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The family of van der Waals (vdW) materials is large and diverse with applica-
tions ranging from electronics and optoelectronics to catalysis and chemical 
storage. However, despite intensive research, there remains significant 
knowledge-gaps pertaining to their properties and interactions. One such 
gap is the interaction between these materials and hydrogen, a potentially 
vital future energy vector and ubiquitous processing gas in the semicon-
ductor industry. This work reports on the interaction of hydrogen with the 
vdW semiconductor SnS2, where molecular hydrogen (H2) and H-ions induce 
a controlled chemical conversion into semiconducting-SnS or to β-Sn. This 
hydrogen-driven reaction is facilitated by the different oxidation states of Sn 
and is successfully applied to form SnS2/SnS heterostructures with uniform 
layers, atomically flat interfaces and well-aligned crystallographic axes. This 
approach is scalable and offers a route for engineering materials at the 
nanoscale for semiconductor technologies based on the earth-abundant ele-
ments Sn and S, a promising result for a wide range of potential applications.
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1. Introduction

2D materials based on van der Waals 
(vdW) crystals possess unique physical and 
chemical properties, providing an exciting 
platform for scientific research and tech-
nological developments. These properties, 
including a large surface area to volume 
ratio, high tensile strength, and novel elec-
tronic band structures that do not have 
counterparts in traditional systems, have 
been widely researched.[1–4] Yet, many of 
the fundamental properties and interac-
tions of these systems, outside the head-
line materials of graphene, transition metal 
dichalcogenides, and MXenes,[5–7] remain 
poorly understood. One important interac-
tion is that with hydrogen, a common pro-
cessing gas in the semiconductor industry 
and touted future energy vector.

To date, studies of the interactions of both molecular and 
charged hydrogen species with vdW crystals have revealed a 
rich diversity of interesting phenomena. Physisorption, chem-
isorption, and intercalation of molecular hydrogen have all 
been demonstrated in graphene under different conditions.[8–10] 
The diffusion mechanisms of hydrogen through a graphene 
or hBN sheet have also attracted significant interest.[11,12] Also, 
hydrogen can bind to the lattice of a 2d semiconductor, such 
as InSe or form hydrogen filled interlayer surface bubbles in 
MoS2.[13,14] In general, whether a bond is formed between 
hydrogen and another atom depends on numerous factors, 
such as its electronegativity, co-ordination, and oxidation 
state. The ability to predict different phenomenologies based 
on these factors remains elusive and is pivotal to potential 
future applications in fields ranging from electrocatalysis, 
hydrogen sensing, hydrogen storage, and hydrogen purifica-
tion to device fabrication and defect engineering.[15–18] This is 
very valuable when considering the challenges that these fields 
all face and the important role hydrogen plays in traditional 
semiconductors.[19,20]

Amongst 2D materials, vdW crystals based on Sn and S offer 
an interesting platform for hydrogen studies. They can exist 
in a variety of stoichiometries, lattice structures, and with Sn-
atoms in the different oxidation states Sn4+, Sn2+, and Sn0.[21] 
For the Sn(IV) state in SnS2, a vdW crystal is formed with an 
hexagonal crystal structure and P3m1 symmetry (Figure  1a). 
For the Sn(II) state, found in SnS, a vdW crystal is formed 
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with an orthorhombic PNMA phase (Figure  1b). Finally, β-Sn 
is found in elemental form as a covalent crystal in the Sn0 
oxidation state (Figure  1c). Of particular interest are SnS2 and 
SnS as they are not only found as stable vdW crystals down to 
single layers, but their electronic and optical properties can be 
tuned by the layer thickness.[22,23] These materials have been 
incorporated as active components in water-splitting devices 
for the generation of hydrogen.[24–26] Furthermore, the ability 
of hydrogen to form bonds with sulfur, such as those found in 
H2S, makes hydrogen a perfect candidate to modify these mate-
rials. As such, the interactions between hydrogen and SnS2 and 
SnS should be investigated.

In this work, we report on the deceptively simple reaction 
shown in Equation 1

SnS H SnS H S2 2 2+ → + � (1)

with implications ranging from the chemical conversion of 
SnS2 into SnS to the formation of SnS2/SnS heterostructures 
with atomically flat interfaces and tunable electronic, vibra-
tional and optical properties. The interaction of SnS2 with 
H-ions leads instead to the conversion of SnS2 to β-Sn. Density 

Functional Theory (DFT) is used to provide a theoretical basis 
for the experimental results and fundamental understanding 
of the interaction of hydrogen in Sn-S compounds. These find-
ings offer a route for engineering physical properties at the 
nanoscale for semiconductor technologies based on earth-abun-
dant elements, such as Sn and S, and facilitate their use across 
a wide range of emerging technologies.

