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T
wo-dimensional materials, such as gra-
phene and hexagonal boron nitride,
have attracted considerable interest

since their first isolation by mechanical exfo-
liation from layered bulk crystals.1 Graphene
has provided access to new physics at re-
duced dimensionality2�5 and has demon-
strated extreme mechanical,6 optical,7 and
sensing properties;8 boron nitride is finding
applications as an ideal electrically insulating
complement to graphene for in-plane9�11

and vertical heterostructures.12 Fundamen-
tally and technologically interesting proper-
ties have been identified in layered metal
dichalcogenides (LMDs) in the ultrathin limit,
with most attention to date focused on semi-
conducting transition metal dichalcogenides,
particularly MoS2.

13 MoS2 monolayers (i.e., a
single, covalently bonded S�Mo�S trilayer)

and related materials have shown relatively
high charge carriermobility (>200 cm2/(V s))
combinedwith high on�off current ratios in
field-effect transistors,14 sensitive photo-
detectors,15,16 and exceptionally high opti-
cal absorption in photovoltaic devices.17,18

The electronic bands of MoS2 derive from
combinations of molybdenum d- and sulfur
p-orbitals, whose different sensitivity to in-
terlayer coupling along with confinement
effects is responsible for an indirect-to-
direct bandgap transition from bulk/few-
layer to monolayer MoS2.

19�22 High atomic
number metals or transitionmetals give rise
to strong spin�orbit interactions that can
induce large valence band splitting.19�21

Energetically degenerate conduction band
valleys at different momentum give rise to
newquantumnumbers, and the coupling of
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ABSTRACT Layered metal dichalcogenides have attracted sig-

nificant interest as a family of single- and few-layer materials that

show new physics and are of interest for device applications. Here,

we report a comprehensive characterization of the properties of tin

disulfide (SnS2), an emerging semiconducting metal dichalcogenide,

down to the monolayer limit. Using flakes exfoliated from layered

bulk crystals, we establish the characteristics of single- and few-

layer SnS2 in optical and atomic force microscopy, Raman spectroscopy and transmission electron microscopy. Band structure measurements in conjunction

with ab initio calculations and photoluminescence spectroscopy show that SnS2 is an indirect bandgap semiconductor over the entire thickness range from

bulk to single-layer. Field effect transport in SnS2 supported by SiO2/Si suggests predominant scattering by centers at the support interface. Ultrathin

transistors show on�off current ratios >106, as well as carrier mobilities up to 230 cm2/(V s), minimal hysteresis, and near-ideal subthreshold swing for

devices screened by a high-k (deionized water) top gate. SnS2 transistors are efficient photodetectors but, similar to other metal dichalcogenides, show a

relatively slow response to pulsed irradiation, likely due to adsorbate-induced long-lived extrinsic trap states.
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A
RTIC

LE



HUANG ET AL. VOL. 8 ’ NO. 10 ’ 10743–10755 ’ 2014

www.acsnano.org

10744

spin and valley degrees of freedom are being investi-
gated for novel approaches to information process-
ing.23,24 Finally, recent progress in bottom-up synthesis
promises access to high-quality, large-area materials
for future device applications.25

While MoS2 has become a prototype LMD, other
materials may show new physics or have properties
optimized for particular applications. The surprising
and rich new physics emerging in the low-dimensional
limit suggests strongly that other van der Waals
layered materials may exhibit novel behavior. More-
over, for widespread use in devices, the discovery of
earth-abundant two-dimensional and layered materi-
als is essential. Tin disulfide (SnS2) is a semiconducting
LMD comprising earth-abundant constituents, notably
a group IV element (Sn) replacing the transition metal
in MoS2 and related compounds. Bulk SnS2 crystals
have long been investigated for photovoltaics26 and
photoelectrochemistry,27 and early efforts have al-
ready shown some progress in using van der Waals
epitaxy for the controlled bottom-up synthesis of SnS2
films,28 as well as nanoscale etching by scanning probe
methods.29,30

Recently, first reports have emerged on the isolation
of high-quality few-layer andmonolayer SnS2 by chem-
ical31 and mechanical exfoliation32�34 from layered
crystals, as well as their use as a photocatalyst for
visible lightwater splitting,31 in field-effect devices,33,34

and in simple logic circuits.32 However, at this point it
remains unclear if monolayer SnS2 has indeed been
obtained, primarily because in contrast to the more
established LMDs, notably MoS2, the characterization
of few-layer SnS2 is still poorly developed and basic
properties of this material are not well understood.
Examples are the unambiguous identification of mono-
layer SnS2, as well as thickness measurements on few-
layer SnS2 using scanning probe microscopy, Raman
spectroscopy, and opticalmicroscopy; the development

of the electronic band structure with reduction in
thickness (i.e., the possibility of a transition to a direct
bandgap in the monolayer, similar to MoS2); transport
properties in field-effect transistors, especially the
factors limiting the achievable carrier mobility; and
the possibility of using SnS2 for light detection applica-
tions. Here, we comprehensively characterize high-
quality bulk SnS2 crystals as well as ultrathin exfoliated
flakes to establish unambiguously and for the first time
the fundamental properties of SnS2 in bulk, few-layer,
and monolayer form and thus create the basis for the
systematic exploration of this material in research and
in potential applications including nanoelectronics,
optoelectronics, as well as light harvesting and other
energy conversion applications.

