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Abstract 

 
Group IV monochalcogenides, anisotropic van der Waals crystals (and black phosphorus 

analogues), are attracting increasing interest due to a number of exceptional properties including 

anisotropic optoelectronics and multiferroicity predicted and in part realized in the ultrathin limit. 

Due to their enhanced chemical reactivity, both exfoliation and synthesis of monolayer and few-

layer crystals pose challenges not found in other 2D/layered materials, such as the transition 

metal dichalcogenides. Here, we show that SnS synthesis on SnS2 van der Waals substrates can 

address these challenges and consistently produces few-layer flakes, a capability that is 

explained via analysis of real-time microscopy of the growth process. Raman spectroscopy 

combined with efficient computations of the Raman-active modes across an extended thickness 

range enables a comprehensive understanding of the evolution of the vibrational properties of 

SnS with number of layers. Lateral piezoresponse force microscopy provides unprecedented 

insight into the stacking-dependent polarization and ferroelectric domain structures in large few-

layer SnS flakes. The combined results establish a basis for further fundamental studies and 

applications of SnS and other group IV monochalcogenides in the few-layer regime. 
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Group IV monochalcogenides (MX, where M = Sn, Ge; X = S, Se) are anisotropic van der 

Waals crystals that represent binary analogues of black phosphorus and phosphorene.1 As stable 

bulk crystals, they have shown properties of interest for photovoltaics (SnS)2 and thermoelectrics 

(SnSe),3 as well as valleytronics (SnS; SnS-GeS heterostructures).4, 5 A diverse set of intriguing 

properties has been predicted for few-layer and monolayer MX crystals. Examples include 

strongly bound excitons in monolayer GeS and SnS,6, 7 and thickness-dependent in-plane 

ferroelectricity in monolayer and few-layer crystals across the entire MX family.8-11 

In-plane ferroelectricity in ultrathin group IV monochalcogenides was first discovered in thin 

films of the narrow-gap compound SnTe with rocksalt structure.12 Theoretical calculations 

predicted ferroelectric and multiferroic behavior for the orthorhombic MX crystals with space 

group Pnma. Effects of the anisotropic crystal structure of MX monolayers – comprising two 

degenerate non-centrosymmetric polar variants that can be transformed into each other across an 

intermediate (saddle point) structure – include giant anisotropic piezoelectricity exceeding that of 

many other 2D (MoS2, h-BN, GaSe) and 3D (quartz, GaN, AlN) crystals;9 and coupled 

ferroelectric/ferroelastic ordering with low domain wall energy and the ability to control one 

ferroic order by applying an external field corresponding to its conjugate.10, 13 Expected robust 

ferroelectricity extending to odd-numbered few-layer crystals and Curie temperatures above 

room temperature8, 10 make ultrathin MX crystals promising for ultrathin ferroelectric devices. 

Recent work has concentrated on the experimental realization of these predictions. Molecular 

beam epitaxy (MBE) on different substrates produced few-layer SnS films that, despite thickness 

variations at sub-μm scale, indeed showed non-vanishing second-harmonic response indicative 

of ferroelectric order, out-of-plane polarization in corrugated films, nanoripple patterns at odd 

layer number, and hysteresis in back-gated transistors.14 Thin (< 6 nm) SnS layers were used to 
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realize ferroelectric analog synaptic devices.15 Vapor transport on mica yielded μm-scale flakes 

with mono- and few-layer thickness that showed second harmonic response and polarization 

switching. A non-centrosymmetric (AA) stacking in crystals up to 15 layers (L) thickness could 

overcome the antiferroelectric coupling between equilibrium (AB) stacked layers, thus enabling 

ferroelectricity also in films with even number of layers.16 Monolayer SnSe grown on graphene 

showed ferroelectricity with a Curie temperature close to 400 K, as well as ferroelectric domain 

manipulation using the tip of a scanning tunneling microscope.17 

A second key characteristic of few-layer MX crystals are their vibrational properties, 

important for fundamental research, metrology, and applications such as thermoelectrics. 

Anisotropic response in polarized Raman has been reported for different MX crystals, including 

GeS and SnS.18-22 First-principles calculations have been carried out to predict the vibrational 

and thermal transport properties of bulk SnS.23 Recent computational reports predicted Raman 

spectra for monolayer, bilayer, and trilayer SnS.24 Computed 1-3L spectra were compared with 

measurements for SnS on mica;16 here, however, the experimental Raman signal was dominated 

by the mica substrate, which precluded a detailed analysis of the thickness dependent vibrational 

properties in the few-layer regime. 

To establish the thickness-dependent properties of SnS and pave the way for applications, 

robust approaches for the synthesis of large-area monolayer and few-layer crystals are required. 

