
Substrate Effects on Crystal Phase in Atomic Layer Deposition of Tin
Monosulfide
Oleksandr V. Bilousov, Andrii Voznyi, Björn Landeke-Wilsmark, Michelle Marie S. Villamayor,
Tomas Nyberg, and Carl Hägglund*

Cite This: Chem. Mater. 2021, 33, 2901−2912 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Obtaining single-phase tin monosulfide (SnS) films at low temper-
atures is challenging since cubic (π-SnS) and orthorhombic (α-SnS) polymorphs have
similar energies of formation and grow under similar conditions. Here, we show that
in atomic layer deposition (ALD) of polycrystalline SnS using tin(II) acetylacetonate
and H2S precursors, the substrate surface greatly influences the SnS phase evolution.
For example, a silicon (100) substrate, with a highly hydroxylated surface, favors the
growth of α-SnS. Meanwhile, ozone treatment or preannealing of the same substrate
leads to mainly π-SnS. Just a few ALD cycles of another oxide or sulfide can even
more substantially alter the outcome. Substrates that favor α-SnS growth typically
produce initially enhanced growth rates, while those promoting π-SnS are partially
surface-poisoned by the acetylacetonate precursor ligands. Growth of either polymorph is self-sustained after its initiation, and the
sustaining factor appears to be the surface−ligand interaction; π-SnS preferentially evolves on substrates and π-SnS surfaces that are
rich in highly reactive dangling bonds, while chemically inert substrates and α-SnS surfaces promote α-SnS. While lattice matching is
less central, the role of ligand bonding in SnS ALD also helps explain the previously reported phase dependence on growth
temperature and H2S precursor dose and shows promise for area-selective ALD of SnS.

■ INTRODUCTION

Tin monosulfide (SnS) has optoelectronic properties of
interest for a broad range of applications. It is attractive for
low-cost, thin film photovoltaics, as it contains only nontoxic
and earth-abundant elements.1 SnS is also a relatively simple
binary compound, facilitating its efficient and inexpensive
production. In its naturally occurring Herzenbergite form, it
has a high absorption coefficient, high carrier mobility, and
band gap energies of 1.1 and 1.3 eV for indirect and direct
transitions, respectively.2,3 Herzenbergite has an orthorhombic
unit cell and is composed of layers stacked along the b-axis.
The layers are loosely bound by van der Waals forces and are
candidate two-dimensional materials with interesting proper-
ties for valleytronics.4 The orthorhombic polymorph of SnS
(α-SnS) can be grown as nanosheets along the b-axis5 and as
nanoribbons along the a- and c-axes with terminating facets of
(100) and (001) planes.6 It is further of high interest for field-
effect transistors,7 photodetectors,8 plasmonic solar cells,9 and
lithium battery applications.5 However, the anisotropy of α-
SnS may lead to band edge fluctuations and voltage losses in
solar cells, which has been considered one limitation to the
achievable photovoltaic conversion efficiency.10 In contrast,
this is not an issue for the less explored cubic crystal structure
termed π-SnS,11,12 with its large (11.7 Å) isotropic unit cell
consisting of 64 atoms. Similar to α-SnS, the π-SnS phase
displays a high absorption coefficient in the visible range, but it
has a wider band gap of direct forbidden-type between 1.6 and

1.7 eV.13,14 This band gap is close to ideal for the top cell of
tandem solar cells with silicon or other narrow band gap
bottom cells and may also provide the required chemical
potential for photocatalytic reactions not accessible with
narrower band gap semiconductors. The unusual band
structure of π-SnS, associated with its chiral symmetry group,
may also be of interest for applications in nonlinear optics.15

The self-limiting nature of atomic layer deposition (ALD)
allows for precise thickness and compositional control and
conformal coating of structures with high aspect ratios, which
makes it particularly attractive for surface and interfacial
engineering of electronic and optoelectronic devices.16,17 ALD
of SnS films was first reported by Kim et al. using the
commercially available precursor tin(II) acetylacetonate [Sn-
(acac)2].

18 Other Sn precursors have subsequently also been
deployed for SnS ALD.3,19,20

In our previous work, we found that variation of the ALD
growth conditions allows control over the polymorphism,
morphology, and optical properties of grown SnS thin films. In
particular, through variation of substrate temperature and dose
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of the H2S counter reactant, we produced films ranging from
more or less pure π-SnS to α-SnS.14 However, we also
demonstrated that changing the H2S dose resulted in slight
variations of the SnS stoichiometry, with consequences for
defect formation and possibly doping levels.21

The substrate surface is an additional factor that may affect
the SnS thin film growth.22 Effects of the substrate on the grain
size of SnS grown by chemical vapor deposition (CVD) were
previously observed by Ahmet et al.23 Moreover, in solution-
based SnS deposition, Abutbul and Golan recently demon-
strated preferential α-SnS growth after oxide removal from a
GaAs substrate, while epitaxial π-SnS growth was observed on
PbS and ascribed to a combination of lattice matching and
surface chemistry.24

In the present work, we investigate the influence of the
substrate on the properties of SnS films grown in vacuum by
low-temperature ALD using Sn(acac)2 and H2S as precursors.
By characterizing the growth on Si(100) and various other
substrates [see further Table S1 of the Supporting Information
(SI)], we elucidate the initial surface processes and growth
modes. We show that it is the chemical properties of the
substrate, rather than the lattice constants of exposed surface
planes, that determine the grown SnS crystal phase. The
substrate-induced SnS phase can be self-sustained over at least
1000 ALD cycles and produce more or less phase-pure,
polycrystalline films of either type. An approximate relationship
is established between the logarithmized initial growth rate per
cycle, determined by in situ spectroscopic ellipsometry, and the
final phase composition. We demonstrate that substrate
modification by a few ALD cycles of certain materials, such
as Al2O3 or ZnS, is enough to change the growth trajectory
from mainly α-SnS to π-SnS, or vice versa. On other substrates,
strongly suppressed growth is observed. In the latter category,
Au- and SnS2-coated substrates are given particular attention.

