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Polymorph-Selective Deposition of High Purity SnS Thin Films from
a Single Source Precursor
Ibbi Y. Ahmet, Michael S. Hill," Andrew L. Johnson*' and Laurence M. Peter."

"Department of Chemistry, University of Bath, Bath, BA2 7AY, United Kingdom.
ICentre for Sustainable Chemical Technologies, University of Bath, Bath, BA2 7AY, United Kingdom.

ABSTRACT: Metal chalcogenide thin films have a wide variety of applications and potential uses. Tin(II) Sulfide, is one such
material which presents a significant challenge with the need for high quality SnS, free of oxide materials (e.g. SnO,) oxides and
higher tin sulfides (e.g. Sn2S3 and SnS2). This problem is compounded further when the target material exhibits a number of poly-
morphic forms with different optoelectronic properties. Unlike conventional chemical vapor deposition (CVD) and atomic layer
deposition (ALD), which relies heavily on having precursors that are volatile, stable and reactive, the use of aerosol assisted CVD
(AA-CVD) negates the need for volatile precursors. We report here, for the first time, the novel and structurally characterized single
source precursor (1), Dimethylamido-(N-Phenyl-N’,N’-Dimethyl-Thiouriate)Sn(II) dimer, and its application in the deposition, by
AA-CVD, of phase-pure films of SnS. A mechanism for the oxidatively controlled formation of SnS from precursor (1) is also
reported. Significantly, thermal control of the deposition process allows for the unprecedented selective and exclusive formation of
either orthorhombic-SnS (a-SnS) or zinc blende-SnS (ZB-SnS) polymorphs. Thin films of a-SnS or ZB-SnS have been deposited
onto Mo, FTO, Si and glass substrates at the optimized deposition temperatures of 375 °C and 300 °C, respectively. The densely
packed polycrystalline thin films have been characterized by XRD, SEM, AFM, Raman spectroscopy, EDS and XPS analysis. These
data confirmed the phase purity of the SnS formed. Optical analysis of the a-SnS and ZB-SnS films show distinctly different optical
properties with direct band gaps of 1.34 eV and 1.78 eV, respectively. Furthermore photoelectrochemical and external quantum
efficiency (EQE) measurements were undertaken to assess the optoelectronic properties of the deposited samples. We also report for
the first time the ambipolar properties of the ZB-SnS phase.

Introduction

Precise control over the polymorphism in condensed materials such as semiconductors is of paramount importance.! Even small
variations in the arrangement of atoms within an extended lattice arrays has a direct effect upon the gap between valence and con-
duction bands and optical properties of a material, and therefore it’s utility in applications such as photovoltaics, photo-catalysis and
batteries. While polymorph control in assembled materials such as molecular and polymer based semiconductors®>* and in nano-
crystalline systems has attracted increasing attention, due to the relative ease by which different polymorphs can be accessed, poly-
morphic control of semiconducting materials such as metal oxides or chalcogenides is typically only accessible through the applica-
tion of extreme temperatures and pressures in order to control the bulk phase.

Tin sulphide (SnS) is one such material which possesses a number of polymorphic forms: SnS typically crystallizes in an orthorhom-
bic (Pnma) space group (a-SnS,) with p-type electrical conductivity and an optimum energy band gap E, (indirect and direct band
gaps at 1.1 eV and 1.3 eV, respectively) that is similar to that of silicon,>® making thin films of a-SnS an attractive, inexpensive,
enviromentally benign light harvesting layer in advanced photovoltaic devices. In contrast cubic zinc blende-SnS (ZB-SnS) has a
band gap of 1.72-1.76 eV.,*? which has also been applied to the production of photovoltaic devices, although with lower prospective
efficiencies.'” Additional polymorphs of SnS i.e. 5-SnS (formed at T >800 K)': 12 y-SnS,'* §-SnS!* !5 and rocksalt-SnS (RS-SB,
formed at high pressures)'® have also been reported.

However, despite a Shockley-Queisser limit of 32%, the efficiencies of @-SnS solar cells fall short of their theoretical maximum.
Central to recent improvements in device performance has been the control of: 1) rigorous purity of phase and stoichiometry (i.e.
exclusive production of SnS),"”"!? ii) grain size and control of grain boundary defects®® and iii) band gap alignment/engineering.?" %
While SnS thin films have been grown using a variety of methods, e.g. chemical vapor transport,?* chemical vapor deposition
(CVD),*** chemical bath deposition,” *** colloidal nano particle synthesis,® >3 vacuum evaporation,® '3 reactive sputtering,*’
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electrochemical deposition, spray pyrolysis, and dip-deposition,*’ in most cases it is challenging to produce phase-pure

SnS, as Sn,S3 and SnS; are often produced in tandem.

