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Supporting Information Section A: Materials
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Fig. S1. (a) Schematic representation of SnS atoms in an orthorhombic lattice: Tin:
yellow sphere; Sulphur: red sphere. (b) Photograph of an L5M high-shear mixer
(Silverson Machines). (c) Schematic diagram of LPE and centrifugation processes for

obtaining Sn,S, materials and the corresponding SEM and TEM images.

0.14 g of SnS granules (99.5%, Alfa Aesar) were dispersed and homogenized in 40
ml DI water and exfoliated using a L5M high-shear laboratory mixer (Silverson
Machines) (Figure S6A and S6B).
Preparation of NP-NS: After shear mixing for 45 min at 5000 rpm, the dispersion is
exposed in an intense ultrasonication by a horn-probe tip sonicator, operating at an

amplitude of 28% and a pulse on / off for 9 sec and 1 sec, respectively, for 45 min,



using ice cooling to keep the temperature below 10°C. Then the dispersion is further
treated by ultrasonic bath for 45 min with circulating water to keep the temperature
below 13°C. Upon completion of the exfoliation step, the suspension is centrifuged for
25 min with 3000 rpm (Figure S6C). The collected supernatant is NP-NS.

Preparation of NS and NP: After preparing NP-NS, the dispersion is centrifuged for 25
min with 8500 rpm, then the top supernatant is collected as NP. The sediment is
dissolved in 40 ml DI water with 1.5 min ultra-sonication. After repeating this process

for 4 times, the dispersion dissolved in 40ml DI water is collected as NS.

Samples were examined using a Raman spectroscopy, SEM and HRTEM as
shown in Fig. 1a and Fig. S1. Aqueous solutions of SnS particles, Sn,S, NP-NS,
SnS NSs and NPs were deposited on sapphire substrates and measured using
Raman spectroscopy. It is known that SnS has 21 optical phonons, of which 7
are infrared active modes (3B4,, 1B,, and 3B3,), 2 are inactive (2A,), and the
remaining 12 are Raman active modes (4A,, 2B1,, 4B, and 2Bs,) which can be
measured from Raman spectra. However, it is known that SnS has strong
anisotropic properties,»? all phonon modes should be observed simultaneously
only in randomly orientated SnS particles. Therefore, for atomic thin 2D layered
crystals, the Raman spectrum changes dramatically compared to the Raman
spectrum of SnS particles, as shown in the Fig. 1a.! The Raman spectrum of SnS
powder has two broad bands of about 169 cm™ and 212 cm'!, and the weak
peak at 95 cmis associated with the shift of the A; mode of SnS.2 Small peaks
at about 310 cm indicate the presence of SnS, phases.? Instead of broad bands
of randomly oriented SnS particles, atomically thin SnS NS which separated
from NP-NS show significant sharp peaks, which indicates the formation of high
crystalline SnS NSs oriented in the [001] direction.! The peak at 93 cm™ belongs
to the SnS A; mode, which agrees well with various geometric scattering
dependences.18 22 The peaks at 161 cm™, 185 cm™* and 215 cm™ assigned to
the B3, and the two A; modes of SnS, respectively.??4 These peaks indicate that

SnS NSs exfoliated from the bulk crystal in the [001] direction abruptly changed



the optical modes. A very weak peak at about 310 cm™ refers to a very small
number of SnS, NPs remaining on the surface as shown in the SEM image of NS
in Fig. 1a.

The Raman spectrum of NP shows peaks at 160 cm™*and 182 cm™ belonging
Bsg and A; modes of SnS, respectively, which have a slight redshift due to the
confinement effect of the phonons.>® A noticeable peak at about 310 cm,
which is associated with SnS,, indicates that mainly SnS, NPs are formed. The
size of the NPs is from 1 to 5 nm with an average size of 3.1 nm, according to
the histogram (inset, Fig. S1C). Only small amount of the NPs have the lattice
fringe spacing of 0.29 nm which coincides well with the (101) planes of the SnS
lattice (Fig. S1C),”® most of the NPs have 0.32 nm and 0.27 nm lattice fringes
corresponding to the (100) and (101) SnS, planes, respectively.® This indicates
that mainly SnS, NP and SnS NS were formed in this exfoliation process. The
Sn,S, NP-NS sample shows a clear peak at 310 cm?, indicating the presence of
SnS,, which is in good agreement with the SnS, NPs observed in TEM. Instead
of the sharp peaks observed in SnS NSs, broad bands with maxima at 93.0 cm™?,
161 cm™ and 215 cm™ are observed due to NSs decoration by randomly

oriented NPs.