In contrast to other 2D materials, mechanical exfoliation of mono- or few-layer SnS has not been 

successful. The transformation of SnS2, e.g., by irradiation with high-energy electrons, can 

produce ultrathin SnS, albeit to date at relatively small scale.25, 26 Monolayers of SnS16 and 

SnSe,17 grown by vapor transport and molecular beam epitaxy, respectively, were recently 

reported, although MBE growth typically produces small flakes with sub-μm lateral size.14, 17 In-
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situ microscopy observations established a strong tendency toward vertical growth for SnS on 

van der Waals supports due to dominant precursor adsorption on SnS and negligible 

contributions from the chemically inert substrate.22 Recent work showed that this imbalance can 

be moderated by passivating the reactive SnS surface through introduction of a slight excess of 

sulfur during growth.27 

Here, we discuss the controlled synthesis of few-layer SnS on SnS2 substrates. Few 

micrometer sized flakes can be grown across the entire support area with typical (mean) 

thickness around 6-8 nm (12-14L), a significant fraction of ultrathin flakes up to 10L, and nearly 

complete absence of crystals with thickness greater than 15 nm. In-situ low-energy microscopy 

(LEEM) shows a ‘universal’ growth behavior, where the initial (monolayer) nucleus grows to 

substantial size before a progressive, layer-by-layer thickening occurs during continued growth. 

A fraction of the flakes remain ultrathin as a result of a termination by SnS2, formed by reaction 

of the SnS surface with sulfur released from the substrate at the growth temperature. The 

relatively inert SnS2 capping layer suppresses adsorption and thickening, and hence enables the 

growth of a unique [SnS2
Sub]-[1L SnS]-[1L SnS2] vertical heterostructure. Access to large, thin 

SnS crystals enabled systematic measurements of the vibrational properties of few-layer SnS, 

which we analyzed by comparison with calculations across the thickness range between 1-16L. 

Besides a fundamental understanding of the evolution of the vibrational modes, our results 

provide a basis for the reliable quantification of the thickness of few-layer SnS over large areas. 

Ferroelectric order in few-layer SnS is characterized for the first time using in-plane 

piezoresponse force microscopy (PFM), as well as LEEM. For thicker flakes, we find a transition 

from alternating polarization in layers closest to the support to parallel ordering in the topmost 

layers, suggesting that such ferroelectric materials can carry a significant net dipole moment and 
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are useful for applications even without definite thickness control. In-plane PFM shows a 

number of ferroelectric domain structures, such as stripe domains with alternating in-plane 

polarization direction and instances of charged head-to-head domain walls. Our results provide a 

fundamental understanding of the controlled synthesis, vibrational properties, and ferroelectricity 

in few-layer SnS and thus pave the way for applications of the thickness-dependent properties of 

MX materials between a single layer and the bulk. 

Results and Discussion 

1. Bottom-Up Synthesis of Few-Layer SnS on SnS2 van der Waals Substrates 

Prior work on synthesis on van der Waals substrates including graphite, graphene,22 and 

mica28 showed that it is challenging to grow ultrathin SnS flakes, primarily due to adsorption of 

vapor-phase SnS only on the flakes themselves with negligible contributions from the substrate 

and a resulting strong tendency toward vertical growth.22 In contrast, we show here that SnS2 

substrates lend themselves well for the controlled synthesis of few-layer SnS. This is illustrated 

by atomic force microscopy (AFM) of a typical sample grown by exposure of a SnS2 crystal to 

SnS vapor at a substrate temperature TS = 310°C (Fig. 1). A group of SnS flakes on SnS2 is 

imaged in Fig. 1 (a). Rather than being bounded by long, straight side facets typical for thick SnS 

flakes, the flakes are rounded in shape, which we find to be characteristic for few-layer SnS with 

thickness below ~20 nm.29 Individual layers separated by atomic steps are observed near the top 

of each flake. Height profiles consistently give flake thicknesses below 10 nm (Fig. 1 (b)). In 

tapping-mode AFM, SnS is reliably identified via phase imaging, where it consistently shows a 

positive phase shift relative to the SnS2 substrate (Fig. 1 (c), (d)).30 

To confirm the controlled synthesis of few-layer SnS across the entire SnS2 substrate, we 

mapped a large number of SnS flakes by AFM and statistically analyzed their thickness 
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distribution. The results are shown in Fig. 1 (e). In typical samples, the thickness distribution has 

a dominant peak in the few-layer regime; in Fig. 1 (e) the mean SnS thickness is 7.6 nm (i.e., ~14 

layers (L)). Out of 530 randomly chosen flakes, no instance with thickness exceeding 16 nm 

(~30L) was found. The thickness distributions are usually bimodal: besides the symmetric, 

Gaussian-shaped primary peak there is a smaller secondary peak corresponding to ultrathin 

flakes. Here, this peak is centered at 2L thickness with a shoulder toward slightly larger 

thickness up to ~6L (Fig. 1 (e)). 