Recent advances in the production thin films of SnS, using atomic layer deposition (ALD), have seen an increase in SnS based device
efficiencies from 1.3% to 4.6%." 2-3% 3% 51 Degpite its advantages with respect to control of the thin film composition, thickness and
conformality, ALD is an expensive, high vacuum and slow process, with challenges to industrial scale-up. In order to prevent the
formation of SnS; and Sn,Ss, high deposition temperatures are characteristically needed for CVD (> 400 °C).?2%2° However, at high
temperatures SnS film uniformity is compromised and can deviate from the ideal stoichiometry by 10-20% due to loss of sulfur,
which can increase the conductivity of the films to detrimental levels. 7 17-2% 2% 30.52-54 Tg date, the highest quality thin films of SnS
require post deposition treatments, such as sulfurization and hydrogen sulphide annealing, to reduce grain boundary defects, remove
secondary phases and lower sulphur vacancies which can act as catalytic sites for recombination.??

Here we report for the first time a simple, practical and scalable single source precursor approach,®® which provides unmatched
oxidation state control, for the deposition of phase-pure SnS. Most notably the variation of temperature in the deposition process
allows for the unprecedented and selective formation of thin films of either orthorhombic a-SnS, or cubic ZB-SnS. This is, to the best
of our knowledge, the first report of a Sn(II) thio-ureide complex. The novel system is an effective single source precursor, which
provides stoichiometric SnS and affords thermal control over the crystalline phase produced (@-SnS or ZB-SnS) during thin film
deposition.
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Scheme 1. Synthetic route to the single source precursor (1).

While AA-CVD has been used previously in attempts to produce SnS,*?” with limited success, previous work in our laboratory has
highlighted the utility of iso-ureide Sn(IT) complexes as low temperature CVD precursors for Sn(II) oxide thin films.*® In an attempt
to apply this approach to the production of metal sulphide thin films, the stannous thio-ureide, complex 1, was synthesized in high
yield by the addition of one molar equivalent of phenyl isothiocyanate to a THF solution of the stannous amide [Sn(NMe,).], (Scheme

1))

Results and Discussion

Compound 1 was isolated in effectively stoichiometric yield by crystallization from THF/hexane solutions at -20°C, and characterized
by solution state NMR ('H, *C and '"°Sn) spectroscopy (fig. S8 in SI). Single crystal X-ray diffraction analysis performed on complex
1 revealed the amide bridged dimeric structure shown in figure 1.
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Figure 1. ORTEP diagram (50% probability ellipsoids) of 1. Hydrogen atoms removed for clarity. Sn(1)-S(11) 2.5980(13) A Sn(1)-N(12)
2.463(4) A, Sn(1)-N(2) 2.381(4) A, Sn(1)-N(2A) 2.205(4) A, C(11)-N(1) 1.353(6) A; S(11)-C(11)-N(12) 113.9(4)°, S(11)-Sn(1)-N(2)
87.71(10)°, S(11)-Sn(1)-N(2A) 96.53(11)°, N(2)-Sn(1)-N(2A) 80.15(15)°, Sn(1)-N(2)-Sn(1A) 99.85(15)°.

Analysis shows that bidentate {,*>-N,S-Ph-NC(NMe»)S} ligands are arranged about the {Sn,N,} core in a transoidal fashion, with
each Sn(Il) centre possessing a distorted square pyramidal geometry through a combination of the stereoactive lone pair, bridging
amide groups and the bidentate thio-ureide ligand. Significantly, no other examples of Sn(II) thio-ureide complexes have been re-
ported previously. Thermogravimetric analysis (fig. S17 in SI) of 1 shows a single mass loss event with a distinct onset temperature
of ca. 270 °C. Stable residues were obtained at 314 °C, with a residual mass of ca. 44%, corresponding to the formation of ‘SnS’.
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Figure 2. Analysis of SnS films deposited onto glass at (i) 450, (ii) 400, (iii) 375, (iv) 350, and (v) 300 °C for 40 minutes. (left) Raman
spectra with assigned symmetry modes for 0-SnS*? and (right) assigned a-SnS (grey) and ZB-SnS (blue) PXRD spectra.

For the first time, black/grey reflective, highly adherent films could be grown by AACVD, from toluene solutions (0.08M) of 1, with
a deposition time of 40 min, onto glass, FTO, Si and Mo substrates, respectively, employing hot wall reactor conditions. Significantly
the films were well adhered to substrate and could not be removed by scotch tape. Interestingly, compound 1 has a deposition window
between 250 - 500 °C. However, it should be noted that growth rates at either extremes of the temperature range are significantly

diminished, resulting in a practical deposition window of between 300-450 °C.



Thin Film Characterization. Using a 532 nm laser, Raman spectroscopy was used to assess the phase purity and lateral uniformity
of the SnS films. As seen in figure 2 the Raman spectra of films deposited between 300-450 °C (with 50 °C intervals) and at 375 °C
show four distinct characteristic Raman shifts (symmetry modes) at 95 (A,), 160 (Bs,), 190 (By,) and 218 cm™! (A,). The observed
intense shifts are in full agreement with the Raman spectrum of SnS single crystals ** and SnS films deposited via ALD.!® Interest-
ingly, the Raman spectrum for thin films deposited at 300 °C did not show any intense signals and only low intensity peaks were
observed at 95, 111, 170 and 195 cm™!. Most significantly, for all samples, no peaks were observed at 307 cm™, 312 cm™ and 632 cm
!, which are the most intense Raman shifts for Sn,Ss, SnS2 and SnO2, respectively. This analysis indicates that 1 effectively deposits
phase-pure SnS films without secondary phases (Sn,Ss and SnS;) or intrinsic SnO, impurities.

