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ABSTRACT: Tin monosulfide (SnS) is a promising piezoelectric material in an intrinsically
layered structure, making it attractive for self-powered wearable and stretchable devices. However,
for practical application purposes, it is essential to improve the output and manufacturing
compatibility of SnS-based piezoelectric devices by exploring its large-area synthesis principle. In
this study, we report the chemical vapor deposition (CVD) growth of centimeter-scale two-
dimensional (2D) SnS layers at temperatures as low as 200 °C, allowing compatibility with
processing a range of polymeric substrates. The intrinsic piezoelectricity of 2D SnS layers directly
grown on polyamides (PIs) was confirmed by piezoelectric force microscopy (PFM) phase maps
and force-current corroborative measurements. Furthermore, the structural robustness of the
centimeter-scale 2D SnS layers/Pls allowed for engraving complicated kirigami patterns on them.
The kirigami-patterned 2D SnS layer devices exhibited intriguing strain-tolerant piezoelectricity,
which was employed in detecting human body motions and generating photocurrents irrespective
of strain rate variations. These results establish a great promise of 2D SnS layers for practically

relevant large-scale device technologies with coupled electrical and mechanical properties.
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Introduction

Wearable electronics that can convert mechanical energy into electrical energy have received
increasing attention in a range of technologies, such as healthcare and medical applications.!” In
this regard, two-dimensional (2D) materials offer distinct advantages with their ability to maintain
high structural integrity under excessive mechanical stimuli owing to their large strain limits.!> 48
Amongst a variety of atomically thin 2D materials, those with intrinsic piezoelectric properties are

considered promising for energy harvesting applications.”!!

Particularly, group IV 2D
monochalcogenides (MXs; where M = Sn or Ge and X = S or Se) have received significant
attention due to the large in-plane piezoelectricity originating from their van der Waals (vdW)
hinge-like layered structure.’ 1% While a large family of 2D monochalcogenides has been
explored,!! tin monosulfide (SnS) 2D layers exhibit unparalleled properties enabled by their
structural anisotropy such as high piezoelectric coefficients!! as well as ferroelectricity-driven
gating!® and synaptic characteristics.!® Despite these appealing structure-property aspects, the
centimeter-scale chemical synthesis of morphologically homogenous 2D SnS layers has been
limited, hindering their practical applications.!” For instance, direct integration of 2D SnS layers
onto flexible substrates using mechanical exfoliation or liquid solution processes often leads to
small-area surface coverage and uncontrolled layer morphologies.' > 1¥-2° Furthermore, ultrathin
SnS layers synthesized from the sulfurization of metallic tin (Sn) precursors are often limited to
the millimeter-scale.?!

Herein, we report the chemical vapor deposition (CVD) growth of centimeter-scale 2D SnS
layers and their piezoelectricity-driven device applications. The CVD growth was performed at a
temperature as low as 200°C, which enabled their direct integration onto various polymer
substrates, including polyamide (PI). Intrinsic piezoelectric properties of SnS/Pls were verified by

zero-bias electrical measurements coupled with mechanical stimuli as well as piezoelectric force
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microscopy (PFM). The low-temperature processability further allowed for the fabrication of
SnS/PI devices with complicated kirigami and serpentine patterns, which exhibited strain-

dependent piezoelectric characteristics.

Results and Discussion

In group IV 2D monochalcogenide layers, including SnS, the main polar orientation responsible
for piezoelectricity is perpendicularly oriented with respect to their zigzag crystalline planes along
the c-axis.!” 1> 14 Figure 1a illustrates a schematic of tri-layered 2D SnS in an orthorhombic

