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Reviewer #1:

The authors have addressed all comments, and their responses to comments 2-5 are very well
accepted. However, the response to comment 1 is lacking. This may be due to misunderstanding my
comment, which I would like to clarify: the [S/Sn] ratio in figure 8 is indeed determined by eq. 4, as
also noted in the original comment, which indeed refers to the shift of the Raman peak of the
relevant phase (only). However, eq. 4 was deduced from figure 7, in which this ratio was determined
as noted in the original comment: This ratio is calculated from the measured [S]/[Sn] ratio in the
films (by WDS), by accounting for the effect of other phases, detected in the film by XRD, on the
measured [S]/[Sn] ratio. The hidden assumption, as | understand it, is that only the SnS phase
deviates from the stoichiometric [S]/[Sn] ratio, while the composition of the other phases is strictly
stoichiometric.

The following revision was therefore not addressed: The authors should provide evidence for that
assumption, otherwise this correlation is incorrect (and/ or better explain the calculation of the
[S)/[Sn] ratio in the SnS phase from the measured [S]/[Sn] ratio of the films). As this analysis is
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Answer: The Referee is correct that presence of the secondary phases and their possible off-
stoichiometry in the set of thin films deposited by CVT method are extremely critical for the correct
determination of the coefficients in Eq. (4). However the used WDX method for the composition
estimation is a punctual method of analysis of the composition with spot size lower than 100 nm. In
this case the measurements were performed to avoid the grains with a highly distinct brightness,
which can be explained by the formation of secondary phases. The distribution of the secondary
phase crystallites can be seen in the SEM image below, and as we mentioned, these were not taking
into account during the compositional analysis of the SnS phase. The statement about this was
added to the end of Experimental details, page 7:

“Note that the regions in with a distinctively brighter contrast were assigned to the generation of
secondary phases (i.e. Sn,S3 and SnS;) on the SnS surface and these grains were avoided during

WDX elemental analysis in order to directly probe the stoichiometry of the SnS films.”
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Additionally, in the original manuscript we have written: “...to obtain strict equations describing the
dependencies a set of reference samples should be analysed, where composition was measured with
a high precision.”, and as it follows from both Abstract and Conclusions of the work we are not
pretending to present the strict correlation of the Raman peaks position with the [S]/[Sn] ratio, but

only underline the possibility to develop a useful methodology based on Raman spectroscopy.
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heat treatment on SnS. These results explicitly present how the variation of the [S]/[Sn] ratio in
samples deposited by different methods can lead to significant and correlated shifts in the relative
positions of Raman peaks, which is only observed in the a-SnS phase. Furthermore, we discuss the
suitability of using Raman spectroscopy based methodologies to extract fine stoichiometric

variations in different a-SnS samples.

Keywords: SnS, thin films, X-ray diffraction, Raman spectroscopy

1. Introduction

The high efficiency, low-cost production of solar cells by means of environmentally friendly
processes is the current challenge for photovoltaic (PV) terrestrial applications. Thin film
photovoltaic technologies, also known as second generation solar cells, emerged in order to meet
some of these expectations by combining high conversion efficiencies with low manufacturing
costs. Over the years, technologies based on different absorbers for thin film solar cells have been
developed, beginning with binary materials, such as Gallium Arsenide (GaAs), Cadmium Telluride
(CdTe) and then continuing with more complex solid solutions of ternary materials, such as Copper-
Indium-Gallium-Selenide (CIGS) [1]. However only CIGS and CdTe based thin film solar cells
have reached production level as result of costs/efficiencies competitive with established silicon
based solar cell technologies. In order to meet the rising concerns about the use of expensive, rare
(In and Ga), but also toxic (Cd) elements, alternative solutions quickly arose in the thin film PV
research area. Earth abundant and toxic-free materials such as Copper-Zinc-Tin-Sulfo-Selenide
(CZTSSe) [2] and simpler derivate such as Cu,SnS; [3] and SnS [4] were investigated. Even if these
compounds, at first glance, match the requirements for PV materials with suitable optical band gap,
high optical absorption coefficient, high quantum yield for excited carriers; their solar conversion
efficiency are still low compared to more established technologies, especially in the case of SnS-
based devices (where the record efficiency is still only 4.36 % [5]).

Several studies have been conducted to understand the origins for the poor performance of
SnS, and some issues have been determined. One in particular is related to the formation of single-
phase samples of SnS, which can be quite challenging, since secondary stoichiometric phases (such
as SnS,, or Sn,S3) are also easily formed during the synthesis [4]. Another issue is that the [S]/[Sn]
ratio in pure phase SnS samples is directly linked to the doping content and this has been shown to
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be strongly dependant on a samples’ deposition conditions [6]. Recent, studies highlight that the
precise control of the [S]/[Sn] ratio in a-SnS absorber layers can lead to significant improvements in
PV performance [7]. In addition, another challenge for SnS is that it can exist as different structural
polymorphs (o and =), which need to be taken into account in order to optimize the performance of a
SnS PV device. Even though the chemical composition and stoichiometry of the a- and #n-SnS
polymorphs are formally the same, the structural, physical, optical and electrical properties are
sufficiently different. This is evident from the numerous publications, where the main fundamental
properties of these two polymorphs are described elsewhere (follow the Refs. [8-14] for the a-SnS
phase and Refs. [14-20] for the n-SnS phase).