■ MATERIALS AND METHODS
Thin Film Growth by ALD. The SnS deposition was carried out

using a viscous flow, hot wall reactor (Picosun R-200 Advanced ALD
system) on Si(100) substrates (phosphorus doped, 1−10 Ω cm,
Sil’tronix) that were cleaned and modified as described further below
and in Table S1 of the Supporting Information. Nitrogen gas (N2,
99.9999%, Air Liquide) was used as the carrier gas for the ALD
precursors. The base flow of N2 was 420 SCCM, which resulted in a
reactor pressure of about 8 hPa. Tin(II) acetylacetonate (Sigma-
Aldrich 99.9%) and hydrogen sulfide (Air Liquide, 99.5%) were used
as precursors. The substrate and reactor chamber were maintained at
a temperature of 120 °C. The cartridge with Sn(acac)2 was
maintained at 100 °C to provide sufficient vapor pressure of the
liquid precursor and, hence, conditions for saturated SnS growth. Our
standard ALD cycle consisted of a stop-flow sequence of (1) reduced
carrier gas flow, (2) reduced pumping speed through a bypass
constriction, (3) precursor injection, (4) precursor exposure, (5)
restored pumping speed, and (6) restored carrier gas flow and
purging. For the Sn(acac)2 precursor, the durations of steps 1−6 were
2, 1, 1.4, 1.6, 2, and 3 s. During this sequence, the carrier gas flow was
reduced from 50 to 10 SCCM in each of the five unused precursor
lines of the system. The Sn(acac)2 line used a flow of 160 SCCM
apart from a brief (1.2 s) boost of 400 SCCM during the injection
step. In the H2S half-cycle, the durations of steps 1−6 were 1, 1, 1, 2,
1, and 3 s, while the flow of carrier gas in the H2S line was maintained
at 120 SCCM. A few experiments were also performed in another
ALD reactor (Microchemistry F-120). The general process conditions
were comparable to those above (the same precursors and substrate
temperature) and were described in more detail in a previous
publication.14

Vacuum Annealing. Si(100) substrates were cleaned using a
standard cleaning solution (SC1; 1 NH4OH:1 H2O2:20 H2O by
volume) to produce a clean silicon surface with oxide termination.25

After rinsing with deionized water, a close to fully hydroxylated
surface (Si−OH) can be expected, with approximately 4.7 OH-
groups/nm2.26 The Si−OH samples were loaded into the ALD
reactor, which was then evacuated to a pressure of around 8 hPa of
N2. In experiments to determine the role of surface hydroxylation for
the SnS ALD, substrates were annealed in situ, prior to ALD. After a
temperature ramping time of between 30 and 60 min, annealing was
performed for 1 h, at temperatures of 300, 400, and 500 °C,
respectively. After cooling to 120 °C, 1000 cycles of SnS ALD were
performed as described above. Samples that were not annealed were
heated to 120 °C and left for 1 h prior to the SnS ALD.

Spectroscopic Ellipsometry. A spectroscopic ellipsometer
(Woollam RC2-X with near-infrared extension) was used at a fixed
angle of incidence of 61° for in situ monitoring of the evolving
thickness and optical properties of the films during ALD. Measure-
ments were performed at time intervals in the range of 2−10 s,
collecting the two standard ellipsometric variables (Ψ, Δ) along with
depolarization data over 1065 wavelengths from 210 to 1690 nm.
Data analysis was performed with CompleteEase software.

To capture the evolving film properties, an adaptive multilayered
optical model for the samples was developed. As substrates, the model
used the temperature-dependent optical constants of Si at the
deposition temperature (120 °C) from tabulated data provided by the
instrument manufacturer. The Si oxide layer was also modeled using
tabulated data, but its thickness (typically 15−20 Å) was established
from in situ measurements performed just prior to the ALD.
Measurement data was collected before and throughout the entire
ALD growth process. In the analysis of the data, grown films were
represented as one or more stratified layers parallel to the substrate
plane. The permittivity of each of these layers was modeled by
oscillators, with the imaginary part obtained from a superposition of
multiparameter oscillator functions and the real part as the Kramers−
Kronig transform of the imaginary part. Additional contributions to
the latter were included through constant offset and poles located in
the ultraviolet and infrared, representing optical transitions outside
the measured range. For the (effective) optical constants of few-cycle
Al2O3 films, a single pole in the UV region was fitted. For SnS films
grown by 1000 ALD cycles, a three-layer model was employed. The
properties of the bottom and middle parts of the SnS layer were each
fitted using a polynomial spline oscillator (the psemi-m0 oscillator)
along with four Gaussian oscillators. The top layer used the
Bruggeman effective medium approximation (EMA) for a mixture
of vacuum and middle layer properties to represent the roughness and
surface layers. To determine the optical constants of each layer, a
multisample analysis of the SnS film was performed for at least 10
time slices sampled from the growth data, such that ellipsometric
spectra from all different stages of the film growth were included. The
SnS oscillator parameters were jointly fitted for all time points, while
the thicknesses of the three layers and the filling factor of the EMA
layer were allowed to vary with time and thus with the number of
ALD cycles. After establishing the effective optical properties of each
layer in this way, a dynamic fit of the thicknesses and EMA filling
factors was performed for all data to increase the time resolution of
the growth curves. The middle SnS layer ended up as the thickest
layer in the final films and arguably represents the bulk SnS properties
most closely as it is least affected by the interfaces. An example of the
layered model used in the ellipsometric data analysis is included in
Figure S1 of the Supporting Information. The optical constants of this
layer typically agreed relatively well with our previous results for α-
and π-SnS by ALD.14 Note, however, that the optical constants
obtained here are derived from a compromise of fitting the SnS film at
different stages of its growth and should not be expected to agree
perfectly with an analysis based on ex situ measurements on the fully
grown film at variable angles of incidence. The mean squared error of
the model fit was typically in the range from 1 to 3 over the entire
growth process. This, together with the reasonable agreement with ex
situ results, suggests that accurate solutions were obtained.
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Microscopy. The surface morphologies of the films were
examined by field-emission scanning electron microscopy (SEM)
using a Zeiss 1550, an acceleration voltage of 10 kV, and a working
distance between 4 and 5 mm.
Grazing-Incidence X-ray Diffraction. Grazing-incidence X-ray

diffraction (GI-XRD) was carried out using a Siemens D5000
equipped with an X-ray mirror and a parallel plate collimator. Cu K-α
radiation (8.05 keV) was used at a fixed angle of incidence of 0.5°.
The powder diffraction files used for references were that of mineral
herzenbergite for α-SnS27 and that of the large cubic tin monosulfide
polymorph for π-SnS.28