2. Results

2.1. SnS2 Thin Films Exposed to H2 and H-Ions

SnS2 flakes were exfoliated from bulk crystals grown by chem-
ical vapor transport and then dry transferred onto either Au/
Si or SiO2/Si substrates.[29] These samples were then exposed 
to continually refreshed H2 gas (for details, see Experimental 
Section) with control over the pressure (within the range from 
5 × 10−4 to 7 × 10−3 mbar) and temperature (over the range 
from 150 to 300 °C). Total exposure time varied from 3.5 to 8 h.  
Alongside the H2 exposed samples, a number of samples were 
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Figure 1.  Side-view (main) and in-plane view (inset) of the crystals structure of a) SnS2, b) SnS, and c) β-Sn. The scale bar (0.5 nm) is the same for 
all panels. These crystal structures were generated using previously gathered data.[27,28] Optical microscopy images of SnS2 on an Au/Si substrate  
d) before exposure to H2, e) after exposure to H2, f) before exposure to H-ions, and g) after exposure to H-ions. (right panels) Sketches of the exposure 
of SnS2 to H2 and H-ions responsible for the transformation shown in parts (d,e) and (f,g), respectively.
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exposed to H-ions generated by a Kaufman ion source.[30] A 
final set of samples were annealed in vacuum at 150 °C for use 
as control samples.

The exposure of SnS2 flakes to either H2 or H-ions induces a 
visible change in their color and contrast. Figure 1d,e illustrates 
this transformation for a flake exposed to H2 at 7 × 10−4 mbar 
at 150  °C for 7.5 h. It can be seen that the shape of the flake 
remains unchanged by the exposure, but the flake undergoes 
a color shift. In this instance, the originally green (center of 
flake Figure 1d) region is transformed into a light-orange tone  
(central Figure 1e), whilst an originally light red region takes on 
a yellow-orange color. The exact nature of the shift is dependent 
on the original, interference-induced, color of the flake. Similar 
effects were observed on several samples exposed at tempera-
tures of up to 250  °C. However, at temperatures of 250  °C a 
strong etching of SnS2 is observed alongside the appearance of 
dark-spots on the flake surface. When the exposure tempera-
ture is increased to 300 °C, the flakes are entirely etched away 
(Figure S1, Supporting Information).

Flakes of SnS2 exposed to H-ions from a Kaufman ion source 
behave in a different way to those exposed to H2. Figure  1f,g 
show SnS2 flakes before and after exposure to H-ions with a 
beam energy of 12 eV and a total dose of 6 × 1016 ions cm−2 
over 3.5 h at 150  °C. A typical response is shown with discol-
oration of the exposed flakes alongside the formation of black 
micron-sized plateau features (confirmed by the scanning elec-
tron microscopy (SEM) images shown in Figure S2, Supporting 
Information), leading to a disordered and rough surface. Also, 
the thinner flakes undergo a significant etching, which occurs 
over a wide range of temperatures, hydrogen doses and for 
flakes on both Au/Si and SiO2/Si substrates.

We mapped out the real-space distribution of different ele-
ments near the surface of representative samples by energy 
dispersive X-ray (EDX) spectroscopy coupled with SEM. These 
studies indicate an overall decrease of the S to Sn atomic 
ratio following the hydrogen treatment. This change becomes 
more pronounced in the samples exposed to H-ions where we 
observed a non-homogeneous etching of the surface. This is 
accompanied by the appearance of micrometer-size plateaus 
with a dominant Sn-content (Figure  S2, Supporting Informa-
tion) and inter-plateau regions with a composition similar to 
that of the pristine samples.