 

Figure 1. Few-layer SnS on SnS2. (a) Tapping-mode AFM image of a typical ensemble of few-layer SnS 
flakes on SnS2 van der Waals substrate. (b) Height profile obtained along the white line in (a). (c) AFM 
phase map of the SnS flakes shown in (a). (d) Phase profile along the line in (c). Note the phase contrast 
between SnS and the SnS2 support, where SnS always shows a positive phase shift. (e) Histogram of 
SnS thickness showing a peak at 7.6 nm, corresponding to 13 SnS layers (L). Note the absence of any 
thicker SnS among 520 randomly selected flakes of this sample, and the secondary maximum between 2-
4 L thickness. Gray bars: Experimental data measured by AFM. Red line: Gaussian fit to the main peak. 

These findings are quite striking, as they indicate the ability to controllably grow few-layer 

SnS with thickness between 1L and ~20L on SnS2 van der Waals substrates. To identify the 

mechanisms that enable this control, SnS synthesis on SnS2 was analyzed by in-situ low energy 

electron microscopy (LEEM). Providing real-time imaging of surfaces with sub-10 nm lateral 

and monolayer height resolution at high temperatures and during exposure to vapors or gases, 

LEEM has been used successfully to analyze the growth of 2D crystals such as graphene,31, 32 
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hexagonal boron nitride,33 and lateral heterostructures on metals,34, 35 and more recently of SnS 

on graphite and graphene22 as well as twisted SnS2 stacks.30 The analytical capabilities of LEEM 

support local low-energy electron diffraction with μm spatial resolution (micro-LEED), local 

measurements and mapping of the surface potential (or work function),32 and the mapping of in-

plane ferroelectric polarization.36 

Figure 2 summarizes the analysis of typical real-time LEEM data for SnS growth on SnS2. 

Freshly cleaved SnS2 substrates show large (typically >104 μm2) atomically flat terraces, 

separated by monolayer or few-layer steps (Fig. 2 (a)). LEEM during SnS vapor deposition at 

typical temperatures around 300°C shows a clear sequence of adsorption and incubation toward 

supersaturated SnS, followed by nucleation and growth of SnS flakes that reach lateral sizes of 

several μm. Under the imaging conditions used in Fig. 2 the SnS nuclei, unambiguously 

identified by micro-LEED (Fig. S1), appear dark on the bright SnS2 substrate. During deposition, 

existing SnS flakes grow larger while new flakes continue to nucleate (Fig. 1 (b)-(d)). Occasional 

flakes show lighter contrast, a different shape (bounded by straight facets rather than rounded), 

and grow at a different rate from the SnS flakes. 

Real-time LEEM movies provided the basis for tracking the projected area of SnS flakes 

from their time of nucleation in (see Methods). A typical data set is shown in Fig. 2 (e). As seen 

in the movie, nucleation events occur over extended time periods during SnS deposition. 

However, the subsequent lateral growth (i.e., increase in flake area) appears strikingly similar for 

all flakes, independent of their time of nucleation and largely independent of the surroundings of 

each flake. Indeed, all growth curves collapse into a single, nearly identical behavior if we plot 

them as a function of the time after nucleation, t – tnucl (Fig. 2 (f)). For short times t – tnucl, the 

growth of all analyzed SnS flakes follows the same trajectory. Even at a later stage, the curves  
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Figure 2. Synthesis of SnS on SnS2 van der Waals supports. (a)-(d) Real-time low-energy electron 
microscopy of the SnS growth process, with elapsed time from start of deposition. SnS nuclei appear dark 
on the bright SnS2 substrate. ‘S’: Surface steps on the SnS2 substrate. Dashed line and arrows mark the 
SnS2 terrace on which growth was analyzed. (e) Evolution of the projected area of 12 SnS nuclei, plotted 
as a function of growth time, t. (f) Traces of projected area vs. time of the same SnS flakes (colors as in 
(e)), plotted as a function of time after nucleation, t – tnucl. The black curve corresponds to a flake with 
different contrast, marked by a dashed circle in (c). 

group in just two distinct sets, each with close overlap. On the particular substrate terrace 

examined in Fig. 2, we identify only one exception (Fig. 2 (f), black curve), associated with a 

flake of different shape. Such flakes are identified and discussed in more detail below. 

The similar growth trajectories of all flakes indicate a universal mechanism that depends only 

minimally on the configuration of neighboring flakes. This relative insensitivity to the 

surroundings is consistent with a growth model where the SnS supply stems primarily from 

adsorption on the SnS flakes themselves. If we assume that initial monolayer nuclei expand 

laterally by adsorption of SnS from the vapor phase on their surface (area A(t)) and incorporation 

of this entire supply into their edges, their growth rate dA/dt should be proportional to A. Prior 

results showed that this scenario is almost ideally realized in SnS growth on graphite substrates 

that have a negligible sticking coefficient for vapor phase SnS.22 This scenario also provides a 

reasonable fit to the data obtained for SnS growth on SnS2 (Fig. S2 (a)), but it has two 

shortcomings: (i) The fit to the model underestimates the initial growth rate, dA/dt |t → 0 ; and (ii) 
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at later stages, the growth rate becomes progressively slower than the predicted rate. An 

improved model (discussed in Supplementary Note 1) gives an excellent fit with the observed 

growth (Fig. S2 (b), (c)). To reproduce the faster initial growth, it is necessary to consider edge 

incorporation not only of SnS adsorbed on the flakes, but also within a capture zone37 on the 

surrounding SnS2 substrate. The progressive slowing of the growth, on the other hand, is 

quantitatively consistent with the nucleation of additional layers on the monolayer flake (Fig. S2 

