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SUMMARY

Self-powered photodetectors are expected to play a crucial role in future nano-optoelectronic devices
owing to their independent and sustainable operation. Based on the heterojunction between ZnO
nanowires (NWs) and shuttle-like SnS, we design a self-powered photodetector exhibiting wide-range
photoresponse and tunable spectral selectivity. Differently from conventional devices, a wavelength-
induced photocurrent polarity is observed in the ZnO NWs/SnS photodetector, which enables the de-
vice to distinguish between photons in the UV and visible (VIS) regions. This is due to switching of the
interfacial modulation by the pyroelectric-polarization potential (pyro-potential) inside ZnO NWs and
thermoelectric-polarization potential (thermo-potential) inside SnS. A photocurrent enhancement of
125% and improved responsivity of 364 nA/W are obtained under the pyro-potential upon 690 nm
light illumination, whereas reversed responsivity of —155 nA/W is obtained under the thermo-poten-
tial upon 365 nm light illumination. We believe the photocurrent polarity could be useful for improving
resolution of dynamic light sensing/imaging.

INTRODUCTION

Self-powered photodetectors have received considerable attention owing to their improved adaptability
and mobility in long-term detecting, communicating, responding, and imaging applications (Yang et al.,
2010; Konstantatos and Sargent, 2010; Ma et al., 2017; Konstantatos et al., 2006; Wang and Kim, 2017,
Ni et al., 2013). Normally, the design of self-powered photodetectors is based on either an integrated en-
ergy harvesting unit or an internal built-in electric field, which is necessary for separating the photo-gener-
ated charge pairs (electrons and holes) and thus forming photocurrent (Peng et al., 2014; Su et al., 2017,
Wang et al., 2015; Choi et al., 2009; Ouyang et al., 2017; Chen et al., 2016). During the optoelectronic
process, the direction of the photo-generated electric field is opposite to that of the built-in electric
field, which can weaken the separation of charge carriers (Wang et al., 2017; Heeger, 2014). Up to
now, the p-n junction and Schottky barrier have been widely utilized to enhance built-in electric fields
(Zhao et al., 2017; Wu et al., 2016; Peng et al., 2017; Yu et al., 2017; Zhang et al., 2012; Xiang et al., 2015;
Wu and Wang, 2016). However, the built-in potentials in these studies are always insufficient to control
the transfer direction of charge pairs, limiting the resolution of dynamic lightimaging and detection. There-
fore, it is necessary and essential to select apposite optical/electrical materials and promote the configu-
ration design of self-powered photodetectors to realize optimal optoelectronic process.

As is well known, ZnO in wurtzite lattice is a direct band-gap nonferroelectrics lacking a center of symmetry
with high total pyroelectric coefficient (-9.4 pCem~2.K™" (Heiland and Ibach, 1966; Lang, 2005; Norton
et al,, 2004); SnS is an indirect band-gap semiconductor with predicted high Seebeck coefficient
(400 uV-K’1) and low thermal conductivity (17 mWecm 'K (Tan et al., 2014; Spitzer, 1970; Xu et al.,
2009). Rapid change of temperature can be naturally induced by light illuminations, leading to indepen-
dent built-in potentials within the above-mentioned anisotropic semiconductors. Our thought is to
combine the pyroelectric characteristic of ZnO nanowire (NW) and thermoelectric characteristic of SnS
together to modulate the optoelectronic process and thus realize polarity control of the charge transfer
by utilizing the heat effect of light illumination.

In the design, there are two opposite built-in electric fields in self-powered ZnO NWSs/SnS photodetector:
the pyroelectric-polarization potential (pyro-potential) inside ZnO, which promotes the optoelectronic
process, and the thermo-potential inside SnS, which suppresses the optoelectronic process. As expected,
a photocurrent enhancement of 125% and improved responsivity of 364 pA/W are obtained under visible
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Figure 1. Structure and Characterization of Self-Powered ZnO NWs/SnS Photodetector

(A) Schematic diagram showing the structure of the photodetector.