Fig. S2. (a, b) HRTEM image of Sn,S, NP. The inset in (a) shows the distribution diagram

of the SnS,, SnS and Sn,S; NPs obtained by the LPE method. (c) AFM image of SnS NS.

Fig. S2 show the HRTEM image of Sn,S, NP, SnS, SnS;, and Sn,S; NP can be found in
the NP solution and more than 75% of the NP belong to SnS,. Fig. S2c shows the AFM

image of SnS NS, the thickness of SnS NS is about 6 nm.
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Fig. S3. (A) Plot of (ahv)™ ys hv for various SnS NS, (B, C) UV-Vis absorption spectra

of NS (B) and NP-NS (C) dispersions measured on the second and fourth days after

preparation.

The optical properties of layered nanocrystals were investigated using UV-visible
absorption spectroscopy. The spectra of Sn,S, nanocrystals were obtained over a
broad wavelength range of 200-1000 nm (Fig. 2D). The relationship between the

absorption coefficient a and the photon energy is given by the following equation?©:

(ahv)" =c(hv - E ) (s1)

where c is a constant with n = 2 for direct and n = 0.5 for indirect band gap

0.5
transitions, a is absorption coefficient, and E; is the optical bandgap. The (ahv)™ data

are plotted against hv as shown in Fig. S3a and the inset of Fig. 2e. With decreasing
size (increasing centrifugation speed), the absorption edge shifts to a shorter
wavelength, and an optical bandgap of NS and NP is estimated to be 1.2 eV and 2.7
eV, respectively.

The increase in the energy gap can be explained by the strong quantum
confinement effect in the SnS,/SnS NPs. We estimated the Bohr radius of 2D SnS and
SnS, nanocrystals using the effective-mass approximation.!

the Bohr radius is:
r=€(mo/H)ag (52)

where € is dielectric constant, d;=0.053 nm, mg is the free-electron mass and X is the

reduced mass of excitation given by:

p="mMy/(m, +my) (53)



For SnS, the effective masses of electron and hole are 0.23mg and 0.25m,,
respectively.’? The reduced masses of exciton of SnS and SnS, are 0.12 my and 0.3
mo.10 The dielectric constants of SnS and SnS, are 8 and 20.1913 Thus, r is calculated as
7 nm and 3.5 nm for SnS and SnS,, respectively. Hence SnS and SnS, will exhibit a
guantum confinement effect with sizes less than 14 nm and 7 nm, respectively.

The dependence of the bandgap of NPs on the size was obtained in the effective-

mass approximation.

Eopp=E,+ h?/8ur? - 1.8e?/4mee v (s4)

where h is the Plank constant and Eg is 1.1 eV.!* The calculated result is shown in Fig.
2E.

Fig. S3b and c show the absorption spectra of NP-NS and NS, measured before and
after three days storage. the slight changes in absorption spectra indicate good

stability of NP-NS dispersions in pure water without a surfactant.
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Fig. S4. (a) SEM image of NP-NS deposited on a SiO, / Si substrate with graphene
electrodes. The red and blue areas show the contact regions between NP-NS and

graphene. (b) Raman spectra of graphene electrodes.

The graphene layers were grown on the Cu foil by CVD method at 1020°C in
methane/hydrogen flow at 600 mTorr, and then transferred onto SiO,/Si substrates
using PMMA. The graphene electrodes were prepared by photolithography and O,
plasma technique as shown in Fig. S4a. The graphene layer shows a weak peak D at
1343 cm™ and peaks G and 2D located at 1581 cm™ and 2670 cm™?, respectively. It
shows typical features of a high-quality graphene monolayer, such as the full width at
half maximum (FWHM) for a 2D peak equal to 44 cm™ and the I,p/lg and Ip/lg ratios
equal to 2.1 and 0.03, respectively. High quality single layer graphene is used as
electrodes.

Sn,S, film was formed on the Gr / SiO, by spray deposition with a given shadow
mask. Fig. S4a shows the SEM image of NP-NS deposited on a SiO, / Si substrate with
graphene electrodes. The red and blue areas show the contact regions between NP-
NS and graphene, the ratio of contact length can be controlled by moving the mask.

(here the ratio is around 3.2).



