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S1. The electron mobility (#.) and concentration (7,p) of InSe nanoflake.

The electron mobility of the InSe nanoflake (u.) can be estimated from the channel

transconductance (g,,) of the FET, which is expressed as: (Cgvds) , and
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an , where L is the channel length, C, is the gate capacitance. The C, can be
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expressed as: h  where £and h are the dielectric constant and thickness

of Si0,, and W is the channel width. The g, was obtained to be 3.6 pA/V by fitting
the liner part of the /4 versus Vy, curve of the InSe FET (Fig. 2b) at V4, = 0.5V, C, is
8.68x107'° F at L =1.85 um, W =3.86 um, 7 =285 nm. Thus, we obtain an electron

mobility (u.) of about 285 cm?/Vs. Electron concentration (7,p) can be estimated
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from the expression: , where R and ¢ are channel resistance and
electron charge, respectively. According to the /45 vs Vys curves (Fig. 2a in
manuscript), at V=30 V, and 40 V when the channel was turned on, we obtain n,p =

2.19%10'2 cm2, and 3.32x10'2 cm™2, respectively.

S2. The hole mobility (#,) and concentration (p,p) of MoS; nanoflake
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The hole mobility (1) of MoS; nanoflake can be estimated from the channel
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transconductance (g;,) of the FET, which is expressed as:
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g, where L is the channel length, C, is the gate capacitance. The C, can be
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expressed as: g h | where ¢ and 4 is the dielectric constant and thickness of

Si0,, W is the channel width respectively. The g, was obtained to be 52 nA/V by
fitting the liner part of the /45 versus Vs curve of the MoS, FET (Fig. 2d) at V4, = 0.5
V, Cyis 2.16x10°5 F at L =1.9 um, W =9.4 um, 4 =285 nm. Thus, we obtained hole

mobility (u,) of about 1.7 cm?/V-s. Hole concentration (p,p) can be estimated from
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the expression: , where R and ¢ are channel resistance and electron
charge, respectively. According to the /s vs Vg curves at zero back gate (Fig. 2¢ in

the manuscript), we obtain p,p = 3.03x10!3 cm=2.

S3. Comparison of ABN encapsulated and non-encapsulated InSe samples.

The encapsulated InSe FET shows negligible hysteresis loop in the transfer curves.
However, the non-encapsulated InSe FET shows larger hysteresis loop in the transfer
curves (Fig. S1), because of the molecules absorption/desorption at the exposed
surfaces. The highest on-current achieved under 40 V back gate is about 1 pA, which
is two to three orders of magnitude smaller than that of encapsulated sample at same

Vis and V.
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Fig. S1 The /4 vs. Vg curves for an encapsulated (Fig. S1a) and a non-encapsulated (Fig. S1b) InSe

FET under different V' scanning ranges with V4= 0.5 V.

S4. Determination of the MoS,/InSe band alignment

The determination of MoS,/InSe band alignment is based on the reported bandgaps,
affinities, and measured work functions of MoS,/InSe nanoflakes. The reported
bandgap value of few-layer MoS, is1.28 eV,5!-52 and that of few-layer InSe is 1.22 eV
in accordance with our photoluminescence measurement of the InSe nanoflake (Fig.
S2). The reported affinity values of MoS, and InSe are 4.0 eV 34 and 4.05 eV,3*
respectively. The work functions of MoS; and InSe are calculated to be 5.31 eV and
4.2 eV, respectively, based on the measured carrier concentrations and reported band

structures, by using the following equations:

e(EF_Ei)/KBT _ n.e(Ei_EF)/KBT nz. “ NN KBT

i ) i 1 Vv , where n and p are the

N
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carrier concentrations, i is the intrinsic carrier concentration; * ¢ and *' v are the

equivalent density of states of conduction and valence bands, respectively; “B is the
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h , respectively; where m, and m,, are the effective masses of

electron and hole, respectively. With that, the MoS,/InSe forms a type-II



heterostructure with a barrier between the conduction bands and the valence bands of

about 1.16 eV and 1.10 eV, respectively.
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Fig. S2 Photoluminescence spectrum of the InSe nanoflake with a single emission peak centered at

~1020 nm.

S5. Size information of the flakes and heterostructure.

Before stacking the van der Waals heterostructure, we firstly exfoliated the few-layer
InSe and MoS, flakes onto the Si/SiO, substrates. The thicknesses of the flakes were
roughly obtained under the microscope, due to interference from the cavity formed
between the flake and substrate interfaces.S> 3¢ In this device, we used a top layer
hBN of ~10 nm, bottom layer ABN of ~30 nm, MoS, flake of 10-15 nm, and InSe
flake of 10-15 nm, selected through the optical contrast (Fig. S3a-c). After the full
assembly of the heterostructure, we conducted the AFM measurements to identify the
precise thickness of each layer (Fig. S3e). For one of our heterostructures, the area of
the heterostructure was measured to be ~51 pm? from the optical image (Fig. S3d).
The thicknesses of the MoS, and InSe flakes were measured to be 13 nm and 15 nm,

respectively.



Fig. S3: (a-d) The optical images of the bottom #BN layer, MoS, flake, InSe flake, and fully stacked
heterostructure. (¢) The AFM height image of stacked heterostructure. The green arrow represents

the measured thickness of MoS; and InSe flakes of 13 nm and 15 nm, respectively.

S6. Dry transfer method.

A piece of adhesive tape with a hole in the center was first adhered to a silicon chip.
Subsequently, the silicon chip was coated with polypropylene carbonate (PPC, Sigma-
Aldrich, CAS 25511-85-7) at 2000 rpm. The tape with a PPC thin film was manually
peeled from the silicon substrate and placed onto a transparent elastomer stamp
(polydimethylsiloxane, PDMS). The stamp was then affixed to a glass slide, which

was attached to a micromanipulator with the PPC film side down.

Then, the transfer processes are shown in Fig. S4. First, PPC slowly wraps the entire
sample from one side of the sample at 40 °C, then we picked up the previously
exfoliated top-#BN and MoS, flake in sequence from Si/SiO, substrate by PPC at
room temperature (Fig. S4a, b). 1 min 90 °C anneal of the glass slide with the stamp
and sample on top after each pick-up process is necessary to make the sample smooth.
To avoid the degradation of InSe, the InSe related exfoliation and transfer processes
were done in a glove box (O,, H,O < 0.1 ppm) (Fig. S4c-¢). The selected InSe
nanoflake was picked up by the previously picked top-ZBN/MoS, heterostructure on
PPC (Fig. S4c¢) and transferred onto another ABN nanoflake on Si/SiO; substrate (Fig.
S4d). The ABN encapsulated heterostructure was detached from PDMS/PPC at 60 °C

and left on the device substrate (Fig. S4e).
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Fig. S4: The schematic diagram for the dry transfer method. (i) Picking the top-ZBN/MoS,/InSe
flakes in sequence from Si/SiO, substrate by PPC. (ii) Putting the PPC with top-ZBN/MoS,/InSe
heterostructure facing down onto the bottom-4BN on Si/SiO, substrate. Then PPC was lifted off
slowly. Finally, the ZBN encapsulated heterostructure was left on the device substrate.
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