Raman Spectroscopy. Raman scattering measurements were
performed in a Renishaw inVia confocal Raman microscope. A laser
wavelength of 532 nm was used with a power of 0.2 mW for
excitation, and a microscope lens with a numerical aperture of 0.35
was used.

■ RESULTS AND DISCUSSION

Effect of Hydroxylation. SnS films deposited at 120 °C
either directly on a clean Si−OH substrate or on vacuum-
annealed Si−OH have differences in film morphology as
revealed by SEM imaging (Figure 1). Films deposited on Si−
OH displays elongated, bladelike grains of random orientation
typical for α-SnS.14 In contrast, films deposited on substrates
after annealing at 500 °C have a lower density of protruding α-
SnS grains on the surface, beneath which a more densely
packed layer of smaller grains can be discerned. The latter has
previously been associated with the π-SnS polymorph,14

suggesting that π-SnS growth is favored over α-SnS with
increasing preannealing temperature of the Si substrate.
To confirm this, the crystal structure was studied by GI-

XRD at 0.5° angle of incidence. With a SnS density of about
5.1 g/cm3, the X-ray attenuation length defined normal to the
surface can, in this case, be estimated29 as around 60 nm. This
exceeds the SnS film thickness, which means that reflections
are collected from the whole SnS film, while the peak-to-noise
ratio is much enhanced compared to normal incidence due to
the extended X-ray path length through the film. GI-XRD
patterns recorded for different Si preannealing temperatures
are given in Figure 2a on an expanded scale for 2θ from 30 to
35°. The GI-XRD data reveals a high degree of crystallinity of
the ALD SnS films and a polycrystalline structure that varies

with the Si substrate temperature treatment. The sample that
was annealed at 500 °C has 2θ peak positions at 30.8, 31.7, and
32.7°, which are very close to the reference peaks of pure π-
SnS and correspond to the (400), (410), and (411) Miller
indices, respectively.28 For the nonannealed Si−OH substrate,
on the other hand, the two peaks at 30.6 and 31.6° are most
pronounced. These are close to the reference peaks at 30.5 and
31.5° for the (101) and (111) planes of α-SnS, respectively.27

To obtain a relative measure of the phase composition in the
films, one may study the relation between peaks (i) and (ii)
labeled in Figure 2a, as captured in the peak intensity ratio “i/
(i + ii)”.14 This peak fraction increases with the Si preannealing
temperature, as shown in Figure 2b, which is consistent with
increasing content of cubic-phase SnS in the films.14 In
addition, shifts of both peaks (i) and (ii) are observed,
associated with changes of the (average) lattice parameters.

Figure 1. SEM images of SnS thin films on Si−OH after 1000 cycles of ALD performed at 120 °C after (a) equilibration for 1 h at 120 °C and after
1 h preannealing at (b) 300 °C, (c) 400 °C, and (d) 500 °C.

Figure 2. (a) GI-XRD patterns of SnS thin films prepared by ALD
(1000 cycles) on Si after vacuum annealing at varying temperatures.
(b) GI-XRD peak fraction [i/(i + ii)] versus annealing temperatures.
(c) Raman spectrum measured for SnS films with no annealing and
(d) after annealing at 500 °C.
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The clear development of the (411) peak at 32.7° provides
further evidence of increased cubic-phase content.
Raman characterization was performed to provide further

confirmation of the SnS phase dependence. Spectra were
collected for the SnS films grown on Si−OH without annealing
and on Si−OH after annealing at 500 °C (Figure 2c,d).
Without annealing, peaks are found at 95, 162, 187, and 224
cm−1, which all match with those of previous reports related to
α-SnS.30,31 After annealing, Raman peaks associated with π-
SnS, notably at 110, 173, and 202 cm−1, dominate the
spectrum. Based on the results from SEM, GI-XRD, and
Raman spectroscopy, we thus conclude that on hydroxylated
Si(100), vacuum annealing favors the growth of π-SnS over α-
SnS. Annealing increases the surface energy of the substrate
through a reduced number of OH groups, as illustrated by
Figure 3. The dependence of the GI-XRD peak fraction of the

grown SnS film on the substrate annealing temperature may
thus be connected to the higher surface energy, where a lower
OH density and higher surface energy favor the π-SnS growth.
The surface and bulk free energies of growing films generally

play a decisive role in their growth behavior, the resulting
crystal structure, and texture. Films tend to grow to minimize
the total free energy of the bulk and exposed surface planes and
thereby approach the thermodynamic equilibrium. Abutbul et
al.32 recently presented density functional theory (DFT)
calculations for both π- and α-SnS and their most commonly
exposed facets. While the bulk energies of the two phases are
similar and make negligible difference to the total free energy
at the initial stages of film growth, the (010) facet of α-SnS
displays substantially lower surface energy than any facets of π-
SnS, making α-SnS the favorable phase in this comparison.
However, the absolute values of various ligand adsorption
energies on the (100) surfaces of π-SnS particles are much
higher than those on any facet of α-SnS. Under conditions of
ligand termination, the overall free energy is thereby rather
minimized for the π-phase, and the growth of ligand-
terminated π-SnS nanoparticles becomes thermodynamically
favorable. Since the free energy varies so much with surface
termination, the SnS growth mode is strongly influenced by
both density and bonding characteristics of ligands adsorbed

onto its surfaces. The relative contribution of surface energy
increases with decreasing nanoparticle size and film thickness,
emphasizing its role in the initial film growth.