structure with a vdW gap spacing of 0.57 nm,?> %3

indicating its zigzag crystallinity aligned with
the a-axis as well as the armchair structure along the c-axis. Figure 1b illustrates the step-by-step
fabrication process of 2D SnS layers-based piezoelectric devices on various substrates, including
Si0,/Si and sapphire wafers as well as PI films. The fabrication process starts with the CVD
sulfurization of pre-deposited Sn thin films, which converts the Sn to 2D SnS layers. Subsequently,
gold (Au) electrodes are patterned/deposited on the surface of as-grown 2D SnS layers for
electrical characterizations. Details of the CVD growth conditions are presented in Experimental
Methods. Figure 1c shows a camera image of samples prepared on sapphire wafers at various
temperatures (left) along with a zoom-in optical microscopy image of 2D SnS layers partially
grown on a sapphire wafer (right). Figure 1d demonstrates the scalability and patternability of this
CVD growth method with 2D SnS layers grown on a large area of > 1.5 cm”. Figure le presents

images of 2D SnS layers directly grown on ~50 pm thick PI substrates with integrated Au

electrodes (top), demonstrating their high mechanical flexibility (bottom).
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Figure 1. Growth of 2D SnS layers and their flexible device application; (a) Atomic structure
illustration of orthorhombic 2D SnS layers. (b) Step-by-step procedures for the CVD growth of
2D SnS layers and their device fabrication. (¢) 2D SnS layers grown on sapphire wafers prepared
at various CVD temperatures. (d) Patternable and scalable growth of 2D SnS layers on SiO»/Si

wafers. () 2D SnS layers grown on PI substrates and their mechanical flexibility.

We comprehensively characterized the structural, chemical, and electrical properties of as-
grown 2D SnS layers using various techniques; i.e., X-ray diffraction (XRD), energy-dispersive
X-ray spectroscopy (EDS), transmission electron microscopy (TEM), Raman spectroscopy, X-ray
Photoelectron spectroscopy (XPS), UV-visible spectroscopy, and temperature-variant electrical
measurements. Figure 2a presents a series of XRD profiles obtained from the CVD growth
performed at various temperatures. The samples prepared in a range of 200 °C and 300 °C exhibit
strong peaks at 20.6 ° and 31.5 °, which correspond to the (110) and (040) planes of orthorhombic

SnS (JCPDS no. 39-0354), respectively. We note that the samples prepared at 250 °C yield the



strongest peak intensity, while those prepared at > 300 °C do not exhibit characteristic peaks of
SnS. Accordingly, further measurements were carried out on the samples grown at 250 °C unless
otherwise stated. Figure 2b presents TEM cross-sectional EDS mapping images of 2D SnS layers
grown on a sapphire wafer (i.e., crystalline Al,O3), revealing the highly localized distribution of
Sn and S. Figure 2c presents the overlaid EDS line spectra corresponding to Figure 2b, further
clarifying the high spatial homogeneity of the constituting elements. Also, the analysis determined
that the thickness of the sample obtained from the CVD sulfurization of 11 nm thick Sn films is
~24 nm. Figure 2d presents the quantitative EDS spectrum obtained from the same sample,
revealing the atomic ratio of Sn:S = 1:1. This stoichiometric growth of 2D SnS layers was further
verified by XPS characterizations. Figure 2e displays the XPS spectrum of 2D SnS layers,
presenting their Sn 3d and S 2p core-level characteristic peaks. Specifically, the core-level fitting
using the Tougaard baseline reveals two doublet peaks attributed to Sn**; i.e., 3d32 and 3ds2, which
are obtained at the binding energy values of 493.6 eV and 485.2 eV, respectively. Furthermore,
the element S 2p core-level fitting confirms the presence of two doublet peaks; i.e., 2ps2 and 2p1.2
at 161.2 eV and 162.3 eV binding energies, respectively. The characteristic peak S 2p3at 161.2
eV signifies that S is combined with Sn** to form the stoichiometric SnS, consistent with previous
studies.> * Figure 2f displays a cross-sectional high-resolution TEM (HRTEM) image of 2D SnS
layers grown on a sapphire wafer, which reveals a measured lattice spacing of 0.57 nm
corresponding to (020) lattice fringes. The overlay image depicts a simulated atomic structure
model presenting (020) lattice fringes, confirming the orthorhombic structure consistent with
previous studies.?>?” Additionally, the surface roughness of the 2D SnS layers grown on a sapphire
wafer was characterized with atomic force microscopy (AFM), as presented in Supporting