(B) SEM image of the ZnO NWs/SnS photodetector: (b1) cross-sectional view of a fabricated device, (b2) top view of the
as-deposited shuttle-like SnS nanostructures, (b3) top view of the as-grown ZnO NWs, (b4) tilted cross-sectional view of
the ZnO NWs, and (b5) top view of the as-deposited Ag electrode.

(C) I-V characteristics of the device measured under dark, 365 nm light illumination (93.5 mW/cm?), and 690 nm light
illumination (23.3 mW/cm?).

See also Figure S1.

(VIS) illumination (690 nm), whereas a reverse responsivity of —155 pA/W is obtained under UV illumination
(365 nm) for the special ZnO NWs/SnS photodetector at zero bias. Furthermore, a 6 X é photodetector
array with 36 pixels is constructed to indicate the good resolution of switchable light imaging. In compar-
ison with conventional photodetectors, the unique light wavelength-induced photocurrent polarity in the
self-powered ZnO NWs/SnS photodetector shows prospect in the fields of wide-range light imaging, bi-
nary switches, as well as optoelectronic integrated circuits.

RESULTS

Device Structure and Characterization

Figure 1A illustrates the schematic structure of the self-powered ZnO NWs/SnS photodetector, which con-
sists of a transparent glass substrate, the bottom electrode of indium tin oxide (ITO) film, a layer of p-SnS
film, a layer of ZnO NW array, and the top electrode of silver (Ag) film. Detailed fabrication processes of the
devices are given in Supplemental Information (see Transparent Methods). The cross-sectional scanning
electron microscopy (SEM) image confirms the configuration of the final device, which possesses an effec-
tive thickness of approximately 4 pm (b1 of Figure 1B). The top-view SEM image of the as-deposited SnS
film by radio frequency (RF) magnetron sputtering indicates that the ITO glass substrate is compactly
covered by shuttle-like SnS nanostructures (b2 of Figure 1B). The densely packed crystallites and large
textured grains suggest excellent light absorption performance of the shuttle-like SnS (Banai et al.,
2013). Hexagonal prism-shaped ZnO NWs with diameters of about 500 nm are highly oriented and densely
grown on the SnS film (b3 of Figure 1B). The average length of the as-grown ZnO NW array is estimated to
be ~2 um (b4 of Figure 1B). From the top-view SEM image of the device, it can be seen that a compact Ag
film composed of dense nanoparticles is formed on the device surface (b5 of Figure 1B), suggesting good
conductivity of the top electrode. The current-voltage (I-V) characteristics of a representative device (1.5 x
1.5 mm?) were measured under dark, 365 nm light illumination, and 690 nm light illumination, indicating
good rectifying characteristic of the ZnO NWSs/SnS heterojunction photodetector (Figure STA). As shown
inthe enlarged |-V curves, the device demonstrates good UV response with positive photocurrent of 535 nA
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under 365 nm light illumination (purple curve in Figure 1C), whereas a negative photocurrent of —144 nA is
obtained under 690 nm light illumination (red curve in Figure 1C), indicating switchable behavior of the
self-powered ZnO NWSs/SnS heterojunction photodetector.