Supporting Information Section B: Modelling and Calculation

To systematic demonstrate the model proposed in our manuscript and describe

the

Iforward/lreverse) in GA-MSM with limited contact ratio (usually less than 3). We

established such model with standard Si as shown in Fig. S5-S8. Fig. S9 shows the
rectification factor calculated from our model and the rectification factor calculated
from Sentaurus Technology Computer Aided Design (TCAD) simulation with the same
parameter. The rectification factor from TCAD simulation and Modeling calculation

shows the similar variation tendency for various electron concentration, indicates the

simplification of the calculation model is reasonable.

(a)

R w P
d 2x10“ e
( ) ( ) ——VRlawhs
—— Jiorwers - N
2 I Jreverse 60 T
- 2X107 g 8;(1015 cm? ‘+VR T
g s 1>anrward/JreversE>ARfAL vy R
< 2x10° G
2 L40
2 2x10? AUAR Jponar e ™1 £
8 ——Jp, 8x<10"7 cm? 8_ N
5 g 220 ™ ——VR highRs
B 2x10% ] e g
S g omanel e Aulie _-L_’\jmy
2x10°4— reverse 8x10'% cm® 0
— Vit towrs 8x10" cm™
01 02 03 04 05 06 07 202 -03 -04 05 -08
Voltage (V) Voltage (V)
(g) TE~nonlinear TFE~nonlinear (

ng < 107 em™3

Iforward/‘,reuerse - AL/AR

n9~10'7, 10 em =3 I

1< "forward/[reverse < AL/AR

-0.7

J (Forward)/J {Reverse)

relationship degree of asymmetric geometry and

=
o
2

=
o
ES

rectification factor (

—8x10"" em™®

10'
—8x10"® cm?
107
0.1 0.2 0.3 0.4 05
Voltage (V)
®
3200{ ™ Vorward.Low Rs
= lnyaramiaae Rs
— J—
& 24004 forward-High Rs.
53 — loverso-Low Rs
-~ — se-Miid s
= 16004 _ Irs/?me Middle Rs
£ reverse-High Rs
)
& 8004
k=
g
S 80—
© ol ’/_'.o""."’.
gg: 8x10'
Voltage (\/)
- TFE N FE~linear

nonlinear
1 Low R

]fﬂrward/[?"everse — AR/AL

(h)

TE~nonlinear
pg < 10 ¢cm™3

Ireverse/Ifor'ward i AL/AR
"7 nonlinear
1 Low R

rrevm'sc /If orward AR/AL

nonlinear /semi — linear

Middle R,

AR/AL < [far'ward/Ireverse <1

]

. no>wm~
1
!

Ifurwmd/lreverse =
S
_____

semi — .lmear

‘rfnrwm d/‘h everse

- = ——

TFE~nonlinear {
pu~1017’1018 Cm_3 1

1< "?‘eversc/“furward < AL/AR

nonlinear/semi — linear
Middle Ry

AR/AL < Imvarse/‘rforwm'd <1

AR/AI < I?ever-;e/‘rforward <1

1 FE~linear
o ww,@
1

l

-
-
-
-

semi — linear

Lreverse/ Iforwara = 1

Ireverse/"fm'ward =1

-.__



Fig. S5 (a) Schematic diagram of a GA-MSM. The inset shows the simplified
device model of GA-MSM, the resistance of the left-side and right-side Schottky
diodes are highlighted by the sizes of corresponding diode symbols. (b) The

corresponding energy band diagram at forward bias voltage. (c) Plot of

rectification factor (Iforward/lreverse) for a single junction at various electron

concentration. (d) The current density of MSM device with asymmetric
geometries for various electron concentration. (e) The voltage distribution of a
GA-MSM at low (blue curve), middle (red curve) and high (black curve) channel
resistance, the solid line represents the voltage distributed on channel, and the
sphere represent the voltage distributed on right-side tunnelling diode. (f)
Theoretical current-voltage characteristics for an GA-MSM at low (blue curve),
middle (red curve) and high (black curve) channel resistance. (g, h)
Representation of the theoretical rectification factor characteristics at various
electron (g) / hole (h) concentration and the corresponding rectification factor

at various channel resistance.