RESULTS AND DISCUSSION

Figure 1 illustrates experiments on the isolation of
monolayer and bilayer SnS2 from layered bulk crystals,
as well as their identification by optical microscopy.
SnS2 crystallizes in a CdI2-type layered structure, in
which S�Sn�S trilayerswith internal covalent bonding
are held together by van der Waals forces (Figure 1 (a)).
SnS2 occurs in different polytypes with the same
structure of the S�Sn�S layers but different interlayer
stacking.35,36 While the exact conditions giving rise
to the different polytypes remain unclear, previous
reports suggested that low-temperature synthesis
produces the 2H-polytype, while crystal growth at
temperatures above 800 �C tends to give 4H-SnS2
(Figure 1 (a)).37,38

Mechanical exfoliation from large layered bulk crys-
tals grown by the vertical Bridgman method (Figure 1
(b)) can be used to obtain flakes with varying thickness,
which often contain monolayer or bilayer areas with
lateral dimensions exceeding 10 μm. These thin sec-
tions are easily identified via their optical contrast on
300 nm SiO2/Si substrates, similar to other 2D and

Figure 1. From bulk to monolayer SnS2. (a) Crystal structure of layered bulk SnS2. (b) SnS2 single crystal grown by the
Bridgman method. (c) Optical bright field microscopy image of a SnS2 flake with partial monolayer, bilayer, and trilayer
thickness (as confirmed by AFM, see Figure 2), supported by 300 nm SiO2/Si. Representative images obtained at different
illumination wavelength (as given, in nm), showing the evolution of optical contrast of the substrate, monolayer, and bilayer
SnS2. (d) Measurements of the optical contrast of monolayer and bilayer SnS2 on 300 nm SiO2/Si at different wavelengths.
Lines are guides to the eye.
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layered materials.39�41 While the areas with weakest
optical contrast can be difficult to find in bright-field
microscopy with white light illumination, color-filtered
bright-field as well as dark-field images clearly show
these thinnest flakes. We have used optical microscopy
(Figure 1 (c,d)) combinedwith atomic forcemicroscopy
(AFM, Figure 2) to unambiguously demonstrate the
successful isolation ofmonolayer andbilayer SnS2.Micro-
scopy with monochromatic illumination (in reflection)
gives strong contrast between monolayer and bilayer
SnS2, and between thin flakes and the substrate. Figure 1
(c) shows representative micrographs, in which the
optical contrast varieswithwavelength. Contrastmaxima
between monolayer and bilayer SnS2 are found at∼475
and ∼625 nm, with a contrast minimum, i.e., simulta-
neously invisible monolayer and bilayer SnS2 on 300 nm
SiO2/Si, at ∼550 nm illumination wavelength.
AFM imaging provides an independent measure-

ment of the absolute thickness of flakes of 2D materi-
als. AFM applied to the same flake shown in Figure 1
has been used to corroborate the optical thickness
assignment (Figure 2). AFM images confirm that this
flake consists of two larger parts with different height
above the SiO2 support (Figure 2 (a)). The height of
section 1 above the SiO2 is (1 ( 0.2 nm) (Figure 2 (b)),
which is consistent withmeasurements for single-layer
graphene and MoS2. Even though the actual thickness
of monolayer SnS2 is ∼0.6 nm, the measured value is
always around 1 nm, likely due to the trapping of
adsorbed molecules (e.g., H2O) between the flake and
the substrate. When measuring the height profile
along section 2 (Figure 2 (c)), the height change at
the edge between the thinner and thicker segment of
SnS2 is 0.6 nm, while the height of the thicker section
above the SiO2 support is 1.6 nm.We conclude that the
flake analyzed here indeed consists of monolayer and
bilayer SnS2. A previous report assigned a thickness

of 1.8 nmmeasured by AFM to monolayer SnS2/SiO2,
34

but our results suggest that this thickness instead
corresponds to bilayer SnS2.
Raman spectroscopy has proven to be a versatile

tool for studying 2Dmaterials, such as graphene, MoS2
and others.43,44 We used Raman spectroscopy to iden-
tify the stacking sequence (i.e., crystal polytype) of our
bulk SnS2 starting material, and to map and quantify
the thickness of few-layer SnS2. Smith et al. have
established the Raman spectra of different polytypes
of layered SnS2.

45 Comparison with the modes ob-
served in spectra of the bulk SnS2 crystal used in our
exfoliation experiments allows an unambiguous iden-
tification of the polytype of our material as 4H-SnS2
(Figure 3 (a)). In the 4H polytype, the most intense
Raman line at 313.5 cm�1 is due to amixture of A1 and E
optical modes. This line is very close to the A1gmode of
2H-SnS2 (315 cm�1),45 and therefore does not lend
itself well to fingerprinting of the polytype. Instead, the
E-mode at lower energy allows a facile discrimination
between 2H- and 4H-polytypes. The Egmodeof 2H-SnS2
gives rise to a single, intense band at 205 cm�1, whereas
the E-modeof 4H-SnS2 gives rise to a doublet at 200 and
214 cm�1, respectively. Our measurements at two ex-
citation wavelengths clearly show the doublet, i.e., the
bulk crystal used in our experiments is 4H-SnS2.
Figure 3 (b) shows an optical image of an exfoliated

SnS2 flake, in which the number of layers varies from
2 to 8 (and further to ∼20 layers outside the field
of view shown in Figure 3 (b)), supported by 300 nm
SiO2/Si. For few-layer 4H-SnS2, we track Raman scatter-
ing from the most intense (A1þE) optical phonon
mode; the most prominent band originating in the
SiO2/Si support, the zone-center optical phonon of Si
at ∼520 cm�1 serves as a reference. A comparison of
the optical micrographwith a Ramanmap of the (A1þE)
phonon (280�320 cm�1, Figure 3 (c)) shows that the

Figure 2. Atomic force microscopy of monolayer and bilayer SnS2 on SiO2. (a) AFM image of a flake of monolayer and bilayer
SnS2 (same as shown in Figure 1). (b,c) Height profile of sections 1 and 2 in (a). The thickness of monolayer (ML) SnS2 is about
1 nm above the SiO2 support (b); the thickness of the bilayer (BL) is about 1.6 nm above the SiO2 surface, whereas the step
betweenmonolayer and bilayer SnS2 is 0.6 nm. The observed thicknesses are similar to those of monolayer and bilayer MoS2.