Information Figure S1, where the root-mean-squared (Rms) roughness of the scanned area (10 %



10 pm?) is around 3.42 nm. Figure 2g presents Raman characterization results, revealing
characteristic Raman peaks at ~ 94.7 cm™, 158.1 cm™, 185.4 cm™!, and 222.4 cm™!. These values
are assigned to the various vibration modes of Az and B3g for 2D SnS layers, fully consistent with
previous studies.?® 2! We also note that un-optimized samples (e.g., grown at a higher
temperature) often exhibit additional peaks at 309.2 cm’! that are indicative of residual SnS
phases,*? which can be eliminated through a post-annealing process (Supporting Information,
Figure S2). Figure 2h shows the UV-visible absorbance spectrum for 2D SnS layers directly
grown on a glass substrate, along with the corresponding optical microscopy image (inset). Figure

2i presents the corresponding Tauc plot of (ahv)'/?

vs. hv converted from the absorbance spectrum,
where a is the optical absorption coefficient and /v is the photon energy.® The extrapolation of the
Tauc plot reveals that the optical bandgap energy of 2D SnS layers is in a range of ~1.0-1.1 eV,
which agrees well with previous studies.** 3* The semiconducting characteristics of 2D SnS layers
were further verified by temperature-variant electrical characterizations. Figure 2j presents the
temperature-dependent increase of electrical conductivity obtained from the two-terminal current-
voltage (/-V) measurements with Ohmic transports in a range of 300-550K (Supporting
Information, Figure S3). The results indicate the dominant contribution of thermally-excited free
carriers in 2D SnS layers, further confirming their semiconducting nature. The carrier type of the
semiconducting 2D SnS layers was identified by field effect transistor (FET) characterizations,
which revealed p-type transport characteristics, as presented in Supporting Information, Figure
S4. Previous studies report that 2D SnS layers generally exhibit p-type semiconductor

characteristics at room temperature, consistent with our observations, which is attributed to the

presence of Sn vacancies that act as shallow acceptors.*
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Figure 2. Characterizations of CVD-grown 2D SnS layers; (a) XRD profiles acquired at varying
temperatures of 200 °C to 400 °C. (b) Cross-sectional EDS elemental mapping images of 2D SnS
layers. (¢) EDS line profile corresponding to (b). (d) EDS spectrum corresponding to (b). (¢) High-
resolution core-level fitted XPS spectra for Sn 3d (left) and S 2p (right). (f) Cross-sectional
HRTEM of 2D SnS layers. (g) Raman spectrum of 2D SnS layers. (h) UV-vis absorbance spectrum
of 2D SnS layers. (i) Tauc plot corresponding to (h). (j) Temperature-dependent electrical

conductivity.