Although, the fundamental properties of both SnS polymorphs are well known and the
aforementioned limiting factors still undermine the performance of SnS in PV devices. Currently
there is a lack of methodologies to screen and control the acute sensitivity of SnS to stoichiometric
changes and doping content. With this in mind, Raman scattering spectroscopy can be a key to a
methodology for the quality control of thin film metal chalcogenide absorber layers. Previously,
Raman spectroscopy has been identified as a viable technique for the quality control of mass-
produced PV materials. Thus in the case of chalcogenide-based absorber materials, the control of
crystalline quality, crystal structure, chemical composition, defect concentration and phase content
can be performed by analysing their Raman scattering spectra ( see Ref. [21] and references therein;
Refs. [22-24]). In addition, Raman-based methodologies were proposed to analyse the critical
parameters of other layers in a thin film solar cells, such as thickness of a buffer layer [25,26], and
charge carrier concentrations in a top contact transparent conductive oxide (TCO) layer [27,28].
However, in all cases a crucial role is played by the high quality fingerprint Raman spectra of the
analysed material, and for most accurate results these may be measured under different excitation
conditions, which greatly widens the possibilities and sensitivity of the proposed Raman-based
methodology. The latter, known as multiwavelength Raman analysis, has already been demonstrated
with a series of different materials used not only for the PV devices [29-33].

In the case of a- and m-SnS there have been a wide variety of reports on the Raman
spectroscopy. Skelton et al. [34] presents an in-depth first-principles study of the lattice dynamics of
the tin sulphides where they predict the Raman spectra of both a- and n-SnS polymorphs, and
highlight how Raman spectroscopy could be used to identify and characterise phase impurities in tin
sulphide samples. Li et al. [35] reported on the high resolution Raman mapping of SnS and
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SnS/SnS; heterostructured nanocrystals grown by chemical vapour transport methods (CVT). In this
report the authors identified a significant shift in the Aq (191.2 cm ) and Bsg (162.8 cmY) peaks of
the 0-SnS phase, which gradually red shifted to 186.8 and 158.3 cm™* when measuring from the
edge to the centre of the flakes composed of either a-SnS or a-SnS/SnS, heterostructured. They
attributed this red shift to the inherent structural strain in the a-SnS nanoflakes, but are unable to pin
point an exact underlying reason for such a shift [35]. Furthermore through the angular-resolved
Raman intensity of the Aq mode, they also reported on the anisotropic properties of the Ay peak of
SnS flakes with various thickness using 514.5 and 632.8 nm excitation wavelengths [36]. Similarly,
Di Mare et al. [37] reported on the deposition of a-SnS thin films produced by thermal evaporation,
and from Raman analyses the effects of substrate temperature on the as-deposited a-SnS showed no
significant difference in the relative peak positions. However, post annealing of the a-SnS samples
or subjecting samples to secondary deposition cycles resulted in a similar red shift in the Ag and Bs
relative peak positions [37].

Although some examples have been presented, we identified that only a few reports on the
Raman spectrum of both SnS polymorphs [38], and none have examined these polymorphs by
identifying their fingerprint Raman spectra and their resonance Raman modes. These may be
identified from a wide range of excitation energies, which is the main issue of the present work. We
have successfully deposited thin film samples of a- and n-SnS by aerosol assisted chemical vapour
deposition (AA-CVD), and a-SnS thin films by chemical vapour transport methods (CVT), utilised
for the in-depth structural and Raman scattering analysis. The second part of this study was focused
on evaluating the influence of the stoichiometric [S]/[Sn] ratio in certain samples, to the Raman
spectra of each SnS polymorph. From which we identified a clear correlation and shift in the Ay and
Bsg modes with the [S]/[Sn] ratio of the a-SnS polymorph. Subsequently we propose a methodology,
based on the Raman scattering spectroscopy, for the fast and non-destructive compositional

evaluation of a-SnS thin films.

2. Experimental details

The first part of this study deals with the identification and assessment of SnS polymorphs.
To do so, the thin films of a-SnS and the metastable n-SnS polymorph, were deposited onto FTO-
coated glass substrates. The exclusive deposition of different polymorphic forms of SnS is achieved
by temperature control, via an aerosol assisted chemical vapour deposition (AA-CVD) process using
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a 0.08 M toluene solutions of Dimethylamido-(N-Phenyl-N’,N’-Dimethyl-Thiouriate)Sn(ll) dimer
(TDPDT) single source precursor [14] (figure 1a). a-SnS and n-SnS were deposited at a furnace
temperature of 300 and 375 °C, respectively, for 100 min.

After initial Raman analysis of the AA-CVD o-SnS and n-SnS samples, measured under
different excitation wavelength, the samples were then annealed under an atmosphere of air on a hot
plate for 10 min, at 6 different temperatures from 205 up to 388 °C. The samples treated with the

different annealing temperatures were then analysed by XRD and Raman spectroscopy.

a) Precursor b
) and solvent Solvent By-products ) o
vapor (.‘.‘.“‘.) (.‘..‘."‘.) (.‘.‘.‘.‘) SnS thin film PUWdEf T r 2 2 /Sn,S,, Gradient
" +® N’ \ © O=g_Om= o
@Q@Qﬂ o ‘o= - - OQ'Q\OO"OP\.O‘:OO\G Dolﬂ
sss$ ssss $$$$\ ssss N
OO (OO Substrate Substrate
Furnace Furnace

Figure 1. Scheme presenting the two synthetises methods for the deposition of SnS thin film samples.
(a) presents the selective deposition of homogeneous a- and z- SnS thin films using aerosol assisted
chemical vapour deposition (AA-CVD) and (b) presents the chemical vapour transport (CVT)
method resulting in a lateral gradient in the composition of a-SnS samples.

