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Appendix A
Parameters of MOCVD Process for Epitaxial WSe2
A controlled layer-by-layer growth of WSe2, ranging from monolayer to three layers, was achieved by following the growth profile illustrated in Fig. A.1. Growths
were done at 700 Torr using H2 as a carrier gas, where W(CO)6 and H2Se precursors
are introduced separately into the cold wall vertical reactor chamber and their
respective flow rates controlled via mass flow controllers (MFCs). The optimized
condition for the growth was modified from our previously reported work [1]. In
order to achieve uniform deposition with complete coalescence over the entire

Fig. A.1 Optimized growth profile for MOCVD process of monolayer epitaxial WSe2 grown on
sapphire [2]
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substrate area, we introduce a step that combines seeding and annealing at 800 °C
where the substrate is exposed to partial pressures of ~2 × 10−3 Torr W-precursor
and 11 Torr H2Se for 30 s to 2 min, named “pregrowth seeding step.” Subsequently
the WSe2 is annealed in H2Se to allow the nucleated domain to grow further under
Se-rich environment. Also, such pre-annealing step at higher temperature acts as a
surface treatment on c-sapphire surface and promotes Se passivation of the sapphire, which further acts as bridge for epitaxy at 2D/3D interface (detail can be
found in main text). The number of layers was controlled by varying the seeding
time, 30 s (1L) to 2 min (3L), while keeping growth time 30 min unchanged. All
growths were done at 800 °C and 730 Torr total pressure with constant W:Se flux by
adjusting the W(CO)6/H2Se partial pressure individually for the following layer
number: 4.32 × 10−4 Torr/10.8 Torr (1L), 6.24 × 10−4 Torr/15.6 Torr (2L), and
7.68 × 10−4 Torr /19.2 Torr (3L). Growth profile in Fig. A.1 is representative of
deposition conditions for monolayer WSe2 film.
Theoretical Modeling
The density functional theory (DFT) calculations were performed with the Vienna ab
initio simulation package (VASP) [3]. The valence electronic states are expanded in a
set of periodic plain waves, and the ion-electron interaction is implemented through
the projector-augmented wave (PAW) approach [4]. The Perdew-Burke-Ernzerhof
(PBE) GGA exchange-correlation functional is applied in the simulation [5]. The
wave functions are expanded in plane waves with a kinetic energy cutoff of 400 eV. The
convergence criteria for the electronic and ionic relaxation are 1.0 × 10−5 eV and
1.0 × 10−4 eV, respectively. Integration over the first Brillouin zone is performed with
a Γ-centered 3 × 3 × 1 k-point mesh. A supercell consisting of 2 × 2 α-Al2O3 unit cells
and 3 × 3 1L WSe2 unit cells is built with a 4% strain on WSe2. A vacuum layer of
20 Å is added to the c-direction. To avoid long-range interactions between supercells,
a supercell consists of the surface and interface under study on both sides along the
c-direction. The proposed WSe2-sapphire interfaces based on the EDX data (Fig. A.2)
are shown in Fig. A.3. Except for the Al-terminated sapphire/WSe2 interface, gap
states exist within the bandgap of WSe2 after contact. Comparing the density of states

Fig. A.2 EDX and HAADF image captured from the same section during STEM measurement at
200 kV identify the distribution of W, Se, Al, and O [2]
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Fig. A.3 DFT modeling for 2D/3D interface. The proposed interface structures and their corresponding density of state (DOS) under different terminations: (a) Al-terminated (b) Al-Se-
terminated (c) O-terminated (d) Al-O-Se-terminated. The 0 eV is the valence band edge for an
intrinsic semiconductor [2]