General Performance

The photoresponse of self-powered ZnO NWs/SnS photodetector was investigated systematically under
light illuminations with different wavelengths ranging from 365 to 880 nm. As depicted in Figures 2A
and S2, reversed output signals are observed at zero bias under forward and reverse connections,
suggesting that the measured signals were generated by the fabricated device. Under forward connection,
negative current signals of —326 and —54 nA are observed under 365 nm light illumination (93.5 mW/cm?)
and 450 nm light illumination (28.8 mW/cm?), respectively. After light illumination with larger wavelengths,
the obtained signals are switched in sign, possessing obvious two-stage photoresponse characteristics.
The measured short-circuit current sharply increases to a peak value of I; and then moves toward stabiliza-
tion until a platform of I3 owing to the photovoltaic performance of the ZnO NWs/SnS heterojunction. The
tip current of I = |; — I3 can be attributed to the pyroelectric effect inside the ZnO NW array due to the
heat effect of light illumination (Zhang et al., 2016). For example, positive current signals of I; = 191 nA,
I, = 106 nA, and I3 = 85 nA are observed under 690 nm light illumination (23.3 mW/cm?). It is worth noting
that a photocurrent enhancement of ~125% is produced by the illumination-induced pyroelectric effect of
ZnO NWs. The output currents and voltages of the self-powered ZnO NWs/SnS photodetector under
two representative types of illuminations, UV light illumination (A = 365 nm) as well as VIS light illumination
(X = 690 nm), were further investigated under various light intensities. As presented in Figures S3 and 54,
the magnitude of photocurrent and photovoltage increases linearly with the light intensity for both UV and
VIS light illuminations. Therefore, the obtained photocurrent curves in Figure 2A were normalized by light
intensity and plotted in Figure 2B for a clearer comparison. It can be seen that negative current signals are
observed upon light illuminations with wavelengths shorter than 450 nm, whereas positive current signals
are observed upon light illuminations with wavelengths longer than 550 nm. Specially noted, the switchable
behavior around wavelength of 500 nm suggests a different mechanism of photoresponse, implying a light
wavelength-induced photocurrent polarity controlling strategy for the self-powered photodetector sys-
tem, which will be discussed thoroughly later.

To better understand the controlling strategy, the wavelength-dependent responsivity of the self-powered
ZnO NWs/SnS photodetector is demonstrated in Figure 2C. The responsivity (Rq, Ry, and Rs) under each
light illumination was calculated based on R = (ljignt — lgard/(P+A) (Koppens et al., 2014), where lighy, ldark,
P, and A are the photocurrent, dark current, incident light intensity, and effective area, respectively. The
responsivity increases with light wavelengths ranging from 365 to 808 nm. Upon 880 nm light illumination,
the output signal and the corresponding responsivity decrease, because the light (A > 800 nm) is hardly ab-
sorbed by ZnO or SnS. The calculated responsivity of the ZnO NWs/SnS photodetector is Ry = R3 =
—155 pA/W for 365 nm light illumination, whereas the responsivity is Ry = 364 pA/W and Rz = 163 pA/W
for 690 nm light illumination. In addition, series-resistance-dependent I-t characteristics of the self-pow-
ered photodetector depict that the device possesses a maximum output power of P;/P, = 105.6 pW for
365 nm light illumination at 4 KQ and P1/P,/P3 = 54.2 pW/15.1 pW/12.1 pW for 690 nm light illumination
at 8 KQ (Figure S5). For dynamic imaging, it is also important to evaluate the frequency response of the
photodetector (Mueller et al., 2010). By modulating the incident light with a mechanical chopper, the pho-
tocurrents under different chopping frequencies were measured. As shown in Figure Sé, the response
speed of the photodetector under VIS light illumination (A = 690 nm) is much faster than that under UV light
illumination (A = 365 nm). The dynamic current signals along with operation frequency might have potential
applications in low-speed (<10 Hz) motion detection and dynamic light imaging. These characteristics
make the proposed ZnO NWs/SnS photodetector superior to other semiconductor photodetectors, espe-
cially in distinguishing photons with wavelengths in the UV region and VIS region.

Operation Mechanism

As demonstrated in Figure 3A, the signal of VIS light illumination displays a sharp rising edge and a plateau
(I3 = I+ I3), corresponding to two optical processes in the device: the photoexcitation at the local junction
caused by the photoabsorption and the instantaneous pyro-potential inside ZnO NWs (Figures 3B-3D).
Normally, the lightillumination produces free carriers as photocurrent to transport through the external cir-
cuit from the ITO electrode to Ag electrode owing to type Il band alignment (Zhu et al., 2017; Liet al., 2015)
of the ZnO NWSs/SnS heterojunction (Figure 3B). On the basis of the transmittance spectra depicted in
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Figure 2. General Performance of Self-Powered ZnO NWs/SnS Photodetector

(A) Measured short-circuit currents of the device at forward connection and reverse connection, when it was subjected to
different light illuminations.

