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Superposition of semiconductor and semi-metal properties
of self-assembled 2D SnTiS3 heterostructures
Srinivasa Reddy Tamalampudi1,2,3,7, Jin-You Lu 1,2,7✉, Nitul Rajput1,2, Chia-Yun Lai4, Boulos Alfakes1,2, Raman Sankar 5,
Harry Apostoleris1,2, Shashikant P. Patole 6, Ibraheem Almansouri1 and Matteo Chiesa 1,2,4✉

Two-dimensional metal dichalcogenide/monochalcogenide thin flakes have attracted much attention owing to their remarkable
electronic and electrochemical properties; however, chemical instability limits their applications. Chemical vapor transport (CVT)-
synthesized SnTiS3 thin flakes exhibit misfit heterojunction structure and are highly stable in ambient conditions, offering a great
opportunity to exploit the properties of two distinct constituent materials: semiconductor SnS and semi-metal TiS2. We
demonstrated that in addition to a metal-like electrical conductivity of 921 S/cm, the SnTiS3 thin flakes exhibit a strong bandgap
emission at 1.9 eV, owing to the weak van der Waals interaction within the misfit-layer stackings. Our work shows that the misfit
heterojunction structure preserves the electronic properties and lattice vibrations of the individual constituent monolayers and thus
holds the promise to bridge the bandgap and carrier mobility discrepancy between graphene and recently established 2D
transition metal dichalcogenide materials. Moreover, we also present a way to identify the top layer of SnTiS3 misfit compound
layers and their related work function, which is essential for deployment of van der Waals misfit layers in future optoelectronic
devices.
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INTRODUCTION
The library of atomically thin two-dimensional (2D) materials is
continually expanding with the discovery of new naturally existing
2D materials beyond graphene. Of specific interest are those that
combine high carrier mobility with a large bandgap1. Many studies
have explored the unique properties of 2D material structures
composed of transition metal chalcogenides and transition metal
dichalcogenides and demonstrated their applications in a wide
range of fields2. Among these3,4, single and few-layer TiS2 have
been demonstrated as potential electrode candidates for
lithium–sodium batteries5, pseudo-capacitors6, and solar cells
owing to their high electrical conductivity7. Studies on SnS thin
flakes have revealed many exotic effects, including a thickness-
tunable optical bandgap of 1.0–1.6 eV8 and anisotropic electronic
properties4. However, the fabrication of chemically stable mono-
layers of SnS or TiS2 has presented major challenges9,10. For
instance, SnS exhibits high chemical reactivity due to the
unshared electron pair in the group-IV atoms, which rapidly leads
to surface oxidation9. TiS2 thin flakes also degrade rapidly in
ambient or water and spontaneously convert to various titanium
oxides by releasing H2S

10. A possible strategy to overcome this
challenge is through encapsulation, which has yielded stable van
der Waals heterostructures in ambient conditions11. Nevertheless,
these human-made van der Waals heterostructures exhibit some
limitations due to interface residues and misalignment of crystal
orientation12.
Misfit-layer compounds are an alternative to artificial stacking of

van der Waals heterostructures13,14. As-deposited SnTiS3, for
example, grows by chemical transport reaction through the

formation of a spontaneous alternating monolayer stack of the
constituent 2D materials SnS and TiS2. These alternating stacked
layers exhibit greater chemical stability than either of its
component layers, separately15. This type of self-assembled
heterostructure is usually referred to as a misfit-layer compound16,
and it is feasible to increase the thickness of one or both of the
constituent layers in the repeated units in ferecrystals17. Both
misfit and ferecrystals possess, in its bulk form, excellent proper-
ties for thermoelectric18, superconductor19, and intercalation
applications20. However, despite the recent interest in misfit-
layer compounds, very few studies explore their optical/electrical
properties at low dimensions, particularly SnTiS3, which is a unique
layered material combining semi-metal and semiconductor
components.
This study was thus undertaken to provide a comprehensive