Spectroscopic Ellipsometry. In general, the information
on the substrate surface energy of relevance for film growth, for
example, by contact angle measurements, is not straightforward
to obtain due to its sensitive dependence on various
conditions. Since these include temperature, ambient atmos-
phere, and processing history of the sample, in situ character-
ization at close to the growth conditions is more or less a
requirement. Here, in situ spectroscopic ellipsometry (SE) is a
useful optical technique for accessing the information on the
substrate condition and film growth. Minute changes of surface
layers, down to fractions of an Ångström in thickness, are
readily detected. This permits the study of the initial film
growth as well as its more long-term behavior. In this work, SE
spectra were collected every few seconds, providing several
sampling points per ALD cycle. To interpret the data, optical
modeling was applied by means of a three-layer model for the
growing SnS film: a bottom layer for material next to the
substrate interface, a mid layer for SnS of more bulklike
character, and an EMA layer for the mixed layer of SnS and
vacuum resulting from surface roughness, as further described
in the Materials and Methods section. The solid thickness of
SnS, obtained by adding the thicknesses of these three layers
after multiplying the top EMA layer thickness by its SnS filling
factor (i.e., its solid volume fraction) is used as a measure of the
total amount of SnS deposited on the substrate.
On Si−OH with no annealing, the SnS growth rate is

initially higher than steady state, but it relaxes to the steady
state after 50−100 ALD cycles (Figure 4a). As discussed
above, growth on this type of substrate results in a high
fraction of the α-SnS phase after completion of 1000 ALD
cycles. This manifests in a comparatively low GI-XRD peak
fraction (inset of Figure 4b). In contrast, SnS growth on
annealed Si−OH substrates or on Si−OH substrates modified
by a few ALD cycles of Al2O3 displays a more complex
dynamics (Figure 4a). Somewhat counterintuitively, the
presumably increased surface energy and reactivity after
annealing or Al2O3 deposition leads to a slower growth rate
after the first Sn(acac)2-pulse. The SnS growth is increasingly
suppressed with the number of Al2O3 cycles up to five. At this
point, a nearly closed Al2O3 film presumably forms on top of
Si34 and additional Al2O3 cycles do not make a clear difference
for the SnS growth. After the initial inhibition, the SnS growth
rate increases approximately parabolically over a long period of
several hundred ALD cycles, and it exceeds the steady-state
rate before leveling off to linear, steady-state growth. The GI-
XRD peak fraction, measured after completion of 1000 SnS
cycles, suggests an initially rapid increase of the content of the
cubic SnS phase with the number of Al2O3 cycles on the
substrate. This connection between the substrate properties,
initial growth behavior, and the final phase composition is
emphasized by an approximately logarithmic dependence of
the GI-XRD peak fraction on the initial growth rate (GRi), as
illustrated by Figure 4b. The GRi was here evaluated right after
the first Sn(acac)2 pulse (that is, at 0.5 ALD cycles) by means
of a second-degree polynomial fitted over the range from 0.5 to
4.5 cycles, as shown in the inset of Figure 4a and further
discussed below. The strong relationship between the initial
growth behavior and the composition of the crystal phase in
the final film clearly indicates the existence of distinct growth
modes, where one is connected to the development of the

Figure 3. Approximate density of OH groups (left y-axis) after
annealing the Si substrate at different temperatures, together with the
corresponding surface energy of the Si substrate (right y-axis).26,33

The GI-XRD peak fraction is a proxy for the resulting phase mixture
of the grown SnS film, with higher values indicating higher contents of
π-SnS compared to α-SnS.
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cubic and another to the orthorhombic SnS phase. For this to
be possible, some critical aspect of the growth surface(s) must
promote one growth mode over the other while being
preserved over many repeated ALD cycles. A familiar example
of this is lattice matching,35 that is, that surface facets with
lattice constants matching one phase of the material may favor
the growth of that phase over, for instance, an amorphous
phase. In the same fashion, a substrate with a surface that
matches the growth surface of one of the polymorphs in a
critical sense may initiate the corresponding growth mode.
Recently, a combination of lattice matching and chemical
compatibility was reported to yield epitaxial π-SnS growth on
PbS.24 In the present case, however, such chemical epitaxy24 or
more plain lattice matching is not well suited to explain the
substrate dependence, as Al2O3 and the oxide of Si

36 both have
amorphous surfaces. An overlayer of hydroxyl groups is
unlikely to change that. This necessitates surface chemistry
alone to yield phase selectivity in the present cases.

Initial Growth. To elucidate the initial growth behavior
further, we note that for films with thicknesses on the
Ångström level, changes of the refractive index versus thickness
are not robustly distinguished by SE in the regular optical
range. For this reason, a fixed set of typical optical constants for
SnS were deployed when measuring only the first few cycles of
growth, as in Figure 5, where the initial pulses and cycles of the

SnS deposition are compared for Si−OH- and Al2O3-modified
Si−OH. The suppressed growth on Al2O3-modified Si−OH is
seen to follow immediately after the first Sn(acac)2 pulse and
the associated step in thickness (Figure 5a). Based on the
suppressed growth of Pd on Al2O3 us ing Pd-
(hexafluoroacetylacetone)2, it has previously been suggested
that the acetylacetonate (acac) ligands of Sn(acac)2 form an
Al-acac surface species, which blocks or strongly suppresses
further precursor adsorption.18 It has also been demonstrated
that acac ligands derived from Cr(acac)3 form donor−
acceptor-type bonds with Al3+ ions exposed on Al2O3 surfaces.
A strong ligand bonding can explain the slow overall SnS
growth rate following the first ALD cycle, as observed in Figure

Figure 4. (a) In situ SE analysis of SnS film growth on Si−OH
substrates modified as indicated in the legend. The inset shows the
fitted portions of the growth curves (dashed lines) used to determine
the initial growth rate. (b) Final GI-XRD peak fraction of SnS films
formed after 1000 ALD cycles versus the logarithm of the initial
growth rate. The corresponding numbers of Al2O3 ALD cycles used to
modify the substrate are shown by the data labels. The inset shows the
final SnS GI-XRD peak fraction versus the number of Al2O3 cycles (x)
on the Si−OH substrate, with a fitted exponential dependence [0.76
− 0.63 exp(−1.3x)].