of the gap states, the four interfaces are ordered as Al-O > Al-Se > Al-O-Se > Al. The
calculations indicate that the interaction (bonding) energy between WSe2 and the
Se-terminated sapphire surfaces (4.23 eV for Al-Se connection in Fig. A.3b and
2.6 eV for Al-O-Se connection in the d) lies between that of WSe2/Al-terminated
(0.04 eV) and WSe2/Al-O-terminated surfaces (5.4 eV). This relatively high interface
bonding energy between WSe2 and Al-Se connection also manifests itself mechanically, as we find that fully coalesced epitaxial WSe2 layers are more difficult to
mechanically transfer from the substrate than non-epitaxial WSe2.
Device Fabrication
Field-effect transistors were fabricated via standard photolithography to define
WSe2 channel dimensions, source/drain (S/D) contact electrodes, and side-gate
electrodes (Fig. 3.14). The 4.1 × 2.5 mm die layout employed in this work consists
of an array of FETs with channel width 24 μm and channel length ranging from
10 μm to 0.75 μm. With these die dimensions in mind, a 3 row × 2 column die layout
is used to cover a majority of the 10 × 10 mm sample surface. In our work, the gate
electrode is not directly deposited on top of the electrolyte-WSe2 FETs, and instead,
we utilize a side-gate geometry that establishes a lateral electric field in the
PEO:CsClO4 (PEO: poly(ethylene-oxide)) and drives the ions into place on the
WSe2 channel surface. All photolithography was carried out in a GCA 8500 i-line
stepper. WSe2 channels were isolated and etched via reactive ion etching in a Plasma
Therm PT-720 plasma etch tool using an SF6/O2/Ar gas chemistry at 10 mTorr and
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100 W for 30 s. Both 25 nm Ni and 10/10 nm Pd/Au source/drain metallizations are
carried out under moderate vacuum (~10−6 Torr) at 1.0 Å/s dep rate. Directly prior
to loading samples into evaporator for metal deposition and eventual lift-off, samples are subjected to a brief oxygen plasma treatment to remove photoresist residue
that remains on the WSe2 surface following photoresist development. This gentle
plasma treatment/surface prep is carried out in an M4L etch tool at 50 W and
500 mTorr for 45 s. Following this initial metal deposition, a second metallization
consisting of ~10 nm/150 nm Ti/Au is carried out to define the side gate and to
thicken source/drain pads for probing.

Appendix B
 omputational Methods for the Intrinsic Dipoles Between WSe2
C
and Graphene
The density functional theory (DFT) calculation is performed by Vienna ab initio
simulation package (VASP) [3] with the projector-augmented wave (PAW) method
[4]. The local density approximation (LDA) [6] is used to describe the exchange-
correlation functional with the partial core correction included. Spin polarization
and spin-orbit coupling are applied. The stable phase of the monolayer WSe2 is trigonal prism structure [7]. The optimized planar lattice constant of WSe2 is 3.25 Å,
and the optimized planar lattice constant for monolayer graphene is 2.45 Å. In order
to fit the lattice constant, a supercell with 3 × 3 WSe2 unit cells and 4 × 4 graphene
unit cell is used, and a compressive strain of 0.4% is applied to graphene, as the
electronic behaviors of TMDC are very much susceptible to lattice strain. The
supercell is shown in Fig. B.1a. The wave functions are expanded in plane waves
with a kinetic energy cutoff of 500 eV, and the convergence criteria for the electronic relaxation are 10−5 eV. Integration over the Brillouin zone is performed with
a gamma-centered 6 × 6 × 1 Monkhorst-Pack k-point mesh for ionic and electronic
optimization. A vacuum region of about 15 Å normal to the surface is added to minimize the interaction between adjacent slabs (Fig. B.1a). Dipole correction on the
stacking direction is used in systems to reveal the dipole within the two layers
caused by the Fermi-level alignment. The local density approximation (LDA) is
found to be suitable for studying the metal-TMDC contact [8]. The generalized
gradient approximation (GGA) [5] with the DFT-D2 method for van der Waals
(vdW) corrections [9] is also used to cross-check the structural accuracy. We find
that GGA results with vdW corrections are in overall agreement with LDA results.
Both the LDA method and the GGA + vdW method result in a similar structure with
a distance of ~3.5 Å between graphene and TMDC, indicating a secondary bond
interaction. The energy difference between the vacuum regions on the both sides of
the contact system is the dipole induced by the contact. The vacuum energy level
above WSe2 is 0.17 eV higher than that above graphene, indicating a dipole from
graphene toward the WSe2 (Fig. B.1b).
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Fig. B.1 (a) Plane averaged local electric potential energy of electrons along the stacking direction. (b) After dipole correction, a difference on vacuum energy above both sides of 0.17 eV is
observed (zoomed inset) [10]