42
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intensity of this band scales with the thickness of the
SnS2. The signal intensity within each terrace (i.e., at
constant thickness) is constant, but it abruptly increases
with each added layer. To quantify the thickness de-
pendence, we measured Raman spectra at different
locations within the flake. Each spectrum was normal-
ized to the intensity of the Si peak (Figure 3 (d)). A
transition of the (A1þE) mode of few-layer 4H-SnS2 into
the A1g phonon occurs for monolayer and bilayer SnS2,
whose thickness is below that of the unit cell of the
4H-polytype. The A1g mode shows low intensity but is
still detectable and can be clearly distinguished for
monolayer and bilayer SnS2. A plot of the intensity ratio
of I(SnS2) to I(Si) as a function of the number of layers
is shown in Figure 3 (e). For monolayer SnS2/SiO2,
the intensity ratio is ∼0.02, and it increases to 0.96 for
∼20 layer SnS2 within the flake. Over this entire thick-
ness range, the I(SnS2)/I(Si) intensity ratio increases
approximately linearly with thickness, and it exhibits
high reproducibility in samples with the same number
of layers. Hence, with a calibration as given in Figure 3
(e), Raman spectroscopy can serve as a simple and
reliable method for measuring the thickness of few-
layer SnS2 across an extended thickness range.
Transmission electronmicroscopy (TEM)was used to

assess the interlayer spacing (cross-section) and the
high-resolution TEM (HR-TEM) lattice contrast (plan-
view) of few-layer SnS2 exfoliated onto holey carbon
grids. Figure 4 (a) shows part of a few-layer SnS2 flake
on the holey carbon TEM grid. A folded edge of the
flakemakes it possible to observe the layered structure
and to determine the number of atomic layers (Figure 4
(b)). From the cross-sectional image, the interlayer
spacing is measured to (0.62 ( 0.015) nm (Figure 4 (c)),

in excellent agreement with the AFM results. HR-TEM
images along the [001] zone axis (perpendicular to the
flake) show ahexagonal latticewith a nearest-neighbor
spacing of 0.32 nm, andwith a slight modulation of the
intensity of the lattice fringes (Figure 4 (d)). Multislice
TEM image simulations46 for 4H-SnS2 closely repro-
duce this image contrast (Figure 4 (e)), and show that
the intensity maxima correspond to two types of
atomic columns: the brighter maxima are due tomixed
columns of Sn and S atoms, arranged in a honeycomb-
like formation; the slightly darker maxima originate
from columns that are populated only by S atoms
(Figure 4 (f)). Transmission electron diffraction, finally,
shows a pattern that can be unambiguously indexed to
4H-SnS2 along the [001] zone axis (Figure 4 (g)).
One of the unique aspects of metal dichalcogenide

materials, such as MoS2 or SnS2, is the fact that their
electronic bands have mixed character with different
contributions from metal d-orbitals and p-orbitals of
the chalcogen species. In MoS2, the different character
of valence and conduction bands at different locations
in the Brillouin zone (BZ) implies different sensitivity to
interlayer coupling and confinement, with S p-orbital
derived states being more sensitive to these factors
than bands with predominant contribution from Mo
d-orbitals, localized at the center of the S�Mo�S
trilayer. As a result, significant shifts in the band edges
give rise to a transition from an indirect to a direct
bandgap as the thickness of MoS2 is reduced from
bulk/few-layer to a single monolayer.19,20 We have
previously observed this transition via micro-ARPES
band mapping on μm sized exfoliated MoS2.

21 Here,
we use a similar approach to measure the electronic
band structure of bulk-like SnS2. The experimental

Figure 3. Raman spectroscopy and measurement of the thickness of SnS2. (a) Raman spectra of bulk SnS2 at two excitation
wavelengths (532 nm, 633 nm). Gray and black vertical lines mark the main Raman lines of 2H- and 4H-SnS2 as identified by
Smith et al.45 (b) Optical microscopy image of a SnS2 flake with several areas of different thickness. (c) Raman intensity map
(280;320 cm�1) of the area outlined in (b), showing the intensity of the (A1þE)mode in areas of different thicknesswithin the
flake. Thicker SnS2 gives rise to higher intensity. (d) Normalized Raman spectra of SnS2 from monolayer to multilayer. The
intensity of the Si peak is set as constant. (e) Intensity ratio of the (A1þE) peak of SnS2 andof the zone center optical phononof
Si (520 cm�1) as a function of the number of layers.
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band map is then used to validate calculated band
structures of bulk SnS2, and calculations of the elec-
tronic structure of bulk andmonolayer SnS2, combined
with photoluminescence measurements, are used to
explore if this material shows an indirect-to-direct
bandgap transition similar to MoS2.
Mirror-mode LEEM images of freshly cleaved SnS2

crystals show large, flat terraces with lateral dimen-
sions up to several tens of micrometers. The LEED
patterns obtained from cleaved crystals exhibit sharp
spots with hexagonal symmetry, as expected for the
basal plane of SnS2,

38 without annealing of the sample.
A LEED pattern obtained at E = 28 eV (Figure 5 (a))
shows two sets of first-order diffraction spots with
alternating high and low intensity, consistent with
SnS2 with the interlayer stacking of the 4H-polytype.
Across large distances on the surface (several tens
of μm), the stacking sequence varies occasionally
(i.e., there are stacking faults), as shown by comple-
mentary LEED patterns in which the two sets of spots
are interchanged.
The electronic band structure of SnS2 has been

investigated in several computational studies dating
back to the 1970s.47�49 Progressively more accurate
methods were used,50 and more recently calculations
including corrections for van der Waals forces have
been carried out.51 Early photoemission experiments
have provided energy distribution curves for SnS2,