Following the comprehensive characterizations, we investigated the piezoelectric response of
SnS/PI samples by simultaneously measuring their current change under a period application of
force loads. Figure 3a displays the corresponding force-current responses measured at a zero bias,
acquired with a motorized force tester (Mark-10 ESM303). The plot presents both the input of
“force per time” (blue) and the output of “current response” (red), as well as a zoom-in view of
the current increase/decrease following the periodic trend of the load application/release. The
maximum current peaks were observed to coincide with the maximum force per time peaks. The
maximum current values of ~-2.19 nA and ~1.27 nA were generated while the compressive force
was applied (83.29 N/s) and released (-42 N/s), respectively, wherein all these values were
averaged for 12 cycles of compression/release. The circular compression plate (area = ~1.77 cm?)
subject to the force loading was covered by PI tape for current leak prevention, as shown in the
inset of Figure 3a (top right). The tested SnS/PI device (2 cm % 1.5 cm) with interdigitated Au
electrodes is shown in the inset of Figure 3a (right bottom). Figure 3b presents current temporal
responses obtained under varying force load amounts, revealing the piezoelectric currents of 0.25
nA, 1.85 nA, and 2.57 nA corresponding to the compression/release pressures of 11.3 kPa, 28.3
kPa, and 55.6 kPa, respectively. Figure 3c shows the corresponding plot of applied pressure vs.
generated current, revealing the increasing trend of current values with increasing pressures. After
these mechano-electrical characterizations, we employed piezoelectric force microscopy (PFM) to
determine the local piezoelectric contribution of 2D SnS layers. Figure 3d presents the PFM
amplitude (left) and phase (right) images of a sample prepared on an Au contact deposited-SiO»/Si
wafer, which were obtained from a scanning area of 10 x 10 um?. The PFM amplitude image
reflects the topography of the three-dimensional SnS surface morphology, revealing its high spatial

homogeneity consistent with the low Rms value of surface roughness in Supporting Information,
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Figure S1. The high homogeneity of the PFM amplitude contrast indicates the small size of
individual 2D SnS layer grains, which is revealed to be around ~20 nm by plane-view TEM
characterizations (Supporting Information, Figure S5). The PFM phase image corresponding
to the amplitude image was also obtained to identify the polarization distribution of piezoelectric
domains within the sample, which is to be magnified by PFM phase contrast. While the image
displays a homogeneous distribution of discernible phase contrast, it is challenging to clearly
quantify/distinguish the polarizing domains due to the small grain size. To mitigate the challenge,
we then explored the quantitative correlation of the PFM amplitude and phase by obtaining their
characteristic spectra. Figure 3e and f show the spectra of the correlated PFM amplitude and phase,
respectively, as a function of a bias voltage applied to the sample, which was obtained under a DC
bias sweep in the direction of 0 - 5 — 0 — -5 — 0V. The PFM tip driving voltage was 10 V
with respect to the bottom Au film on the sample, which was directly contacted with copper
electrodes. The observation of the amplitude butterfly loop (i.e., piezoelectric hysteresis) in Figure
3e and the 180 ° phase difference in Figure 3f with respect to the applied bias strongly confirms
the intrinsic piezoelectricity of 2D SnS layers. The presented data are the average values of those
obtained from 10 different locations of the sample. Schematics of the PFM sample preparation as
well as an image of the tested sample, are presented in Supporting Information, Figure S6. The
PFM amplitude spectrum depicts a butterfly-shaped loop with a somewhat reduced prominence
compared to mechanically exfoliated SnS flakes.!®> This slight signal reduction can be attributed
primarily to the tilted orientation of CVD SnS layers, where the signal was measured using a
vertical PFM. However, the PFM phase exhibits a significant 180 ° phase difference relative to
the applied DC bias, indicating robust piezoelectric characteristics. These PFM results are fully

consistent with previous measurements using mechanically exfoliated 2D SnS layers of much
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smaller lateral dimensions (typically < 1 pm?).!> PFM images in a three-dimensional projected
view are also presented in Supporting Information, Figure S7. Furthermore, we employed
ultraviolet photoelectron spectroscopy (UPS) and investigated the charge transport nature of 2D
SnS layers/Au electrodes to ensure the pressure-driven current responses are intrinsic
characteristics of 2D SnS layers. (Supporting Information, Figure S8). The work function of p-
type semiconducting 2D SnS layers is determined to be 5.04 eV (Supporting Information, Figure
S8a), which leads to good ohmic transports once they are interfaced with Au of a larger work
function (Supporting Information, Figure S8b). Accordingly, the influences of Schottky barrier
heights at the SnS/Au heterojunctions on resulting electrical responses will not be significant.
When the Au-contacted 2D SnS layers are subjected to pressures, a certain extent of their zigzag

