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Supplementary Notes

Supplementary Note 1: Synthesis of 2D In,S; flakes

The growth of 2D In,S; flakes was carried out in a horizontal quartz tube furnace
with a single heating zone. In,S; power (99.999%, Alfa Aesar) was placed at the
center of the hot zone, while the fluorophlogopite mica substrate was positioned
downstream about 5 cm away from the In,S; power. Firstly, the tube was purged with
400 sccm ultrahigh purity argon (Ar) gas (99.999%) for 15 min to provide an inner
environment. Then, ultrahigh purity Ar gas with flow rates of 20-30 sccm was
introduced into the quartz tube as the carrier gas. Under ambient pressure, the growth
temperature was set at 980 °C and the growth time was 5 min. Finally, the furnace
was naturally cooled to room temperature under 100-200 sccm ultrahigh purity Ar
gas.

Supplementary Note 2: Calculation of surface potential difference (SPD):

The SPD between the AFM tip and In,S; can be calculated as follows:

€SPDyyps3 = Wtip — Winas3
€SPDnas-n2s3 = Wiip — WNGs-1n2s3

where e, Wngs-m2s3, Winas3 and Wy, represent electron charge, work functions of
NGs-In,S3, In,S; and AFM tip, respectively!. Thus, the Fermi level difference (AEy)
between NGs-In,S; and In,S; can be obtained by

AE¢= WnGs-m2s3 — Winass = €SPDinos3 — €SPDNGs-in2s3
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Supplementary Note 3: FDTD Simulations

The scattering spectra near-field distributions were calculated using the finite-
difference time domain method (FDTD Solutions 8.6.0, Lumerical Solutions, Inc.).
The normal incident total-field scattered-field plane wave at the visible wavelengths
(300900 nm) combined with planar detectors was used to simulate the reflection
spectra and the electric field distributions. The SiO, NGs were illuminated by a plane
wave with linear polarization (along x axis). The size parameters were set according

to the SEM images. A mesh size of 2 nm for the illuminated region was used.

Supplementary Note 4: Calculation of Performance Parameters

To better compare the performance of photodetectors with different sizes and
operating conditions, several figures of merit are defined.

Responsivity (R):

Photoresponsivity is defined as the ratio of the photocurrent to the incident light
power on the active region of the device, which can be expressed as:

R =1I,,/(PS)

where I, is the photocurrent (I, = ljigne — Ig), P 1s the light power density, S is the
effective area under incident light, and Iy and I4 are the device current under light
and dark?3.

Detectivity (D¥):
$3



The detectivity is a useful parameter for comparing the detection performance of
photodetectors with different materials and geometries*>. Moreover, the detectivity
can truly reflect the capability of a device to detect weak light signals, and it is a
commonly adapted figure of merit to quantify the sensitivity of a photodetector with
respect to noise> 6. D* is defined as”:

D* = (Sfg)"?/NEP

where e is the electronic charge, fg is the electrical bandwidth, NEP is the noise
equivalent power, which corresponds to the incident power required for the signal-to-
noise ratio (SNR) to be unity in a 1 Hz bandwidth®. A commonly-accepted
assumption is that the shot noise from dark current is the dominant contribution® °.
Based on this assumption, the NEP can be approximated as:

NEP = (2elga)?/R

Thus, D* can be expressed as

D* = SU2R/(2el gun) 2

Signal-to-Noise Ratio (SNR):

Low noise is a significant factor for a photodetector because it ultimately
determines the lowest detectable signal strength. Noise always exists in a
photodetection process, which limits the detection of small amounts of radiation
energy by producing a random fluctuation in the output of the device. Higher SNR
means fewer disturbances from the background noise!®!!. The SNR of a
photodetector is expressed as

SNR = ILy/I4
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Photoconductive Gain (G):

Photoconductive gain is used to evaluate the ability of generating multiple
carriers by a single incident photon. It is given as:

G = (hcR)/(eln)

where h is the Planck constant, ¢ is the light velocity, A is the excitation
wavelength, and n is external quantum efficiency (assuming 100%)>3.

Response Time (t,i.) and Recovery Time (Tgecay):

The response time and recovery time are defined as the time interval required

from 0%/100% to 90%/10% of the net photocurrent!?.
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Supplementary Figures