Finally, to study in more detail the influence of the stoichiometric [S]/[Sn] ratio in a-SnS
samples, a separate set of samples were deposited by chemical vapour transport methods (CVT)
onto glass substrates. The [S]/[Sn] ratio was varied by synthesizing reference samples using a
gradient thermal CVT system (figure 1b). For the CVT process a ceramic crucible consist of 150 mg
of commercial SnS powders (Alfa Aesar 99.5 %) was positioned 20 cm from the glass substrates
(soda-lime glass, SLG), in a horizontal quartz tube purged with Argon and placed in a multi zone
split tube furnace. The SnS powders were heated to 580 °C and the glass substrate temperature was
varied between 380 and 430 °C depending on the distance from the precursor powder (see figure
1b). The SnS vapours were carried to substrates with an Argon flow for 30 min. This resulted in the
formation of a thin film gradient consisting of a-SnS with a [S]/[Sn] ratio ranging between 1.00 and
1.56.

XRD measurements were performed by means of a PANalytical X’Pert PRO MPD alphal
diffractometer in a Bragg-Brentano 6/20 configuration using Cu Koy radiation (A = 1.5406 A),
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selected by means of a Johansson type Ge (111) focusing primary monochromator, and an
X’Celerator silicon strip 1D detector (active length of 2.113°). 20 scans were obtained from 4 to
145° with a step size of 0.0166 ° and ~1.6 seconds per step (a total measurement time of ~3.8 hours).
An automatic divergence slit system and a mask enabled a constant irradiated surface (10 x 12 mm?)
over the analysed sample. The diffracting volume was constant over all the measured angular range
taking into account the finite thickness of the analysed thin films. During the measurement samples
were rotated at 30 rpm.

Full profile analysis, Rietveld method [39], were performed to precisely determine the cell
parameters of the observed o-SnS and =-SnS, phases and in order to characterize their
microstructure, obtaining the average apparent crystalline size and eventually the average
microstrain, and to semi-quantify [40] the observed tin sulphide phases when mixtures were
observed. The refinements were performed by the TOPAS v5 software [41,42]. The background was
modelled with a 6™ order Chebyschev polynomial. The instrumental contribution to the diffraction
profile was calculated with the Fundamental Parameters Approach [43]. The soda-glass contribution
was considered by refining the area of their “observed wide peaks” as fitted in an XRD
diffractogram of a soda glass reference sample. When present, the FTO phase of the underlying
substrate was considered by adjusting the corresponding SnO, Cassiterite phase to the fixed
structural model obtained from Seki et al. [44]. The structures of the observed tin sulphide phases
were also fixed for a-SnS [11], n-SnS [17], SnS; [45] and Sn,S; [46]. The peak width of each phase
was modelled with the Double-Voigt approach by considering only the Lorentzian contribution of
the crystallite size and only the Gaussian contribution to the microstrain. The Lorentzian and
Gaussian averaged integral breadth are obtained from the resulting fitted VVoigt function to the whole
powder XRD diagram. The Scherrer and Stokes-Wilson equations [47] were then respectively
applied to obtain the apparent crystallite size and microstrain. Furthermore, when necessary a
preferred orientation correction was applied, as implemented in TOPAS v5 software.

Two different SnS polymorphs were examined by the Raman scattering measurements. For
the 325, 442, 532, 633 and 785 nm wavelength excitations, the measurements were performed in air
in backscattering configuration with a Horiba Jobin Yvon LabRam HR800-UV system. The reduced
spot size used in the microscope configuration had a diameter between 1 — 2 um. This system also
allows the use of a DuoScanTM accessory which allows measuring areas of approximately 30 x 30
um?. For the 514.5 nm wavelengths, the measurements were performed using a T64000 Horiba
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Jobin-Yvon spectrometer, in back-scattering configuration, in two modes, i.e. macro mode with a
spot size of 100 um, and micro mode with a spot size of 1 —2 um. The T64000 Horiba Jobin-Yvon
spectrometer is equipped with the high-resolution triple monochromator which allows to avoid using
the excitation wavelength filters and to measure the Raman peaks down to 20 cm™ from the laser
line.

To determine the chemical composition of the SnS samples, wavelength dispersive X-ray
measurements (WDX) were been performed using an electron microprobe analysis JEOL-JXA 8200
EMPA system with an energy 20 keV. In order to obtain reliable results from the WDX
measurements, the system was calibrated using elemental standards. High accuracy of the

composition parameters was achieved by averaging over 20 local measurement points to an integral

chemical composition, with an accuracy of + 1 at.%. Noté that the regions in with a distinctively

3. Results and discussions
3.1 Structural and vibrational characterization of a- and z-SnS polymorphs

Figure 2 depicts the XRD patterns of a-SnS and 7-SnS thin film samples deposited onto FTO
coated glass substrate by AA-CVD method. In both cases the most intense diffraction peaks for the
FTO substrate were detected. Both diffractograms show pure a-SnS and n-SnS polymorphs with a
high crystalline quality without any evidence of elemental Sn, or SnS;, Sn,S; secondary
stoichiometric phases. Additionally, no mixtures of the a-SnS and =-SnS polymorphs were
observed, and only pure phases were detected for each sample. In both cases no clear
crystallographic preferred orientations were detected. The resulting plots of Rietveld refinement are

also presented in the figure 2 and the refinement parameters are listed in table 1.

~
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Figure 2. Rietveld refinement of an XRD pattern of (a) a-SnS and (b) z-SnS thin films deposited

onto FTO coated soda-lime glass substrates.

Table 1. Agreement factors, cell parameters, cell volume, volume per formula unit (V/Z) and
averaged microstructure parameters obtained from the Rietveld refinements on pure o-SnS and r-

SnS thin film samples.

