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Supplementary Note 1. EDS mapping image obtained via cross-sectional transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) and

measurements for Mn and Mn/Au films.

In order to check the oxidation problem in our vacuum condition, 10 ~®~10 —7 torr, for the
metal deposition, we prepared a series of samples for energy dispersive spectrometry (EDS)
mapping by cross-section TEM and for the X-ray photoelectron spectroscopy (XPS)
measurements. For the case of TEM, Fig. S1(a) shows EDS mapping image of 10 nm-thick
edge contacted MoS, device with Mn/Au (10 nm / 60 nm). It is clear that Mn makes a major
contact to the edge of MoS, and the top surface of the bottom BN whose portion remains
unetched. One notable thing is that the rich Mn atoms diffuse into the Au region. Next, we
note the two things in Fig. S1(a). First, the number of Oxygen atoms decreases gradually
from bottom (Mn metal) to top (Au metal). Second, Mn atoms highly outnumber oxygen
atoms in the region of interest. These two results imply that Mn is partially oxidized near the
junction.

To confirm further with XPS measurement with a few nm thick Au deposition, we prepared
4 samples; i.e., first 15 nm-thick Mn film, and next three samples having different Au
thickness from 1 to 5 nm deposited on top of 15 nm-thick Mn film for passivation in situ
within the chamber. All samples were exposed to the air after the metal deposition, and XPS
was measured. In Fig. S1(b), we show four samples, only Mn and Mn with 1, 3, and 5 nm-
thick Au on the top. All samples share very similar features. We note that the bare Mn metal
is still preserved with a metal peak around 638.9 eV. Mn atoms are partially oxidized by the
native oxides as a clear signature of MnO satellite peak near 647 eV. Pure Mn atoms are still
observed even at further deposition of Au up to 5 nm Fig. S1(b). Au deposition at lower
thickness like 1 nm could be agglomerated to nanoparticles.

In general, MnO has a cubic rock salt structure. In this case, it shows the insulating behavior
with ~ 3.9 eV band gap for the antiferromagnetic phase'- 2. Still, our experimental results for
the devices with both Mn-top and -edge contacts exhibit the relatively high output current and
dominant n-type characteristics, implying the dominant presence of Mn metal. We believe
that pure Mn plays a major role for the charge injection at the interface. The similar result
was reported for Cr, highly feasible to the partial oxidation of Cr metal, which is preserved at

the interface of Cr and MoS,.3



We conclude that even at a few nm-thin Au, Mn could be partially oxidized in the worst
scenario but pure Mn metal is still preserved, and in our case of 60 nm-thick Au, pure Mn

metal is well dominantly preserved in our device
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Fig. S1. (a) EDS mapping image by cross-section TEM for 10 nm-thick edge contacted

device with Mn. (b) XPS spectra of Mn2p for various Au thickness on 15 nm-thick Mn. (c)
XPS spectra of Mn2p for the sample of 5 nm-thick Au film on Mn.



Supplementary Figure 2. Ins—Vgg characteristics of TCMs of Mn and Au contacts.
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Fig. S2. Ips—Vpg characteristics of TCMs of Mn and Au contacts. (a) Schematic of the top-
contacted multilayer MoS,. (b, ¢) Ips vs. Vg characteristics for TCM with Mn (b) and TCM

with Au (c) for selected drain voltages at room temperature.



Supplementary Note 2. Annealing effect on Ips-Vgg characteristics of ECM with Au.

The transfer characteristics of devices are often changed after annealing. To see this effect,
we fabricated ~12 nm-thick MoS, device with Au-edge contacts, and measured the transfer
characteristic before and annealing. Annealing was performed at 150 “C for 2 hours in high
vacuum. As shown in Fig. S3, the hole transport is suppressed while electron transport is
enhanced after annealing. Thus, the dominant carrier transport, either holes or electrons, in
transfer characteristics does not come exclusively from the thickness issue. We suspect that
the fluctuation in transfer characteristics can occur due to the different contact or channel

quality, which likely occurs during the device fabrication.
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Fig. S3. Ips-Vpg characteristics of ~ 12 nm-thick MoS, devices with Au-edge contacts,

measured at Vpg = 0.1 V. Annealing was performed at 150°C for 2 hours in High vacuum.



Supplementary Figure 4. Ins—Vgg characteristics of ECM with Cr
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Fig. S4. Ips—Vpg characteristics of ECM with Cr. Ips-Vpg characteristics of ECM with Cr
with different flake thicknesses. The thicker device (9.8 nm-thick) shows weak ambipolar

characteristics.