Figure 5. (a) Long-term effects of Sn(acac)2 pulses on Si and on
ultrathin Al2O3 (30 cycles on Si). One pulse (1.6 s long) is performed
every 100 min. (b) Long-term effects of full SnS ALD cycles (20 s
long) on the same substrates, performed every 100 min. (c) Regular
SnS ALD cycles on Si−OH- and Al2O3-modified Si substrates at the
initial stages and (d) after the first 95 cycles. Gray fields indicate the
Sn(acac)2 half-cycles, and the white fields indicate the H2S half-cycles.
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5b. This is additionally supported by studying the initial cycles
with individual pulses resolved during regular ALD conditions,
as shown in Figure 5c. This shows that the strongly bound
ligands on Al2O3 form a stable layer with a low reactivity
toward H2S and that these ligands thereby suppress further
SnS growth. The surface poisoning of this ligand adsorption is
less obvious on preannealed Si−OH, where a clear thickness
step is missing (inset of Figure 4a). We believe this is due to
evaporation of some Sn(acac)2 precursor from the delivery
line, unintentionally heated during the annealing step. This
may lead to adsorption of ligands or other species on the
annealed substrates prior to the actual ALD run and thereby to
the lack of a clear thickness step in this case.
In contrast to the facets of the inherently layered α-SnS

structure, Segev et al. recently demonstrated by DFT
calculations that the facets of π-SnS have a relatively high
density of localized surface states.37 This is a consequence of
the cubic symmetry, for which crystal cleavage inevitably leads
to dangling bonds of exposed Sn atoms.32 Ligand adsorption
on these Sn2+ sites, where, in the present case, oxygen of the
acac ligand takes the place of sulfur in the SnS structure,
promotes further growth of π-SnS by stabilizing this phase
through high adsorption energy.32 Strong ligand bonding is
thus a key aspect for sustaining the π-SnS growth on itself, and
possibly for its selective nucleation on a substrate.
Immediately after the first Sn(acac)2-exposure on Si−OH,

we find that the layer thickness is higher than that on Al2O3
but transiently decreasing toward the latter (Figure 5a). A
higher thickness is consistent with weaker, more extended
bonds to ligands and Sn species formed after Sn(acac)2
dissociation on Si−OH but could also be due to more
extensive physisorption of the intact precursor on the Si−OH
substrate. For several metal(acac)2 complexes, such as
Cr(acac)3, Pd(acac)2, and Cu(acac)2, adsorption on silica has
been shown to occur without decomposition of the precursor,
i.e., via hydrogen bonding or other unspecific interactions.38−41

On the other hand, the asymptotic approach of the layer
thickness observed on Al2O3 after the first Sn(acac)2 injection
on Si−OH (Figure 5a) rather supports the eventual formation
of a ligand-terminated surface on Si−OH similar to the one on
Al2O3. Perhaps the most likely scenario is a mixed layer of
intact and dissociated Sn(acac)2 on Si−OH, where the
transient thickness reduction signifies dissociation and
formation of ∥−acac and ∥−Sn surface species, with the
symbol ∥ representing the substrate. As the free energy gain
from this dissociation is likely small on α-SnS (because the
gain from adsorption of other types of ligands is small on its
common facets32), the process is likely slow. It should also
result in the desorption of ligands through protonation and
Hacac(g) formation on the hydroxylated surface. Thickness
steps in the growth curve upon H2S pulsing (Figure 5c)
indicate that the weak ∥−acac bonds are susceptible to attack
from H2S [for example, by formation of Hacac(g) and ∥−SH]
and lead to the rapid initial growth observed in this case
(Figure 4a). In this context, it is interesting to note that the
reactivity with H2O is much lower than that with H2S, resulting
in a 4−5 times slower growth rate (of presumably SnO, not
shown here) on Si−OH. Thermodynamically, the H2O
dissociation energy is almost 15 times higher (2.9 eV) than
for H2S (0.2 eV),40 which may essentially explain this.
The full ALD cycle on long (Figure 5b) and short (Figure

5c) timescales demonstrate a net buildup of the thickness with
the first H2S pulse, especially on Si−OH. From this

observation, it appears unlikely that the majority of the surface
would be occupied by physisorbed Sn(acac)2 after the Sn-
precursor pulses, as the reaction with H2S and formation of
SnS through the dispelling of both ligands would rather imply a
reduction of the effective film thickness. It is, however,
uncertain how much the ligands contribute to the optical
properties in relation to Sn and S, as this depends on the
unknown spectral distribution of oscillator strength here.
Regardless, the growth on Si−OH and Al2O3 behave in a
qualitatively similar way when exposed to H2S. It therefore
seems feasible that Sn(acac)2 dissociates on both types of
substrates, and that H2S exposure leads to displacement of
most ligands from Si−OH but a relatively small fraction from
Al2O3. Thus, the selective growth of α- or π-SnS primarily
depends on the strength of the ligand interaction with the
substrate.