Apparent .. .
Structure, 3 ViZ Microstrain
Rww Re a(d) bA) cR) VA 3 crystal .
space group, Z (A% size (nm) (8d/d)-10
0-5nS Ortgcr’]mzrlb'c’ 6.87 3.69 11.2137 3.9917 4.3151 193.150 4829 280 13
s CC 5472051162658 - - 157165 4911  >1000 12
o P3,2, 32 ) . ) ) ) )

In order to further investigate the polymorph pure a-SnS and n-SnS thin film samples, a
detailed vibrational characterization by Raman spectroscopy has been performed. As previously
stated, the a-SnS phase is a stable structure belonging to Pnma space group (mmm or Dy, point
group), with an 8 non-equivalent atoms (Z = 4) in the primitive cell. Its irreducible representation
consists of 24 vibration modes [34]:

I'=4A; @ 2A, @ 4B,z @ 2By, @ 2B;y5 @ 4B,y @D 2B3; @ 4Bay, 1)
three acoustic modes (B;, @ B,, @ Bs,) and twenty one optical phonon modes split into 2 inactive
(2Au), 7 infrared active (By, @ 3B, @ 3B3,), and 12 Raman active (4A; @ 4B;, @ 2B,, D

2B3,). Hence 12 Raman peaks are expected in the Raman spectra of a-SnS phase.
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On the other hand, n-SnS phase belongs to P2;3 space group (23 or T point group). The
primitive cell contains 64 non-equivalent atom positions (Z = 32), which results in 192 phonon
modes, collecting in the following irreducible representation [34]:

' = 16A @ 16E @ 48T. (2)
Here 1 triple degenerated T mode is acoustic and the other 189 modes are optical (A are non-
degenerated, E are double degenerated and T are triple degenerated). All optical T modes are Raman
and IR active, and the A and E modes only Raman active. This yields 126 possible peaks in Raman
scattering spectra (taking into account the TO-LO splitting of T modes). The clear difference in the
expected vibrational fingerprints of the a-SnS and n-SnS polymorphs is due to differences in their
irreducible representations.

Figure 3 presents the Raman spectra of both a- and n-SnS polymorphs under 6 different
excitation wavelengths from the UV (325 nm) to the infrared region (785 nm). As predicted by the
irreducible representation, each polymorph has a specific Raman spectrum pattern which is repeated
and slightly modified as the excitation wavelength increases. For the a-SnS case regardless of the
excitation wavelength, four main peaks are always resolved at 96, 163, 192 and 220 cm™ (in the
region with wavenumber higher than 75 cm™). As the excitation energy changes the intensity ratio
of these peaks is modified (e.g. see figure S1a). In total ten peaks from twelve expected from the
irreducible representation analysis were observed. In Table 2, the optimal excitation wavelength and
the positions of the peaks observed are summarize. The found wavenumbers are in good agreement
with the experimental spectra reported by Nikolic et al. [48] and with the calculated phonon energy
positions reported by Skelton et al. [34]. The comparison with the theoretical calculations allows
correlating eleven modes within nine observed peaks, while one theoretical mode expected at 203
cm™ is not observed and one additional peak at 286 cm™ is not reported as fundamental peak for the
theoretical calculations. This suggests that this peak is related to overtones, in contrast to the
assignment proposed by Chandrasekhar et al. [49]. A tentative symmetry assignment proposed in the
table is following the identification of the fundamental peaks reported by Skelton et al. [34]. The
observed change in the peaks intensity ratio with the excitation wavelength was attributed to
presence of the resonant/pre-resonant effects, as observed in other metal chalcogenide samples [29-
33]. For the 325, 442 and 785 nm excitation wavelength an enhancement of the specific peaks is
apparent due to the coupling of the excitation wavelength with optical active electronic transitions. It

has been experimentally reported that direct band gap of a-SnS is around 1.5 eV and that there are
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additional optical active transitions at 2.7 and 3.5 eV [50]. The energy value of these transitions are
coupled with excitation wavelength of 785 nm (~ 1.6 eV), 442 nm (~ 2.8 eV) and 325 nm (~ 3.8

eV), respectively. On the other hand, the preferential enhancement of the peaks for the above

mentioned resonant excitations are attributed to the enhancement of the specific vibrations due to

the coupling of the excitation energy with the bands mainly formed by different atoms [51].

Intensity (arb. units)
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Figure 3. Raman spectra, measured with different excitation wavelengths, for pure (a) a-SnS and

(b) 7z-SnS thin film samples deposited by AA-CVD. The low intensity peaks in the high wavenumbers

range are emphasized in the figure S1 from the Supporting Information.
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Table 2. Position of Raman peaks of a-SnS and n-SnS phases. Results from previous experimental

and theoretically calculated wavenumbers are also presented, together with proposed symmetry

assignment.
a-SnS m-SNS
Exp
Exp Exp Calc. X Exp Calc.
% %
(omy THSWork [4948]  [34] ‘?3':; (r’]‘m) \;:i [38] [34] ?;IE
em*)  (m?)  (em?) 4 (em® (cm™)
(cm™)
40.7 40, 47 41 Ay 39.4 36, 36, 39 E,T,A
45.9 43,47, 48 T,T,E
50.1 49, 50 48 By 49.9 49, 50, 51 ATT
54, 56, 56, 58, TETT,
58.9 59 59, 61, 62, 64 ET,AT
A 66, 68, 69, 71, EEATT,
All 68.3 70,58 66, 67 By, Big 785 70.8 71 7172 ET
633 77.6 85, 78 80 By
79, 79, 81, 84, T,AE A,
All 85.2 86 T
All 90.3 20 88, 89, 92 TT,T
785 96.4 95111 92 Af 785 96.8 98, 99, 103 TT,T
All 111.0 112 107, 107, 112 T,E A
442 1219 123 116, 118 TA
442 163.3 164,160 161 By’
165, 166, 166, 168, A, E, T,T,
442 1734 176 173,174, 177, ATE,
178, 180, 183 T,TE
532/633 191.8 192,194 189 A 325 1921 192 187, 195, 197 ATT
201,202,202,207, T,T,A T
2 ] ] ] ] y by l )
- 208,— 203 Bsg 325/785 2041 202 200,210,212 214 T.E.T.E
219, 220,220,221, AE, T, A
1 4 1] 1] 1] 1] ] 1 H ]
785 2195 218,216 218,220  By4, A, 785 220.8 224 292 224 T
442 230.3 227,229,229,239 T,ET,T
, 242,249,252, 257, T,T,T, A
785 2633  —,264 275 Big 442/432/633  262.9 257 257 263 266 E.T.A.T
325/633 276.5 269 T
633/785 2865 290, - AF+AS*

