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Note S1: Calculation of the band structure of InP/ZnSeS:Cu/ZnS QDs
(ahv)'/™ = A(hv - E,)
E,nnug= @ +Eyp_xps— 444 eV

E,= -45-E,yup

v

E,= E.- E,

Where a is the absorption coefficient, n = 2, hv is the photon energy, h is Planck's
constant (h = 4.13567x10-15 eV-s), v is the frequency of the incident photon. A is the
proportionality constant. E, is the bandgap. E, wue 1s normal hydrogen electrode
potential, the ¢ is the electron work function of the XPS analyzer, the value is 4.50 eV,

and Eyg. xps 18 valence band maximum value was tested by VB-XPS.!-2

Note S2: Calculation of surface potential difference (SPD)

The SPD between SnSe, and MoTe, is extracted by KPFM. Firstly, the SPD

between the 2D materials and the KPFM tip can be defined as:

eSPDSnSeZ =Wry = WSnSez

eSPDMoTeZ = WTip - Vl/MoTe2

. w w .
Where e is elementary charge, Wrio,  “™¢2and = “°"®2 are the work function of the

KPFM tip, SnSe, and MoTe,, respectively. Thus, the SPD and the difference of Fermi

level between SnSe, and MoTe, (AEy) can be calculated by:
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AEf = SPDMoTez - SPDSnSeZ

In this work, the SPD between SnSe, and MoTe, is 25 mV.3

Note S3: Calculation the photovoltaic effect in the photodetectors

To better evaluate the photovoltaic effect of SnSe,/MoTe, and InP/SnSe,/MoTe,
devices, electrical power (P,), photoelectric conversion efficiency (PCE) and fill factor

(FF) are key quality factors.’

Pel = Vdslds

FF = Pelmax
Voclsc

PCE = elmax

Note S4: Calculation of the key figures-of-merit for photodetectors

To better evaluate the optoelectronic performance of SnSe,/MoTe, and
InP/SnSe,/MoTe, devices, important parameters including responsivity (R), detectivity
(D"), external quantum efficiency (EQE), light on/off ratio (Ijight/Idarc), and response
time (Tyise and Tgecay) are calculated. These figures-of-merit can be calculated by the

following equations:
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where q is the electronic charge, S is the effective sensing area, and P is the incident
light density, B is noise bandwidth, h is the Planck constant (6.626 x 1034 J s, ¢ is
the light velocity, A is the wavelength of the incident light, I, is the photocurrent (I, =
Liight — Ldark), Tiighe and lgar are the device current under light and dark, respectively. In
the time domain, rise time (Tys.) and decay time (Tgecay) are defined as the time interval

required from 10 %/90 % to 90 %/10 % of the net photocurrent.* 3

Note S5: Analyze direct tunneling (DT) and band-to-band tunneling (BTBT) of

the photo-induced carriers

In order to further verify tunneling mechanism of devices, the forward current

transport across the heterostructure can be modeled by the Simmons approximation.®’

PR —

Ipp o< Vexp| ———
h

or

1 1\ 4nd2m” ¢
In (_) « ln(—) _INem @
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where V is the bias voltage, m” is effective mass of the carrier, q is the element
charge, h is the Planck constant, d is the width of the tunneling barrier, ¢ is the barrier
height, and C; and C, are constants. Under negative bias voltage, The E, of MoTe,
exceeds the E. of SnSe,. This causes electrons to move from the valence band (VB) of
MoTe; to the BTBT of CB of SnSe,, resulting in a reverse current of the Zener diode.
Under positive bias voltage, the thermionic emission or thermal-assisted tunneling of
majority carriers from the conduction band (CB) of SnSe, to the CB of MoTe,
dominates the transport across the SnSe,/MoTe, heterojunction, resulting in the re-
increase of current. The band alignments of SnSe,/MoTe, heterojunction at negative
and positive bias voltage see in Figure S16. In the dark, the heterojunction serves as a
backward diode in which the electrons cannot tunnel through the interfacial barrier at a
forward bias. After illumination, excess carriers are generated on both sides of MoTe,
and SnSe,, and accumulate at the interface due to the internal electric field. This
increases the Fermi level difference between MoTe, and SnSe,, which is favorable for
photogenic electrons to tunnel from CB of SnSe, to CB of MoTe, through the DT

process.