Temperature and H2S Dose Dependence. In previous
work, it was found that the π-SnS growth is favored by low
substrate temperatures (at least down to 80 °C) and high H2S
doses.14 In the current context, it may seem contradictory that
a high H2S dose does not rather favor the growth of the α-SnS
polymorph since high H2S exposure should result in more
ligand exchange and thereby drive the surface toward the bare,
nonterminated condition. On the other hand, one may wonder
how the growth of the π-SnS polymorph can occur at all, if
termination and “surface poisoning” by acac ligands is a
prerequisite for its stability. Perhaps the answer to these
conundrums lies in a relatively delicate balance of processes,
which is easily influenced by several factors.
If considering first the growth of π-SnS on itself, it is clear

that the phase-stabilizing ligands must, somehow, be
exchanged with sulfur from H2S. If the ligands are completely
removed, the bare π-SnS surface that forms has at least three
times higher surface energy than the lowest energy facets of the
α-SnS polymorph.32 Even a partial removal can thus be enough
for thermodynamics to favor a (surface or crystal) reorganiza-
tion toward the more stable α-SnS polymorph. A higher
temperature will help overcome any barriers to such
reconstruction and thereby promote the growth of the α-SnS
polymorph. Conversely, a low temperature could permit the π-
SnS polymorph and its higher density of Sn dangling bonds to
be preserved until the ligand termination is replenished during
the next ALD cycle. Hence, when ligand exchange with sulfur
is prevalent, the temperature dependence can be explained.
Regarding the H2S dose dependence, the exchange of the

stabilizing ligands with sulfur is an energetically less favorable
process on the π-SnS surface than that on the α-SnS surface.
The ligand exchange reaction may therefore require a higher
H2S dose to complete on the π-SnS surface. A high H2S partial
pressure could, especially in combination with the continuous
removal of desorbed products through pumping, produce a
temporary chemical potential able to quickly drive most acac
ligands off the surface. With a relatively low H2S dose, on the
other hand, the faster exchange on α-SnS facets will promote
the growth of the α-SnS polymorph over π-SnS when they
coexist on the surface. One implication of this is that high H2S
doses should result in similar steady-state growth rates of π-
SnS and α-SnS [that is, provided the ligand coverage after
Sn(acac)2 exposure is similar on α-SnS and π-SnS]. This is
more or less confirmed in Figure 4a. Further support for near-
complete ligand removal on both π- and α-SnS is found from
the qualitatively similar π-SnS and α-SnS growth behavior after
a relatively short induction period, see Figure 5d. Thus, the
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chemical potential variation with the H2S dose may explain the
previously observed14 H2S dose dependence. These observa-
tions also corroborate a quantitative rather than qualitative
difference in the governing surface chemistry of the two growth
modes.
The emerging picture is thus that SnS surfaces are

terminated by acac ligands after Sn(acac)2 exposure. This
stabilizes π-SnS growth, but with sufficiently high H2S
concentration, more or less all of the adsorbed ligands are
exchanged during the subsequent H2S pulse. The growth of α-
SnS benefits from a faster exchange of more loosely bound
ligands on α-SnS facets and by reconstruction of π-SnS into α-
SnS at high temperatures. This allows the previously observed
temperature and H2S dose dependences to be explained.
Substrate Effects. When it comes to the influence of the

substrate, it appears that Al2O3-modified and Si−OH
substrates are similarly terminated by ligands after the first
Sn(acac)2 exposure (Figure 5a). Depending on the substrate,
strongly bound ligands lead to surface poisoning, sparse
nucleation, and slow growth of the π-SnS phase, whereas
loosely bond ligands promote rapid growth of the α-SnS phase.
A critical question here is how the chemical interactions with
the substrate surface translate to a preference for one SnS
phase over the other. Two basic possibilities are that (i) initial
growth on a surface covered by strongly bound ligands requires
strong interaction with the ligands, i.e., the type of interaction
found only with the dangling bonds of the π-SnS phase, and
(ii) dense nucleation on surfaces with loosely bound ligands
leads to steric effects in favor of the α-SnS phase. The former
scenario is a more direct translation of surface chemistry to the
crystal structure and assumes little in addition to the
requirements for π-SnS growth on itself. The latter, on the
other hand, readily aligns with the different growth behaviors
associated with the development of π- and α-SnS.
The α-SnS growth mode is a form of substrate-enhanced

growth, which typically occurs when the density of adsorption
sites on the substrate exceeds the density of adsorption sites on
the surface of the grown film. Dense nucleation is thus
supported in this case, and initial layer-by-layer-type growth is
feasible. A naturally layered phase, such as α-SnS, may then be
energetically favored. Relaxation to linear, steady-state growth
follows after full coverage is achieved and the influence of the
substrate has subsided. This occurs in the range of 50−100
cycles (Figure 4a) here, which is typically more than what is
needed for film closureespecially in the case of layer-by-layer
growth. For this reason, a layer-plus-island (Stranski−
Krastanov) type of growth appears more likely. This would
also help explain the high roughness observed for α-SnS-rich
films (Figure 1a), which would not be produced by pure layer-
by-layer growth.
The growth behavior on Al2O3-modified Si−OH, on the

other hand, is after the first Sn(acac)2 pulse rather
characterized as a substrate-inhibited growth of type 2, which
is frequently associated with island (Volmer−Weber)-type
growth. The growth curve displays a transition regime between
initial growth and steady-state growth, where the growth rate is
temporarily enhanced, as seen between 400 and 600 cycles
here (Figure 4a). This can be understood since the surface area
of an island expands in three dimensions and exceeds the area
it occupies on the substrate, for example, by a factor 2 in the
case of a hemispherical shape. The total surface area will peak
just prior to island coalescence, resulting in a peak overall
growth rate (in terms of solid thickness) since the growth is

faster on island surfaces compared to that on the substrate.42,43

Alternatively, activation and growth promotion in a strip on
the substrate near the perimeter of growing islands could
produce an enhanced growth rate that peaks slightly before
island coalescence. In either case, the three-dimensional and
more isotropic island-type growth should favor the isotropic π-
SnS crystal structure from symmetry considerations. The phase
development may thus be the result of a combination of
surface interactions (weak versus strong ligand bonding) and
steric/symmetry effects, producing initially layered versus
island-type growth.
Additional experimental work, preferably supported by DFT

calculations, would be required to develop a more detailed
mechanistic understanding here.