All calculations and TCAD simulation in Fig. S5-9 are based on the parameters of
a standard Si, which record from TCAD manual. The tunneling effective mass is 0.07
mo.1>1® The ratio of contact length is 5 (left/right) and by increase the width of
channel, we can obtain the low (5 Hum), middle (500 HM) and high (50000 um) Rs,

Without loss of generality, we consider a GA-MSM structure with a n-type
semiconductor as schematically shown in Fig. S5a. Here, we only consider a
device with a limited ratio of asymmetric contact geometries working in a low
voltage range, which indicates the hole current and electric filed in Y direction
is on the orders lower than that of electron current and the electric filed in X
direction (Fig. S6 and S7).Y” Thus, we simplify this MSM into two back-to-back

Schottky diodes with a channel resistor (Rs) as shown in the inset of Fig. S5a.

The corresponding energy band diagram is shown in Fig. S5b, where Ppn is the

barrier height for metal and n-type semiconductor, P is the difference between



valance band and Femi level, w is the width of MSM structure, Vp is built-in

Ve, V v

potential for metal-semiconductor, "R, "M and " L are the voltage drop on right

side junction, channel and left side junction when a forward voltage Vis applied.

When the concentration of electron is on the order of 101> cm-3, the TE will
dominate the current transport, for a device working in low voltage range, the
barrier lowering effect can be negligible,” according to the theory of thermionic

emission,1®1% we have:

-q9%9p, o

Jrgr=ATe 1T (e riak? _ 1) (55)
-q%9p, o

Jrg = AnTZek—T(l e M nidkT) (56)

where JrER and JreL is the current density go through right-side and left-side

junction, respectively, k is the Boltzmann constant, T is the temperature, g is

electric charge, N js ideality factor and A is the effective Richardson constant

for electrons, while the current density go through channel (]TE'RS) should be:

Vu
JrERs = S —— (S7)

L R

where n is electron concentration, Hnis the electron mobility, Wi and WR are the

width of depletion width of left and right contact, respectively, which defined

by:
26 (Vo +V
2 (V,-V

where 7 is the dielectric constant and N is the ionized impurity concentration.

From current continuity requirements we have:



Vo4 Vy+V,=V (510)
Itg p = Irgps = Irg, (S11)

where ITE,R, ITE,RS, Irg,, are the current go through right-side junction, channel,

and left-side junction, which defined by:
Itgp= ApJ TE,R (512)
(Ag+A4p)
Irgps = T] rErs (S13)

1 TEL = Al TEL (S14)

A

where “'R and 4, are the contact areas of right-side and left-side junctions, which

should be equal to the thickness multiplied by corresponding contact length.

Similar calculation model can be established for TFE current transport:2°

-a%, q(d)Bn - ¢n)

A*T\/HEOOq((an_d)n_VR) KT E, Vr/E,
]TFE’R = = e e (515)
00
kcosh [—
kT
Vi
JrrERs = qnﬁ‘n? (S16)
¢) (_q¢Bn)
A*T n E v/e
Jrpgy == [P0l Vet Slet 0 e (s17)
’ k 2[00
cosh®|—

where ]TFE.R, JrrE RS and]TFE,L are the TFE current density go through right-side

junction, channel, and left-side junction, respectively, A" is the effective

Richardson constant, EOO, EO, € are defined by following equations:
Ly (518)
0 47 Im* E,
E

00
E.=F th|—| (519
0 00€0 (kT) (519)



where M is the tunneling effective mass. Thus, we have:

1 TFER — I TFERs — I TFE,L (521)

where ITFE,R, ITFE,RS, ITFE,L are the TFE current go through right-side junction,

channel, and left-side junction, which defined by:
Irpgr = ApJrrep (522)
A, + A

Irpprs = (RZ—L)] rrERs (523)

Irpg = Arrg (524)

Taking all parameters of a n-type semiconductor (using silicon material for
simplicity), the calculated results of various electron concentrations and channel
resistance (Rs) are shown in Fig. S5c-f. Fig. S5¢ shows the rectification factor of a single
metal-semiconductor contact for various electron concentrations. When the
concentration is low, the reverse current is much lower than forward current (Fig. S5c,
blue curve) due to TE current transport, indicates the resistance of reverse-biased

diode is much higher than forward-biased diode. Thus, the voltage dropped on the
left/right side diode (VL/VR) should be almost equal to the total voltage (V) when a
forward/reverse bias voltage is applied on the GA-MSM structure, according to
equation (8) and (10), the rectification factor is almost equal to the ratio of
corresponding contact area/length (AL/AR) as shown in Fig. S5d (blue curve).