crystalline planes will be aligned to the orientation of the exerted pressures due to the nature of

their mixed layer orientations (Figure 2f), which results in considerable piezoresponses.
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Figure 3. Piezoelectricity demonstration at the macro- and nano-scale with PFM; (a)
Representation of the force as a function of time (blue, left axis) and its corresponding current
output (red, right axis). The zoom-in view presents the current responses corresponding to the first
application cycle of the force per time input. (b) Evolution of current generation with increasing
pressure values. (c) Correlation of applied pressure vs. generated current corresponding to (b). (d)
PFM images of amplitude (left) and phase (right) obtained with a tip bias of 10V. (e, f) PFM
spectra of (e) amplitude and (f) phase obtained during the DC bias sweep in the direction of 0 —

5—-0—>-5—>0V.

Having confirmed the material quality and the intrinsic piezoelectricity of 2D SnS layers, we
then pursued their device applications, particularly by focusing on skin-attachable physical sensors
that can detect human body motions.> !° In this context, it is recommended that these sensors

exhibit a maximum stretchability of at least 70%, which is to ensure their conformal integration
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onto any parts of human bodies.?” *® Herein, we explored kirigami-patterned piezoelectric sensors
by combining the intrinsic piezoelectricity of 2D SnS layers with the controllability of strain
tolerance enabled by kirigami patterns. We fabricated the sensors by directly engraving kirigami
patterns of pre-defined dimensions onto 2D SnS layers-grown PI substrates using a mechanical
cutter (Cricut Explore Air 2, Cricut, Inc., USA).'"® 37 Figure 4a illustrates a schematic of the
fabrication process of the kirigami-patterned 2D SnS layers/PI device with cutting dimensions of
a=11.25mm, b =1.5 mm, and ¢ = 1.5 mm within a typical sensor dimension of 15 mm % 15 mm
(excluding Au electrode regions). Figure 4b shows an image of an SnS/PI kirigami sensor in
stretching motions with increasing tensile strains from 0 to 200%. Figure 4c shows -V
characteristics of another sample under systematically increasing tensile strains up to 140 % with
a step of 20 %. While the kirigami sensor well maintains its mechanical robustness even under the
elongated stretching — to be verified in the next section — we note that it exhibits a noticeable
current drop per each stretching cycle — i.e., about 0.3 % current decrease per 20% strain. This
observation indicates that the SnS/PI kirigami device still experiences a considerable extent of an
instant accumulation of strain during the operation despite its large overall stretchability, which is
utilized to generate piezoelectricity. Figure 4d presents current temporal responses obtained from
the sample in Figure 4b periodically undergoing stretching to 100% for ~1.5 seconds, followed
by its release to the unstretched state after ~3.5 seconds (strain rate = 10 mm/s). The kirigami
sensor exhibits highly uniform current values only during the stretching/release periods, reflecting
its strain-driven piezoelectricity, while no current is generated when it is not in motion, as clarified
in the zoom-in view. Figure 4e compares the current generation characteristics obtained during
two different tensile stretching events; i.e., from 0 to 100 % strain (top) vs. from 100 to 200 %

strain (bottom) for 3 seconds under an identical strain rate. Similar characteristics are observed
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for both cases involving a 100% strain increase over the original states, consistent with the /-V
characteristics in Figure 4c. The corresponding movie of the uni-directionally stretching SnS/PI
kirigami device is provided in Supporting Information, Video S1. Figure 4f compares the
average of maximum current values obtained during the stretch (left) and release (right) events
corresponding to Figure 4e, further revealing similar current generation characteristics. To further
demonstrate the versatility of this kirigami design approach in obtaining strain-driven piezoelectric
characteristics, we developed serpentine-patterned SnS/PI piezoelectric devices capable of multi-
directional stretching.®® *° Figure 4g presents camera images of a serpentine-patterned SnS/PI
device progressively undergoing bi-directional stretching up to 100% strain. The serpentine-
patterned arms are connected to the central common area, while their four ends are connected to
metal electrodes for electrical measurements. Figure 4h illustrates the piezoelectric current
generation from the device undergoing 10 stretch/relax cycles measured in x- (left) and y- (right)
directions with a varying strain rate of 50% to 100%. It is observed that the amount of the generated
current is similar irrespective of the strain rate variation, consistent with the characteristics
observed with the uni-directionally stretchable kirigami device. The corresponding video of the
bi-directionally stretching device is presented in Supporting Information, Video S2. Note that
all the piezoelectric measurements were performed under zero bias conditions, confirming that the
kirigami device’s self-powering ability accompanying a large mechanical stretchability is suitable