Generalization to Other Substrates. As a contrasting
example to Al2O3-modified Si−OH, SnS grows preferentially in
the π-SnS polymorph on the native oxide of a sputtered, 80 nm
thick Ti layer on Si. Modification of this surface by ZnS ALD
promotes the α-SnS polymorph, as demonstrated in the inset
of Figure 6, where the final GI-XRD peak fractions of SnS films

are shown versus the number of ZnS ALD cycles. It takes
approximately 30 cycles to fully develop the effect of ZnS ALD
on the Ti surface.
An exponential decay function fitted to the GI-XRD peak

fraction gives a rate constant for its change of 0.13/ZnS cycle,
which is ten times slower than for modification by Al2O3 ALD
on Si−OH. When studying the logarithm of the initial SnS
growth rates from in situ SE, a quite strong correlation (R2 =
0.89) with the final GI-XRD fraction is observed for ZnS-
modified Ti substrates, as illustrated in Figure 6. In this graph,
SnS grown on Si−OH modified by 30 ALD cycles of ZnS is
also included, showing one of the purest orthorhombic films
measured in this work. The difference between the effect of
ZnS on Ti and Si−OH may be attributed to substrate
roughness. It has previously been shown that ZnS grown by
ALD has a pronounced island-type growth on SiO2. Although
ZnS islands coalesce on SiO2 already after a few ALD cycles,

Figure 6. Relationship between the initial growth rate, extracted by in
situ SE, and the final GI-XRD peak fraction of SnS films grown on a Ti
substrate after modification by the indicated number of ZnS ALD
cycles. The data for 30 cycles of ZnS on Si−OH is also included and
indicated as 30×ZnS. The inset shows the GI-XRD peak fraction
versus the number of ZnS cycles (x) on Ti, with a fitted exponential
dependence [0.39 + 0.75 exp(−0.13x)].
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the higher roughness of the sputtered Ti surface may delay this
and also accentuate the ZnS surface roughness beyond the
point of film closure.
Then, the initial layer-by-layer growth that we have

associated with α-SnS is less favored after 30 ZnS cycles on
Ti than after 30 ZnS cycles on Si−OH.
More generally, the SnS growth depends in a delicate

manner on the substrate surface condition. Even on the SnS
surfaces themselves, our results imply that the differences
between the facets of its two polymorphs result in selective π-
SnS growth on π-SnS and selective α-SnS growth on α-SnS.
Due to this sensitivity, predictions for other substrate surfaces
are not straightforward. Substrate characteristics that may
influence the SnS growth include both the density and
reactivity of dangling bonds and other reactive surface sites,
such as lattice defects of surface species, such as OH groups,
and of various forms of surface contamination. In this context,
the initial growth rate extracted by in situ SE can be a useful
proxy for the surface properties of importance. To further
investigate this, we studied the behavior and resulting GI-XRD
peak fractions on various substrate surfaces.
As in previous examples, GRi was extracted from the

derivative of a second-degree polynomial fitted to the growth
curve. Since similar thickness steps are typically observed
during the first Sn(acac)2 pulse, the lower limit of the fitted
range was set to 0.5 ALD cycles, that is, right after the first
Sn(acac)2 pulse and purge sequence. This is also the point
where GRi was evaluated. When varying the range fitted by the
polynomial for measurements on several different types of
substrates (see Figure 7), the correlation of log(GRi) with the
GI-XRD data peaks at 95% (R2 = 0.90) for a relatively short
interval of four ALD cycles (Figure 7a). For shorter ranges, the
correlation declines due to limited time resolution and noise in
the measurements, while longer ranges weaken the relationship
due to larger fitting errors for some of the growth curves.

Weaker correlation is found with other growth characteristics,
such as the steady-state growth rate (extracted near the end of
the SnS deposition), the final film thickness, the nucleation
delay (by linear extrapolation of steady-state growth to the
abscissa), and the plain GRi. The final film thickness comes
closest to log(GRi) in explanatory power for the final SnS
phase, with R2 = 0.60. A comparison of the measured and
estimated GI-XRD peak fractions for various substrates is
provided in Figure 7c, where some estimates based only on the
relationship to log10(GRi) shown in Figure 7b are also
included. More details on the substrate preparations are
given in the Supporting Information, Table S1.
There are cases where predictions based on the initial

growth rate will arguably fail. This includes situations where
the substrate surface layer is unstable or etched by either ALD
precursor, as this will interfere with both actual film growth
and the ellipsometric analysis of it. In other instances, the
initial growth is so strongly suppressed that meaningful GI-
XRD data is hard to obtain. For SnS grown on 30 cycles of tin
disulfide (near-stoichiometric SnS2), produced by ALD using
TDMASn(IV) and H2S,

20,44 a solid thickness of less than 7 nm
is observed after 1000 SnS cycles, see Figure 8a. The
exceptionally low initial growth rate predicts a predominantly
π-SnS film (Figure 7c). This is further corroborated by the
qualitatively similar behavior to growth on Al2O3, although it is
more extreme on SnS2. Just like Al2O3, SnS2, grown at 120 °C
with TDMASn, is highly amorphous20,44 and may therefore
expose a high density of dangling bonds. However, the GI-
XRD measurement for SnS on SnS2 cannot be used to confirm
the SnS phase, as only a single, weak peak is observed at
approximately 2θ = 31.8° (Figure 9a). Further, the Raman
spectrum is flat except for a peak slightly above 300 cm−1. The
latter is likely related to the amorphous SnS2 film on the Si
substrate (Figure 9b) since the A1g peak of crystalline SnS2 is
found in this region.45 It is therefore unclear which SnS