(B) Normalized photocurrent of the device under light illuminations with different wavelengths.

(C) Wavelength-dependent responsivities of the device, revealing wavelength-induced signal polarity.

See also Figures S2-56.

Figure S1B, the deposited SnS layer is partially transparent to VIS light illumination (A = 690 nm) but abso-
lutely opaque to UV light illumination (A = 365 nm). Under the heat effect of VIS light illumination, the tem-
perature inside ZnO NWs increases (4T > 0, dT/dt > 0), resulting in a distribution of polarization charges
along the c-axis of ZnO NWs with localized positive charges at the heterojunction interface and negative
charges at the Ag electrode side. To balance the pyroelectric polarization potential, the induced charges
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Figure 3. Operation Mechanism of Self-Powered ZnO NWs/SnS Photodetector

(A) Schematic diagram of the pyro-potential inside ZnO NW and a typical cycle of /-t curve under VIS illumination (A = 690 nm).

(B) Energy-band diagram and the photoexcitation at the local ZnO/SnS heterojunction.

(C) Energy-band diagram of the device upon VIS illumination, indicating pyro-phototronic effect on the device performance.
(D) Energy-band diagram of the device when turning off the VIS light illumination, leading to decreased temperature inside ZnO NWs and reverse

pyroelectric current.

(E) Schematic diagram of the thermo-potential inside SnS film and a typical cycle of I-t curve under UV illumination (A = 365 nm).
(F) Energy-band diagram of the device upon UV illumination, indicating thermo-phototronic effect on the device performance.

See also Figures S1 and S7-S10.

on the electrodes would be redistributed along with the increase of temperature, resulting in electron flow
in the external circuit from the Ag electrode to the ITO electrode (Figure 3C). Here, the sharp peak (I4) in the
|-t curve (Figure 3A) can be seen as the combination of the pyroelectric current (1) and the photovoltaic cur-
rent (I3). When the light illumination is retained and the temperature reaches a higher and stable value, the
output current reaches a plateau, which is recognized as the net photovoltaic current of 3. When the light
illumination is turned off, the photovoltaic current rapidly disappears and the increased temperature grad-
ually recovers to initial room temperature (4T < 0, dT/dt < 0), resulting in a negative pyroelectric current (I,)
due to the reverse pyroelectric potential, as shown in Figure 3D. Herein, the heat-enhanced photocurrent by
VIS light illumination reflects a coupling effect of pyroelectricity, photoexcitation, and semiconductor char-
acteristics on interfacial charge transfer, which is called pyro-phototronics (as clarified in Figure S7A).

For UV light illumination, the light is fully absorbed by the SnS layer, leading to a temperature gradient in-
side SnS. No UV light can reach the ZnO NWs. The negative current signal (lo) thus can be explained by the
complex effect of photoexcitation caused by photoabsorption and thermo-potential inside SnS (Figures
3B, 3E, and 3F). As depicted in Figure 3F, an inner thermo-potential (Vrg) will be induced across SnS under
the heat effect of UV illumination due to the difference between the Fermi levels of the two ends of SnS.
Driven by the Vg, the photovoltaic current generated by the transport of holes in the p-SnS toward the
ITO electrode is suppressed, finally resulting in electron flow in the external circuit from the ITO electrode
to the Ag electrode. Additional measurements were conducted to further explore and confirm the origin of
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Figure 4. Schematic and Performance of Self-Powered ZnO NWs/SnS Photodetector System
(A) Schematic of a 36-channel photodetector system with the lower right part under light illumination.
(B) Photograph of an as-fabricated 6 x 6 photodetector array with each pixel being 1.5 mm X 1.5 mm.

(C and D) Response and recovery time of the photodetector system under (C) 365 nm light illumination and (D) 690 nm
light illumination.

(E and F) Photocurrent imaging figure under (E) 365 nm light illumination and (F) 690 nm light illumination with different
light intensities.