understanding of the electronic band structure, optical properties,
and crystal structure of SnTiS3 using electrical, ultraviolet/visible
(UV/VIS), photoluminescence (PL), and Raman spectroscopy
characterization. The measured results are interpreted with the
help of first-principles density functional theory calculations. We
found that electronic band structure and lattice vibrations of
SnTiS3 are nearly a superposition of SnS and TiS2. As compared to
the strong chemical bonding within component layers, the weak
van der Waals bonding between the interlayers causes the SnTiS3
misfit system to simultaneously preserve the semiconductor and
semi-metal properties of SnS and TiS2, which potentially leads to a
new 2D materials with high mobility (26.7 cm2/Vs) and a large
bandgap (~1.9 eV). Our characterization results of SnTiS3 thin
flakes show that in addition to measured high electrical
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conductivity, the photoluminescence spectra of SnTiS3 thin flakes
reveal a bandgap emission, which is only ambiguously observed in
bulk SnS21. Furthermore, we propose and demonstrate a way to
identify the exposed component layer of the exfoliated SnTiS3
flake, utilizing atomic force microscopy (AFM) and Kelvin probe
force microscopy (KPFM), for the reliable design and manufacture
of optoelectronic devices.

RESULTS AND DISCUSSIONS
Crystal characterization
SnTiS3 grown by chemical vapor transport (CVT) naturally assumes
a heterostructure of alternating SnS and TiS2 layers

22. Specifically,
the triclinic structure is composed of two kinds of mutually
stacked layers: two-atom-thick orthorhombic SnS layers with
distorted NaCl type and three-atom-thick trigonal TiS2 subsys-
tem23. We begin our study with a bulk crystal of SnTiS3, whose
crystal structure is shown in Fig. 1a. We confirm its structure and
composition via single-crystal X-ray diffraction (XRD), powder XRD,
and energy-dispersive X-ray spectroscopy (EDS), as reported in
Fig. 1b, Supplementary Figs. 1 and 2, respectively. The EDS-
determined stoichiometric ratio of Sn:Ti:S compounds depends on
the measured area, and the ratios at various locations on the
grown crystal are ~1:1:3. The comparison of the measured XRD
data of SnTiS3 crystal with the reported XRD data of SnS24 and
TiS2

25 confirms the existence of the misfit phase in the grown
crystal. The measured powder XRD spectrum of SnTiS3 in
Supplementary Fig. 1 indicates that a= b= 9.017, and
c= 23.29 Å with α= 88.11° and γ= 37.75° in a triclinic crystal
structure, which is in accordance with the trigonal phase of the
TiS2 subsystem having a= 3.417, b= 3.417, and c= 5.823 Å and
with an orthorhombic phase of SnS having a= 4.024, b= 4.443,
and c= 11.68 Å, respectively. Since the unit cell parameters for the
SnS and TiS2 are mutually incommensurate, the layer misfit must
cause a certain strain effect on one of the subsystems relative to
the other19. The misfit angle between the SnS and TiS2 layers as
calculated from the structure file is 1.88°.

Figure 1c shows the transmission electron microscopy (TEM)
image collected from a lamella. The cross-sectional image
suggests the presence of periodically alternating layers. The
magnified view from the high-resolution (HR) TEM image of the
sample in Fig. 1d exhibits the atomic structure of the layers and
the periodic alternation between the SnS and TiS2 layers. The
heterostructure shows a periodicity of 2.314 nm along the c-axis,
which agrees with our XRD characterization results. A diffraction
pattern collected from [002] zone axis is shown in Fig. 1e, which
matches with the misfit-layer compound studied elsewhere26.
Specific diffraction spots originating from the trigonal phase of
TiS2 and the orthorhombic phase of SnS are indicated in Fig. 1e.
The HRTEM results are in agreement with the image simulated
using JEMS software by inputting the structure information
retrieved from the XRD measurement, as displayed in Supple-
mentary Fig. 3. The plane view of the HRTEM image of the single-
crystal SnTiS3 in Supplementary Fig. 4a shows a large area of
periodic and uniform structures of SnTiS3. The magnified view of
the aforementioned HRTEM image is shown in Supplementary Fig.
4b. Furthermore, the core-loss spectrum in electron energy loss
spectroscopy measurements, as obtained from the grown crystal,
confirms the presence of the elements present in the material
(Supplementary Fig. 5).

