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1. Fabrication process of photo-detector based on graphene/InSe heterostructure
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Figure S1. Fabrication process of Graphene/20-layer InSe heterostructure. (a) 20-layer InSe
prepared on SiO2/Si by mechanical exfoliation method. (b) Monolayer graphene prepared on glass
using anodic bonding method. (c) Monolayer graphene transferred on top of 20-layer InSe. (d)

Cr/Au electrodes fabricated by electron beam lithography and evaporation.

2. Characterization and measurement of graphene/few-layer InSe photo-detector

The crystal structure of few-layer InSe was characterized by field emission transmission electron
microscopy (TEM JEOL 2100F) with the electron energy at 200 keV. The vibrational properties
of few-layer InSe were analyzed using a Horiba Jobin-Yvon Xplora Raman spectrometer in a back

scattering geometry under ambient conditions and with 532 nm and 638 nm wavelength laser light.



To avoid heating with the focused spot of 1um laser power of 12 uW was used. To characterize
photo-detection, the whole device was illuminated by the 532 nm laser using different illumination
powers and the electrical data were recorded with Keithley 2400 multimeters.

3. Degradation of 20-layer InSe in ambient conditions

We characterized the stability of 20-layer InSe (used in our device) by Raman spectroscopy in
ambient conditions over a longer 2 month period as shown in figure S3. The Raman intensity of
InSe decreases by more than one-third which means that even for the 20-layer sample, the top 7~8
layers are degraded over time. Thus even here, the graphene encapsulation ensures the integrity of

the device.
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Figure S2. Raman characterization of 20-layer InSe after exfoliation and 2 months later in ambient

conditions.



4. Raman shift of graphene

From the Raman shift of G and 2D vibration modes, one can estimate the quality and the doping
level of graphene.SYS2 In our experiment, we compare the graphene made by mechanical
exfoliation method, the graphene prepared by anodic bonding method and the wedging transferred
graphene on SiO2/Si substrate. For the graphene made by mechanical exfoliation, the G mode is
at 1581.5 cm™ and 2D mode is at 2670.8 cm™.53 For the graphene prepared by anodic bonding
method, no defect peaks are observed and the two modes both have a clear blue shift, at 1598.8
cm™ and 2678.1 cm™ indicating hole doping.5* For the transferred anodic bonded graphene, the
Raman peaks are at 1587.5 cm™ and 2685.1 cm™ for G and 2D modes respectively, which again
shows hole doping compared with mechanically exfoliated graphene. This hole doping can result
from wedging transfer or water vapor>>*® and is confirmed by the Iss-V, characterization of the

graphene/20-layer InSe heterosturcture in which the Dirac point is at 20 V.
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Figure S3. Raman shift of graphene prepared by mechanical exfoliation method (pristine
graphene), graphene prepared by anodic bonding method and the anodic bonded graphene
transferred on SiO/Si. The green lines indicate the positions of G and 2D vibration modes in

pristine graphene.

5. Homostructural Photo-detector based on few-layer InSe

Mechanically exfoliated 20-layer InSe is used for fabricating a photo-detector whose
photocurrent is characterized by applying source-drain voltage and back gate voltage respectively.
During the photocurrent measurement, the whole device is illuminated by the laser at the
wavelength of 532 nm. The photocurrent is measured under different illumination power as a
function of source-drain voltage. In addition, the photocurrent as a function of back gate voltage
is also characterized under the illumination power of 12.6 W/m?. The photocurrent is of order of
magnitude ~ nA even with Vgs=5 V and various back gate voltages. The photoresponsivity (R) and
external quantum efficiency (EQE) can be finally calculated by taking into account the effective

area of the device which is 35.2 um? (the effective area of the heterostructure is 30.8 pm?).
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Figure S4. (a) Power dependent photocurrent as a function of source drain voltage at V4=0 V.
Insert: optical image of 20-layer InSe. (b) Photocurrent as a function of back gate voltage at V4s=5

V.

6. Schematics of photo-detector based on few-layer InSe and graphene/few-layer InSe
heterostructure

In InSe single crystal, the values of mean carrier mean free path are 1.75 nm and 5.08 nm in the
directions parallel and perpendicular to the c-axis respectively.S” This means that in our few-layer
InSe device (shown in figure S4 (a)), the effective junction volume where the photoexcited
electrons can flow into the drain contact before recombination (defined by the mean free paths and
the drain/InSe interface) is 5.3x10° pm?®. However in the graphene/InSe heterostructure (shown in
figure S1 (d)), the effective junction area is the the whole graphene covered surface of the device.
The effective junction volume is 5.4x102 pm?® which is more than 10° times larger than in few-

layer InSe. This situation is schematized in figure S5.
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Figure S5. (a) Schematics of photo-detector based on few-layer InSe. (b) Schematics of photo-
detector based on graphene/few-layer InSe heterostructure. The highlighted pink region
demarcates the effective volume in the devices from which charge carriers can be extracted. The

full red circles represent photo-excited electrons.
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