*Optimal excitation wavelength for the assessment of the each peak. The 514.5 is discarded for its preferential

polarization signal dependence due to the configuration of the system.
**Multimode assignment proposed in this work, in contrast to the data from Ref. [49].
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As expected for the n-SnS samples, a much more complex Raman pattern was measured. In
this case, 17 resolved peaks with different degree of broadening are observed. As mentioned, 126
peaks can be present in the Raman spectra of n-SnS. This high amount of expected peaks leads to
strong overlapping and thus induces effective broad bands, and therefore restricts the degree of peak
refinement that can be achieved (table 2).

In contrast to the Raman analysis, quite narrow Bragg reflexes were observed in XRD
pattern, indicating a high crystal quality of the n-SnS sample (the crystal size ~ 1 um). Good
crystallite quality, should lead to similar narrowing of Raman peaks, which were observed for a low
wavenumber peaks in the range < 125 cm™. However, as it was mentioned before, strong
overlapping resulted in observed broad bands in the range > 125 cm™. The tentative symmetry
assignment by comparison with calculated results in this case is also limited, as it is summarized in
table 2. Furthermore, as observed in the case of a-SnS, the use of different excitation wavelengths
for the n-SnS samples, brought a modification of the relative peak intensities. This is attributed to a
coupling of the excitation wavelength with the different optically active transitions.

A detailed analysis of the both Raman spectra allows to observe similarities between the
spectra of the two structures. In both cases two different spectral regions can be specified. First, for
a low wavenumber < 150 cm™ and the second, for the region between 150 and 250 cm™. The
comparison with the theoretical calculations derived by Skelton et al. [34] allows identifying the

first region with Sn-S vibrations and the second with pure S vibrations.

3.2 Evolution of the vibrational properties with the hot plate annealing

As previously mentioned, one of the main issues of SnS as a PV material is the lack of
control over its doping, which is directly linked with its stoichiometry (i.e. [S]/[Sn] ratio) [52].
Furthermore, in depth analysis of the impact that the compositional ratio has on the vibrational and
structural properties of SnS samples is not widely documented. In previous reports of SnS PV’s, it
has continuously been clear that there is a relationship between the [S]/[Sn] ratio in the SnS samples,
with deposition temperature and the post-deposition treatment [20,53-55]. Subsequently these
variables can strongly affect the performance of SnS based PV devices [20]. Considering this, using
the as-deposited phase pure a-SnS and n-SnS samples deposited by AA-CVD, we performed various
mild hot plate annealing treatments in air for 10 min. Figure 4 shows the corresponding XRD

diffractograms and Raman spectra excited with 532 nm laser line for these various annealing
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treatments. From both techniques we have observed the formation of the SnS; stoichiometric phase
for both a- and m-polymorphs at temperatures higher than 250 °C. The formation of the SnS, phase
can be related to the possible disproportionation of Sn**, oxidation of SnS in air, coupled with the
subsequent resulfurization and high volatility of SnS at mild temperatures, where previous
observations showed a significant loss of mass at ~300 °C during differential thermal analysis of nt-
SnS samples [54]. We therefore denote the combination of these processes to change the [S]/[Sn]

ratio in these samples.

(a) (b) FTO
= — \
f2) FTO f2) |
c \ c
=) =)

e} FTO i~
— —
S FTO S
I N I
‘» ‘»
c c
2 2
£ £
[ Il \
) a-SnS a-SnS q—SnS a-SnS
10 20 30 40 1
20(°)

@ o s,

Intensity (arb.units)
Intesity (arb. units)

50 100 15 200 250 300 350 50 100 150 200 250 300 350

Raman shift (cm™) Raman shift (cm™)

Figure 4. Top — XRD pattern of (a) a-SnS and (b) #-SnS thin films annealed at different
temperatures under air atmosphere for 10 min. Bottom — Raman spectra excited with 532 nm laser
line of (c) @-SnS and (d) #-SnS thin films annealed at different temperatures under air atmosphere

for 10 min.