Note S6: Preparation of absorbed samples

Before measurement, SnSe, and MoTe, were exfoliated onto a PDMS film, while
MoTe, was transferred onto a 1 X1 cm transparent sapphire substrate using a double
toss via dry transfer method. The SnSe,/MoTe, heterojunction (Sample I) was

fabricated using a simple three-axis manipulator platform equipped with a
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micromanipulator through the dry transfer method. The corresponding overlapped area
of Sample I is 124 pm?. For the InP QDs/SnSe,/MoTe, heterostructure, it was achieved
by the directly spin-coating process on the SnSe,/MoTe; heterostructure on the sapphire
substrate. During the measurement, the diameter of the measured spot was as small as

5 wm, which was used to illuminate the overlapped area shown in Fig. S7a.
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Figures:

Figure S1. HRTEM image of InP/ZnSeS:Cu/ZnS QDs.
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Figure S2. EDS element mapping of InP/ZnSeS:Cu/ZnS QDs.
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Figure S3. PL of InP/ZnSeS before Cu doped.
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Figure S4. (a) Absorption (red lines) and PL (green lines) spectra of InP/ZnSeS/ZnS QDs. The inset
shows the converted Kubelka-Munk functions in relation to their photon energy. (b) The band

structure of InP/ZnSeS/ZnS QDs alignments estimated based on the UV—Vis absorption spectra and

VB-XPS data. The inset shows the energy band diagram. (¢) Energy band diagram of the InP(No-

doped)/SnSe,/MoTe, heterostructure prior to contact. (d) Band diagram and current transport

mechanism of the InP(No-doped)/SnSe,/MoTe, heterojunction under 532 nm laser illumination.
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Figure S5. Optical microscopic image of SnSe,/MoTe, for Device I before spin-coating.
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Figure S6. Raman spectra of InP/MoTe, and InP/SnSe,.
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Figure S7. (a) Sample picture on sapphire. (b) Absorption spectra of SnSe,/MoTe, and
InP/SnSe,/MoTe,.
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Figure S8. AFM image of the SnSey/MoTe, heterojunction Device 1.
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Figure S9. Transfer curves of multilayered MoTe, and SnSe; in Device 1.
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Figure S10. Energy band diagram of the InP/SnSe,/MoTe, heterostructure after contact at zero bias.
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Figure S11. I4, of InP/SnSe,/MoTe, and SnSe,/MoTe, in Device 1 at different light power

densities.
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Figure S12. The photoelectric characteristics of SnSe,/MoTe; Device L. (a) [4-V 4 characteristics
with respect to incident light power density. (b) The time-resolved photoresponse at different light
power densities. (c) Variation of I and V. with light power density.
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Figure S13. (a) SnSe,/MoTe; the electrical power as a function of V4 under different light power
densities. (b) (¢) PCE and FF of Device I as a function of light power density under 532 nm.
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Figure S14. Band diagram and current transport mechanism of the InP/SnSe,/MoTe, heterojunction
under high light power density at 532 nm.
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Figure S15. (a) (c) I4-Vgs characteristics of SnSey/MoTe, and InP(No-doped)/SnSe,/MoTe,
heterostructure with respect to incident light power density. (b) (d) The time-resolved photoresponse
of SnSe,/MoTe, and InP(No-doped)/SnSe,/MoTe, heterostructure at different light power densities.
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Figure S16. Photovoltaic properties of Device I under 405 nm laser. (a) (d) I4—Vgs curves of the
Device I under different light power densities. (b) (¢) The time-resolved photoresponse at different
light power densities. (¢) (f) Variation of Iy and V. with light power density.