2.2. Chemical Conversion of SnS2 by H2 and H-Ions

We probed the chemical state of the atoms in the control and 
hydrogenated SnS2 samples by X-ray photoelectron spectros-
copy (XPS). The chemical environment of an atom can have a 
pronounced effect on the binding energies of core-level elec-
trons, leading to a chemical shift that can be used to assess the 
effects of different surface treatments on the oxidation state of 
the atoms. Here, we focus on high resolution spectra gained for 
the Sn 3d core-level.
Figure  2 shows the XPS spectra in the Sn 3d regions of 

the control SnS2, H2-exposed SnS2, and H-ions-exposed SnS2 
samples. The spectra were fitted using two or three Voigt func-
tions to resolve the contribution from different oxidation states 
resulting from the chemical modification of SnS2 by hydrogen 

(Figure  S3, Supporting Information). For the control sample, 
the Sn 3d doublet is clearly visible: two well-resolved single 
lines can be seen at binding energies of 486.9 and 495.3 eV. 
The principle peak at 486.9 eV is in agreement with the value 
of 486.7 eV for Sn4+ reported for SnS2 in the literature,[31] as is 
the 8.4 eV splitting.[32] For the H2 exposed sample, the position 
of the Sn4+ doublet remains visible and unchanged. However, 
additional features appear on the low energy side of both com-
ponents of the doublet. Specifically, these features appear at  
1.0 and 1.2 eV below the Sn4+ low-energy and high-energy com-
ponent, respectively (see green arrows in Figure 2a). The new 
features observed in the hydrogenated samples correlate with 
previous data for the Sn2+ peak in SnS where the Sn 3d compo-
nent has a binding energy of between 0.9 and 1.3 eV less than 
for the Sn4+ peak in SnS2.[33–35]

For the SnS2 exposed to H-ions, the XPS spectra reveal 
more significant changes: the Sn4+ low-energy peak shifts to 
486.6 eV, 0.3 eV lower than in the control sample, whilst the 
peak splitting remains at the expected 8.4 eV.[35] Two additional 
components can also be seen at 485.5 eV and at 484.8, 1.1, and  
1.8 eV lower than the Sn4+ peak, respectively (see purple 
arrows in Figure  2b). We assign these features to different 
oxidation states of Sn: Sn2+ in SnS and the neutral states of 
Sn, in line with previously reported data for the Sn0 peak 
in β-Sn (485.0 eV) and a Sn4+–Sn0 separation of 2.0 eV.[33,35]  
We have examined samples exposed to different hydrogen 
treatments and all reveal similar XPS spectra, suggestive of a 
partial chemical conversion of SnS2 onto SnS and/or β-Sn. No 
measurable trace of contamination due to the formation of a 
tin oxide could be resolved.

2.3. Formation of SnS2/SnS Heterostructures by H2

We have conducted a detailed investigation of the SnS2 films 
exposed to H2 using transmission electron microscopy (TEM) 
and atomic force microscopy (AFM). Here, we focus on the 
cross-sectional TEM images. As shown in Figure  3a), these 
reveal the formation of a SnS2/SnS heterostructure with a well-
defined interface between the SnS and SnS2 layers and a SnS 
layer of thickness of ≈10 nm. Figure 3b shows a more detailed 
view of the interface region: the individual vdW layers can be 
clearly seen and they are continuous. The characteristic paired-
up rows of Sn atoms are visible in the SnS region of Figure 3c 
in line with the offset Sn atoms in individual vdW layers of SnS 
shown in Figure  1b. In contrast, unpaired rows of Sn atoms 
are visible in the SnS2 region of Figure 3d. In this case, the Sn 
atoms of the SnS2 vdW layer all lie in the same plane, as shown 
in Figure 1a.

The cross-sectional TEM image in Figure 3d shows the SnS2 
region in sufficient detail to resolve the inter-layer vdW gap. 
An overlay shows the expected crystallographic lattice.[27] Simi-
larly, the SnS inter-layer vdW spacing can be seen in Figure 3c 
overlaid with the corresponding lattice.[28] For SnS2, we esti-
mate a lattice parameter along the c-axis of 5.9±0.5 Å. This is 
determined over six unit cells on the TEM image and is close to 
that (5.90 Å) reported in the literature.[27] Similarly, for SnS we 
estimate a lattice parameter of 11.5±0.5 Å, close to that (11.2 Å) 
reported in previous studies of SnS.[28] The c-lattice parameter 
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is larger than for SnS2 as the unit cell of SnS consists of two 
vdW layers.

Surface studies of the heterostructures by AFM show that the 
surface SnS layer retains a similar RMS roughness to the control 
sample at low doses (5 × 10−4 mbar for 3.5 h at 150  °C). With 

increasing hydrogen dose and/or exposure (>7 h), the roughness 
tends to increase (Figure  S4, Supporting Information). Thus, 
under controlled hydrogen exposure conditions, it is possible to 
realize SnS2/SnS heterostructures with high-quality surfaces.