Interestingly, no significant shift in the peak position were observed in neither Bragg

reflexes or for Raman peaks of the n-SnS samples with this mild thermal treatment in air, while a
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clear dependence from annealing temperature was found for both Bragg reflexes and Raman peaks
of the a-SnS polymorph. With increased annealing temperatures we present a detailed analysis for
the evolution and shift of the most intense Raman peak positions for the a-SnS samples in figure 5.
Peaks at 96 and 220 cm™ (A, and A,* respectively) showed an insignificant blue shift (blue
symbols in figure 5a). The peaks with original position at 163 and 192 cm™ (B, and Ay modes,
respectively) on the other hand presented a significant red shift in relative peak positions (red
symbols in figure 5a). The blue shift of the Ag2 and Ag4 peaks are most probably related to the small
changes crystalline quality, which can influence the width of the peaks (see the Figure S2). On the
other hand, the inflexion behaviour for the B%; and Ay modes should have a more complex nature,
related to the specific atoms sitting at the site of these vibrational modes. To further analyse this
effect, Rietveld analysis of the diffractograms obtained from the a-SnS and ©-SnS samples annealed
at different temperatures (see the table S1) was performed and allowed us to monitor the evolution
of the lattice parameters with hot plate annealing (figure 5b). Here a clear anisotropy in change of
the lattice parameters of a-SnS polymorph was obtained, where a and b parameters increased and ¢
parameter decreased with annealing temperature. The change of the lattice parameters leads to
changes in the bond length, and as result to the change of the force constants related to the bond-
stretching forces between the atoms. The phonon energy is directly proportional to the force
constant, which yields the indirect proportionality with the lattice parameters. In this framework, the
observed red shift of ngz and A@,3 means their preferential vibration perpendicular to c¢ axis, while
the Ag2 and Ag4 modes should vibrate in ac (010) or bc (100) crystal planes, where the increase of

one parameter is compensated with decrease of other.
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Figure 5. (a) Shift of the main o-SnS Raman peaks positions versus different annealing
temperatures. (b) Change of the lattice parameters of both SnS polymorphs versus different
annealing temperatures. The errors in both graphs do not exceed the spot size.

It should be noted, that in the case of cubic n-SnS there was not observed a trend in the
change of lattice parameters with annealing temperature (see the black points in figure 5b). This
leads to retention of the bond distance and force constants, and as result no change in the
wavenumbers of Raman peaks is expected, and was not observed in the measured spectra (see figure
S3). Additionally an amount of a-SnS phase was found in the n-SnS thin films annealed at
temperatures higher than 300 °C, which is in agreement with the results of XRD analysis (see table
S1), and is in accordance with higher stability of a-SnS phase. Appearance of the a-phase is hardly
detected in the Raman spectra in the range 130 — 250 cm™ (see figure S4), but it is undoubtedly seen
from the increase of the shoulder near the peak at 90 cm™, corresponding to the peak of a-SnS phase
at 96 cm™ (figure S5). This supports the possibility to utilise the low wavenumber Raman peaks (in
the range 80 — 125 cm™) for the assessment of mixed a- and -polymorphs in the SnS samples, as is

proposed in earlier reports [20].

3.3 Quantification of [S]/[Sn] ratio by Raman spectroscopy
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The changes found in the Raman spectra of a-SnS can be used for the quantitative
assessment of the [S]/[Sn] ratio, by using a calibration samples with the ratio identified by other
methods. However, the previously described sets of samples are compromised by the underlying
FTO-coated glass substrates. Here, the tin contained in the FTO layer increases its overall
concentration measured by WDX technique and does not allow us to detect the exact values of the
[S)/[Sn] ratio in the SnS thin films. In this context, we synthesized SnS thin films with different
sulphur content by CVT under a linear graduated temperature profile on glass substrates (see
Experimental details section). This procedure resulted in the deposition of tin sulphide films with a
gradient of different [S]/[Sn] ratios. Figure 6a shows the corresponding Raman spectra of those
samples. It should be noted here, that this deposition method leads to the inhomogeneous
distribution of Sn and S following the direction of the Ar flow along the deposition chamber, and the
substrate temperature gradually decreased at further distances from the SnS powder precursor. At
lower substrate temperatures <390 °C the films remained uniform but became less homogenous in
composition, as result, only in the temperature range of 430 — 390 °C (or 29 — 32 cm distance from
the SnS powder precursor) the pure a-SnS phase was obtained, while as temperature decreased the
formation of Sn,S3; and SnS, were observed (see figure S6). Hence, for the quantification of the
[S)/[Sn] ratio using Raman spectroscopy, only samples deposited at the temperature range between
380 — 430 °C were chosen. The composition of the selected samples were measured by WDX, and
the [S]/[Sn] ratio are indicated in figure 6a. It was found that all deposited thin films are Sn-poor and
the amount of S decreases with increasing substrate temperature or at further distances from the SnS
precursor powders. These CVT samples deposited in inert atmospheres corresponds well with the
higher thermodynamic stability of SnS as compared to SnS, and Sn,S3 [56]. As is seen in the Raman
spectra of the selected CVT thin films (figure 6a) with a higher [S]/[Sn] ratio (i.e. deposited at lower
temperatures), peaks for SnS, and Sn,S; secondary phase were detected. However, according to
XRD analysis relatively small amount (< 10 %) of these secondary phases were found to be present
in these samples (see Figure S6), and no significant influence of their presence is expected to the
following results. Note, that the cubic n-SnS polymorph was not detectable from, neither the XRD
or Raman analyses of these CVT grown SnS samples. Furthermore a clear (100) preferred
orientation of the CVT grown a-SnS samples were observed in all the XRD diffractograms (figure
S6éb).
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Figure 6. (a) Raman spectra of glass/a-SnS samples deposited by CVT methods excited with 532 nm
laser line. (b) Plot of Raman peaks positions as a function of the thin film composition/substrate

deposition temperature. The errors do not exceed the spot size.