Supplementary Note 3. Calculation of band-bending profiles of MoS, modulated by the
dipole pinning charges for the Au contact depending on the contact geometry;

ECM/TCM, and carrier concentration.

We calculate the final band bending profile, Vg a(X), at the junction by summing the
electrostatic potential curve, Vigea(x), derived from Poisson’s equation, and the dipole
potential curve, Vpipole(X, t), at the interface between Au and MoS,,

VEian1(X) [V] = Vigeal(¥) + Vbipole(x, t) [V] (1)
where x is the displacement from the interface at junction toward MoS, channel. Poisson’s

equation can be phenomenologically approximated for ECM and TCM with Au as,*

(x— Vl/clmax)2
@Vigeal(®) [eV] = qVp———+ (Ec — E) [eV], x<Wq (D)

Here, qVp is the contact potential,

qVp [eV] = (¢pm —X) — (Ec — Er) [eV] (3)
For ¢, — X, ¢m =5.1eV for work function of Au and x = 4.0 eV for electron affinity of
MoS,.> E¢— Efis energy difference between conduction band minimum and Fermi-level of
MoS; in the channel region of MoS,. We used E¢— Er=0.1eV for n-doped multilayer
MoS, and E¢;—Er=0.6eV for intrinsic multilayer MoS;. Wg4nax 1S the maximum

depletion width in MoS, and,

2emos,Vp

(4)

W dmax = qNap

Where, &y, is the permittivity of MoS,, and it ranges from 4 to 10 depending on sample
thickness.® ngp are the carrier density in three-dimension (3D).

Pinning charges are modelled as a dipole in two-parallel rectangular contact width (W) X
sample thickness (¢) for ECM and contact width (W) X transfer length (/1) for TCM with a
separation of d. We choose material thickness, t =10 nm, I, =1 um, and W = co. Then,

the energy of dipole potential toward MoS, channel (x- and y-axis) by pinning dipole charges,

qVpipole(x, t), can be expressed as,
AV bipete(, £) [eV] = (B - dx + [, iE - dx)[eV] (5)

where, E(x) is the electric field due to dipole sheet along the x-axis expressed as,



E(x) = o "2 (72— (6)

T Amemos, ) —w/20 —t/2(x? 4 y? 4 72)*2

where, ¢ 1is the pinning charge density on dipole sheet, and can be expressed in terms of the

number of pinning charges per a single sulphur atom; n. can be represented as,
4q C
Op = 4.c XMe =17 [—] X n. for edge contact (7)

C
or = Lﬁ Xne=19[ 3] xn, for top contact (8)
RN

where, a-c in Eq. S7 is the unit surface which contains four-sulphur atoms for ECM and a

3
-%a in Eq. S8 is the unit surface which contains a single of sulphur atom for TCM. The

lengths are a = 0.31 nm, ¢ = 1.21 nm.” For this purpose, we choose d = 0.32 nm.°



Supplementary Figure 5. Band-bending plot for the intrinsic ECM with respect to the

distance from the contact to the MoS, channel with an increasing n,
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Fig. S5. Band bending plot for intrinsic ECM as a function of distance from contact to MoS,
channel with increasing n.. Band bending plot for intrinsic ECM as a function of distance
from the contact with increasing n.. The Fermi-level pinning is almost negligible owing to the

large depletion width.



Supplementary Figure 6. Band-bending plots for the TCM and ECM with respect to the

distance from the contact to the MoS, channel with an increasing n..
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Fig. S6. The band bending plots for TCM and ECM as a function of distance from contact to
MoS, channel with increasing n.. (a-f) Band bending plots for ECM (blue curve) and TCM

(red curve) with different n, values from 0 (a) to 0.28 (f). As n,, increases, Schottky barrier

height decreases toward to charge-neutrality level, i.e., Fermi-level pinning effect is stronger.

Particularly, perfect Fermi-level pinning for TCM (red curve) occurs at n = 0.28 (f).
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Supplementary Note 4. Fermi-level pinning in the TCM for various values of L.

The transfer length is determined as Lt = ./Pct/pg, , where pg is the contact resistivity and
psh 1s the sheet resistivity of MoS; in the contact with a metal. Thus, in general, the better the
contact quality is, the shorter the transfer length is. Of course, Lt is also the function of pgy,.
Thus, the reliable determination of Lt is not a trivial task. In previous report, Lt ~40 nm
has been extracted, in which the contact quality has been improved with a metal deposition in
a ultra-high vacuum (~ 10 =2 torr).