(c)), so that the supplied SnS is divided up to support the lateral growth of an increasing number 

of layers. With these characteristics, the growth on SnS2 is distinct from that on inert van der 

Waals substrates such as graphite.22 In particular, the contribution of SnS adsorption on the SnS2 

substrate leads to a fast expansion of the initial monolayer and few-layer flakes before significant 

nucleation of new SnS layers can occur. As a result, the rate of vertical growth on SnS2 

substrates is much lower than on other van der Waals supports, which is the key factor 

supporting the consistent growth of few-layer SnS. 

We now identify the flakes that appear with different LEEM contrast and experience slower 

lateral growth, i.e., deviate from the universal behavior followed by few-layer SnS (Fig. 2 (f), 

black trace). Figure 3 shows that these flakes, which represent the large population in the 

ultrathin part of the thickness histogram in Fig. 1 (e), consist of a single SnS layer sandwiched 

between the SnS2 substrate and a monolayer SnS2 cap. Zoomed-in growth trajectories (Fig. 3 (a)) 

illustrate that such flakes initially follow the universal growth of SnS flakes but then digress and 

grow substantially slower. This indicates a reduced SnS adsorption, i.e., a lowering of the 

sticking coefficient on the surface of these flakes, due to the conversion of their surface layer to 

less reactive SnS2. As a result, such flakes remain ultrathin, as shown by AFM images and height 

profiles giving a thickness of 1.14 nm (Fig. 3 (b)-(c)). Phase maps indicate a heterogeneous 
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composition of the topmost layer (Fig. 3 (d), (e); see also Fig. S3). The characteristic increased 

phase of exposed SnS (Fig. 1 (c), (d))30 is only found near the edge whereas the remainder of the 

flake shows a lower phase shift, closer to that of the SnS2 substrate. Hence, we conclude that 

such ultrathin flakes consist of a single SnS layer topped by monolayer SnS2, consistent with the 

height measured by AFM. 

This assignment is further confirmed by analytical LEEM. Energy-dependent imaging clearly 

shows these ultrathin flakes with different shape and contrast from the circular few-layer SnS 

(Fig. 3 (f)). Fig. 3 (g), (h) compares micro-LEED of the SnS2 substrate with diffraction from an 

ultrathin flake. As expected, the hexagonal diffraction pattern of SnS2 is obtained on the bare 

substrate. The synthesized ultrathin flakes show a pattern with the same hexagonal symmetry and 

orientation, but with added lines of regularly spaced, uniaxial superlattice spots near the specular 

and first-order diffraction spots (Fig. 3 (h)). This diffraction signature originates from a stripe 

moiré pattern formed by superposition of aligned SnS and SnS2 crystal lattices (Fig. S4). Note 

that the SnS2 top layer is lattice-aligned with the substrate, in contrast to prior findings of a 30° 

twist in cases where the entire SnS flake is transformed into SnS2.
30 Fig. 3 (i), (j), finally, show 

LEED I-V characteristics of the specular (00) beam of the SnS2 substrate and of the ultrathin SnS 

sandwiched between SnS2, respectively. In addition to a modified (00) I-V characteristic (i.e., 

energy-dependent electron reflectivity) due to the sandwiched SnS layer, three orders of 

superlattice spots are visible, indicating a high structural quality of the ultrathin SnS2-SnS-SnS2 

sandwich. 

The controlled synthesis of few-layer and ultrathin SnS on SnS2 provides unprecedented 

opportunities for studying the thickness-dependent properties of this anisotropic van der Waals 

material. In section 2., we discuss the vibrational properties based on a comparison of Raman 
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Figure 3. Ultrathin SnS sandwiched between SnS2. (a) Detail of the early-stage growth of 12 typical 
SnS flakes (colored lines) and of a flake with different LEEM contrast (black line). Note the abrupt 
deviation of the black growth curve from the universal behavior of few-layer SnS flakes ( ). (b) AFM 
image of an ultrathin SnS flake. (c) Height profile, showing a thickness of 1.14 nm (left edge). (d) AFM 
phase map of the flake shown in (b). Note the narrow band with positive phase shift, consistent with 
exposed SnS surface at the edge, while the phase across most of the flake corresponds to SnS2 
terminated SnS. (e) Phase profile along the line shown in (d). (f) Energy-dependent LEEM of an ultrathin 
flake (red dot) adjacent to few-layer SnS and the SnS2 substrate. Electron energies as indicated in each 
panel. (g) Micro-LEED pattern of the SnS2 substrate (green dot in (a)). Electron energy: 30 eV. (h) Micro-
LEED pattern of the ultrathin SnS flake sandwiched in SnS (red dot in (a)). Electron energy: 30 eV. SL: 
Line of superlattice diffraction spots. (i) LEED I-V map of the (00) spot of the SnS2 substrate. (j) LEED I-V 
map of the (00) spot and associated superlattice spots of the ultrathin SnS2s-SnS-SnS2 heterostructure. 

spectroscopy with calculations. In section 3., we address the unique functionality of few-layer 

SnS as a layered in-plane ferroelectric material. 