As it was expected, for the CVT grown a-SnS samples, the correlated dependence of the
relative Raman peak positions with the [S]/[Sn] ratio is maintained (figure 6b). As the thin film
composition tends to stoichiometric SnS, the two intense Ag> and By,® Raman modes shift to higher
frequencies while the other two (Ag2 and Ag4) almost remain in the same position. Hence, using
these observations, a methodology for the quantitative assessment of the SnS composition by Raman
spectroscopy has been developed. First a simple correlation between the position of certain modes
with the composition were drawn (figure 6b), but in order to improve the accuracy of our method
and to reduce the error and dependence on the peaks fitting process, we based our methodology on

the relative shift of different Raman modes Aw. This parameter is defined as follows:

Ao = [20(A%) - (w(83) + 0(B3))]/2 3)
where w(X) corresponds to the relative shift of the Raman peak with X symmetry in cm™. The
correlation between Aw and sample composition is presented in figure 7 (dark yellow spheres), and
a quadratic dependence of the Aw parameter from the [S]/[Sn] ratio was observed. In order to

increase the analysed compositional range, Aw was calculated from the previously published Raman

spectra [53] and the results were added to the same graph. As result, a similar dependence was
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observed down to the [S]/[Sn] = 0.8, however a discrepancy of the two dependences was found. This
Is attributed to the accuracy in the evaluation of strict S and Sn content, and to the methodology used
for the quantity calibration. In the Ref. [53] X-ray fluorescence (XRF) elemental analysis was used
for this purpose, while WDX, used in the present study, offers higher resolution of quantitative
chemical analysis. The former method is known to be less sensitive to the light atoms, like sulphur,
and strongly dependent on the calibration samples. Thus a slight overestimation of S content in thin
films of Ref. [53] can be a reason of the observed discrepancies between two dependencies in figure
7. Nevertheless, it is evident the possible use of proposed methodology of analysing the relative shift
of different Raman modes to estimate [S]/[Sn] ratio. This way, to obtain strict equations describing
the dependencies a set of reference samples should be analysed, where composition was measured
with a high precision. Nevertheless, assuming a negligible error in the composition estimation in the
present study the following quadratic equation can be proposed for the [S]/[Sn] ratio estimation:
[S]/[Sn] = —15.01 4 6.08 X 10~ *Aw — 5.58 x 10~3Aw?; (R* = 0.997). (4)
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Figure 7. Dependence of relative position of the Raman peaks (Aw) from the [S]/[Sn] ratio. The

errors do not exceed the spot size.

3.4 Decoupling the composition and secondary phase formation in SnS samples

In the past years different authors published their results on controlling the [S]/[Sn] ratio in
the SnS layers by changing the deposition temperature [53,57-60] or applying post-deposition
annealing [53,61,62]. Both effects lead to a strong change in the fundamental properties of the SnS
compound [53,57-62], mostly explained by the influence of intrinsic point defects which are directly
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related to the [S]/[Sn] ratio. Additionally, a direct influence of the [S]/[Sn] ratio was observed to the
performance of the devices based on SnS, either for the efficiency of solar cells [53,57] or to
improve the Seebeck coefficient in thermoelectric devices [60]. However, in a row with [S]/[Sn]
ratio changing in SnS layers with deposition or annealing temperature, appearance of other
compositional polymorphs of Sn-S system (SnS, or Sn,S3) are usually mentioned by the authors
[53,57-61], and was also observed in the present study (see Sections 3.2 and 3.3). In this case most
of the standard techniques applied for the [S]/[Sn] ratio estimation fail in determining this critical
value strictly in SnS phase and only the overall ratio in the layer, combining the results from
different phases, can be calculated. Moreover, a Sn or S content substrates, like FTO substrate used
for the samples in Section 3.2, will influence most of the X-ray based techniques for the
composition estimation. In this way, the methodology based on Raman scattering spectroscopy,
proposed above, has a significant advantage, by providing the information not only about the phase

content, but also about the exact value of [S]/[Sn] ratio in SnS phase of the thin film.
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Figure 8. [S]/[Sn] ratio for the a-SnS thin films annealed at different temperatures estimated from

Raman spectroscopy and XRD analysis (see text for the details).

To illustrate the application of the methodology proposed above, the Eq. (4) was applied to
calculate the [S]/[Sn] ratio in the a-SnS films annealed at different temperatures analysed in the
Section 3.2. As it seen, from figure 8 the un-annealed thin films are Sn-rich, while with increasing
the annealing temperature they pass through the stoichiometric point and tends towards a strong S-

rich composition. Note, that the error bars were calculated taking into account the standard
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deviations for the terms in Eq. (4), and increasing of the uncertainty in the [S]/[Sn] ratio value with
departure from the stoichiometric composition of the SnS was found. The overall [S]/[Sn] ratio in
the figure 8 was estimated using the data of phase concentration obtained in the XRD analysis (see
Table S1), and considering the stoichiometric composition of each presented phase. As result a large
difference between the overall [S]/[Sn] ratio in the SnS polymorphs were observed. The application
of the Raman based methodologies for the evaluation of the SnS layers has a strong potential
allowing for the identification and quantification the [S]/[Sn] ratio, which is known to be strongly
linked to the concentration of intrinsic defects. Independence of the Raman based methodology from
the substrate and from the phase content can provide a more detailed information for the
understanding the fundamental materials limitation and a more strict dependences of the

optoelectronic properties from the layer composition.