See also Figures S11 and S12.

the thermoelectric current across SnS. An ITO/SnS/Ag ohmic-junction device without a ZnO layer was fabri-
cated and studied, which can generate a negative current of approximately —50 pA under the same UV light
illumination (Figure S8). The current signal of the ITO/SnS/Ag ohmic-junction device (nA-level) is larger
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than that of the ITO/SnS/ZnO/Ag heterojunction device (nA-level), which can be ascribed to the shielded
photovoltaic effect in the ohmic-junction device. Afterward, the Ag electrode in the ITO/SnS/Ag device
was further replaced by the ITO electrode to be able to alter the direction of light illumination. Reversed
output current/voltage signals are observed with upward illumination and downward illumination (reversed
temperature gradient inside SnS induced by light illumination), suggesting that the measured signals are
truly generated by the thermoelectric characteristic of SnS (Figures S9 and S10). Herein, the 4T-induced
photocurrent of the ZnO NWs/SnS heterojunction by UV light illumination reflects the coupling effect of
thermoelectricity, photoexcitation, and semiconductor characteristics, called as the thermo-phototronics
(Figure S7B). These results consistently confirm the light wavelength-induced photocurrent polarity in
the self-powered ZnO NWs/SnS photodetector.

Application as Switchable Light Imaging

To demonstrate the potential application of the ZnO NWs/SnS heterojunction, we fabricated a multi-chan-
nel (6 x 6) photodetector array with 36 pixels in the total area of 2 cm X 2 cm, as shown in Figures 4A and
4B. The active area of each pixel is approximately 1.5 x 1.5 mm?. From the viewpoint of light imaging per-
formance, the response/recovery time of the self-powered ZnO NWs/SnS photodetector was found to be
~49.1s/51.8 s for 365 nm UV light illumination (Figure 4C) and ~0.4 /0.2 s for 690 nm VIS light illumination
(Figure 4D). A series of imaging tests were then performed with the top-left part of the photodetector
masked, keeping the lower right part under lightillumination (Figures S11 and 512). Upon light illumination,
the complete imaging figure can clearly distinguish the illuminated pixel from the surrounding pixels by
monitoring the current signal of each independent pixel. As shown in Figures 4E and 4F, imaging figures
with blue pixels (negative current signals) are observed under UV light illumination, whereas imaging fig-
ures with red pixels (positive current signals) are observed under VIS light illumination, indicating good res-
olution and switchable light imaging behavior of the self-powered ZnO NWSs/SnS photodetector array.

DISCUSSION

The self-powered ZnO NWs/SnS heterojunction photodetector possesses a unique light wavelength-
induced photocurrent polarity in comparison with conventional photosensing devices. On the one hand,
the pyro-potential inside ZnO toward visible light illuminations was employed to enhance the photosens-
ing performance. A photocurrent enhancement of ~125% is produced by the illumination-induced
pyroelectric effect of ZnO NWs. On the other hand, the ZnO NWs/SnS photodetector demonstrates sup-
pressed charge transfer by thermo-potential inside SnS toward UV light illuminations. Switched photocur-
rent polarity implies switchable light imaging strategy for self-powered photodetector. The pyroelectric
effect and thermoelectric effect alternatively act on the photovoltaic effect of the ZnO NWs/SnS hetero-
junction in one device, leading to a wide-range photoresponse and tunable spectral selectivity. For both
UV and VIS light illuminations, the magnitude of the photocurrent and photovoltage increases linearly
with the light intensity. Maximized responsivity of —155 pA/W is obtained under 365 nm UV light illumina-
tion, and maximized responsivity of 364 pA/W is obtained under 690 nm VIS light illumination. Finally, we
fabricated a multi-channel (6 x 6) photodetector array with 36 pixels, indicating good resolution and
switchable light imaging behavior of the self-powered ZnO NWs/SnS photodetector array. We believe
that the light wavelength-induced photocurrent polarity could be useful forimproving the resolution of dy-
namic light sensing/imaging.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and 12 figures and can be found with this article
online at https://doi.org/10.1016/}.isci.2018.01.002.
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Figure S1: Device characterization, related to Figure 1 and Figure 3.