Under controlled exposure conditions, the heterostruc-
ture can retain well defined, uniform vibrational and optical 
properties, as probed by Raman and photoluminescence (PL) 
spectroscopy. Figure 4a compares the Raman spectra of three 
samples with and without exposure to H2 and H-ions. For the 
control sample, the Raman peak at 314.5 cm−1 is assigned to 
the A1g mode of SnS2. This compares favorably to previous 
reports of this mode between 314.3 and 318 cm−1.[23,36,37] The 
A1g mode can also be seen in the H2 exposed sample, although 
with a lower intensity, together with four additional peaks cen-
tered at 95.1, 158.2, 185.1, and 224.1 cm−1. These are assigned to 
the Ag, B3g, Ag, and Ag modes of SnS, respectively. They are in 
agreement with the modes expected for SnS layers for which 
the Raman peak positions are thickness dependent.[38,39] The 
linewidth of the SnS2 A1g peak is unchanged by the exposure 
and the linewidths of the SnS components are in-line with 
those reported in the literature.[38,39] For the H-ion exposed 
sample, all the Raman peaks seen in the H2 exposed sample 
are much weaker. In particular, the Raman peaks from SnS are 
centered at slightly different positions (96.2, 161.6, 189.1, and 
221.1 cm−1), in-line with measurements of bulk SnS.[38,39] Also, 
an additional Raman feature is observed at 127.5 cm−1, which is 
assigned to the Γ5 mode of β-Sn.[40] Additionally, the possibility 
of forming either α-Sn or stanene was considered, but none of 
the associated Raman peaks could be resolved.

Figure  4b shows the evolution of the Raman signal for 
a single SnS2 film upon repeated exposures to H2. Here, 
the Raman spectra are normalized to the A1g peak of SnS2, 
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Figure 3.  a) Cross-sectional TEM image of a H2 exposed sample  
(5 × 10−4 mbar, 150  °C for 7 h). b) Cross-sectional TEM images of a 
H2 exposed sample showing the SnS-SnS2 interface. c) Overlay of the 
expected SnS lattice with TEM data. d) Overlay of the expected SnS2  
lattice with TEM data.

Figure 2.  XPS Sn 3d core-level spectra for the control SnS2 and SnS2 exposed to a) H2 for 7 h 40 min at 7 × 10−4 mbar and 150 °C, b) H-ions for 
3 h 30 min with a beam energy of 12 eV and a total dose of 6 × 10−16 ions cm−2. Schematics show the crystal structures of SnS2, SnS and β-Sn with the 
corresponding Sn4+, Sn2+, and Sn0 states marked on the XPS spectra with orange, green, and violet arrows, respectively.
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revealing that with increasing exposure time, the Raman 
signal due to SnS become stronger relative to that of SnS2. 
The positions of the SnS peaks also shift with each exposure 
in-line with an increase of the SnS layer thickness.[38,39] Sim-
ilar Raman experiments on the pristine and annealed samples 
confirm that none of the SnS related peaks are present before 
H2 exposure.

We have imaged the Raman signal to probe the uniformity 
of the layers over large areas. The Raman studies reveal a 
correlation between the color contrast in the optical image 

(Figure 5a) and the corresponding Raman maps of the flakes 
(Figure 5b,c). Each Raman map is obtained by plotting the ratio 
r of the Raman signal intensity (I) due to SnS and SnS2, that 
is, r  = I(SnS)/I(SnS2), under laser excitation wavelengths of  
λ = 532.0 nm (Figures 5b) and λ = 632.8 nm (Figure 5c). It can 
be seen that the value of r is different for flakes of different 
color and/or for different laser wavelengths. The color and con-
trast in the optical image are determined by the interference of 
light reflected and transmitted at the different interfaces of the  
air/flake/substrate system. Thus, the color changes as the  

Small 2022, 2202661

Figure 4.  a) Raman spectra of SnS2 samples (control and hydrogenated samples) at 300 K and λ = 632.8 nm. b) Raman spectra of SnS2 repeatedly 
exposed to H2. The green dashed lines indicate the positions of SnS peaks after the third dose.