As we show in Fig. S7, the FLP effect is in a slight change with Lt down to 100 nm (Fig.
S7 (a) and S7 (b)), but its change becomes noticeable for Lt~ 40 nm (Fig. S7 (c)). This
change appears apparently in the resultant peak of the Schottky barrier height as a function of
ne, as shown in Fig. S7 (d). So, the FLP effect becomes weaker with Lt ~ 40 nm for the
same n.. However, we note that we would expect higher charge transfer for the better contact,
compromising the FLP effect.

More importantly, as we argue in the manuscript, the FLP effect is highly dependent on the
doping level. As it is more doped, the depletion width is narrower, allowing easier
modulation of the Schottky barrier by pinning charges, and thus stronger FLP occurs. This is
the reason most MoS, with top contacts exhibit n-type characteristics, i.e., the top surface of
MoS, exposed to the air is highly n-doped.® From this result, we also argued in the conclusion
of the manuscript that if the top surface of MoS; is kept from the extrinsic doping so that it is

close to the intrinsic, the type conversion in MoS, with top contact would be possible.
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Fig. S7. (a-c) Vina at various n. and nsp = 3.5 x 107 cm3® for TCM of Lt =1 pm, 100 nm,

and 40 nm, respectively. (d) Schottky barrier heights determined from the potential peaks as a

function of n, for Lt =1 pm, 100 nm, and 40 nm.
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Supplementary Figure 8. Extraction of the Schottky barrier height for monolayer-thick
ECM with Au

Monolayer-thick ECM with Au contact

a b ==
290 k120 U STOV e
— | o4y
‘ 170 K7 15 h’q"“ -ll-/"': '1‘6'\}.' """" §-""TTTTTTT
30-K steps | 10 < s -26 “ec
=2 3 V,. =-30~70V, 20 V steps
J = 8 o8 BG : p
i @ = - =01V
] 05 a) i< _‘_‘D‘S..-.
V=05V _00 -30¢ V=30V "
L | . 1 L | | | | 1 L | L 1 1 L L
20 0 20 40 60 80 3.4 38 43 5 5.9
Vg (V) 1000/T (1/K)
c d _
2 100
Voo =10 Ve, o2 te om0 E .
027! ‘e ____.__!_:_—:‘,-:9-.-' IR =
I e £
o o et T | N :
2 921l .- = Fhermionic Tunneling
2 - L--~ © 0F
%) V. =70V a
0.18 prnm---e- RO S NN .. . = ¢ o o VIS
v =710V 5
. . . . . £ Fol . . . . .
0.0 0.1 0.2 0.3 0.4 0.5 5 40 -20 0 20 40 60
Vbs (V) Vie (V)

Fig. S8. Extraction of the Schottky barrier height for monolayer-thick ECM with Au.
Extraction of the Schottky barrier height for monolayer ECM with Au from thermionic
emission theory and Arrhenius plot. (a) Transfer characteristics at Vps = 0.1 with different
temperatures. (b) An arrhenius plot In(Ips/T3/%) vs 1000/T, for various gate biases Vpg.
(c) Extraction of ¢pg via the y-intercept values, i.e., zero Vpg limit. (d) Obtained Schottky
barrier heights ¢g as a function of gate bias. Only n-type characteristics is observed because
of sizable Fermi-level pinning effect in monolayer MoS,. Obtained Schottky barrier heights

shows a similar trend in Fig.4
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Supplementary Figure 9. Contact resistivity of a 4.6-nm-thick ECM with Mn as a

function of the gate bias
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Fig. S9. Contact resistivity of 4.6 nm-thick ECM with Mn as a function of gate bias. (a)
Schematics of four-probe measurement for ECM (above) and TCM (below). (b) Contact
resistivity for ECM and TCM as a function of gate bias. Contact resistivity of ECM is
significantly smaller than that of TCM. Inset is the device image; ECM (left) and TCM
(right). Dimension for ECM and TCM: Width for ECM; 2.4 um. Length (thickness) for
ECM; 4.6 nm. Width for TCM; 2.2 um. Length (Transfer length) for TCM; 1 um.
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Supplementary Figure 10. Schematic of the device fabrication process and optical
images of the ECM
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Fig. S10. Schematic device fabrication process and optical images of ECM. (a-c) Schematic
of fabrication steps. (a) Stacking heterostructure of h-BN-MoS2-h-BN by using a
conventional dry transfer method. (b) SF6 plasma etching for the edge contact. (¢) Electrode
deposition. (d) The optical image sample (left) and final device (right)
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