2. Vibrational Properties of Few-Layer SnS 

Calculating Raman spectra from first principles for flakes with thickness exceeding a few 

layers would be prohibitively expensive computationally. To overcome this problem, we used 

the RGDOS approach introduced by us recently.38, 39 Within this approach, we still calculate the 
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vibrational modes with density-functional theory (DFT), but the Raman tensors are reconstructed 

from the Raman tensors of the monolayer and projections of the few-layer modes onto 

monolayer modes (see Supplementary Note 2 for details). As demonstrated in Fig. S5 for the  

 
Figure 4. Calculated Raman spectra from 1-16L SnS, as well as bulk SnS. (a) Thickness-dependent 
Raman spectra for parallel polarization configuration (XX+YY, see inset) in the few-layer regime (1L to 
16L) and for bulk SnS. (b) Thickness-dependent Raman spectra for crossed polarization configuration 
(XY+YX, see inset). (c) Systematic shifts of the mode frequencies with thickness between 1L and 16L. (b) 
Dependence of the peak intensity on thickness. 

example of 3-layer (3L) SnS, the RGDOS results reproduce the explicitly calculated Raman 

spectra (using DFT) very well. Computed spectra for SnS between 1L and 16L thickness, as well 

as bulk SnS, are shown in Fig. 4 (a, b) for parallel and cross-polarization configurations. One can 

distinguish several modes with systematic changes in the mode frequency, which can be used to 

identify the number of layers. The peak positions are collected in Fig. 4 (c). In the parallel 

configuration, there are three Raman-active peaks for monolayer and bulk. For few-layer flakes, 

there are six pronounced peaks that form three groups with two peaks in each, and the 

frequencies fall between those of the monolayer and bulk spectra. In the crossed configuration, 
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there is only one (set) of peak(s). The peak doublets arise from the existence of bulk- and 

surface-localized modes.40 An example of these modes for 5L SnS is shown in Fig. 5 (b); all six 

modes are shown in Fig. S6. Naturally, there are no surface-localized modes for the (infinite) 

bulk, and there is no difference between bulk- and surface-modes in the case of the monolayer. 

To be precise, each monolayer mode is replicated into N modes in N-layer flakes, with varying 

intensities and phases in each layer that in turn determine the total Raman tensor. Some of these 

modes can be observed as minor peaks in Fig. 4 (a, b). A full set of modes and intensities from 

the 16-layer case is shown in Fig. S8. Finally, from the comparison with the phonon dispersion 

curves for bulk SnS (Fig. S9) it becomes clear that modes with large dispersion in the out-of-

plane direction are those with large change in the bulk- and surface mode frequencies. 

The peak intensities are collected in Fig. 4 (d), showing that some of the modes have constant 

intensity while for others the intensity depends linearly on the number of layers. The modes with 

constant intensity are surface-localized modes, whereas those with linearly increasing intensity 

are bulk modes. Thus, the number of layers could be identified from the relative peak intensities. 

The ability of synthesizing few-layer SnS with a well-defined thickness distribution on SnS2, 

along with the minor overlap between the Raman modes of SnS and SnS2, enabled us to obtain 

high-quality experimental Raman spectra of few-layer SnS and to compare them with 

calculations (Figure 5). In particular, the measurements confirm the predicted splitting between 

surface- and bulk-localized modes in the few-layer regime. Fig. 5 (a) illustrates experimental 

spectra for Raman shifts up to ~250 cm-1, i.e., below the intense A1 + E (or A1g) band of the SnS2 

substrate.41 In the measurements, the different thickness of the SnS flakes manifests itself in a 

different attenuation of the substrate modes, in this energy range the SnS2 E2
3 mode at ~26.4 cm-1 
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Figure 5. Raman spectroscopy of few-layer SnS on SnS2. (a) Experimental Raman spectra of SnS 
flakes with different thickness (identified via their different attenuation of the SnS2 E2

3 mode at 26.4 cm-1, 
see Fig. S10). Top: Raman spectrum of a flake near the maximum of the thickness distribution shown in 
Fig. 2 (e). Bottom: Spectrum of an ultrathin flake with a barely detectable SnS Ag peak at ~93 cm-1. (b) 
Computed Raman spectra near the Ag mode (90/82 cm-1) for few-layer SnS with thickness between 2-16L. 
Note the constant intensity of the lower frequency surface-localized peak (‘surf’) and the linear increase of 
the intensity of the higher frequency ‘bulk’ peak with the number of layers. Insets show the eigenvectors 
of the two modes for 5L SnS (see also Fig. S7). (c) Computed intensity ratio between bulk- and surface-
localized peaks, showing a linear relationship between 2-16 L thickness. (d) Experimental (background 
subtracted) Raman spectra of several few-layer SnS flakes, showing the Ag phonon (~90 cm-1 in the 
experiments). The spectra can be deconvoluted into two peaks that show a systematic variation in the 
intensity ratio as predicted in (b), (c). The assigned thicknesses are determined from the intensity ratios 
according to (c). 