(A) 1-V characteristics of the device measured under dark, 365 nm light illumination
(93.5mW/cm?) and 690 nm light illumination (23.3mW/cm?).

(B) Ultraviolet-visible transmittance spectra of the SnS (in red), the ZnO (in blue) and
an ITO glass substrate (in black).
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Figure S2: Measured voltages of the device, related to Figure 2.

(A and B) Measured voltages of the device at (A) forward connection and (B) reverse

connection when it was subjected to 365 nm light illumination.

(C and D) Measured voltages of the device at (C) forward connection and (D) reverse

connection when it was subjected to 690 nm light illumination.
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Figure S3: Temperature profiles and current responsivities of the device, related
to Figure 2.

(A and B) Light-induced temperature variation and I-t characteristics of the
self-powered photodetector under (A) 365 nm and (B) 690 nm light illumination with
different intensities.

(C) Photocurrents and the corresponding responsivities of the self-powered
photodetector under 365 nm light illumination as a function of light intensities.

(D) Differences between peak and stable currents and the corresponding current
responsivities of the self-powered photodetector under 690 nm light illumination as a
function of light intensities.
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Figure S4: Temperature profiles and voltage responsivities of the device, related
to Figure 2.

(A and B) Light-induced temperature variation and V-t characteristics of the
self-powered photodetector under (A) 365 nm and (B) 690 nm light illumination with
different intensities.

(C) Photovoltages and the corresponding responsivities of the self-powered
photodetector under 365 nm light illumination as a function of light intensities.

(D) Differences between peak and stable voltages and the corresponding voltage
responsivities of the self-powered photodetector under 690 nm light illumination as a
function of light intensities.



Current (nA) >
é :8 o

N
3
=)

‘0] 5X104Q 10°Q

&
-3
=)

10°Q 2X10°Q 3X103Q 4X103Q 5X103Q 6X103Q 8X10°Q 104Q 2X10°Q

0 480 960 1440 1920 2400 2880 3360 3840 4320 4800 5280 5760
Time (s)
B210
100Q 10°Q 2X102Q 4X10°Q 6X10°Q 8X103Q‘ 10¢Q 2X104Q 8X10¢Q 105Q
. 140-
<
£
70
2
3 o —_—
-70 T T
0 480 960 1440 1920 2400 2880 3360 3840 4320 4800 5280 5760
Time (s)
C 120 200 60
o] D
e
A Ao
— 90 A/ 150 &
90+ 80 U < 40
g =81y A/ :. g 2 g
A < 100 o
€180 -A- P, S 3 S g =
£ s A leT E )
3 / \A s 5 20 s
O 270 o \ = O 50 =
A
® (]

360 4 - : , . i 044 : : : S o
10° 10’ 10° 10° 10 10° 10° 10 10? 10 10°
Residence (Q) Residence (Q)

Figure S5: Series-resistance-dependent characteristics of the device, related to

Figure 2.
(A and B) Measured series-resistance-dependent I-t characteristics of the self-powered
photodetector under (A) 365 nm light illumination (93.5mW/cm?) and (B) 690 nm
light illumination (23.3mW/cm?).
(C and D) Dependence of output current and power of the self-powered photodetector
on external loading resistance under (C) 365 nm and (D) 690 nm light illumination.
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Figure S6: Frequency response of the photodetector, related to Figure 2.

(A) Photocurrent response under periodic on and off 365 nm light illumination
through a mechanical chopper at different frequencies.

(B) Photocurrent response under periodic on and off 690 nm light illumination
through a mechanical chopper at different frequencies.

(C) Absolute values of photocurrent response versus frequency of the optical chopper.
(D) Ratio of photocurrent response versus frequency of the optical chopper.