Figure 5.  a) Optical image of the areas investigated in the Raman and PL maps as marked in red. Specific locations of the flake are marked as γ and 
δ. b,c) Raman maps of the ratio of SnS to SnS2 Raman signal for (b) λ = 532.0 nm and (c) λ = 632.8 nm. d) Raman spectra conducted on spot γ in 
part a). e) Type II band alignments of SnS2 and SnS and optical transitions under laser excitation at 532.0 nm (green) and 632.8 nm (red). Dotted and 
continuous lines sketch relaxation and radiative recombination, respectively. The band alignment as determined experimentally in the literature.[34] 
f,g) PL maps of the ratio of SnS to SnS2 PL signal with λ = 532 nm (f) and λ = 632.8 nm (g). h) PL spectra conducted on spot γ in (a).
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thickness of the layers varies in the layer plane. For example, it 
is red (position δ, Figure 5a) and green (position γ, Figure 5a), 
corresponding to layer thicknesses of 125 and 175 nm, respec-
tively, as measured by AFM and shown in Figure  S5, Sup-
porting Information. As shown in the Raman map of Figure 5b 
and Raman spectrum of Figure  5d, for 532.0 nm, the thicker 
regions of the flake (position γ) have a stronger contribu-
tion from SnS2 than thinner regions (position δ). The reverse 
is observed for 632.8 nm (Figure  5c,d). This dependence and 
its correlation with the color of the flake in the optical image 
(Figure 5a) can be accounted for by a light interference effect in 
which constructive (destructive) interference of light leads to a 
corresponding enhanced (reduced) light absorption by the SnS2 
layer and hence larger (smaller) Raman signal. This interfer-
ence effect can be mapped out to the AFM image of the layer 
thickness and ignoring interference effects from the superficial 
thin (≈10 nm) SnS layer (Figure S5, Supporting Information).  
Thus, Raman imaging provides a means of assessing the  
formation of the SnS layer and its uniformity over a scale of 
several microns. On the red and green regions of the flake in 
the optical image, the variation in the Raman ratio (r) is found 
to be <8% and <14%, respectively.

Both bulk SnS2 and SnS crystals have an indirect band gap 
and their in-plane lattice constants, interlayer distances and 
interlayer binding energies tend to be weakly dependent on the 
layer thickness. SnS2 has an indirect band gap energy of 2.25 eV  
and a direct band-gap energy of 2.38 eV,[41,42] whilst SnS has 
an indirect band gap energy of 1.07 eV and a direct band gap 
energy of ≈1.4 eV.[43] With these considerations, and with refer-
ence to the absorption spectrum of SnS2,[41] we now consider 
the optical properties of the flakes by examining their band 
edge recombination (Figure 5e) under different excitation wave-
lengths. Figure 5f,g show the PL maps for the flake in Figure 5a. 
The corresponding PL spectra are displayed in Figure  5h and 
are characterized by two bands centered at around 1.7 and  
1.4 eV, whose relative weight changes with the excitation wave-
length. The PL band centered at 1.7 eV is red-shifted relative to 
the absorption edge of SnS2, suggesting a dominant recombi-
nation of carriers from localized states. The PL band centered 
at 1.4 eV was previously reported in SnS and SnS-inclusions 
in SnS2.[29,44] The absence of a sizable optical anisotropy of the 
PL emission (Figure S6, Supporting Information), expected for 
SnS,[45,46] suggests that the PL emission at 1.4 eV in our struc-
tures arises from the recombination of carriers from localized 
states.[29] Thus, this PL band may not share the same optical 
characteristics of the band edge recombination.

The ratio of the integrated PL intensities, r = I(1.4 eV)/I(1.7 eV),  
is ≈1.2 and is uniform in the layer plane (Figure 5f)). Thus, the 
emission from SnS tends to dominate the PL emission and is 
uniform, suggesting that the hydrogenation leads to a homo-
geneous conversion of the SnS2 surface onto SnS. Further-
more, this indicates a preferential relaxation of photogenerated 
carriers from SnS2 onto SnS. Increasing λ from 532.0 nm to  
632.8 nm results in a stronger recombination signal from the 
1.7 eV band relative to the 1.4 eV band (Figure  5h). The PL 
spectra under different excitation wavelengths can be under-
stood in terms of different relaxation pathways for carriers and 
by referring to the schematic of Figure 5e. Since the SnS/SnS2 
heterostructure has a type II band alignment with a band offset  

of 0.51 eV in the conduction band,[34] under resonant excitation 
(λ = 632.8 nm) of the SnS2 layer, electrons photogenerated in 
SnS2 cannot relax onto SnS, leading to a larger signal from SnS2 
relative to SnS and corresponding decrease of r (Figure 5g). This 
result is supported by PL excitation (PLE) measurements over 
an extended energy range (Figure S7, Supporting Information) 
showing that the PL emission centered at 1.4 eV (attributed to 
SnS) tends to fall for excitation energies approaching the band 
gap energy of SnS2. Finally, the PL spectra show no evidence 
of an interlayer excitonic recombination. However, this is not 
unexpected due to the relatively thick SnS and SnS2 layers.