Computation of WSe2 Doping Density and Charge Densities
and Dependence on Parameters
For the computation of charge transfer and band alignment, we take the doping
densities of EGPH and EGFH from our experimental values, as discussed in the main
text. Parameters in the computation are the electron affinities for monolayer and
bilayer graphene, with nominal values of 4.57 eV and 4.71 eV, respectively, as
known from prior experiments [11]. We take the sum of the electron affinity plus
bandgap of the WSe2, Χ WSe2 + Eg , to be an unknown in the computation, since a
value for this sum is not accurately known from prior work (only the sum is considered here since the electron occupation in the conduction band of the WSe2 is negligible). A second unknown is the unintentional doping density of WSe2. Then,
using the two measured work function differences for WSe2 on both EGPH and EGFH
compared to the bare EGPH and EGFH, we can determine values for the two unknown
parameters. The carrier densities for the WSe2 on both EGPH and EGFH after charge
transfer are then a byproduct of the computation. In all cases, the carrier densities of
WSe2 in WSe2-EGPH are very much greater than those of WSe2 in WSe2-EGFH, consistent with the observed differences in the CAFM I–V results.
We note that the doping density values in Table B.1 are all the same, reflecting a
tight constraint on this value. This constraint arises from charge transfer between
the WSe2 and the EGPH. As pictured in Fig. B.2a, b, since the Fermi energies of the
EGPH and WSe2 are relatively far apart prior to charge transfer, and hence the Fermi
energy of the WSe2 ends up well within its bandgap after the transfer, then the
p-type doping density in the WSe2 is directly determined by the doping density of
the EG together with the difference between the electron affinity of the EGPH and the
Χ WSe2 + Eg value of the WSe2. The resulting carrier densities for the WSe2 on EGPH
are negligible, again since the resulting WSe2 Fermi energy is well within the gap.
On the other hand, for the WSe2 on EGFH, their Fermi energies are relatively close
prior to charge transfer, as pictured in Fig. B.2c, d. The resulting Fermi energy for
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Table B.1 Computed dependence of electron affinity plus bandgap of WSe2 ( Χ WSe2 + Eg ),
unintentional doping of WSe2 (NA), carrier density of WSe2 after charge transfer between WSe2 and
EGPH ( N C,WSe2 −EGPH ), and carrier density of WSe2 after charge transfer between WSe2 and EGFH
( N C,WSe2 −EGFH ) on electron affinities of EGPH ( Χ EGPH ) and EGFH ( Χ EGFH ), respectively
Χ EGPH
(eV)
4.57
4.47
4.67
4.57
4.57

Χ EGFH
(eV)
4.71
4.71
4.71
4.61
4.81

Χ WSe2 + Eg (eV)
5.09
5.09
5.09
4.99
5.19

NA (cm−2)
1.3 × 1012
1.3 × 1012
1.3 × 1012
1.3 × 1012
1.3 × 1012

N C, WSe2 − EGPH

( cm )

4.1 × 105
0.9 × 104
2.0 × 107
2.0 × 107
0.9 × 104

−2

N C, WSe2 − EGFH

( cm )
−2

2.9 × 1012
2.9 × 1012
2.9 × 1012
2.9 × 1012
2.9 × 1012

An error range of ±0.1 eV for the input parameters is considered [12]

Fig. B.2 Band alignment of WSe2 and EGPH (a) before charge transfer (including computed intrinsic dipole 0.17 eV) and (b) after charge transfer. Band alignment of WSe2 and EGFH (c) before
charge transfer (including the intrinsic dipole) and (d) after charge transfer. Monolayer and bilayer
graphene models are employed for EGPH and EGFH, respectively, based on LEEM observations.
Green shades in (c) and (d) represent conduction/valence subbands of bilayer graphene. The
numerical values show various vacuum level differences, in units of eV [12]

the WSe2 on EGFH ends up near or within the valence band even after the charge
transfer, with concomitant large carrier density, and the value of the WSe2 doping
density is not so tightly constrained in this part of the problem.
We have also considered the effect on the computed carrier densities of variation
in the EGPH and EGFH doping density values, as well as variation of the measured
work function differences within their experimental error ranges. Doping densities
of (4 ± 1) × 1012 cm−2 for EGPH and (1.5 ± 0.2) × 1013 cm−2 for EGFH are typical
measured in our samples. Considering the variations of these doping densities, the
carrier density of WSe2 on EGFH after charge transfer is computed to range from 2.5
to 3.0 × 1012 cm−2, while the carrier density of WSe2 on EGPH after transfer is always
less than 107 cm−2, i.e., its Fermi is well within the bandgap. For the measured error
ranges (±0.03 eV) on the work function differences, performing computations at the
bounds of these values produces carrier densities in the WSe2 on EGFH compared to
WSe2 on EGPH that continue to differ by more than a factor of 104, for all cases.
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Appendix C
 heoretical Validation for NDR Transport in the Trilayer
T
Structures
We perform non-equilibrium ballistic quantum transport calculations by combining
density functional theory (DFT) with the non-equilibrium Green’s function (NEGF)
formalism that provide theoretical I–V curves to confirm the NDR transport mechanism in the heterostructure by comparing it against the simulated transport in the
homo-structure (Fig. C.1). In the experimental setup, the voltage, Vds, is applied
between the Pt-Ir tip of the conducting AFM and the electrically grounded graphene
electrode. The area of the Pt-Ir tip is approximately to 1000 nm2, which in the simulation is modeled as a bulk electrode in the theoretical structure (Fig. C.1a). The
calculation produces the bias and the transverse momentum-dependent transmission probability of the carriers tunneling through the heterostructure and is used to
simulate the I–V characteristics using Landauer transport formulation [13]:
I (Vds ) =

