1.66 1.45
W 1.77 (1.77) 1.03 1.08 0.98 1.01 0.89

Tpos) 7.40 24.85 22.68 28.52 26.36 33.35

Pr 2.28 0.067 0.075 0.058 0.063 0.047

¢n -0.07 (-0.07) -0.15 -0.16 -0.13 -0.15 -0.13

b, 1.85 (1.80) 1.86 1.87 1.85 1.87 1.85

E, 1.78 (1.73) 1.71 1.71 1.72 1.72 1.72

Table S5. DFT calculated interfacial quantities for various MXene/MoS, junctions. The terms follow
the same definition as that of Table S2 and S4. The lattice constant and work function of monolayer 2H-
MoS, is calculated as 3.182 A and 4.89 eV. The results calculated in this work by using the LCAO-
PseudoDojo method in QuantumATK are in good agreement with the reported values (marked with
parentheses) in ref. 23 by using the plane wave basis set combined with the projected augmented wave
(PAW) method in VASP. Notably the phonon band structure indicates that Nb,C(OH), and Ta,C(OH),

are predicted to be dynamically unstable. Pr of Hf,N(OH),/MoS; is the smallest, corresponding to the

smallest vdW gap.
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Hydrogen-bonding contacts in various 2D M/S junctions

M/S TisC(OH), TisCo(OH), TizCo(OH), Tiz;C,(OH), Ti;C(OH), Ti;Cy(OH), TisCy(OH),
/WGe;N, /ZxSi;)N, /AIN /GaN /Ti,CO, /ALO, /Mn,0,
ag 3.026 3.040 3.130 3.224 3.032 2.955 3.451
Wy 4.97 6.18 3.64 4.18 5.91 4.43 6.51
X 4.35 5.38 1.85 3.03 5.75 3.79 6.31
A/ 3.026 3.040 3.130 3.224 3.032 2.955 5.978
(%) 2.13 1.67 1.23 2.08 1.94 2.26 3.33
dip 1.80 1.67 1.94 1.91 1.40 1.71 1.40
AV 3.13 4.51 1.01 1.43 5.13 2.67 4.10
brp drg 1.10,0  1.63,0.50 0,0 0.22,0 2.48,0 1.19,0  1.84,0.34
WgWs  0.77,0  0.85,0.34 0,0 0.36, 0 1.5,0 0.79,0  1.11,0.27
Tpo4) 43.73 25.64 100 84.14 8.87 41.52 25.96
Pr 0.035 0.056 0 0.020 1.95 0.037 0.092
n -0.29 -0.05 -0.41 -0.76 -0.26 -0.29 -1.31
g 1.26 1.76 3.68 2.84 0.34 1.35 0.43
M/S Ti;C,(OH), Ta,C(OH), Ti;C,(OH), Ti;C,(OH), Ti;C,(OH), V,C(OH), Zr,C(OH),
/CrQO, /Si,F, 1ZxCl, /GeS /GeSe /MoSi;Ny /WSe,
ag 2.620 3.965 3.412 3.488 3.664 2.913 3317
Wi 7.19 6.17 3.59 4.98 4.82 4.64 4.24
X 6.99 5.77 3.10 3.74 3.67 3.79 3.44
Qs 5.239 7.930 5.910 6.042 6.264 2.913 3.317
(%) 2.17 3.07 4.43 2.30 1.29 2.97 0.02
dip 1.52 1.41 1.99 1.94 2.01 1.85 2.26
AV 5.57 4.55 2.21 2.60 2.71 2.48 2.47
brp g 2.55,0.61  1.80,0.50 0.86, 0 1.89,0  1.82,037  0.60,0 1.63, 0
Wy W,  1.03,045 091,034 0.76, 0 1.05,0  1.11,029  0.57,0 1.12, 0
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TB(%) 13.28 22.46 48.60 22.90 17.23 63.48 23.04

Pr 0.091 0.063 0.036 0.071 0.093 0.024 0.080
b -0.30 -0.78 -0.05 -0.42 -0.42 -0.32 -0.07
g 0.52 0.61 0.83 1.98 1.43 1.71 1.57

Table S6. DFT calculated interfacial quantities for various 2D Hydrogen-bonding M/S junctions. s

is the lattice constant of the primitive cell of various semiconductors. WS, and X are the work function and

electron affinity of the semiconductor, respectively. The terms follow the same definition as that of Table
S2 and S4. In some systems the hydroxyl group in MXene forms an additional intralayer tunneling barrier

(¢TB ’ WB) (Fig. S19) due to tensile strain during heterojunction construction, which can essentially be

removed in a larger model. Here, the total tunneling probability Tp is calculated as the product of these

two tunneling probabilities.
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