Figure 7. (a) Coefficient of determination (R2) for GI-XRD peak fraction predicted by the logarithmized initial growth rate versus the number of
ALD cycles used in the growth rate estimation. (b) GI-XRD peak fraction versus initial growth rate on various substrates, extracted for fits over four
ALD cycles (R2 = 90%). (c) Measured and estimated GI-XRD peak fractions for SnS films grown on various substrates. The estimates are based on
the linear interpolation shown in (b).
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polymorph eventually develops on SnS2, but SEM indicates
slow formation of isolated, flat grains of seemingly crystalline
nature (Figure 8b). It is worth noting that with further
optimization of the SnS2 deposition process and surface
patterning, the strongly suppressed growth could be of interest
for area-selective ALD of SnS.
Growth on gold substrates is also interesting and of

importance for applications in, for instance, plasmonics.9 The
growth behavior does not fit well into any of the two main
patterns discussed so far. The SnS ALD is initially slow (Figure
8a) but does not accelerate as much as on Al2O3 and SnS2 and
hence lacks a clear signature of island-type growth. The
thickness step usually observed with the first Sn(acac)2 pulse is
further obscured or missing for Au substrates exposed to air,
even when acetone and isopropanol cleaning is performed
shortly before loading into the reactor. The ellipsometric
model also requires the bare Au surface to be complemented
with a surface layer for adequacy. After in situ cleaning by

ozone (1 h, about 10% ozone in O2/N2 mixture at 700 SCCM
flow rate), on the other hand, a large initial step is observed
upon the first pulse of Sn(acac)2, followed by a rapid transient
reminiscent of the thickness decline observed on Si−OH. This
corresponds to a low but net negative initial growth rate as
defined above and cannot be used for the prediction of the SnS
phase. SEM of the resulting SnS films displays an unusual
morphology with large, flat grains oriented parallel to the
substrate (Figure 8c).
The results of GI-XRD are sensitive to the preparation of the

Au surface but indicate a highly orthorhombic SnS film for the
in situ ozone-treated layer with a peak fraction of 0.21. On the
other hand, the apparently textured structure of the SnS layer
may affect the peak ratio and therefore be misleading with
regards to the phase content of the SnS film. Meanwhile, the
Raman spectra in Figure 9b are less sensitive to effects of
texture and agree well with the previous results for α-SnS films.
Taken together, these results are therefore most consistent
with the growth of an orthorhombic polymorph in a layer-by-
layer mode, with surface planes oriented more or less parallel
to the Au surface.
More generally, we may conclude that the relationship

between the logarithmized GRi and the GI-XRD peak fraction
of the final SnS films holds up wellat leastfor growth on
oxides (including native oxides on metals and Si), sulfides, and
Si with varying degrees of hydroxylation. The previously
observed relationship between the peak fraction and the SnS
polymorph14 is here additionally supported by the Raman
spectra for SnS films grown on Ti, Ni, Mo, and Au (Figure 9b),
which imply increasing α-SnS content consistent with that
deduced from the GI-XRD data (Figure 7b).

■ CONCLUSIONS
In the atomic layer deposition of tin monosulfide, the substrate
can play a decisive role in the phase evolution of the grown
film. This phase selectivity does not depend on lattice
matching but is a chemically induced structural effect by the
substrate, leading to a predominance of either the π-SnS or α-
SnS polymorph. On substrates with high surface energy and
affinity for strong bonding with the acac ligands of the tin
precursor, chemisorbed ligands cover the surface after the first
tin precursor pulse and show low reactivity with H2S in the
subsequent half-cycle. This leads to a strongly suppressed
growth rate and sparse nucleation of SnS in the initial stage of
ALD. The subsequent accelerating growth rate is consistent
with Volmer−Weber, island-type growth. After 1000 ALD
cycles, the resulting SnS films have a high content of π-SnS.
Conversely, on highly hydroxylated substrates or substrates
with relatively weak ligand adsorption, the growth is initially
enhanced and results in SnS films with a high content of α-SnS.
The recent observation that growth of π-SnS in solution is

stabilized by strongly bound ligands, due to passivation of the
high density of dangling bonds found on the π-SnS surface
planes,24 can be associated with the substrate selectivity
observed here. Growth of the SnS polymorph that is most
similar to the substrate in terms of surface−ligand bonding
characteristics is promoted. Consistent with the role of the
ligands, we can also explain the previously observed temper-
ature and H2S dose dependences if noting that the α-SnS
growth benefits from a faster exchange of more loosely bound
ligands on α-SnS facets and that reconstruction of bare,
nonterminated π-SnS facets or grains into α-SnS is feasible at
elevated temperatures.

Figure 8. (a) SnS growth during ALD on Au substrates, cleaned
either in situ by O3 or ex situ by a solvent. Growth on SnS2 is also
shown. (b) SEM after 1000 SnS cycles on SnS2 suggests nucleation is
strongly suppressed on this surface. (c) SEM after 1000 SnS cycles on
Au (cleaned ex situ) displays an uncharacteristic SnS morphology with
large flakes oriented parallel to the surface plane.
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Due to its sensitive dependence on substrate surface
properties, the resulting SnS phase fraction in a film is
challenging to predict. A strong connection between the
logarithmized initial growth rate and the final SnS phase
composition is nevertheless found and permits predictions
based on the growth behavior of the first few ALD cycles.
The results are important for potential applications of SnS,

with implications for both growth reproducibility and SnS
phase evolution. We show that substrate modification for
control of the resulting SnS film can readily be achieved by just
a few ALD cycles of a suitable material. For instance, two ALD
cycles of Al2O3 are enough to change the growth from
predominantly α-SnS on hydroxylated Si to mainly π-SnS. The
π-SnS preferentially grown on a native Ti oxide is conversely
altered to predominantly α-SnS through substrate modification
by 30 ALD cycles of ZnS. The strongly suppressed growth
observed on amorphous, near-stoichiometric SnS2 and to some
extent gold surfaces could further be of interest for area-
selective ALD of SnS on patterned substrates and is in the case
of gold an important consideration for plasmonic applications.
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