Figure S1. Schematic diagrams showing the fabrication process of the In,S;
photodetector.
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Figure S2. XPS pattern of In,S;. (a) Full spectrum of In,S;. Core spectra of (b) In 3d
and (c) S 2p.
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The full scan in Figure S2(a) verifies that the sample just consists of In and S
elements. Therefore, the fabricated In,S; nanoflakes manifest high chemical purity,
revealing the feasibility of directly preparing high quality In,S; crystals. High
resolution scans of In 3d and S 2p are also recorded in Figure S2(b—c), respectively.
The peaks located at 444.75 and 452.3 eV can be assigned to In 3ds, and In 3d;),,
respectively. Correspondingly, the peaks at 161.6 and 162.7 eV in the S 2p spectrum
are indexed to S 2ps, and S 2py), respectively. These peaks are consistent with the
reported values of In,S;!3. Moreover, the atomic molar ratio of In to S is 2: 3,

matching well with its stoichiometric ratio.
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Figure S3. Schematic diagram and structural parameters of the SiO, nanogroove
array.
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Figure S4. Enlarged SEM images of the other two types of SiO, NGs with grating
constants of (a) 300 nm and (b) 700 nm. (c—f) Calculated field intensity (E?) profiles
with respect to x-z plane of the S10, NGs with different grating constants.
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Figure S5. Transfer curve of a f-In,S; device.
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The electron mobility can be acquired by the following equation!#13
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where L and W are the length and width of the channel, an is slope of the transfer
curve, | is mobility, €, is the relative static permittivity, €, is the electric constant, and
d is the thickness of the SiO, layer, V4 is the source-drain voltage. Herein, Vg3 =2V,

ol 4,

L=2pum, W= 15 pum, and d = 300 nm. Then, gy = 8.85 x 10-12F/m, ¢, = 3.9, and an

= 1.51 x 10 A/V. Based on the data above, the electron mobility is calculated to be
87.3cm? Vsl
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Figure S6. (a) Temperature-dependent PL spectra of In,S; in the temperature range of
77-373 K. (b) The illustration of probable band structure of In,S; nanoflake.
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A broad and multiemission at longer wavelength arises and becomes stronger as
the temperature decreases (Figure S6(a)). A peak at ~650 nm (1.91 eV) was found at
the spectrum, which can be assigned to the bandgap energy of In,S;!6. Another peak
at ~410 nm (~3 eV) was found at the spectrum, which can be assigned to the transition
to higher energy state of In,S;!'7. Four peaks located at about 680 nm (1.82 eV), 720
nm (1.72 eV), 742 nm (1.67 eV) and 837 nm (1.48 eV) can be found in lower energy
range, which exhibit nearly temperature-invariant character of energy shift. In several
previous studies, many energy states coming from vacancy, self-interstitial and
antisite defects have been theoretically predicted and experimentally investigated!7-20.
The dangling bonds by vacancies are not sensitive to the thermal expansion of lattice
when the temperature is changed?!. These vacancies in the In,S; unit cell include S
vacancies (Vs), In vacancies (Vy,) and In interstitial vacancy (In;). The S vacancies
and In interstitial act as donors, while the In vacancies act as acceptors??. According
to the energy level reported by earlier reports, the four defect emissions of the In,S;
nanoflake should originate from the recombination of Vg to E, (1.82 eV), In; to E,
(1.72 V), Vs to E, (1.67 €V) and Vg to Vi, (1.48 eV), respectively, where Vg and
Vg are the higher defect levels of S vacancies. Based on the above discussion, all the
probable transitions in the band structure of In,S; has been drawn and illustrated in
Figure S6(b), giving a very clear physical picture to understand the PL behavior of
In,S;.
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Figure S7. The fitting curve for obtaining the optical bandgap from Figure 4(c).
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The optical bandgap can be extracted by using Equation?3:
ax (hv-E)"/hv

where a is the effective absorption coefficient of a material, hv is the photon energy,
E, is the bandgap of material, n (quantum efficiency) is a constant, the exponent m =
2 for indirect bandgap material and 1/2 for direct bandgap material. By assuming that
the internal quantum efficiency of photocurrent (Iy,) is a constant in the range from
550 to 650 nm, the photocurrent is proportional to the absorption in this wavelength
range, i.e., I;, = a X n X d, where d is the thickness of the In,S; nanoflake (here we
assume the absorption rate 1-e 4 as ad for ultrathin flakes)?*. Thus, we can obtain?3:

L (hv-E))"/hv

Based on the above equations, the £, is measured to be =2.04 eV under m = 2.
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Figure S8. Spectrum response of NGs-In,S; photodetectors with grating constants of
(a) 300 nm and (b) 700 nm.
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Figure S9. Bias voltage-dependent photocurrent of the NGs-In,S; devices with
various grating constants. The power density is 31.4 mW/cm?. At the bias voltage of 2
V, the photocurrent of the NGs-In,S; photodetector with a grating constant of 500 nm
is 5390 nA. This value is 60 times higher than that of the device with a grating
constant of 300 nm (89.2 nA). Meanwhile, this value (5390 nA) is 18.5 times higher
than that of the device with a grating constant of 700 nm (292 nA).
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Figure S10. Schematic device structures of the (a) f-In,S; and (b) NGs-In,Ss.
Comparison of I-V curves of the f-In,S; and NGs-In,S; photodetectors (c—d) in the
dark, (¢) under the same light illumination (405 nm, 31.4 mW/cm?).
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Figure S11. Light intensity dependent photocurrent (I,,) of the f-In,S; device under a
bias of 2 V.
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Figure S12. Light intensity dependent photoresponsivity (R) and detectivity (D*) of
the f-In,S5 device under a bias of 2 V.
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Figure S13. Light intensity dependent photoconductive gain of the f-In,S; and NGs-
In,S; photodetectors under a bias of 2 V.
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Figure S14. Dynamic response of photocurrent of the f-In,S; device.
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Supplementary Table

Table S1. Comparison of the key parameters of our NGs-In,S; device with other non-
layered 2D materials-based photodetectors. ND: no data.