DFT simulations
We first theoretically investigate the monolayer and bulk band
structure of individual SnS, TiS2, and SnTiS3 layers. The GGA
Perdew–Burke–Ernzerhof exchange-correlation functional is used
for all density functional theory (DFT) electronic calculations. We
obtain an indirect bandgap of 0.64 eV for bulk SnS, which
increases to 1.38 eV for monolayer SnS, as shown the Fig. 2a.
For the TiS2 layer, both bulk and monolayer are semi-metals with a
small overlap between the conduction and valence bands, as
shown in Fig. 2b. Figure 2c shows that the calculated electronic
band structures of the monolayer of SnTiS3 misfit are nearly a
superposition of SnS and TiS2 in the misfit triclinic crystal structure
(Supplementary Fig. 6a, b), which exhibits an effective semi-

Fig. 1 Crystal representation, XRD and TEM analysis. a Schematic representation of the ABAB stacking order of the SnTiS3 misfit-layer
compound. b Single-crystal XRD spectrum of the grown SnTiS3 crystals. c Cross-sectional HRTEM image indicating the presence of periodic
layers. d A magnified view of the alternating layers of SnS and TiS2. e A diffraction pattern collected from the zone axis [002].
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metallic property owing to the contribution of the TiS2. The
overlapped area of bulk SnTiS3 layers in Fig. 2d is increased, as
compared to that of monolayer SnTiS3, and thus exhibits more
conductive properties. We have also observed a similar trend for
the layer-dependent electronic band structure of SnTiS3 predicted
by the DFT simulation, as shown in Supplementary Fig. 7.

Device fabrication and electrical characterization
To evaluate the electrical characteristics of the material, we have
fabricated field-effect transistors (FETs) of SnTiS3 thin flakes using
mechanical exfoliation. The output characteristic (Vsd vs Isd) of an
SnTiS3 FET with a thickness of 30 nm shows that the electrical
conductivity of thin SnTiS3 flakes reaches 921 S/cm, which is
comparable to that of metal-like 2D MXene27. The measured Vsd vs
Isd curves also exhibits that SnTiS3 thin flake forms an ohmic
contact with the deposited Cr/Au (5/40 nm) metal electrodes,
irrespective of the exposed top surface. The optical image and
AFM characterized height profile of the fabricated devices are

shown in the insets of Fig. 3a, b, respectively. The measured back
gate voltage-dependent transfer characteristic of the SnTiS3 FET
does not change with applying a gate voltage from −50 to +50 V
at a fixed voltage bias (Vsd) of 0.01 V, which indicates abundant
charge carrier in the channel. It cannot be switched off within the
applied experimental gate voltage range, as shown in Fig. 3b.

Optical characterization
Following the results of electrical characterization, we study the
optical properties of misfit SnTiS3 by preparing a suspension of
flakes in isopropyl alcohol and then measuring the sample via UV-
VIS transmittance spectrometry. In Fig. 4a, the absorbance
spectrum of the flake–IPA mixture shows an absorption peak
near ~620 nm, indicating the presence of a direct bandgap with
the energy of around 1.9–2.3 eV after fitting with a Tauc’s plot of
(αhν)2∝ hν, as shown in the inset of the Fig. 4a. For an indirect
bandgap, the Tauc plot has the relation of (αhν)1/2∝ hν, as shown
in the study of SnS nanosheets8. Moreover, the fluorescence

Fig. 3 Electrical characterization at room temperature (T= 300 K) of an SnTiS3 FET. a The measured output electrical characteristics of
misfit SnTiS3 layers. The optical and AFM profile image of the fabricated devices shows in the inset. b Transfer characteristics of SnTiS3 FET at
Vsd= 0.01 V. The fabricated device thickness is 30 nm as shown in the inset of the inset.