52,53

but to date no high-quality maps of the band disper-
sion have been available to validate the band structure
calculations. We obtained micro-ARPES band structure
maps at room temperature with an energy resolution
better than300meV, using energy-filteredphotoelectron

angular distributions mapped in reciprocal space by the
electron optics and detector system in spectroscopic
LEEM.21,54 The raw data consist of sets of photoelectron
angular distribution maps in reciprocal space, obtained
with an energy step of 0.1 eV. Projections along high-
symmetry directions in the Brillouin zone were used to
generate band dispersionmaps, as shown in Figure 5 (b).
To gain further insight, we computed the bandstruc-

ture of bulk 4H-SnS2 and monolayer SnS2 using ab

initio density-functional theory (DFT). The optimized
lattice constants for 4H-SnS2 are a = 0.37 nm and
c = 1.3328 nm, consistent with the structural param-
etersmeasured in TEM.Anoverlayof the calculatedbands
on the experimentally determined bulk band structure
shows excellent agreement. The calculations give a fun-
damental bandgap of bulk 4H-SnS2 Eg = 2.308 eV, some-
what larger than the gap determined experimentally by
optical absorption measurements on thicker SnS2 flakes
(Figure S1), and observed in photoluminescence (PL)
spectra (Figure S2). The gap is indirect, with the valence
band maxima (VBM) located along the Γ�M high-
symmetry direction and the conduction band minima
(CBM) at the M valley of the BZ. The fundamental
bandgap of monolayer SnS2 is 2.033 eV and remains
indirect, with the valence band maxima located along
Γ�M, and the conduction bandminima at theMvalley.
This behavior is in contrast to MoS2, which shows an
enhancement of the PL intensity due to a transition
from an indirect (bulk, few layer MoS2) to a direct gap
(monolayer MoS2). The transition to a direct gap in
MoS2 results from a significant shift of the valence
band edge at Γ. Whereas the valence band maximum
lies at Γ for thicker MoS2, its hybrid of antibonding

Figure 4. TEM imaging of few-layer SnS2. (a) Low-magnification image of a SnS2 flake on holey carbon grid. Arrow: Folded
edge of the flake. (b) Cross-sectional TEM along the folded edge of the SnS2 flake, showing the layered structurewith 6 atomic
layers. (c) Intensity profile along the line marked in (b). The measured layer distance is 0.62 nm. (d) Plan-view high-resolution
TEM of the SnS2 lattice structure. (e) Multislice image simulation for the 4H-polytype of SnS2. (f) Simulated HR TEM image
showing the positions of Sn and S atoms in the 4H-SnS2. (g) Electron diffraction pattern obtained along [001] zone axis.
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sulfur pz orbitals and Mo dz
2-states experiences a

significant downward shift with the elimination of
interlayer coupling in the transition to monolayer
thickness. This shifts the valence band states at Γ to
a lower energy than the valence band edge at K, and
thus a direct gap forms at K. In comparison, our
calculations show the bandgap of SnS2 to be quite
insensitive to the thickness, down to a single mono-
layer. This different behavior can be explained by the
orbital composition of the conduction and valence
band edges. In both bulk and monolayer SnS2, the
valence band edge along Γ�M is dominated (∼90%)
by sulfur px and py (i.e., in-plane) orbitals. The conduc-
tion band edge at the M valley is a hybrid of 51% tin
s-orbitals and 37% sulfur px and py orbitals and 8%
sulfur pz orbitals. Whereas some of the higher-lying
bands with sulfur pz character show substantial shifts,
these are not sufficiently large to affect the fundamental
(indirect) bandgap, which involves states that are insen-
sitive to both interlayer coupling and confinement.
To experimentally confirm the absence of an indir-

ect-to-direct bandgap transition from few-layer to
monolayer SnS2, we performed measurements of the
integrated photoluminescence (PL) intensity from
SnS2 flakes of different thickness. Figure S3 shows an

analysis of PL intensitymeasurements on few-layer and
monolayer SnS2. To minimize substrate contributions
to the PL, the flakes have been supported on sapphire.
PL maps generally show higher intensity for thicker
SnS2 layers. This trend is confirmed by an analysis of
the PL intensity from areas of different thickness: the
measured PL decreases linearly from 5 layers to 1 layer
thickness, and extrapolates to the PL of the bare
substrate. Hence, monolayer SnS2 does not exhibit
enhanced PL compared to few-layer material, which
further supports our theoretical result that SnS2 re-
mains an indirect bandgap semiconductor across the
entire thickness range from bulk to single layer.
Aside from the new physical phenomena found in

metal dichalcogenides, the semiconducting members
of this larger family of layered/monolayer systems have
attracted particular interest for electronic and opto-
electronic applications.14,55 Intrinsic bandgaps in the
range of 1 to 3 eV make these materials suitable for
use in photodetectors and photovoltaic devices, and
they may be advantageous over the semimetallic gra-
phene for certain applications, e.g., in flexible electronics
or digital logic. To determine the electronic transport
properties of few-layer SnS2 and the potential of this
LMD for applications in electronics and optoelectronics,