(see Fig. S10). Spectra of the thinnest SnS flakes are nearly indistinguishable from those of the 

bare SnS2 support, except for a scarcely detectable extra intensity near ~100 cm-1. The measured 

Ag band at this energy corresponds to the modes at 90/82 cm-1 in our calculations. This 

assignment is supported by the evident splitting of the measured mode in this range into surface-  

and bulk-localized components, where the bulk peak acquires increasing spectral weight (i.e., 

higher intensity) with increasing SnS thickness (Fig. 5 (a)), consistent with calculations for this 
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mode (Fig. 5 (b)). The ratio between the intensities of the bulk- and surface-localized 

components provides a useful tool for determining the SnS thickness (Fig. 5 (c)), as shown for 

six measured few-layer SnS Raman spectra in Fig. 5 (d). Fitting the resolved bulk and surface 

peaks in the experimental spectra to Gaussian components, we identify flake thicknesses ranging 

from 3L to 16L, consistent with the range covered by the histogram of this sample (Fig. 2 (e)). 

A further comparison between predicted and measured vibrational modes (shown in Fig. S11) 

considers systematic shifts in mode frequency with thickness. The computed spectra show such 

shifts several of the Raman active modes (Fig. 4 (c)). Measurements were carried out on SnS 

flakes grown on mica (Fig. S11 (b)), which – albeit thicker (>20 nm) than the SnS on SnS2 we 

focus on here – frequently show systematic mode shifts characteristic of few-layer flakes. An 

example is seen in the Raman linescan of Fig. S11 (c). Concerted shifts in the measured mode 

frequencies (Fig. S11 (e)) are fully consistent with those calculated for few-layer SnS in the 2-

16L thickness range (Fig. S11 (d)). We attribute this ‘pseudo few-layer’ behavior of thicker SnS 

flakes to a decoupling of adjacent few-layer stacks by spontaneous changes in stacking order. 

Such switching in the stacking order is also reflected in the ferroelectric properties of SnS/SnS2.  

 
3. Ferroelectric Ordering in Few-Layer SnS on SnS2 

To investigate the in-plane ferroelectric polarization arrangement and layer-to-layer polar 

ordering in the SnS flakes, we directly visualized the domain structures by lateral PFM. Figure 6 

displays two sets of surface topography and PFM images acquired on few-layer SnS flakes on 

SnS2, representing two main types of layer-to-layer polar ordering. The antiparallel stacking 

sequence of polarization is shown in Fig. 6 (a)-(c), where the in-plane polarization PFM phase is 

altered by 180° from layer to layer; this type of polar ordering is evidenced by a periodically 

varying lateral PFM phase contrast observed on the terraces of the SnS flake (Fig 6 (c)). 
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Fig. 6. Different types of layer-to-layer polar ordering in few-layer SnS flakes on SnS2. (a)-(c) 
Topography (a), in-plane PFM amplitude (b), and phase (c) images of a 19-layer SnS flake showing layer-
to-layer antiparallel stacking for the top few layers, where the PFM phases changes by 180° from layer to 
layer. (d)-(f) Topography (d), in-plane PFM amplitude (e), and phase (f) images of a 35-layer flake 
showing layer-to-layer parallel stacking sequence of polarization for the top layers. Insets in (a) and (d) 
show cross-sections of the height profiles along the blue lines, illustrating the layered structure. Layers 
are numbered from top to bottom. Estimates of total number of layers (indicated in (a), (d)) are based on 
the thickness of the flake with each layer contributing ~0.6 nm, with possible error of one layer for 
thicknesses above 15 layers. 

Comparison of topographical and PFM images shows that the morphological steps on the flake 

surface, which separate adjacent monolayers, coincide with the inversion of the in-plane 

polarization. The parallel stacking sequence of polarization for a thicker flake is illustrated in Fig. 

6 (d), (e), where all PFM phase signals from different layers are in phase (i.e., exhibit the same 

contrast in Fig. 6 (e)), indicating parallel ordering of the polarization in all layers across the flake 

thickness. At the same time, it can be seen that the PFM amplitude increases from bottom to top, 

so that the topmost layer exhibits the strongest amplitude signal, which is understandable since 

this layer contributes most to the torsional movement of the cantilever in PFM.42 

A similar layer-to-layer polar ordering has been previously reported by Nagashio et al. for 

SnS on mica,16 where scanning transmission electron microscopy revealed a transition from a 
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parallel stacking sequence in the bottom layers to antiparallel stacking near the top. This feature 

can be attributed to a higher thermodynamic stability of the antiparallel stacking sequence as it 

prevents a buildup of polarization charge at opposite polar edges of the crystal. On the other 

hand, our PFM studies have shown that a transition from the antiparallel to the parallel sequence 

is also possible (Fig. S12). This finding suggests that the layer-to-layer polar ordering might be 

influenced by the kinetics of the polarization formation during sample growth. 