Fig. 2 DFT simulations of bulk and monolayer individual SnS, TiS2, and SnTiS3. a Electronic band structures of bulk and monolayer SnS in
the orthorhombic crystals. b Electronic band structures of bulk and monolayer TiS2 in the trigonal crystals. DFT-predicted electronic band
structure of c monolayer and d bulk thickness of SnTiS3.
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spectrum of the suspension under 488 nm laser excitation was
measured. The fluorescence peak in the visible range in Fig. 4b
represents a bandgap emission of ~1.9 eV, which matches the
position of the retrieved optical bandgap of ~1.9 eV from the
absorption spectrum.
We perform photoluminescence measurements over exfoliated

SnTiS3 flakes on Si/SiO2 substrate. Notably, few-layer SnTiS3 is
obtained as needle-like flakes with a large length-to-width aspect
ratio, similar to the reported franckeite misfit-layer exfoliation28.
The optical microscope images of several flakes with different
thicknesses in Fig. 4c are shown alongside their corresponding PL
map, shown in Fig. 4d. The thicknesses of the flakes are 10 and 14
layers (14- and 20-nm-thick surfaces). The PL spectra of exfoliated
SnTiS3 flakes show a strong PL peak at ~620 nm (~2 eV), which
indicates that the interlayer carrier transport between component
SnS and TiS2 layers is not efficient enough to avoid the
recombination of photogenerated electron–hole pairs in SnS
layers of SnTiS3.
To explore why electronically metallic SnTiS3 thin flakes have a

bandgap emission, we analyze the partial density of states
contributed by their component layers, as shown in Fig. 4e. Our

DFT simulation shows that the bandgap emission results from the
SnS component layer, which possesses a bandgap at near 1.4 eV. It
is interesting to compare the electronic band structure of
monolayer SnS in its intrinsic orthorhombic and misfit triclinic
crystal structures since it has been reported that the orthorhombic
SnS does not exhibit bandgap emission due to its indirect
bandgap properties29. Our DFT simulation shows that in the misfit
crystal structure of SnTiS3, SnS contributes a direct bandgap with
the energy of 1.49 eV, as shown in Fig. 4f. For comparison, we have
included the band structure of SnS layers in its intrinsic
orthorhombic crystal phase as a function of layer number in
Supplementary Fig. 6c, d, showing that its value of an indirect
bandgap increases from 0.64 to 1.39 eV with decreasing the layer
number from bulk to monolayer. It should be noted that the
absolute value of the DFT-predicted bandgap is underestimated in
typical GGA-DFT simulations, but the relative trend is correct30.
Owing to the weak van der Waals bonding among misfit layers,
here we have observed, naturally grown van der Waals SnTiS3
heterostructures exhibiting photoluminescent emissions. The
electronic and optical properties of SnS, TiS2, and SnTiS3 thin
flakes are summarized in Table 1, respectively.

Fig. 4 Optical characterization of the SnTiS3 crystals. a Absorbance spectrum of the exfoliated SnTiS3 flakes in iso-propanol solvent. The
bandgap of the SnTiS3 crystal is estimated to be 1.9–2.3 eV by fitting the measured data to a Tauc’s plot as shown in inset. b Fluorescence
spectrum of the SnTiS3 crystal flakes by exciting with 488 nm laser source. c Optical image of the mechanically exfoliated few-layer thickness
SnTiS3 flakes (left-hand side), with the corresponding photoluminescence mappings (right-hand side). d Photoluminescence spectrum of
SnTiS3 crystal with different layer thicknesses. e Calculated density of state of five-layer SnTiS3 and partial density of state contributed by its
component SnS and TiS2 layers. f Calculated electronic band structures of monolayer SnS in the misfit triclinic SnTiS3 crystal structure, which
show a direct energy gap.
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Raman spectroscopy characterization
Furthermore, we have performed Raman spectroscopy measure-
ments on SnTiS3 flakes. Figure 5a, b shows the Raman-active
vibrational modes of bulk SnS, TiS2, and SnTiS3, respectively. We
observe that the Raman modes of bulk SnTiS3 are also nearly a
superposition of bulk SnS and TiS2. The bulk SnS exhibits B3g, Ag,
and Ag Raman modes at 153, 220, and 294 cm−1, which agree with
the DFT simulation in Supplementary Fig. 8a. Similarly, the Raman
spectrum of Bulk-TiS2 shows two Raman active modes consisting
of an in-plane vibrational mode (Eg) at 233 cm