Figure 5. Surface structure and electronic band structure of SnS2. (a) Low-energy electron diffraction pattern with overlaid
irreducible wedge of the surface Brillouin zone. (b) Angle-resolved photoelectron spectroscopy of the projected band
structure of bulk SnS2. False color scale: Dark blue, lowest intensity; white, highest intensity. Black lines are results of our DFT
band structure calculations for 4H-SnS2 using the HSE hybrid functional. (c) Comparison of the calculated band structure of
bulk (4H) andmonolayer SnS2. In the transition frombulk tomonolayer SnS2 the energy of the valence bandmaximum (along
(Γ�M)) remains approximately the same. The conduction band minimum at M for the monolayer structure undergoes a
downward shift of 245 meV compared to the bulk. The energy shifts are obtained relative to the vacuum level. The
fundamental bandgap (between M and Γ) is only weakly affected and remains indirect in the transition from bulk to
monolayer SnS2.
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we fabricated field-effect transistors (FETs) from exfo-
liated SnS2 flakes (Figure 6 (a)). The device character-
istics of these FETs were then measured at room
temperature.
Figure 6 (b�d) summarize the measurements on a

representative device, which was back-gated via the
300 nm SiO2/Si of the support. At low source-drain
voltage, the current�voltage characteristics (ISD vs VSD)
are symmetric and linear over the entire range of gate
voltages from �10 V to þ10 V, which indicates ideal
ohmic contacts between the Ti/Au electrodes and the
SnS2 channel. With back-gate voltage VG applied to the
Si substrate, ISD gradually increases as the gate voltage
is changed from �10 to 10 V, as shown in Figure 6 (b).
Figure 6 (c) shows ISD�VSD characteristics in a larger
range of VSD from 0 to 15 V, with back-gate voltage
changing from 0 to 36 V in steps of 4 V. ISD is linear at
low VSD and saturates at higher bias. As VG varies from
0 to 36 V, ISD changes from 1.8 � 10�13 A to 8.5 �
10�7 A, corresponding to an on�off current ratio of
∼4.7� 106. The device shows excellent n-type transis-
tor behavior as can be seen in Figure 6 (d). The field-
effect mobility has been calculated using the following
equation:

μ ¼ dISD
dVG 3

L

WC(SiO2)VSD
(1)

where L andW are the length and width of the device,
and C(SiO2) = 11.6 nF/cm2 is the capacitance of the
300 nm SiO2 layer.

56 On the basis of the data shown in
Figure 6, we determine a room temperaturemobility of
5 cm2/(V s). The mobility of this device is larger than
previously reported for few-layer SnS2 FETs (∼1 cm2/
(V s)),32 but about 1 order of magnitude lower than in
a top-gated SnS2 device using a Al2O3 dielectric layer.

34

Results on MoS2 FETs have suggested that the
mobility of monolayer and few-layer metal dichalco-
genides supported on SiO2 is primarily limited due to
scattering by charged impurities in the oxide.14 To test
if charged impurity scattering is limiting the field-effect
mobility in few-layer SnS2 FETs, we fabricated a series
of devices with different thickness of the SnS2 channel.
Given that an increasing fraction of the charge carriers
are removed successively further away from any inter-
facial scattering centers, the measured “effective” car-
rier mobility should increase as the channel becomes
thicker if interfacial impurity scattering is the primary
mobility-limiting scattering mechanism. The results of
transport measurements on SnS2 FETs with different
channel thickness, determined for each of these de-
vices by AFM, are summarized in Figure 7 (a).
The effective field-effect carriermobility in this batch

of identically processed devices indeed shows a con-
tinuous increase with increasing thickness of the
SnS2 channel, from ∼1.5 cm2/(V s) (10 nm thick)
to ∼20 cm2/(V s) (120 nm thick). In a simple model,
we can consider the device channel as a system of
discrete parallel conductors with different carrier den-
sities nj (decreasing with growing separation from the
SiO2 interface due to reduced gate-coupling) and
different mobilities μj. The conductivity of the entire
system is given by

σ ¼ ∑
j

qnjμj ¼ qneffμeff (2)

where neff and μeff denote “effective” carrier densities
and mobilities of the device overall. In a device with a
large channel thickness, one would expect that the
carriers near the top of the channel, which are screened
from the charged impurity scattering centers in the

Figure 6. Electrical transport in SnS2 FET devices. (a) Optical image of one SnS2 device. The outline marks the SnS2 channel
(3 monolayers thick). (b) ISD�VSD curves at low bias, for gate voltage ranging from �10 to 10 V; the linearity of IDS�VDS
indicates an excellent ohmic contact in the device. (c) ISD�VSD curves at higher bias, VSD, for gate voltages ranging from
0 to 36 V. (d) Relationship between ISD and VG for VSD ranging from 1 to 10 V.
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SiO2 by the intervening SnS2, would have a mobility
that significantly exceeds the measured effective va-
lue, μeff. This expectation is confirmed by further con-
sidering eq 2. Given that the permittivity of metal
dichalcogenides is nearly the same as that of SiO2

(ε ∼ 4 ε0), the induced carrier density n(z) in the SnS2
at distance z from the interface of the SiO2 gate
dielectric (thickness dox, here 300 nm) scales as n(z) �
(ε)/(dox þ z).57 The effective (i.e., measured) mobility of
a FET with a thick channel then becomes a weighted
sum of the mobilities of the carriers in the individual
parallel conductors:

μeff ¼
∑
i

(doxþzi)
�1μi

∑
i

(doxþzi)
�1 (3)