—— 331 mWiem*  ——16.31 mWicm?
1004 1074 3741 m“-’e'cmzﬂ—’é’?_gl mWiem?® .
11211 mW¥/cn1’ - 185.71 mWfem
1 J— A= 635mm  InP/8nSe,MoTe, V-0V
%‘ : ;—:\ 1 B
o
St ey 0 mWiem? == 104
Z 1 331 mWienr =
— N — 3w’ | 1
1079 3741 mWiem® i
. 6781 mW. 1079
1% G 5mm 1211 mWiend
10 InP/SnSe,MoTe, —— 185,71 mWiem”
-03 -02 01 00 01 02 03 0 3 10 100
(d) Vi (V) @) ) Light power density (mW/cm?)
107 0.1t
——331 mWiem®  —— 1631 mWiem® | e
——37.41 mWrom? —— 67.81 mWicm®
10°4 108 f—— 11211 mWem? 185.71 mW/em?
—_ iy A=635nm SnSevMole, V, =0V
< 1 < 10 = = =
S
ERTS ? =]
— 107 — 63 mwiam? | L 107104 ‘ T B
3741 mWeem?
] A~ 6350m o g}x ]lt;:t‘::“: 107 1 | I
- Sn8e,/Male, 571 mWiom® |’ | | " " 01 | 6.06
-03 -02 -0.1 00 01 02 03 0 6 12 18 10 100
Vs (V) Time (s) Light power density (mW/cm?)

Figure S17. Photovoltaic properties of Device I under 635 nm laser. (a) (d) [4—Vgs curves of the
Device I under different light power densities. (b) (e) The time-resolved photoresponse at different
light power densities. (c) (f) Variation of I and V. with light power density.
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Figure S18. (a) (b) Band-to-band tunneling (BTBT) plots fitting of backward current for Device 1.
(¢) DT plots of In (I3s/V4s?) and In (1/V ) obtained from Figure S11(b). The solid line represents the
DT fitting curve of the experimental data.
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Figure S19. Schematic band alignments of SnSe,/MoTe; heterojunction at V4<<0 V and V4 >0 V.
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Figure S20. Band diagram and charge transport mechanism of the SnSe,/MoTe, heterojunction
under illumination.
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Figure S21. Photovoltaic rising/decaying time. (a) (b) Time-solved photocurrent of the

SnSey/MoTe, heterojunction for Device I before spin-coating.
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Figure S22. The unrealistic D* and the actual D* of SnSe,/MoTe; as a function of the incident light

power density.
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Figure S23. The photoelectric characteristics of Device II under 532 nm laser. (a) Optical
microscopic images of InP/SnSe,/MoTe,. (b) Height profiles of MoTe, and SnSe,. (¢) AFM image
of the SnSe,/MoTe; heterojunction. (d) I4s-Vgs curves of the SnSep/MoTe, under different light
power densities. (¢) The time-resolved photoresponse of SnSe,/MoTe, at different light power

densities.
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Figure S24. The photoelectric characteristics of Device II under 532 nm laser. (a) [4-V curves
of the InP/SnSe,/MoTe, under different light power densities. (b) The time-resolved photoresponse
of InP/SnSe,/MoTe, at different light power densities. (c) R of Device I as a function of light power
density.
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Figure S25. The photoelectric characteristics of Device III under 532 nm laser. (a) Optical
microscope images of Device III. (b) Height profiles of MoTe, and SnSe;. (¢) AFM image of the
SnSey/MoTe, heterojunction. (d) I4-Vys curves of the SnSey/MoTe, under different light power
densities. (c¢) The time-resolved photoresponse of SnSe,/MoTe; at different light power densities.
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Figure S26. The photoelectric characteristics of Device III under 532 nm laser. (a) [4-Vs
curves of the InP/SnSe,/MoTe, under different light power densities. (b) The time-resolved
photoresponse of InP/SnSe,/MoTe, at different light power densities. (¢) R of Device III as a

function of light power density.
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Figure S27. 14, of InP/SnSe,/MoTe, in Device I, Device Il and Device 111 at different light power
densities.
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