When the electron concentration is on the order of 1017~1018 cm3, the value of

Eqo is smaller but comparable to k7, TFE will dominate the current transport, different

from an ultrahigh value of TE dominated on/off ratio, the red curve in Fig. S5c shows
a much lower on/off ratio when a forward/reverse bias voltage is applied on a single

diode, indicates the voltage drops on forward biased diode is not negligible (Fig. S3),



resulting a smaller rectification factor compared to the ratio of corresponding contact

area (AL/AR) as shown in Fig. S5d (red curve).

When the electron concentration is on the order of 1018~101° cm-3, the value of

Eqo is bigger but comparable to kT. Fig. S5c (black curve) shows an on/off smaller than

1, on the other hand, the TFE current is increased by orders when the electron
concentration is high enough, thus, the Rs is comparable with the resistance of the
tunneling diodes, indicates a quite different voltage distribution of MSM structure.
Fig. S5e shows the voltage distribution of various value of Rs when a reverse bias
voltage is applied. When the Rs is quite low, the voltage will mainly drop on left-side
tunneling diode as shown in Fig. S5e (blue curve), leading to a nonlinear and

subexponentially increased |-V curve (Fig. S5f, blue curve) as the current is
Vi /g
o 0
proportional to \/nEOOq((an $n=Vie . The rectification factor should be

bigger and closer to the ratio of corresponding contact area/length (AR/AL) which is
smaller than 1 (Fig. S5f blue curve). When the value of Rs is increased, the voltage
dropped on channel is not negligible and the proportion of voltage dropped on left-

side tunneling diode will be decreasing as shown in Fig. S5e (red curve), leading to a

rectification factor larger than corresponding contact area (AR/AL) and closer to 1 (Fig.

S5f, red curve). When the value of Rs is further increased, the voltage will mainly drop
on channel as shown in Fig. S5e (black curve), indicates a semi-linear I-V curve and a
rectification factor almost equal to 1 (Fig. S5f, black curve). For an ultra-high electron
concentration more than 10° cm3, FE will dominate the current transport, and
voltage will drop on channel resistor, leading to a linear |-V curve without considering
of the contact length.??

Similar simulation data from Sentaurus TCAD are shown in Fig. S8, which

demonstrate same variation tendency, to this end, we summaries all calculation and

analyses in Fig. S5g. When Eqo is much lower than kT, TE will dominate the current

transport and the rectification factor (IfOrwaTd/Ireverse) of such a MSM is very close to



AJAp>1

the ratio of corresponding contact area ( ). When Eqo is smaller but

comparable than kT, TFE will dominate the current transport and the rectification

factor (Iforward/lreverse) of such a MSM is smaller than the ratio of corresponding

A /Ap> 1) and bigger than 1. When Eqo is bigger but comparable than

contact area (
kT, although the TFE still dominate the current transport, but the voltage dropped on
tunneling diodes should be opposite to previews cases, the voltage distribution and

I-V curve will strongly depend on the Rs. For a low Rs, the |-V curve is nonlinear and

the rectification factor (Iforward/lreverse) should be closer and bigger than the ratio of

Ap/A, <1

corresponding contact area ( ), we note that this ratio is inversely related to

previews cases due to the opposite voltage distribution. When the Rs is increased, the

rectification factor (Iforward/lreverse) is bigger than the ratio of corresponding contact

Ag/A, <1

area ( ) and close to 1. For a high Rs, the semi-linear |-V curve will be

obtained and the rectification factor (Iforward/lre’verw) is closer to 1. We note that all

analyses on a p-type semiconductor should be opposite as the direction of built-in

electric field is opposite. Fig. S5h represent the dependence of inverse rectification

factor (Ireverse/lforward) and ratio of contact areas (Fig. S8).
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Fig. S6. The TCAD simulated electron (left) and hole (right) current density of a GA-

MSM based on a n-type Si at a 1V bias voltage, the electron concentration are on the

5 - - -
order of 10" cm 3(A) , 107 em ™3 (B) and 10" em ™3 (C), the width of the structure

is 5 um,
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Fig. S7. The TCAD simulated electric field of X direction and Y direction of a GA-MSM

based on a n-type Si at a 1V bias voltage, the electron concentration are on the order
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Fig. S6 and S7 show the TCAD simulated electron (S6, left) and hole (S6, right)

current density and electric field of X direction and Y direction of a GA-MSM based on



a n-type Si at a 1V bias voltage for various carrier concentration, the majority current
density is apparently several orders higher than that of minority current density, and

the electric field of X direction is about 1~2 orders higher than that of Y direction.
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Fig. S8: (a) Stimulated electric field (absolute value) of Gr/SnS/Gr GA-MSM at low and
high concentration. (b) The calculated I-V curve for a GA-MSM with n-type Si at various
ideality factor. (c, d) The voltage distribution of a GA-MSM with n-type Si at various

electron concentration.