As an example, if scattering at the SnS2/SiO2 interface
limits the carrier mobility, an overall, effective mobility
μeff = 20 cm2/(V s) at 120 nm SnS2 channel thickness
(Figure 7 (a)) implies that the charge carriers near the
top of the channel have a mobility of ∼45 cm2/(V s).
This estimate suggests an actual limit due to scattering
centers intrinsic to the channel material, such as
defects, dopants or other impurities in the SnS2, be-
yond ∼50 cm2/(V s).
Clearly, increasing the channel thickness is not a

suitable approach for enhancing the properties of
practical transistors made from layered materials. This
is illustrated for our SnS2 devices by plotting the on�
off current ratio as a function of channel thickness
(Figure 7 (a)). While the effective carrier mobility can be
increased in thicker device channels, gate control over
the current flow in the channel becomes at the same
time progressively compromised. Even for the smallest
channel thickness shown in Figure 7 (a) (10 nm), the

on�off ratio (∼2 � 103) is substantially lower than for
ultrathin devices consisting of only 1�3 layers of SnS2
(∼5 � 106, Figure 6). Increasing the channel thickness
beyond 10 nm causes a further exponential loss in gate
control, i.e., the transistor can no longer be turned off
efficiently by the back gate.
Experiments on monolayer MoS2 transistors have

shown that top gating by a high-k dielectric, such as
HfO2, can effectively screen scattering centers in the
SiO2 support while maintaining very high on�off
current ratios.14 To explore this effect for SnS2 FETs,
we fabricated devices that in addition to back gating
could be gated using a liquid top-gate with deionized
(DI) water (ε ∼ 80 ε0) as the dielectric. Solution gating
has been widely used recently, primarily because it is
a simple way for achieving very high carrier densities
by field-effect doping of different materials, such as
MoS2,

58 graphene,59 and several superconductors.60,61

After fabricating conventional (back gated) SnS2 FET
devices as described above, we provided an additional
patterned insulating layer by spin-coating PMMA and
opening windows for access of the liquid to the FET
channel, as shown schematically in Figure 7 (b) (see
also Figure S8). We first measured the electrical proper-
ties of this device without DI water (i.e., as a back-gated
FET), as shown in Figure 7 (c) (Figure S7 (a,b)). The
characteristics are similar to those of our conventional
back-gated devices (e.g., Figure 6). Again, the drain
current increases gradually as the gate voltage (VBG) is
changed from 0 to 20 V, i.e., the back-gate provided
control over the conductance of the FET. The field-
effect mobility of this device controlled by the back
gate is ∼2 cm2/(V s). Then we deposited a drop of
DI water onto this device and applied the gate bias
(VTG) between this solution top gate and the source

Figure 7. Mobility-limiting scattering in few-layer SnS2 FETs and its screening in top-gated devices. (a) Field-effectmobility in
SnS2 FETs as a function of the channel thickness. Error bars, AFMmeasurements of the channel thickness:( 3 nm for thickness
>30 nm; mobility:( 0.5 cm2/(V s) for μ > 5 cm2/(V s). (b) Schematic diagram of the geometry of SnS2 FET devices with SiO2/Si
back gate and H2O solution top gate. For an optical micrograph of an actual device, see Figure S8. (c) Transfer characteristics
(ISD vs VBG) of a back-gated SnS2 device (∼8 layers), measured with dual back gate sweeps starting atþ20 V, with turnaround
points between þ15 V and �15 V. The transfer characteristics show significant hysteresis. (d) Analogous transfer
characteristics (ISD vs VTG) of a deionized (DI) water top-gated SnS2 device, measured with dual top gate voltage sweeps,
starting atþ0.5 V, with turnaround points betweenþ0.2 V and�0.4 V. The device showsminimal hysteresis and a near-ideal
subthreshold swing of 80 mV/decade.
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electrode (Figure 7 (d)). The I�V curves of the solution-
gated FET device again show linear and symmetric
behavior, indicating ohmic contacts and absence of
leakage currents (Figure S7 (c,d)). ISD increased to 190 nA
at VSD = 40 mV and at a solution gate voltage VFG =
500 mV, compared to 2.5 nA at VSD = 40 mV at a gate
bias VBG = 5 V for back-gated operation. The transfer
characteristic of the solution gated FET shows a near-
ideal subthreshold swingof∼80mV/decade (Figure 7 (d);
Figure S8). To be able to determine the carrier mobility
in the solution gated FET devices, we performed addi-
tional transport experiments aimed at measuring the
specific double-layer capacitance of DI water in contact
with theSnS2devicechannel.WefindC(H2O) =137nF/cm

2,
from which we calculate field-effect mobilities of solution-
gated FETs between∼60 cm2/(V s) and over 200 cm2/(V s).
The highest room temperature mobility measured in
SnS2 devices in this study is 230 cm2/(V s) (Figure S8),
which significantly exceeds the highest field-effect mo-
bility of SnS2 devices reported to date (∼60 cm2/(V s))34

and is comparable to the highestmobilities reported for
FETs fabricated from more established layered metal
dichalcogenides, such as MoS2.
The difference in device quality between back-gated

and DI water top-gated FETs is reflected in measure-
ments of the hysteresis under reversal of the gate
voltage sweep direction. Except for ultraclean devices
(e.g., encapsulated within BN membranes),62 FETs fab-
ricated from layered metal dichalcogenides typically
show significant hysteresis, assigned to charge traps
due to surface adsorbates.63,64 The transfer characteristics

of our back gated devices with moderate mobilities
(∼2�10 cm2/(V s)) show significant hysteresis, i.e., are
strongly affected by charge trapping (Figure 7 (c)). In
contrast, the solution gated devices with much higher
carrier mobilities (up to 230 cm2/(V s)) show only
minimal hysteresis (∼15 mV) as the top gate voltage
is swept in opposite directions (Figure 7 (d)), i.e., much
smaller effects of charge traps at the top and bottom
interfaces. This behavior is consistent with the absence
of surface adsorbates in the solution environment
and an effective screening of interface states at the
SnS2/SiO2 interface by the high-k dielectric.
Similar to gate-controlled changes in carrier density,

light absorption causes an increase in the carrier den-
sity and conductance of semiconducting dichalcogen-
ides, allowing them to be used as phototransistors.15,16