−1 and an out-of-
plane mode (A1g) at 328 cm

−1, which are also in line with DFT-
prediction in Supplementary Fig. 8b. As it comes to SnTiS3 thin
flakes, the measured Raman spectrum of SnTiS3 is dominated by
SnS vibrations with corresponding peaks at 94 and 222 cm−1

(Ag-SnS) as well as TiS2 vibration at 330 cm−1 (A1g-TiS2). It should be
noted that the SnS and TiS2 thin flakes are quickly degraded under
the laser illumination. Several Raman active modes of SnS and TiS2
disappeared owing to structural modulation between SnS and TiS2
layers. Moreover, we can observe that as laser energy is larger
than 1.9 eV (620 nm) in Supplementary Fig. 8c, the measured
Raman spectra exhibit resonant Raman background features,
which results from the bandgap emission from the component
SnS layers. Thus, those peaks related to the SnS exhibit
comparatively stronger intensities than that of TiS2 as the laser
energy is increased, which results from the absorption of the
bandgap of SnS component layers (1.9 eV bandgap).
The relationships between the intensities of Raman peaks and

the thickness of the layered SnTiS3 crystal flakes have also been
investigated. The intensity ratio of A1g-TiS2/Ag-SnS for bulk SnTiS3 is

close to 1, which gradually increases to 2.5 for thin layers, as
shown in Fig. 5c. This can be attributed to the reduction or
enhancement of scattering centers for out-of-plane crystal
scattering, as the thickness decreases down to the nanoscale. It
can also be explained by an optical interference in the 2D crystal/
SiO2/Si system and corresponding optical field enhancement for
certain 2D crystal thicknesses. Significant changes in the
frequency of these Raman modes are observed for different
SnTiS3 thicknesses, as shown in Fig. 5d.

AFM and KPFM studies to identify the exposed top surface
Unlike the exfoliation of a homogeneous 2D material structure, in
SnTiS3 the exposed top surface could be either SnS or TiS2. Due to
the high transparency of 2D flakes, identifying the top exposed
surface of misfit-layer compounds with the help of optical
microscopy and Raman spectroscopy is difficult and assumed as
a cumbersome approach31. Here, we propose a way to infer the
nature of the exposed material using nanoscopic AFM character-
ization since the AFM-based force of adhesion and KPFM-derived
work function offer a greater opportunity to explore the
terminating layer properties32,33. The AFM-derived force of
adhesion FAD or surface energy γ (FAD= 4πRγ, where R is the tip
radius) statistically show two distinct distributions indicating either
SnS or TiS2 are exposed to the ambient, as shown in
Supplementary Fig. 9. Comparing the mean force of adhesion at
two distributions and the DFT-predicted adsorption energy of
water molecules on SnS and TiS2-terminated SnTiS3 surface in
Fig. 6b (further information in Supporting Information), we can
infer that the high surface energy distribution results from

Fig. 5 Raman spectroscopy characterization of the bulk and few-layer SnTiS3 flakes. a, b Phonon modes of the SnS, TiS2, and as-grown bulk
SnTiS3 crystal. c Raman spectra of SnTiS3 with different layer thickness under excitation of 532 nm laser light. d Ag and A1g Raman peak
positions of SnTiS3 with different number of layers.

Table 1. Comparison of electronic and optical properties of SnS, TiS2, and SnTiS3.