Pyro-Phototronics

Pyrophotonics

Photoexcitation Pyroelectricity

Semiconductor

Thermo-Phototronics

Thermophotonics

Photoexcitation Thermoelectricity

Semiconductor

Figure S7: Schematic of the pyro-phototronics and thermo-phototronics, related
to Figure 3.

(A) Schematic diagram of the pyro-phototronics.

(B) Schematic diagram of the thermo-phototronics.
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Figure S8: Performance of an ITO/SnS/Ag ohmic-junction device, related to
Figure 3.

(A) Schematic of an ITO/SnS/Ag ohmic-junction device without ZnO layer under 365
nm light illumination (93.5mW/cm?).

(B) I-V characteristics of the device measured under dark and light illumination.

(C and D) Measured currents of the device at (C) forward connection and (D) reverse
connection.

(E and F) Measured voltages of the device at (E) forward connection and (F) reverse
connection.
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Figure S9: Performance of a bottom-illuminated ITO/SnS/ITO device, related to
Figure 3.

(A) Schematic of an ITO/SnS/ITO device upon 365 nm light illumination
(93.5mW/cm?) from bottom side.

(B) I-V characteristics of the device measured under dark.

(C and D) Measured currents of the device at (C) forward connection and (D) reverse
connection.

(E and F) Measured voltages of the device at (E) forward connection and (F) reverse
connection.
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Figure S10: Performance of a top-illuminated ITO/SnS/ITO device, related to
Figure 3.

(A) Schematic of an ITO/SnS/ITO device upon 365 nm light illumination
(93.5mW/cm?) from the top side.

(B and C) Measured currents of the device at (B) forward connection and (C) reverse
connection.

(D and E) Measured voltages of the device at (D) forward connection and (E) reverse
connection.
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Figure S11: Output current curves of a 36-channel photodetector system under
690 nm light illumination, related to Figure 4.

Measured short-circuit currents of the 6 < 6 photodetector array with each pixel at
forward connection, when it was subjected to 690 nm light illumination with different
light intensities.
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Figure S12: Output current curves of a 36-channel photodetector system under
365 nm light illumination, related to Figure 4.

Measured short-circuit currents of the 6 < 6 photodetector array with each pixel at
forward connection, when it was subjected to 365 nm light illumination with different
light intensities.



TRANSPARENT METHODS

Device Fabrication

After ultrasonically cleaned by glass lotion, deionized water and ethanol, the ITO
glass substrates were dried using high purity nitrogen gas and then deposited with a
thin layer of SnS film by radio frequency (RF) magnetron sputtering (Ar, 100 W, 1800
s) at room temperature. Then, a layer of ZnO seeds was deposited on the surface of
SnS film by RF magnetron sputtering (Ar, 100 W, 2400 s). Vertical ZnO NWSs were
grown by immersing the seeded substrates downward into the growth solutions
containing 100 mM zinc nitrate (ZnNO3; 6H,0) and 100 mM hexamethylenetetramine
(HMTA) at 85 <C for 4 h. After rinsed with deionized water and dried in a mechanical
convection oven, two layers of Kapton tape with 36 square holes (6>6 arrays) were
adhered on the surface of ZnO layer as masks. Subsequently, a lay of silver (Ag) was
deposited by direct current magnetron sputtering (Ar, 100w, 1800s) as the top
electrode. Finally, the top layer of the Kapton tapes was peeled off, keeping the
bottom layer of Kapton tapes to fix the copper wires and enhance the robustness of
the device.

Characterization and Measurements

The morphologies were characterized by a Hitachi SU8020 scanning electron
microscope (SEM). Transmission spectra of ITO/SnS and ITO glass substrate were
measured by Ultra-6600A UV-VIS spectrophotometer. |-V characterizations were
performed with a Keithely 2611B system controlled by a computer. The light
illuminations with selectable wavelengths were generated by a Zolix LED light source,
and the corresponding temperature profiles upon light illuminations were recorded
using an Optris P1400 IR thermographic camera. Time-dependent current and voltage
signals were measured by Stanford SR570 and SR560 low-noise preamplifier,
respectively.
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