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Figure S1. Schematic of device fabrication process. An n-type Si with 285 nm thermally oxidized
SiO, was selected as the substrate, which was cleaned with acetone, alcohol, and deionized water
for 5 min each under untrasonication sequentially and blow-dry with N,. The substrate was first
patterned by standard UV-lithography technique and then etched by reactive ion etching method,
forming circular holes with radius of 5 pm. Next, WO; film was deposited on the substrate by
thermal evaporation method, which was sulfurized into WS, in a high temperature (600°C) tube
furnace using sulfur powder as sulfur source at a low pressure (120 Pa). After that, ring shaped Ag
electrode (inner diameter: 10 pum, outer diameter: 210 um) was deposited by combining
photolithography and thermal evaporation techniques. The electrode enclosed area contains both
the WS,/S10,/Si region and WS,/Si junction region. The large width (200 um) of the electrode can
prevent photocurrent contribution from the outside area of the electrode. Finally, monolayer
graphene was transferred on the WS, film, forming graphene/WS,/Si heterostructure.
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Figure S2. Statistics of photoresponsivities in order of magnitude unit of 26 as-fabricated
photodetectors (Gr/10.9 nm WS,/Si devices) under illumination (650 nm) with light intensity of 19
uW/ecm? at =5 V.

a ——Dark b ] )
( )0-4‘ —— 31.7 pWien? (b) i (]
samn] ——158.7 pWiem® 20 2V
< | —276.8 pwiem?’
E ] < 304
E,.] 546.6 Wiy <30 o
= —899.2 pW/cm’ b
['1) el
= < -40
8 £
5 .,] 4V
3 -50
60
650 nm e L
T T r 704 P =158.7 uyWicm? 5V
-5 0 5 T T T T T
Voltage (V) 0 50 100 150 200
Time (s)
(C) 0qv=-5v 650 nm (d) 9
= 317 650 nm
=20 PWiem? L] V=25V
88.2 &1 ®
— -404 uWicm? - \
<< ]
S 158.7 2,
= 604 uWicm S '
pr=s} =
c 276.8 ¥
e uWicm =
S -804 < 64
o 546.6 x
1004 R L...—- =1 IWicm? [a]
5 .\
g L] L) L L fee, .
T T T T T 4 T T T T T T
0 10 20 30 40 50 60 0 100 200 300 400 500 600

Time (s) Light power density (uW/cm?)

Figure S3. Optoelectronic properties of the device Gr/10.9 nm WS,/Si. (a) I-V curves of the device
without and with light illumination (650 nm). (b) Photocurrent as a function of time under different
bias voltage. (c) Temporal response of the device measured under modulated light illumination
(650 nm) with varied light intensity at =5 V. The photocurrent approaches about 0.12 mA when the
light intensity is about 889.2 uW/cm?. (d) Specific detectivity (D) as a function of light intensity.
The device exhibits a high D* of 8.35x10!! Jones under 8.8 pW/cm?.
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Figure S4. Photoresponse properties of the device Gr/10.9 nm WS,/Si at 1550 nm. (a) Photocurrent
and corresponding responsivity (R) as a function of light intensity. The device shows a high R of
740 mA/W under 21.7 mW/cm?. (b) Temporal response of the device measured under 338.4
mW/cm? after 4 months at —3 V. The device exhibits significant photoresponse even if stored in a
low vacuum sample storage cabinet for 4 months, and shows an R of 96 mA/W.
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Figure S5. (a) Schematic of band alignment of the graphene, WS, and n-Si before contact. (b) The
interlayer excitation of the WS,/Si heterojunction under light illumination. The work function of
graphene is slightly larger than the intrinsic value (~4.56 eV) due to low level of p-type doping
owing to the substrate, metal doping, water molecules in the air.['! The work function of undoped
WS, changes from 4.9 to 5.1 eV corresponding to monolayer and bulk materials, respectively.[>]
The phosphorus doping concentration of n-Si is Np = 2x10> ¢cm3. And the intrinsic carrier
concentration of silicon is Nc = 2.8x10'” cm. We can calculate the Fermi Level of this n-Si by the
semiconductor doped theory:’]
E,=Ec— Er=-koTIn(Np/Nc)
Ep =9+ E,

Where Ec is the conduction band level, Ef is the Fermi level, & is the Boltzmann constant, 7 is the
absolute temperature, ¢ is the electron affinity. Thus, the Fermi level of the n-Si 4.298 eV is
obtained.
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Figure S6. Photoresponse characteristics of the device Gr/10.9 nm WS,/Si. (a) Photocurrent and
responsivity as a function of light intensity. The device presents an ultrahigh R of 8.96 x 10* A/W
under 6.9 pW/cm?. (b) Temporal response of the device measured under 276 pW/cm? at zero bias
voltage.
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Figure S7. Comparision of different WS, films. (a) Atomic force microscope images and (b)
transmittance of the different-thickness WS, films on quartz substrate.
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Figure S8. Optoelectronic properties of the Gr/WS,/Si devices with varied thickness of WS, film.
I-V curves of the Gr/Si (a) and Gr/WS,/Si devices with WS, thickness of 4.7 nm (b), 21.4 nm (c),
and 39.3 nm (d) under dark and 650 nm light illumination of 276.8 uW/cm?2. () Photocurrent of the
Gr/WS,/Si devices with varied thickness of WS, film along with the change of voltage extracted
from (a) to (d). (f) Dark current of the Gr/WS,/Si devices as a function of WS, thickness under —5
V.
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Figure S9. Optoelectronic properties of Gr/WS, and WS,/Si devices. (a) I-V curves of the Gr/WS,
device under dark and light illumination of 761 uW/cm?. (b) I-V curves of the WS,/Si device under
dark and light illumination of 276 pW/cm?. (c) Spectral response of the Gr/WS, device in the
wavelength range of 400-810 nm under constant light intensity of 54 uW/cm? at reverse bias =5 V.
(d) Spectral response of the WS,/Si device in the wavelength range of 400-1200 nm under constant
light intensity of 33 pW/cm? at reverse bias —5 V. The Gr/WS, device presents a lower photocurrent
(7.4 nA under light intensity of 761 pW/cm?at —5 V) than that in the WS,/Si device (56.7 nA under
light intensity of 276 pW/cm? at —5 V), indicating that the WS,/Si heterostructure exhibits higher
photosensitivity than Gr/WS; heterojunction. The Gr/WS, device shows a cutoff wavelength of 8§10
nm. The responsivity of WS,/Si device drops sharply around 1100 nm corresponding to the cutoff
wavelength of the absorption spectrum in intrinsic Si, indicating that light response mainly occurs
in Si. Moreover, for the Gr/Si, Gr/WS,, WS,/Si photodetectors, the responsivities are in the range
of hundreds of mA/W to dozens of A/W, much lower than that in Gr/WS,/Si photodetectors, which
clarifies that the introduction of WS, interfacial layer plays a vital role in improving the performance
of Gr/Si-based devices.
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Figure S10. High resolution time-resolved curves of the Gr/WS,/Si devices with different thickness

of WS, film.
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Figure S11. Spectral response charactersitics of the Gr/WS,/Si devices with different thickness of
WS, film. (a) The normalized responsivity as a function of wavelength (450-1050 nm). (b, ¢) The
responsivity of the Gr/Si and Gr/WS,/Si devices as a function of WS, thickness under 650 nm light
illumination at 0 V (b) and 1550 nm light illumination at =5 V (c).
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