4. Conclusion

This work presents a complete report of vibrational properties for SnS structural polymorphs.
First, both a- and n-SnS polymorphs were characterized by Raman spectroscopy using several
excitation wavelengths and resonant behaviours were brought into light. These resonant phenomena
are due to the coupling of the excitation energy used with certain band to band transitions in the o-
SnS and 7-SnS band diagrams. The spectra for the z-SnS thin film samples were measured down to
the lower frequency region comparing to the previously reported experimental data, while in the
case of a-SnS more strict position of the peaks in the experimental Raman spectra was determined.
A strong correlation of the position of the certain Raman modes with stoichiometric deviations was
observed for the a-polymorph: an increase in the [S]/[Sn] ratio (i.e. loss of Sn) induced a red shift of
Ag3 and Bzg2 Raman modes towards lower frequencies. As a consequence, close monitoring of the
relative peak positions for these Raman modes was proposed as methodology for assessment of the
small compositional changes in a-SnS polymorph. Moreover, an in-depth investigation of the mild
temperature annealing of a-SnS revealed that even with these conditions it was possible to alter the
composition of SnS samples. The potential of the Raman and XRD combined analysis has been
evaluated in order to develop a methodology for a more accurate description of the system. The
application of both techniques provides a tool to spatially map the stoichiometry and composition of

a-SnS thin film samples.
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Figures captions

Figure 1. Scheme presenting the two synthetises methods for the deposition of SnS thin film
samples. (a) presents the selective deposition of homogeneous a- and ©- SnS thin films using aerosol
assisted chemical vapour deposition (AA-CVD) and (b) presents the chemical vapour transport

(CVT) method resulting in a lateral gradient in the composition of a-SnS samples.

Figure 2. Rietveld refinement of an XRD pattern of (a) a-SnS and (b) n-SnS thin films deposited
onto FTO coated soda-lime glass substrates.

Figure 3. Raman spectra, measured with different excitation wavelengths, for pure (a) a-SnS and
(b) mn-SnS thin film samples deposited by AA-CVD. The low intensity peaks in the high
wavenumbers range are emphasized in the figure S1 from the Supporting Information.

Figure 4. Top — XRD pattern of (a) a-SnS and (b) n-SnS thin films annealed at different
temperatures under air atmosphere for 10 min. Bottom — Raman spectra excited with 532 nm laser
line of (¢) a-SnS and (d) n-SnS thin films annealed at different temperatures under air atmosphere

for 10 min.

Figure 5. (a) Shift of the main o-SnS Raman peaks positions versus different annealing
temperatures. (b) Change of the lattice parameters of both SnS polymorphs versus different

annealing temperatures. The errors in both graphs do not exceed the spot size.

Figure 6. (a) Raman spectra of glass/a-SnS samples deposited by CVT methods excited with 532
nm laser line. (b) Plot of Raman peaks positions as a function of the thin film composition/substrate

deposition temperature. The errors do not exceed the spot size.

Figure 7. Dependence of relative position of the Raman peaks (Aw) from the [S]/[Sn] ratio. The
errors do not exceed the spot size.

Figure 8. [S]/[Sn] ratio for the a-SnS thin films annealed at different temperatures estimated from

Raman spectroscopy and XRD analysis (see text for the details).
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Table(s)

Table 1. Agreement factors, cell parameters, cell volume, volume per formula unit (V/Z) and
averaged microstructure parameters obtained from the Rietveld refinements on pure a-SnS and r-

SnS thin film samples.

Structure Apparent Microstrain
'_Rw Re a(d) b@A) cA VA 3 crystal .
space group, Z (A% size (nm) (5d/d)-10
0-SNnS Ortgﬂ:;'zrzb'c’ 6.87 3.69 11.2137 3.9917 4.3151 193.150 4829 280 13
Cubic,
n-SnS 5.47 2.95 11.62658 - - 157165 49.11  >1000 12

P3:2, 32




Table 2. Position of Raman peaks of a-SnS and m-SnS phases. Results from previous experimental

and theoretically calculated wavenumbers are also presented, together with proposed symmetry

assignment.
a-SnS ©-SnS
Exp
Exp Exp Calc. . Exp Calc.
* . : A* Th
(omy THISWOrk [4948]  [34] SE;Z} o) Woi [38] [34] E’g
em*)  (m?)  (cm?) 4 (em®) (cm™)
(cm™)
40.7 40, 47 41 Ay 39.4 36, 36, 39 E,T.A
45.9 43, 47, 48 T,TE
50.1 49,50 48 By 49.9 49, 50, 51 ATT
54, 56, 56, 58, TET,T,
58.9 59 59, 61, 62, 64 ET.AT
. 66, 68, 69, 71, E.ATT,
All 68.3 70,58 66,67  Bsy', By 785 70.8 71 .72 ET
633 77.6 85, 78 80 By
79,79, 81, 84, T,AE A,
All 85.2 a6 -
All 90.3 90 88, 89, 92 TT,T
785 96.4 95111 92 Af 785 96.8 98, 99, 103 TT,T
All 1110 112 107, 107, 112 T,E A
442 1219 123 116, 118 TA
442 163.3 164,160 161 By’
165, 166, 166, 168, A, E, T, T,
442 173.4 176 173,174, 177, A T, E,
178, 180, 183 T,TE
532/633 191.8 192,194 189 A 325 1921 192 187, 195, 197 ATT
201,202,202,207, T,T,A T
2 ] ] ] ) ] ] l )
- 208,— 203 Bsg 325/785 2041 202 200210 212,214 T.E.T E
219, 220,220,221, AE, T, A
1 4 ] ] ] ] ] ) ) y
785 219.5 218,216 218,220 By, A, 785 2208 224 222 224 T
442 230.3 227,229,229,239 T,E, T, T
242,249,252, 257, T,T,T,A
2 ] ] ] ) ] ] i y
785 2633 -, 264 275 Big 442/432/633  262.9 257 257 263,266 E.T.A.T
325/633 276.5 269 T
633/785 2865 290, - AF+AS*

*Optimal excitation wavelength for the assessment of the each peak. The 514.5 is discarded for its preferential

polarization signal dependence due to the configuration of the system.

**Multimode assignment proposed in this work, in contrast to the data from Ref. [49].
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