Material SnS TiS2 SnTiS3

Electronic Indirect bandgap Semi-metal Semi-metal

Optical Bandgap in the range of 1.0–1.6 eV31 Bandgap in the range of 0.3–0.5 eV32 Bandgap emission at 1.9 eV (this work)
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scanning the SnS on the top, while the low surface energy
corresponds to the TiS2-terminated stack surface.
We furthermore identified the work function of exfoliated

SnTiS3 using KPFM scanning, as shown in Supplementary Fig. 10.
The measured work functions show two different values 4.82 and
4.94 eV for exfoliated SnTiS3 layers. The height maps correspond-
ing to the KPFM scanning regions are included in Supplementary
Fig. 11. In comparison with the DFT-predicted work functions
(Supplementary Fig. 12) and measured work function, we can infer
that TiS2-terminated SnTiS3 surface possesses a higher work
function than that of SnS-terminated SnTiS3 surface, as shown in
the Fig. 6c. Deducing the nature of the exposed surface is
mandatory for the robust and repeatable fabrication of ohmic
contact type devices since the work function of the two surfaces is
different. This identification method of the combination of AFM
and KPFM is critical for future atomically thin van der Waals
heterostructures in the electronics and optoelectronics applica-
tions. Further experimental details are available in Supporting
Information.

DISCUSSION
We have performed electrical, optical, PL, and Raman spectro-
scopy studies on mechanically exfoliated SnTiS3 thin flakes. The
exfoliated SnTiS3 thin flakes show a high electrical conductivity
resulting from the TiS2 component layers, while also exhibiting
visible PL emission from the SnS component layer of SnTiS3
crystal, indicating the presence of a direct bandgap of 1.9 eV.
These results suggest the presence of both conducting and
semiconducting properties in the material simultaneously. In
combination with first-principles calculations, we show that the
interlayer van der Waals interaction preserves the properties of
semi-metal TiS2 and a direct bandgap semiconductor SnS. In this
way, SnTiS3 represents a potential realization of the promise of 2D
materials to combine high carrier mobility and a large bandgap in
a single material, with wide-ranging application possibilities. With
an eye towards such applications, we have combined AFM and
KPFM scanning on SnTiS3 thin flakes with DFT simulation to
demonstrate a way to determine the top layer composition of the

SnTiS3 stack and obtain the related work functions. This
characterization represents an important step toward exploring
the intriguing properties of SnTiS3 and its potential applications in
future optoelectronic devices.

METHODS
Crystal growth
CVT method employed TeCl4 as the source of transport agent (Cl2), which
allows an effective and faster vapor transport to achieve the necessary
supersaturation of the expected final product. A three-zone muffle furnace
was used for this purpose, having typical temperature profiles for the
growth of single crystals. A stoichiometric amount of Sn:Ti:S= 1:1:3.1 (5N
purity for Sn, Ti, and S) was sealed into an evacuated quartz ampoule and
heated for 4 days at 650 °C. About 10 g of the pre-reacted SnTiS3 powder
was placed together with a variable amount of TeCl4 (purity 4N) (100mg)
at one end of the silica ampoule (length 35 cm with an inner diameter of
2.00 cm and an outer diameter of 2.2 cm). The chlorine concentration in
the range of 2.6–5.7 mg was yielded sufficiently from the ~100mg TeCl4/
cm3, which provided high transport rates of near 150mg per day. All
preparation steps before the quartz tube evacuated flame sealing were
carried out in an Argon gas-filled glove box of oxygen and water level kept
below ~1 ppm. The loaded ampoule was evacuated and flame-sealed
before loading into the tube furnace for CVT growth. For the growth of
SnTiS3 single crystals, the end of the ampoule containing the pre-reacted
material was held at 900 °C, and the growth end was maintained at a
temperature near 800 °C with a temperature gradient near 2.5 °C/cm for
2 weeks. SnTiS3 single crystals of sizes up to 0.3 × 0.3 × 0.27mm3 were
obtained.

UV-VIS spectroscopy
The grown SnTiS3 crystal flakes were suspended in the IPA solvent using
sonication before spectroscopy studies were performed using a Duetta
Fluorescence and Absorbance Spectrometer. Scans were performed
between 1100 and 250 nm with a spectral resolution of 1 nm.