NGs-In,S;
In,S;
Bi,O,Se
CdTe

SnTe
PbS
Pb,..Sn,Se
Te
CuBr

1810
137
6.5
0.6
71
1621
5.95
160
3.17

2.09x1015
7.74x1010
8.3x10M
10°
ND
1011
ND
ND
1.4x10"

1.7x106
250

5555
378
~10

1.6
347

2512
15.6
420
11.3

0.41/0.85
6/8
2.8/4.5
18.4/14.7
210/730
300/300
900/740
4400/2800
32/48

Ours

25

26

27
28
4

Table S2. Comparison of the key parameters of our NGs-In,S; device with other
layered 2D materials-based photodetectors.

NGs-In,S;
SnSe,
MoS,

WS,
SnS,
NiPS;
InSe
In,Se;
GaS
GaSe
GaTe
PtSe,

1810
1100
880
3.5
260

0.126

27
395
19.2

1.4

104
4.5

2.09x1015
1010
ND
~1011
1010
1.22x1012
ND
2.26x1012
1014
ND
ND
7x108

1.7x106

~100
54
104

~100
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5555
2600
ND
8.1
930
0.61
57
1630
20.5
6
23364
ND

0.41/0.85
14.5/8.1
4000/9000
ND
20/16
3.2/15.6
500/1700
18/73
30/30
ND
6/20
1.2/1.2

Ours
29

31
32
33
34
35
36
37
38
39



Table S3. Comparison of the key parameters of our NGs-In,S; device with 2D
materials heterojunction photodetectors. SWNT: single-walled carbon nanotube, Gr:
graphene. As can be seen, although the obtained detectivity of our NGs-In,S; device
is slightly smaller than that of the CNT/ZnO heterostructure device, other parameters
including photoresponsivity (1810 A/W versus 400 A/W), response time (0.41/0.85
ms versus 14000/23000 ms), SNR (1.7 x 10° versus 10%) and dark current (3.2 pA
versus 2000 pA) are much better. Therefore, the overall performance of our NGs-
In,S; device exceeds that of CNT/ZnO heterostructure device. Moreover, the
photosensing material ZnO is up to 400 nm, which great hinder its application in
wearable devices. In contrast, our work exploits a simple solution based on a single
photosensing material. An ultrasensitive 2D In,S; (just 19 nm in thickness)
photodetector is achieved by adopting strain engineering coupled with optical
regulation, which reflects the superiority of our solution. On the other hand, as for the
In,S3/Gr/Si device, the double-heterojunction brings the photogating effect based on
the photovoltaic effect. Therefore, the photoreponsivity of the In,S;/graphene/Si
device is higher than our NGs-In,S; device. However, constructing the double-
heterojunction is based on artificial mechanical stacking techniques, which requires
precise alignment. At the same time, the combination of three sensing materials
makes the preparation process rather cumbersome. Our work uses only a single
photosensing material to achieve an ultrasensitive 2D In,S; photodetector by adopting
strain engineering coupled with optical regulation. Due to the lack of photogating
effect, the photoreponsivity is suppressed. But the formation of the built-in electric
fields array makes SNR and D* much larger than those of the In,Ss/graphene/Si
device (1.7 x 10° versus 665.1 and 2.09 x 10! Jones versus 3.02 x 10!! Jones).
Moreover, our device is highly compatible with the photogating effect, which thus can

be introduced to further improve the performance in the future.
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NGs-In,S; 1810 2.09x10'5 1.7x106 5555 0.41/1.3 Ours

In,S;/Gr/Si 4.53x10*  3.02x10!! 665.1 1.4x10° 0.033/0.04 16
SWNT/ZnO 400 3.2x101 ~1000 ND 14000/23000 A
MoS,/GaTe 21.83 8.4x1013 103 57.3 7/7 4l
MoS,/WS, 1173 4x10M ~5 5460 >103/10° <2
WSe,/GaSe 1000 2x1012 ND 2336 30/20 43
WSe,/SnS, 0.1 4.71x1010 ND ~0.3 0.5/0.6 o
WSe,/SnS, 244 1.29x10!3 10° 551 13/24 -
Bi,Tes/Si 1 2.5%1012 ~40 2.3 100/100 “o
MoS,/Si 11.9 2.1x1010 60 18.3 0.03/0.07 47
Gr/Si 0.73 4.2x10!2 300 1 0.32/0.75 28
In,Ses/Si 5.9 4.9x1012 600 16.5 8.8/8.3 49
Bi/WS,/Si 0.42 1.36x1013 10° 1 100/100 <
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