Photoconductivity lends itself as a simple approach
to photodetection since only the channel resistance needs
to be measured and no p�n junction is required to
separate photogenerated electron�hole pairs. Commer-
cially available photoconductive detectors typically incor-
porate inexpensive cadmium sulfide or lead sulfide as the
active material for use in many consumer items such as
camera light meters, streetlights, etc., but alternatives
avoiding the use of cadmium or lead would be desirable.
Metal dichalcogenides, such as SnS2, have potential for
such applications, provided that inexpensive and scalable
synthesis methods for the fabrication of high-quality
monolayer or few-layer material can be identified.
We demonstrate the implementation of a simple

photoresistive element using a back-gated few-layer

Figure 8. Light detection viaphotoconductivity in SnS2 FETs. (a) Schematic of the SnS2 photo-FET. S: source; D: drain electrode.
(b) ISD�VSD curves at low bias for back-gate voltages between�20 V and þ25 V (in 5 V steps), without and with illumination.
Light source: halogen lamp. (c) Detection of pulsed illumination at gate voltages fromþ2 V toþ10 V. Light source: laser diode.
(d) Response under chopped laser illumination (f = 1.0 Hz) and measurement of a 10%�90% rise time of ∼44 ms.
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SnS2 FET (with channel thickness∼10 nm; Figure 8 (a)).
Figure 8 (b) shows that back gating as well as illumina-
tion controls the conductance of the device. Without
illumination, a change in back gate voltage from�20 V
to 25 V causes a stepwise increase in conductance.
Similarly, illumination by a laser diode (532 nm; power
at sample ∼100 nW) at each of the back-gate voltages
raises the conductance by a factor of 2�2.5. The
resulting responsivity of ∼100 A/W, although lower
than the highest values reported for monolayer MoS2
photodetectors (∼103 A/W),16 makes the SnS2 photo-
FET suitable for the detection of low-level DC signals.
Practical photodetectors often require the high-

bandwidth detection of pulsed radiation. Previous
reports onMoS2 photodetectors have given conflicting
results, either showing slow response times (several
seconds)16 or prompt changes to variations in light
intensity on the scale of tens of milliseconds.15 Our
experiments demonstrate that SnS2 phototransistors
allow the detection of intermittent light, and that they
share some of the characteristics reported for MoS2
devices. Figure 8 (c) shows the pulse-response of a
typical SnS2 device, characterized by rise and fall times
on the order of seconds and tens of seconds, respec-
tively, independent of back gate voltage and source-
drain bias. The long rise and fall times, as well as
multiexponential functional forms suggest that long-
lived charge traps are responsible for the observed
slow response, and that a combination of multiple trap
states with different lifetimes produces the observed
overall temporal characteristics. The existence of trap
states is consistent with the hysteresis in the transfer
characteristic of back-gated devices whose channel
surface is exposed to ambient air (Figure 7 (c)), and
similar behavior observed by ultraviolet photoelectron
spectroscopy on bulk SnS2 crystals with different mo-
lecular species intentionally deposited on the surface
confirms the key role of adsorbates in generating long-
lived charge traps in layered materials.65 Contributions
of short-lived states to the overall signal can be deter-
mined by chopping the exciting light at frequencies
beyond the cutoff frequency associated with the
population of long-lived charge traps. Figure 8 (d)
shows measurements, in which the incident light was
chopped at a frequency of ∼1 Hz. In addition to a
constant background due to occupation of states that
are too long-lived to follow these changes, evident
through the reduced difference between the “on” and
“off” (i.e., dark) currents (Figure 8 (d)), there is a smaller
component in the photoresponse that shows fast rise
times below 50 ms.
It is likely that the fast and slow components of the

overall response of our SnS2 phototransistors are due
to a combination of extrinsic traps (e.g., due to adsor-
bates at the SnS2 surface and the interface to the
underlying SiO2) as well as defect states in the SnS2
itself. Future work will aim at identifying the origin of

these states, via measurements on clean (adsorbate-
free) devices in controlled ambient and by varying the
concentration of impurities and defects, such as chlor-
ine dopants and sulfur vacancies. Our results suggest
that if the origin of the different photoresponse com-
ponents can be corroborated, metal dichalcogenide
phototransistors may be developed for the detection
of pulsed light at frequencies in the kHz range, suitable
for imaging applications, and possibly down to sub-
millisecond response times typical for biased Si photo-
conductors66 or picoseconds achieved in III�V photo-
conductor devices.67

CONCLUSIONS

In conclusion, we have used exfoliation from high-
quality single crystals combined with comprehensive
characterization, device fabrication andmeasurements
on field-effect transistor devices to establish the prop-
erties of few-layer andmonolayer SnS2, a layeredmetal
dichalcogenide material whose components are both
inexpensive and earth-abundant. We describe several
approaches, including optical contrast measurements,
atomic-force microscopy, and Raman spectroscopy
that are suitable for unambiguously identifying mono-
layer SnS2 and for estimating the thickness of few-layer
SnS2. Electronic structure calculations, validated by
the first high-quality experimental band dispersion
maps on SnS2, demonstrate distinct differences to
other metal dichalcogenides, notably MoS2. While bulk
SnS2 is a semiconductor with an indirect bandgap
of ∼2.2 eV, the bandgap remains indirect in few-layer
and monolayer flakes, which contrasts with the beha-
vior observed inMoS2 and is explained by the locations
of the valence and conduction band extrema in the
Brillouin zone and the contributions to these states
primarily from tin s-orbitals and in-plane (x, y) compo-
nents of the sulfur p-orbitals. Measurements on field-
effect devices fabricated from exfoliated few-layer
SnS2 show characteristics that are promising for appli-
cations in flexible electronics and photodetection.
Whereas ultrathin devices showed high on�off current
ratios, the room-temperature field-effect carrier mobi-
lity in back-gated few-layer SnS2/SiO2 was generally of
the order of ∼5 cm2/(V s). An increase of the effective
mobility with increasing channel thickness suggests
that the transport is not limited by scattering at
impurities within the chlorine-doped active layer but
in the underlying SiO2 support. This is confirmed by
measurements of the field-effect mobility in devices
with different channel thickness, and by the character-
istics of solution-gated devices that showed enhanced
carrier mobilities up to 230 cm2/(V s), as well as neg-
ligible hysteresis and near-ideal subthreshold swing in
their room temperature transfer characteristics. Finally,
we demonstrated light detection in SnS2 phototransis-
tors. Our results show photoresponse at different time
scales, ranging from tens of milliseconds to several
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seconds, similar to the behavior of MoS2 phototransis-
tors, and suggest that photodetection in metal dichal-
cogenides such as SnS2 may be sufficiently fast for

imaging applications if avenues can be developed
to eliminate the states responsible for the slow
photoresponse.