Fig. S8a shows the stimulated electric field (absolute value) of Gr/SnS/Gr GA-MSM
at low and high concentration, although the depletion region is a little different from
symmetric contact geometries, however, those difference can be negligible when the
sum of the width of depletion region is much lower than the length and width of the
device. Fig. S8b shows the calculated |-V curve at various ideality factor based on our

model. Fig. S8c and S8d show the calculated voltage distribution of a GA-MSM with n-
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type Si at an electron concentration of 8 X 107" cm ™~ 3p¢ 8 X 1 cm  based on

our model. When the sum of depletion width is much lower than the length and width

of device, approximately, we assume the channel resistance is considered as the

R,=——R,
resistance of a trapezoid as shown in the inset of Fig. S8c, thus, 2 . Due
to the resistance of diode is much higher than that of channel resistance, the

dependence of voltage distribution with channel resistance becomes largely

irrelevant.
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Fig. S9. The comparison of TCAD simulation results and Modeling calculation results
for an GA-MSM based on n-type Si at various electron concentration (a) and channel

resistance (b).

The rectification factor from TCAD simulation and Modeling calculation shows the
similar variation tendency for various electron concentration, indicates the

simplification of the calculation model is reasonable.
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Fig. S10. (a) Energy band diagram of SnS and graphene contact. (b, c) |-V curves of
three samples of Gr/NP-NS/Pt and Gr/NS/Pt. (d, e) A comparison of stimulated results
from TCAD, calculated results from our model and experimental results for a low (d)

and high (e) hole concentration.

To study the transport mechanism at the heterointerface, the bonding-free vdW
structure can provide Femi-pinning free interface. Considering the interdiffusion and
defective interface between 2D material and metal prepared by traditional PVD,?%23
we prefer to use graphene as the electrodes for Femi-pinning free contact. Parameter
for calculation and simulation: The work function of Graphene is 4.65 eV,?* the
electron affinity, bandgap, tunneling effective mass for SnS are 4.0 eV, 1.2 eV and

0.15mq as shown in Fig. S10a,%2>2% the hole concentration of SnS is on the order of

18 . -3 15 -3
107" cm " gnd 107" cm ~ pefore and after NP decoration.?’ Despite the ultrahigh

mobility reported of 858 cm? V-1 51,28 the mobility of NS obtained by liquid phase
exfoliation usually one/three orders low than that of mechanical exfoliated NS,2°3° in

our calculation, we assume the mobility of SnS is 2 orders lower that of CVD growth



SnS.28

Fig. S10b shows the |-V curves of three samples of Gr/SnS/Pt, which represent a
higher reverse current than forward current. Fig. $10d and 10e shows the comparison
of stimulated results from TCAD, calculated results from our model and the
experimental results for a low (d) and high (e) hole concentration, the good agreement

with the variation tendency indicates our model is effective.

i Model
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Fig. S11. Comparison of calculated results from TCAD, our model and several
experimental results for NS GA-MSM.

Fig. S11 shows the rectification factor of several samples with NS, the difference
between theoretical prediction and experimental results may originate from the

modulation of mobility by remaining NP, however, all ratios are in the range of [0.3,1].
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Fig. S12. (a) the I-V curve of NP-NS GA-MSM (Ratio of contact length: 3.2) in the dark
and in the light. (b) Current—voltage characteristics of the Gr/NP-NS/Gr with a

symmetric contact geometry on a logarithmic scale in the dark and in the light,

respectively. (c) The rectification factor (Ireverse/lforward) and the open-circuit

voltage of NP-NS GA-MSM measured at various asymmetric contact geometries in the
dark and in the light, respectively. (d) Photocurrent as a function of illumination

intensity for the Gr/NP-NS/Gr at a bias voltage of 3 V.