for human motion detections.
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Figure 4. Demonstration of kirigami-patterned piezoelectric SnS/PI devices operations and their
strain-dependent current generation characteristics; (a) Schematics illustrating the step-by-step
fabrication process of SnS/PI kirigami devices. (b) Images of a SnS/PI kirigami device
progressively undergoing tensile stretching. (c) Strain-dependent /—V characteristics of a SnS/PI

kirigami device. (d) Temporal response plots of the same device under a periodic 100 % stretch
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and relax. (¢) Temporal response plots of the same device during 100 % (top) and 200 % (bottom)
stretches. (f) Generated current values vs. stretch (left) and relax (right) numbers for 100 % and
200 % tests. (g) Camera images of a serpentine-patterned SnS/PI piezoelectric device undergoing
bi-directional stretching. (h) Current generation by 50 % and 100 % stretch/relax for 10 cycles in

each x- and y-direction.

We then explored application aspects of SnS/PI kirigami devices by taking advantage of their
large lateral stretchability coupled with strain-driven current generation. To verify their versatility,
we demonstrated the reversibility of their current generation driven by human motions (Figure
5a-5c¢) and light illuminations (Figure 5d). For proof-of-concept human motion detection, we
attached a SnS/PI kirigami device to various parts of human bodies and monitored its current
generation driven by their movements. Figure Sa demonstrates the current generation of the
kirigami sensor driven by the bending/release motions of a wrist (left), a finger (middle), and an
elbow (right). Figure 5b presents the piezoelectric response of the same sample attached to a foot,
which exerts pressures in up/down directions. The sensor was tested for > 2 min, during which no
performance degradation was observed, indicating the structural robustness of 2D SnS layers.
Figure S5c demonstrates the walking (left) and running (right) -driven generation of zero-bias
currents, which further emphasizes the excellent adaptability and reliability of the sensor.
Furthermore, we explored the photocurrent generation ability of SnS/PI kirigami devices at various
tensile stretching levels. Figure 5d inset shows an optical image (top) of a 100% stretched-kirigami
device exposed to an illuminating LED (Thorlabs M6251.4-C2) with a wavelength of 625 nm and

an intensity of 22 W m™. The plot presents the temporal normalized photocurrent response of the
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same device with varying stretch levels measured at 5V bias, revealing the photon energy-inducted
current generation (ON state) and elimination (OFF state). Lastly, we tested the mechanical
robustness of SnS/PI kirigami devices under extreme operation conditions involving a large
number of stretch/relax cycles for 3000 seconds. Figure Se shows the constant generation of
piezoelectric current during the course of 150 cycles at a fixed strain rate of 100 %, confirming

their excellent mechanical robustness.