METHODS
The starting materials used in this work were high-quality

bulk crystals of layered SnS2, grown by the vertical Bridgman
method, as described previously.68 The crystals were inten-
tionally chlorine-doped (using SnCl4) to a concentration of
2.3 � 1017 cm�3, and were orange colored (Figure 1 (b)). The
layered bulk crystals were easily exfoliated into thinner flakes,
including few-layer and monolayer SnS2. To isolate thin SnS2,
we used mechanical exfoliation using adhesive tape followed
by transfer onto a Si wafer covered with 300 nm SiO2. Prior to
the transfer, the substrate was cleaned in an oxygen plasma.
Thin (monolayer, bilayer, few-layer) SnS2 flakes were initially
identified by optical microscopy (Nikon, L200N), and then
further characterized using other methods.
Atomic force microscopy (Veeco, Multimode V) and confocal

Raman spectroscopy/microscopy (WITec alpha 300) were used
to measure the properties and thickness of exfoliated SnS2. A
laser wavelength of 532 nm and spot size of∼0.5 μmwas used
to obtain Raman spectra and spatially resolved Raman maps.
Structural characterization by transmission electron micro-

scopy (TEM) was performed in a FEI Titan 80�300 microscope
equipped with a CEOS Cs-corrector. Plan-view TEM samples
were prepared by exfoliating SnS2 flakes from bulk crystals
directly onto holey carbon TEM grids. Cross-sectional imaging
was performed in areas where the edges of flakes had sponta-
neously folded over during the exfoliation process.
The crystal structure and electronic properties were investi-

gated in a spectroscopic low-energy electron microscope (SPE-
LEEM), situated at beamline U5UA of the National Synchrotron
Light Source.69 A fresh SnS2 surfacewas obtained by cleavage in
air immediately before inserting the sample into the ultrahigh-
vacuum (UHV) load-lock of the LEEM system. Selected-area low-
energy electron diffraction (micro-LEED) on small sample areas
(2 μm diameter) was used to verify the structure of the crystal.
The electronic structure of SnS2 was mapped at room tempera-
ture by collecting angle-resolved photoelectron spectra from
micron-sized sample areas (micro-ARPES).54 Ultraviolet syn-
chrotron radiation with energy hν = 42 eV incident perpendi-
cular to the sample was used to excite photoelectrons.
The micro-ARPES band structure measurements were com-

plemented by density-functional theory (DFT) calculations using
the projector augmented wave method as implemented in the
software package VASP.70 The screened Heyd�Scuseria�
Ernzerhof (HSE) hybrid functional has been employed.71 A
Monkhorst�Pack scheme was adopted to integrate over the
Brillouin zone with a k-mesh 9 � 9 � 1 (8 � 8 � 4) for the
monolayer (bulk) SnS2 structure, and a plane-wave basis kinetic
energy cutoff of 300 eV was used. To determine the electronic
band structure of bulk SnS2 we used the 4H-SnS2 structure,
consistent with the polytype identified in our experiments. The
lattice constant of monolayer SnS2 was obtained from the
DFT-D2 volume optimized bulk SnS2 structure,

72 and the atomic
coordinates for the monolayer were optimized at this fixed
lattice constant. To simulate the monolayer, a vacuum spacing
of 15 Å was used. For the HSE calculations, 25% short-range
exact Hartree�Fock exchange was used with the Perdew�
Burke�Ernzerhof (PBE) correlation. The HSE screening param-
eter, μ, was empirically set to 0.3 (1/Å) for both the bulk and
monolayer. Projected density of states calculations were per-
formed by integrating over the Brillouin zone using the tetra-
hedron method with Blöchl corrections.73

The electrical transport properties of thin (monolayer, few-
layer) SnS2 were determined using microfabricated field-effect
transistors (FETs). After exfoliating SnS2 flakes onto 300 nmSiO2/Si,
we fabricated test devices using standard optical lithography
and deposited Ti/Au (5 nm/50 nm) as contact electrodes using
electron-beam evaporation. The final devices were annealed in

high vacuum (10�8 Torr) at 300 �C for 10 h in order to remove
resist residues and enhance themetallic contacts. Whilemost of
the FETs used back-gating via the SiO2/Si substrate, we also
fabricated several devices that were top-gated using deionized
(DI) water as the dielectric. In these devices, PMMA was spin-
coated on the entire chip, and windows over the FET channel
were defined by electron-beam lithography. To test the con-
tacts, current�voltage characteristics were first measured for
different carrier densities, tuned by back-gating before introdu-
cing DI water as top gate. DI water was dropped in the center of
the device, ensuring that the metal electrodes were not con-
tacted by water.
Measurements on SnS2 phototransistors were carried out at

room temperature on two probe stations, one in ambient air
and the other in UHV. The devices were well-characterized FETs,
fabricated as discussed above. A halogen lamp and a green laser
(λ = 532 nm, 1 mW) were used as light sources. The optical
power on the device was estimated from the output power of
the laser and the fraction of the (unfocused) beam illuminating
the active area of the phototransistor. Measurements with
pulsed light used a mechanical chopper at variable frequency.
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