An even more striking domain arrangement is shown in Figure 7, which reveals a pattern of 

in-plane antiparallel stripe domains with 180º domain walls running parallel to the polar 

direction (Fig. 7 (a)-(c)). The orientation of the domain walls with respect to the polarization has 

been verified by vector PFM imaging (Fig. S13). The domains usually penetrate at least several 

layers of thickness, suggesting a long-range correlation of the polar ordering in layered SnS. 

 
Fig. 7. Stripe domain structures on SnS flakes. (a)-(c) Topography (a), in-plane PFM amplitude (b), 
and phase (c) images of a 14-layer SnS flake showing stripe domains with antiparallel oriented dipoles. 
(d)-(f) Topography (d), in-plane PFM amplitude (e), and phase (f) images of a 12-layer flake showing a 
head-to-head oriented charged domain wall. PFM images were obtained in the square area in (d). 

Formation of this type of domain configuration provides a mechanism to reduce the depolarizing 

energy of the sample and has been observed in a range of perovskite as well as molecular 
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ferroelectrics.43, 44 Nevertheless, stable charged domain walls of head-to-head and tail-to-tail 

configuration have been occasionally encountered in some stripe domains (Fig. 7 (d)-(e)). 

Charged domain walls are usually not stable due to the uncompensated bound polarization 

charges that give rise to a strong depolarizing field. Stabilization of this type of domain wall can 

be provided by mobile charge carriers, which, in the ideal case, would completely compensate 

the polarization charges.45 In the absence of the free carriers, the existence of stable charged 

domain walls could be due to the low value of polarization in SnS,9 which makes them less 

energetically costly. Further studies showed that some flakes display rectangular domain 

structures resembling the a-b ferroelastic domain arrangements in perovskite ferroelectrics with 

tetragonal symmetry (Fig. S14). This feature might be related to mutually orthogonal 

crystallographic orientations of adjacent monolayers and warrants further investigation. 

The in-plane ferroelectric polarization and different stacking order observed in PFM is 

confirmed by LEEM in ultrahigh vacuum. Tilted-beam LEEM imaging has been used previously 

to image ferroelectric domains in the van der Waals crystal In2Se3.
36 Here, we use two distinct  

 
Fig. 8. Low-energy electron microscopy of ferroelectric order in few-layer SnS. (a) Origin of LEEM 
contrast. The different stacking order (A-A, A-B stacking) gives rise to different I-V characteristics, 
resulting in contrast that depends on the electron energy (V) used for imaging. A net polarization (e.g., in 
A-A stacked regions) is detectable through imaging with a slightly tilted incident electron beam, which has 
a wavevector component parallel (1) or antiparallel (2) to the in-plane dipole of the sample.36 (b), (c) 
Energy-dependent LEEM imaging at electron energies of 17.2 eV (b) and 20.4 eV (c), respectively. Note 
the contrast inversion of regions with different stacking order (I-V contrast) and the wide stripe domains in 
the central SnS flake (tilted-beam contrast). 
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contrast mechanisms, based on stacking-dependent I-V characteristics and detection of different 

polarization using a tilted electron beam, respectively, to map the domain structure in few-layer 

SnS (Fig. 8 (a)). Fig. 8 (b), (c) shows typical images (obtained at room temperature) of SnS 

flakes on SnS2, where we find the recurrence of domain structures and stacking patterns seen in 

PFM. The SnS flake in the center of the field-of-view, for instance, exhibits rectangular domain 

structures similar to those seen in Fig. S14; several other flakes show stacking changes that give 

rise to different contrast between the bottom and top layers of the same flake at different electron 

energies. With its ability to rapidly survey large sample areas, LEEM imaging also confirmed 

other polarization arrangements observed in PFM, for example antiparallel and perpendicular 

stripe domain patterns in individual SnS flakes (Fig. S15). In addition to few-layer SnS – the 

focus of our PFM study – tilted-beam LEEM occasionally shows ferroelectric domain structures 

in ultrathin flakes consisting of a SnS monolayer capped by 1L SnS2 (Fig. 3). An example is 

shown in Fig. S16. Whereas few-layer SnS displays different contrast in alternating layers (Fig. 

S16 (a), (b)), indicative of different stacking similar to our PFM observations (Fig. 6), the 

ultrathin flake contains two large domains separated by straight domain walls (Fig S16 (c), (d)). 

This observation for 1L SnS-SnS2 sandwich structures indicates that ferroelectric ordering is 

preserved during protective encapsulation of single-layer SnS between dielectric layers, which 

may be crucial to its use in air and in other reactive environments. 