PL and Raman measurements
Raman and PL spectrums of a few layer and bulk SnTiS3 flakes were
measured using WITEC Raman 300RS system with three different laser
excitation wavelengths, including 633, 532, and 488 nm, respectively. Due

Fig. 6 AFM and KPFM studies to identify the exposed top surface. a AFM-derived force of adhesion distributions on exfoliated SnTiS3 flakes.
b DFT-predicted adsorption energy of water molecules on SnS and TiS2-terminated SnTiS3 surfaces. c KPFM-derived work function on
exfoliated SnTiS3 surface and DFT-predicted work function of SnS and TiS2-terminated SnTiS3 surfaces.
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to the small width of thin SntiS3 crystals, only well-isolated flakes were
used for Raman spectroscopy measurements to avoid signal overlapping
with other regions. The low laser power density was used to avoid SnTiS3
degradation.

AFM characterization
The SnTiS3 flakes are measured with a Cypher AFM from Asylum Research
in amplitude modulation mode. The standard OLYMPUS cantilevers
(AC160TS) with k ≈ 30 N/m, Q ≈ 400, and f0 ≈ 250 kHz were used for the
force reconstruction. Sader–Jarvis–Katan formalism32–36 were employed,
and the amplitude A and phase lag Φ were recorded as a function of tip-
sample separation distance d. Free cantilever oscillation amplitude around
50 nm was used to avoid bistability with the trigger point around 47 nm.
Besides, as the tip radius R is known to affect the tip-sample interaction
force, it has been monitored continuously with the critical amplitude
method33 to ensure that there was no change in R throughout the
experiment. Five randomly picked flakes were examined, and for each of
the flakes, around 300 measurements were collected.

KPFM characterization
KPFM mapping was performed in ambient using a Cypher AFM from
Asylum Research. Conductive iridium coated AC tip (k ≈ 2.8 N/m, f ≈ 75 kHz)
was utilized for this type of scans. No sample grounding was done before
scanning. Similar to the acquisition of force, the initial drive frequency is
determined with thermal analysis. When the probe is driven electrically
close to the surface, an additional tune is performed which slightly
changes the resonance frequency. The target amplitude and the trigger
point were set to 1 V and 800mV, respectively, as recommended by the
manufacturer. The integral and proportional gain values were varied until a
stable scan was obtained. The scan size varied based on the size of the
measured flake, with slow scan rates in the range of 0.5–1 Hz.

TEM measurements
Thin lamellae for TEM study were prepared using a standard in situ lift-out
procedure37. A dual-beam FIB system (Thermo Fisher Scientific, Helios 650)
was used to fabricate the lamellae. In order to protect the top surface
layers from the ion beam damaging, the capping layer of Pt was deposited
using the available precursor gas (CH3)3Pt(CpCH3)) in the dual-beam
system. Two sets of lamellae were prepared to observe the plane view and
cross-sectional view of the grown single-crystal SnTiS3. An image corrected
TEM system (Thermo Fisher Scientific, Titan G2) operating at 300 kV was
used for the HRTEM imaging.

Device fabrication
Mechanically exfoliated SnTiS3 flakes were transferred to a cleaned Si/SiO2

substrate and then spin-coated with photoresist (SPR220) and prebaked at
115 °C for 90 s. A direct laser lithography technique (Dilase 250) was used
to write the metal pads on to the selected SnTiS3 flakes. The patterned
sample was then post-baked at 120 °C for 90 s and cooled down to
ambient temperature before developing the pattern in the AZ725
developer for 40 s. The sample was subsequently rinsed with DI water
several times to remove any unwanted photoresist and developer residues.
Next, the developed samples were transferred to the thermal evaporator
(Lesker PVD 75 thermal evaporator) and 5 nm of Cr followed by 40 nm of
Au were deposited at 1 × 10−5 Torr. After the metal deposition, the lift-off
process was carried out in acetone.

Electrical characterization
Room temperature electrical measurements of the as-fabricated SnTiS3
FETs were performed using a probe station (Signatone 1160 Manual
Prober) equipped with a semiconductor parameter analyzer (Agilent
B1505A curve tracer) at ambient conditions.
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