  E − E f1
2q
dk ∫ dET ( E ,, k ,, Vds )  f 
∫
h BZ
  kBT


 −


 E − E f2
f 
 kBT


  ,
 

(C.1)

where E f1 − E f2 = qVds represents the Fermi window, BZ represents the Brillouin
zone, and T(E,k||,Vds) is the total transmission over the energy channels within the
Fermi window calculated self-consistently for each Vds. Within the NEGF + DFT
framework for transport, the Hamiltonian of the system is solved by calculating the
electronic charge distribution via the self-consistent DFT loop of the full density
matrix of the device whose diagonal element describes the charge density.
This procedure produces the bias-dependent transmission function, T (E, V, k||).
We then extract the I–V characteristics in the ballistic transport regime which shows
a pronounced NDR in both positive and negative bias regimes of the MoS2-WSe2-Gr
heterostructure device (Fig. C.1b). Within the Fermi window of 0–0.4 eV, we can
see that the carrier transmission is effectively negligible due to the absence of any
transmission channel. Above 0.4 eV, the transmission becomes finite, and the current starts increasing with the applied bias, where the primary transmission resonance peaks (peak P1, P2, and P3 in Fig. C.1c) appear at approximately 1.0 V and
then get suppressed with further increase in applied bias. It is this peak and valley in
the transmission spectra arising from resonant tunneling phenomenon that leads to
the observed NDR. When the bias is further increased, conventional tunneling
occurs due to the high density of states (DOS) at higher energy levels, and the current increases exponentially thereafter. The transmission Eigen states at the energetic location of the three strong peaks for a bias of +1.0 V provide clue to the
microscopic origin of the NDR in the MoS2-WSe2-Gr heterostructure. Inspection of
the localized molecular orbitals of the Eigen states (Fig. C.1d) reveals that all three
resonance peaks originate from a combination of the Pt electrode (s-orbital), WSe2
(p-orbital of Se, W and d-orbital of W), and graphene layers (p-orbital).
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Fig. C.1 (a) Schematic of the vertical nano-device setup of both of MoS2-WSe2-Gr and bilayer
WSe2-Gr system used for quantum transport calculation. E f and E f indicate the corresponding
1
2
Fermi levels of the left and right electrodes, respectively, for an applied positive bias Vds. (b)
Theoretical I–V curves of the vertical tunnel junctions for both the hetero- and homo-junction are
simulated by the DFT and NEGF transport formalism that give resonant tunneling at specific energies and bias voltage, as shown in (c). The dotted line indicates the Fermi window for that applied
bias voltage across the terminals. (d) Transmission Eigen states that contribute to the transmission
in the peak P3 of the transmission at Vds = +1.0 V in the MoS2-WSe2-Gr heterostructure [14]

In the case of MoS2-WSe2-Gr heterostructure, the MoS2 in direct contact with the
Pt electrode and the first graphene layer closest to the WSe2 do not contribute to the
strong transmission peaks but serve as tunnel barriers. Furthermore, the interatomic
electronic interaction between the 2D layers makes MoS2 n-type and WSe2 p-type,
which make the WSe2 valence band states as the host for the confinement of the
resonant states when the system is subjected to a bias. Along with the conservation
of transverse momenta and the alignment of energy levels in the constituent layers
of the system, the theoretical I–V traces are in good agreement with the measured
results. On the other hand, bilayer WSe2 does not offer any band offset in the energy
band diagram, and its bandgap acts as a regular electronic barrier in the carrier tunneling. The calculated transmission in bilayer WSe2-Gr clearly reflects this nature
and shows no NDR in its I–V characteristics. This study hence provides strong theoretical insights that show resonant tunneling is the dominant transport mechanism in
a heterostructure with significant amounts of band offset.
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