3. Discussion

The results of the Raman, TEM, and XPS studies point clearly 
to a conversion of SnS2 to SnS through exposure to H2. Fur-
thermore, the cross-sectional TEM images reveal clearly how 
this conversion produces a heterostructure with a sharp tran-
sition from SnS2 to SnS. Importantly, as with the exfoliation 
and stamping method frequently used in labscale manufacture 
of vdW heterostuctures, the c-axes of both SnS2 and SnS are 
coaxial and reveal continuous unbroken layers.

The uniformity of the heterostructure and its interface, as 
revealed by TEM, is further confirmed by Raman images. These 
show Raman signals from the heterostructure that are uniform 
over extended (micron) regions. Also, the Raman measure-
ments demonstrate the possibility for controlling the forma-
tion and properties of the heterostructure via exposure time or 
repeated exposures, resulting in an increasing Raman intensity 
ratio I(SnS)/I(SnS2) and shift of the Raman modes due to SnS.

The further conversion of SnS to β-Sn was also considered 
using a H-ion beam and confirmed by XPS, EDX, and Raman 
data. The formation of extended plateau features observed in 
the optical (Figure 1) and SEM (Figure S2, Supporting Informa-
tion) images is explained by the increased density of Sn in β-Sn 
(35.3 atoms nm−3) than in SnS (19.6 atoms nm−3) and SnS2 
(14.7 atoms nm−3), resulting in a contraction of the crystal as 
SnS is converted to β-Sn. This behavior is inline with previous 
reports of etching of SnS by hydrogen plasma.[47] A similar 
etching behavior is observed in our samples exposed to H2 at 
temperatures greater than 250 °C.

We performed density functional theory calculations (com-
putational details in Experimental Section) to examine the  
reaction energetics for the conversion of SnS2 to SnS via H2. We 
summarize our results in Table 1. We find that the direct con-
version of SnS2 to SnS without H2 (Reaction 1) is endothermic, 
that is, the reaction is not energetically favorable. However, in 
the presence of H2, the conversion (Reaction 2) becomes exo-
thermic and energetically favorable, with the formation of H2S 
as a by-product. Further conversion of SnS to β-Sn, either with 
(Reaction 6) or without H2 (Reaction 5), is endothermic. Simi-
larly, the conversion of SnS2 to β-Sn, either with (Reaction 4) or 
without H2 (Reaction 3), is also endothermic. We note that the 
presence of H2 makes the conversion of SnS2 or SnS to β-Sn 
(Reactions 4 and 6) less endothermic, by 85.6 and 42.8 kJ mol−1, 
respectively. Thus, the DFT calculated reaction energies explain 
well our experimental observation on why H2 treatment pro-
motes the conversion of SnS2 to SnS, but further conversion 
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to β-Sn requires higher temperatures or longer exposure times. 
Conversion to β-Sn by H-ions is facilitated by the increased 
reactivity of the charged species and the additional 12 eV kinetic 
energy of the ions above the energies available to H2.

The formation of a well-defined ordered interface between 
SnS2 and SnS (Figure 3) is an unexpected outcome. The thick-
ness of the layer is controllable through repeated dosing with 
hydrogen (Figure  4b)). This observation points to a limited 
ability for hydrogen to penetrate into or react with SnS2 at a 
significant distance from the SnS/SnS2 interface. This might  
be explained by an enhanced reactivity near the interface or 
by differential diffusion rates of reactants/products in SnS2 
and SnS.

We note that the chemical conversion of SnS2 to SnS could 
be facilitated by the presence of S-vacancies, a common defect 
in SnS2,[48] with a stronger binding energy to H2, that is, the 
reaction may initiate from S-vacancies present on the SnS2 sur-
face, propagate within the layer, followed by continued reaction 
into other layers. It is notable that these defects can be induced, 
for example via an electron beam, and that these defects intro-
duce deep states within the band-gap.[44,49] For SnS2 exposed to 
H-ions, the conversion to β-Sn, as observed in our experiment, 
might be ascribed to the higher reactivity of H-ions. Note that 
H2 has a dissociation energy of 432 kJ mol−1,[50] and this may 
render Reactions 4 and 6 exothermic if H2 is replaced by pro-
tons as reactants.