Conclusions 

In conclusion, we have demonstrated the controlled synthesis of few-layer SnS on crystalline 

SnS2 and analyzed the underlying growth mechanisms using real-time surface microscopy. 

While growth on inert supports (e.g., graphite) tends to yield multilayer flakes, the higher 

reactivity of SnS2 at the growth temperature allows SnS adsorption on the substrate, which 
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contributes to fast lateral growth and explains the slow thickening that is key to producing 

ultrathin flakes. In addition, spontaneous termination with a SnS2 surface layer can suppress 

vertical growth altogether, producing unique [SnS2
Sub]-[1L SnS]-[1L SnS2] vertical 

heterostructures. Beyond SnS, the understanding of the growth process obtained here can enable 

the ssynthesis of ultrathin flakes of other 2D materials with open, chemically reactive layer 

structures. The realization of large few-layer SnS flakes allowed us to study key characteristics, 

including the thickness dependent vibrational properties and in-plane ferroelectricity. 

Comparison between computed SnS Raman spectra up to 16L and experimental spectra provides 

insight into the evolution of the Raman-active modes with flake thickness. In addition to a better 

fundamental understanding, the identification of modes whose intensity varies linearly with the 

number of layers and of a splitting between bulk- and surface-localized modes provides different 

approaches for measuring the thickness across large SnS flakes, which will be key to eventual 

applications of this material in few-layer form. Finally, we obtained the first high-quality in-

plane piezoresponse force microscopy maps of large few-layer SnS flakes. Our results contribute 

to a better understanding of the role of different stacking arrangements in determining the 

ferroelectric polarization of SnS flakes by identifying a trend toward in-phase PFM signals from 

adjacent monolayers near the top of the flakes, which suggests that – contrary to the prior 

assumption that a net polarization is found only in crystals with odd number of layers – precise 

thickness control may not be essential to obtain a large net polarization for technological 

applications. Our lateral PFM maps identify possible in-plane ferroelectric domain structures that 

include stripe domains and charged domain walls. LEEM shows similar domain configurations 

and, due to its real-time imaging capabilities at variable temperatures and in controlled ambient, 
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can become a powerful tool for imaging ultrathin ferroelectrics by providing capabilities for 

rapidly surveying domain structures, measuring Curie temperatures, etc. 
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Materials and Methods 

SnS synthesis and real-time microscopy. SnS was grown on SnS2 single-crystal substrates in 

ultrahigh vacuum (UHV). Freshly cleaved SnS2 crystals were introduced into UHV and degased 

at 300°C for 3 hours prior to growth. SnS was evaporated by congruent sublimation from 

purified SnS powder in a custom-built Knudsen cell. In-situ microscopy of the growth process 

was performed in an Elmitec LEEM III microscope, using bright-field LEEM with ~6 nm lateral 

and monolayer height resolution. Selected-area low-energy electron diffraction (micro-LEED) 

provided crystallographic information at ~1 μm scale. Typical sample temperatures during 

growth ranged between 300-320°C, measured using a W-Re thermocouple spot-welded onto the 

sample support. Ferroelectric domain structures were imaged by bright-field LEEM with an off-

axis tilted electron-beam and using electron-energy dependent contrast for visualizing differently 

stacked domains. 
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Raman spectroscopy, AFM, and PFM. Following growth in the LEEM microscope, samples 

were further analyzed ex-situ. Optical microscopy and micro-Raman spectroscopy were 

performed in a Horiba XPlora Plus microscope with excitation by a linearly polarized laser at 

532 nm wavelength, laser power of ~0.1 mW, and a grating with 1800 grooves/mm. AFM was 

measured in tapping-mode using a Veeco Multimode instrument, Nanoscope IV controller, and 

Si cantilevers with 300 kHz resonance frequency. PFM local probe measurements were carried 

out using a commercial atomic force microscope (MFP-3D, Asylum Research) and Pt-coated Si 

cantilevers (PPP/EFM from Nanosensors). Domain imaging was performed in a resonance-

enhanced PFM mode by applying a sinusoidal waveform with 0.5 V amplitude and frequency in 

the range of 300-350 kHz. 

Calculations of vibrational properties of SnS. Density-functional theory calculations were 

carried out using VASP software.46, 47 The atomic structures were optimized and the vibrational 

properties calculated using the revB86b (also known as rev-vdW-DF2) van der Waals 

functional,48 found to yield accurate structure and energetics in our previous study.25 The plane-

wave cutoff was set to 500 eV and forces converged to <1 meV/Å. We used 12x12x1 k-point 

mesh for few-layer flakes and 12x12x4 mesh for bulk. The vibrational modes at the Γ-point were 

determined using Phonopy via finite displacements in the unit cell.49 Raman tensors for the 

monolayer were calculated using finite displacements and density-functional perturbation theory 

for the evaluation of the macroscopic dielectric constant. The bulk phonon dispersion curves 

were calculated using a 4x4x1 supercell. 
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