Figure 5. Various applications of SnS/PI kirigami devices; (a), (b) Temporal response plots of an
identical device attached to a human body at various positions, such as; (a) wrist, finger, elbow,
and (b) foot. (c) Temporal response plots obtained during walking and running. (d) Photocurrent
measurement demonstration (inset) and its corresponding temporal normalized photocurrent
generation with varying strain rates. (¢) Current generation during stretch/relax cycles for 3000

seconds at a fixed strain rate of 100%.
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Conclusions

In summary, we explored the scalable and patternable growth of piezoelectric 2D SnS layers at
a CVD reaction temperature as low as 200 °C, making it compatible with the process temperature
of various polymeric substrates. Their direct integration onto PI substrates and subsequent kirigami
patterning enabled the fabrication of skin-attachable sensor devices, which can accommodate a
large degree of multi-directional stretching coupled with the strain-controlled generation of
piezoelectric currents. The intrinsic piezoelectricity of the centimeter-scale 2D SnS layers was
thoroughly verified by combining corroborative mechano-electrical measurements and PFM
characterizations. This study suggests an excellent manufacturing processability of atomically thin
piezoelectric materials, which can be integrated onto substrates of unrestricted physical forms,

allowing for device operations in various form factors.

Experimental Methods

CVD growth of 2D SnS layers on various substrates. Sn seed films with controlled thickness
were deposited onto various substrates, including SiO2/Si wafers, sapphire wafers, and PI films,
using an electron beam evaporator (Temescal FC-2000). The deposition was conducted at a rate
of ~1 A/sec and a chamber base pressure of <5.5x107 Torr. The Sn-deposited substrates were
placed in the center of a quartz tube inside a CVD thermal furnace (Blue M Mini-Mite, Lindberg)
along with S powders (CAS No. 7704-34-9, Product No. 215198, reagent grade, 100 mesh,
>99.5%, Sigma-Aldrich) in an alumina boat at the upstream side of the furnace. The CVD chamber
was then pumped down to <50 mTorr and ultra-pure Ar gas was introduced at a rate of 100 standard

cubic centimeters per minute (SCCM) to maintain an operating pressure of ~110 mTorr during the
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CVD process. In 20 minutes, the CVD furnace was heated to 250°C and was kept at that
temperature for 50 minutes before being allowed to cool down to room temperature naturally.
Characterizations using TEM, XRD, Raman, UV-Vis, and PFM. All TEM characterizations,
including HR-TEM and EDS, were performed using FE-STEM Talos F200X G2 (Thermo Fisher
Scientific) operated at an acceleration voltage of 200 kV. For sample preparation of the cross
sections for TEM, standard focus ion beam lift-out techniques were employed. XRD
measurements (PANalytical, X pert PRO-XPD) were carried out using Cu Ka radiation of 1.54 A.
Raman spectra were acquired using Horiba LabRAM HR Evolution at room temperature with a
532 nm excitation laser, laser power of 1%, acquisition time of 1 second, accumulation of 10, and
1800 grating. PFM images were acquired using a Park NX10 AFM (Park systems, Corp.) with off-
resonance PFM (OR PFM) settings with 17 kHz of 10 V AC bias applied to a conductive PPP-
EFM (Nanosensors™) probe. Optical absorbance spectra were obtained by UV-Vis spectroscopy
(Evolution 220 UV-vis spectrometer) in a wavelength range of 200—1100 nm.
Temperature-dependent conductivity measurement. Samples for temperature-dependent
electrical conductivity measurements were fabricated by depositing Au contacts to as-grown SnS
layers (channel length: 0.2 cm, channel width: 0.8 cm, and film thickness: 21 nm). The formation
of ohmic contacts was confirmed by the linearity of /- plots measured up to +10V. All
measurements were conducted using Agilent 4155A with the sample temperature controlled by

MMR variable temperature chamber coupled with K2000 temperature controller.
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Supporting Information

AFM characterizations of the surface roughness of 2D SnS layers, Raman spectra of 2D SnS layers
before/after H2(10%)/Ar (90%) mixture gas annealing at 350°C for 5 mins, FET characterizations
of 2D SnS layers, Schematics/images of PFM sample preparation, Three dimensionally-projected
PFM images (topography, amplitude, and phase), UPS measurements and energy band diagrams,
Image of serpentine-patterned kirigami preparation (PDF). Videos demonstrating the uni-

directional and bi-directional stretching of SnS/PI kirigami devices.
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