In summary, DFT confirms that the conversion from SnS2 
to SnS by H2 is energetically favorable. As shown by XPS 
and Raman studies, the further conversion of SnS to β-Sn is 
less favorable.

4. Conclusion

The ability of hydrogen to bond with sulfur was used to induce 
a controlled chemical conversion of SnS2 into semicon-
ducting-SnS or β-Sn. These chemical conversions were suc-
cessfully applied to form heterostructures with uniform layers, 
atomically flat interfaces and well-aligned crystallographic 
axes. The formation of an heterostructure by molecular  
hydrogen can be controlled via exposure time and tempera-
ture. Theoretical results support the experimental data and 
suggest a nucleation based growth mechanism as a reason 
for the uniformity of the layers. The significance of these 
results is twofold. First, they have relevance to post-growth 

methods for the formation and patterning of SnS2/SnS het-
erostructures. In contrast to previous methods that used 
argon plasma, large organic molecules, sulfurization, and 
magnetron sputtering,[51–54] the exposure of the layers to H2 
stands out due to its simplicity and ability to produce a well 
defined interface and aligned c-axes. Thus, this proves prom-
ising for exploitation of SnS2/SnS in heterojunction diodes,[51] 
NO2 detectors,[55] and other opto-electronic devices.[56] Second, 
these findings are relevant to the hydrogen technologies, 
where the strong interaction between H2 and SnS2 demon-
strated here could provide a platform for sensing, purification,  
or generation technologies.

5. Experimental Section
Materials—Growth and Post-Growth Hydrogenation: Crystals of SnS2 

were grown using the chemical vapor transport method in a 650 to 
500 °C temperature gradient. An optical characterization of the as-grown 
crystals is given by Kudrynskyi et al.[29]

Flakes were exfoliated from bulk crystals to refresh their surfaces 
using adhesive tape. The exfoliated flakes were then stamped directly 
onto either Au/Si or SiO2/Si substrates.

For those samples exposed to H2, the substrates were loaded 
into a chamber which was then evacuated to pressures of less than  
≈10−5 mbar. Once under vacuum, the samples were heated with either 
a heating lamp or current heater. Whilst the pumps remained on, H2 
was added to the chamber from a gas bottle with the pressure inside 
the chamber controlled via the H2 flow rate. This arrangement ensured 
that the hydrogen in the chamber was continually refreshed and any 
volatile products were evacuated. After the exposure time had elapsed, 
the hydrogen supply was shut-off and the samples allowed to cool under 
vacuum before removal from the chamber.

For samples exposed to H-ions, the samples were loaded into, 
pumped down, and heated using the same methods as for H2 exposed 
samples. The samples were grounded and exposed to a H-ion beam of 
fixed energy by a Kaufman ion source.[30] The beam produced contained 
a ratio of H+/H2

+ of 0.0291.[57] After exposure the samples were allowed to 
cool under vacuum before removal from the chamber.

Experimental Techniques: Cross-sectional TEM was conducted on 
a sample of SnS2 exposed to H2 at 7 × 10−4 mbar at 150  °C for 7 h  
on a gold substrate. The sample was reinforced using electron and 
ion beam deposited platinum before milling in a Zeiss Crossbeam  
550 (HR-CAT-SEM). TEM analysis was then conducted in a JEOL 2100F 
FEG-TEM equipped with an Oxford Instruments INCA EDX system.

XPS was conducted using a Kratos AXIS ULTRA with a mono-
chromated Al kα X-ray source (1486.6 eV) operated at 10 mA emission 
current and 12 kV anode potential (120 W). All XPS studies were 
conducted on samples stamped onto gold substrates to reduce charging 
and to provide calibration. Three locations were investigated on each 
sample with the beam encompassing a large distribution of flakes. The 
data was processed using CASA-XPS.

EDX spectra were taken using a JEOL 7000F FEG-SEM. All the 
samples investigated were on gold substrates and the data was analyzed 
using Oxford Instruments AZtec software.