Fig. S12b shows the current—voltage characteristics of the Gr/NP-NS/Gr with a
symmetric contact geometry on a logarithmic scale in the dark and in the light, the
forward current is almost equal to reverse current without illumination, and no
photovoltaic effect can be observed, indicates the rectification and photovoltaic effect

originates from the asymmetric contact geometries. Fig. S12c shows the open-circuit



voltage for various samples with different contact ratio.

As the incident light intensity increases, the photocurrent also increases due to
more photoexcited carriers are obtained, resulting in a positive relationship between
the carrier photogeneration efficiency and the absorption of the incident light. This

correlation can be described by a power law :

0
I, « P (525)

where Ip is the photocurrent and 0 reflects the photocurrent efficiency. Curve fitting
as shown in Fig. S14, results in a value of 8= 0.7 for the sunlight stimulator.

The photoresponsivity (R) and detectivity (D*) of the Sn,S, NP-NS MDvdWHs was
calculated based on the following equations:

R=1/(Px5) (526)

D* =R/ [2el /S (527)

where IP is the photocurrent, Iq is the dark current, e is elementary charge, S is the

active area under illumination, and P is the incident light intensity. Without bias

-4
voltage, the highest responsivity is estimated as 9XxX10 "Aw (Fig. 4B). When a bias

voltage is applied, the electric field between two graphene electrodes separates more
photo-excited electrons and holes in the heterostructure, leading to its higher
responsivity. The highest responsivity is estimated as 35 A/W at a bias voltage of 3V
for NP-NS MDvdWHs, which is several orders of magnitude higher than modern
photodetectors based on 2D LPE materials (Table S1).3132 Such a high
photoresponsivity of the heterostructure can be explained by the high broadband
absorption of Gr/Sn,S, NP-NS MDvdWHs and the photo gain effect. Electron capture
in SnS, NPs leads to an increase in the level of excited NP states and electron tunneling
with the formation of a continuous n-SnS; layer. The holes are transferred to p-type
SnS NS and are effectively collected by the graphene electrode before recombination.
This leads to high responsivity of NP-NS MDvdWHSs, which is one order of magnitude

higher than that of NS.33:34
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Figure S13. The SEM images of NS (a), NP-NS (b), NP-NS with high concentration of NP
(H-NP-NS) (c). (d) Photoresponses of GA-MSM with NS, NP-NS and H-NP-NS measured

at various voltage.

We can further increase the concentration of NPs in our device by adding additional
NPs solution in NP-NS sample. The SEM image of NS, NP-NS and H-NP-NS are shown
in Fig. S13, the concentration of NPs in NS, NP-NS and H-NP-NS are 98 NPs/um?, 3600
NPs/um? and 10100 NPs/um?, respectively. The photoresponse of NS (black), NP-NS
(red), H-NP-NS (blue) are shown in Fig. S13d. When the concentration of n-type SnS,
NPs increases, more electrons will be trapped in NPs, resulting in a trapping lifetime
in NPs much longer than the carrier transit time in NS. Considering the gain which
given by the ratio of trapping lifetime in NP and carrier transit time in NS, the higher

photoresponse can be observed.



Active Layer Spectral Response Self-Driven Responsivity Detectivity Ref

range time [s] Responsivity [mA W-1] [cmHzY/2wW-1]
[mA W]
SnS/sns, Simulated 0.3 9x10 1 3.5 x 10* ~101 This
sunlight work
TiS; 405 nm 8 3.8 3.8 - 3
BP (Black 365~546nm 0.5 5.4 %103 22x1073 - 36
phosphorus
)
Bi,S; 365~700nm 0.1 89x103 21x10°1t 3.75x 108 %7
InSe Simulated 5 - 48x1073 - 38
sunlight
Te 350~700 nm - - 1.34x 1072 1.7 x 10°~3.1 32

(Tellurium) and

Simulated
sunlight
Bi (Bismuth) 350-700 nm  0.1s 1.93 x 10?2 295x 107! - 3
NPs
GeSe 350-650 nm 0.2 - 7.63 x 102 1.7 x 1010 40
MosS, 658 nm <0.1 - ~10? - 41
GeP 380nm 0.1s - 1.88x 1071 21x 102 %
B (Boron) 350~475 nm 0.1~1.5 - 2.9~91.7 x 10”3 ~108 43
(PEC)
1.7~28x 1071
(FET) )

Table S1. Typical parameters of photodetectors based on layered materials obtained

by liquid phase exfoliation.
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