The experimental setup for the micro-Raman and micro-PL 
spectroscopy studies at room temperature comprised a He–Ne laser 
(632.8 nm) and a frequency-doubled Nd:YVO4 laser (532.0 nm), an 
x–y–z motorized stage, and an optical confocal microscope system 
from Horiba Scientific equipped with a 0.5 m long monochromator with  
1200 and 150 g mm−1 gratings. The laser beam was focused to a diameter 
of ≈1 µ m using a 100× objective. The signal was detected by a Si-charge-
coupled device camera. Polarization-resolved PL measurements were 
conducted by using a linearly-polarized, frequency-doubled Nd:YVO4 laser  
(532.2 nm). A polarizer was placed in the laser optical path (parallel to 
the laser polarization direction) to better filter out spurious polarizations. 
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Table 1.  DFT predicted reaction energies (ΔE, in kJ mol−1) of selected reac-
tions. Positive ΔE indicates the reaction is endothermic, and negative ΔE 
indicates the reaction is exothermic. The symbol in the brackets denotes 
the phase of the reactants/products, “s” for solid and “g” for gas.

Index Reaction ΔE [kJ mol−1]

1 SnS2(s) → SnS(s) + S(s) +8.6

2 SnS2(s) + H2(g) → SnS(s) + H2S(g) −34.1

3 SnS2(s) → Sn(s) + 2S(s) +114.5

4 SnS2(s) + 2H2(g) → Sn(s) + 2H2S(g) +28.9

5 SnS(s) → Sn(s) + S(s) +105.8

6 SnS(s) + H2(g) → Sn(s) + H2S(g) +63.0
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A half waveplate was used to rotate the laser polarization with respect 
to the sample. An x–y motorized stage was used for precise positioning  
on the flake. The laser was focused via a 100× objective (spot of ≈1 µ m)  
and the signal was collected through the same objective, in a backscattering 
configuration. The signal polarization was then selected through a 
combination of a half waveplate and a polarizer. The waveplate was 
mounted on a motorized stage and rotated during the measurements. 
The signal was dispersed by using a 0.2 m long monochromator with a 
150 grooves mm−1 grating, and detected by a N2-cooled Si-charge-coupled 
device camera. PLE measurements were conducted by using a picosecond 
supercontinuum laser (by NKT Photonics). The emission wavelength was 
selected through a tunable filter based on acousto–optic tunable filter 
technology, resulting in monochromatic beam with ≈8 nm full width at 
half maximum. The laser wavelength was varied between 530 and 800 nm  
in steps of 10–20 nm. An x–y motorized stage was used for precise 
positioning on the flake. The laser was focused via a 100× objective (spot 
of ≈1 µ m) and the signal was collected through the same objective, in 
a backscattering configuration. The signal was filtered out by a 850 nm 
longpass filter, was dispersed by using a 0.2 m long monochromator 
with a 150 grooves mm−1 grating, and detected by a N2-cooled Si-charge-
coupled device camera. The intensity was monitored on the summit of the 
peak at 1.4 eV. The optical studies were performed at low excitation power 
to avoid excessive heating.

AFM was conducted using an Asylum Research Cypher-S AFM system 
in both noncontact AC mode and contact mode. Lattice resolved images 
were imaged using the lateral deflection channel. All other images 
were resolved using the height channel. The data was processed using  
the Gwyddion software package.

Theoretical Techniques: All DFT calculations were performed using the 
CP2K code,[58] which employed a mixed Gaussian/plane-wave basis set. 
Double-ζ polarization quality Gaussian basis sets and a 400 Ry plane-
wave cutoff were employed for the auxiliary grid,[59] in conjunction with 
Goedecker–Teter–Hutter pseudopotentials.[60] Total energy calculations 
and structural optimizations, including both atomic coordinates and 
cell parameters, were performed under periodic boundary conditions 
at the hybrid DFT level using the PBE0 exchange and correlation 
functional,[61] which had 25 Hartree–Fock exchange (HFX), with 
Grimme’s D3 van der Waals correction (PBE0+D3).[62] The HFX 
calculations were significantly accelerated by using the auxiliary density 
matrix method implemented in CP2K.[63] A convergence threshold 
of 1.0 × 10−6 Hartree was used for the self-consistent field cycle, and 
structural optimizations were considered to have converged when the 
maximum force on all atoms falls below 4.5 × 10−4 Hartree bohr−1. All 
DFT calculations were performed in the Γ-point approximation with 
sufficiently large supercells, 3 × 3 × 2 for SnS2 (54 atoms per cell) and  
1 × 3 × 3 for SnS (72 atoms per cell).
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