Analyses of the films deposited onto silicon substrates were performed using energy-dispersive X-ray spectroscopy (EDS) and the
results (fig. S12, SI) for all films the Sn:S ratios is close to 1:1. Table 1 shows the elemental composition of the thin films at various
deposition temperatures.

While EDS analysis indicates O and C levels of between 3.3-7.2% and 4.1-7.3% respectively there appears to be no correlation
between deposition temperature, however for all samples irrespective of deposition temperature the Sn:S ratio is relatively consistent
at around 1:0.95. Examination of the thin films using X-ray photoelectron spectroscopy (XPS) depth profiling experiments reveals
these contaminants to be localised on the surface of the thin films: The binding energy of the carbon atoms (C 1s: 284.9 eV) indicates
the presence of organic hydrocarbon contaminates, and significantly the absence of intrinsic tin carbide environments (e.g. C 1s:
282.9 eV in Nb,SnC).%” In the case of oxygen, XPS analysis highlights a small degree of surface oxidation of the SnS, as indicated
by the distinctive peaks at 486.9 eV (Sn 3d5/2) and 495.3 eV (Sn 3d3/2), which are representative of SnO, binding energies (fig. S14
SI).4 Depth profiling of the thin films (20 s Ar etch) shows a disappearance of peaks associated with hydrocarbon based carbon (C
1s: 284.9 eV), and a decrease in intensity of the O 2s peak (531.5 eV).This occurs simultaneously with a decrease in the Sn 3d peaks
at 486.9 and 495.3 eV (i.e SnO; peaks), and an increase of the intensity of the Sn 3d peaks at 486.5 (Sn 3d5/2) and 495.1 ¢V (Sn
3d1/2), indicative of the SnS binding energies.

Furthermore the S peaks at 162.6 (S 2p1/2) and 161.0 eV (S 2p3/2) associated with SnS is observed before and after etching (fig. S16
SI). Further etching (200 s Ar etch) of the samples shows a loss of the surface oxide material to reveal SnS, as indicated by the
averaged elemental ratio of Sn:S of 1:0.95 (fig. S14-15 SI). Similar XPS studies of SnS films have shown comparable atomic ratios
for “pure SnS” as well as surface of oxidation.?> 44

Table 1. Elemental composition of films deposited at various temperatures from EDS analysis. (Full EDS Spectrum can be
found in the Supporting Information Fig S12 b-f )t

Precursor (1) Sn:S C (atm %) | O (atm %)
300 °C 1:0.94 7.30 % 4.7 %
350 °C 1:1.00 4.13 % 4.5 %
375°C 1:0.96 6.4 % 7.2 %
400 °C 1:0.95 4.6 % 33 %
450 °C 1:0.87 6.3 % 4.3 %

T EDS measurement were taken from several positions (10 points) over the sample in order to show homogeneity of the thin film samples and the numbers
presented in Table 1 are the averages of those findings.

Although scanning electron micrographs of SnS films grown onto Si substrates at 400 °C and 350 °C for 40 min show crystallite
growth, both films appear to have incomplete surface coverage. Optimum deposition conditions, with respect to the formation of
compact uniform films, was found to be at 375 °C, and micrographs of these films show the presence of large triangular grains (~500
nm) with a uniform film thickness of 800 nm. As is apparent from inspection of Figure 3, all of the thin films are highly crystalline
and highly orientated.

In the case of thin films grown at 375 °C, the crystallites grow up from the substrate from their smallest crystal dimension. Signifi-

cantly, the morphology of the films deposited at 300 °C (40 mins) differs considerably from those deposited at either 400, 375 or 350
°C, which consist of compact interpenetrating cube-like crystallites of relatively uniform size and dimension (500-600 nm). AFM



analysis of the films (fig. 4) deposited at 375 °C and 300 °C, clearly shows a significant difference in the film roughness. PXRD
analysis of the films deposited at 450, 400, 375, and 350 °C shows the presence of diffraction peaks consistent with the formation of
orthorhombic, a-SnS.*®
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Figure 3. (a) Top down SEM micrographs of thin films grown at 450, 400, 375, 350 and 300 °C, respectively, onto (100) silicon
wafers (b) Cross-section micrographs of SnS films grown at 300 and 375 °C (40 mins) (Scale bar = 500 nm)

(a) RMS = 84.7 nm (b) RMS = 36.6 nm

Figure 4. AFM 3D surface plot of SnS film grown at 375 °C (a) and 300 °C (b).

Figure 2 shows the PXRD patterns of films deposited onto glass at five different temperatures; while films deposited at 450, 400 and
350 °C all display peaks associated with reflections from the [1,0,1], [2,0,1],[1,0,2],[1,1,1] and [4,0,0] planes, films deposited at 375
°C show only a single intense reflection arising from the [4,0,0] plane, suggesting a highly orientated material; an observation sup-
ported by SEM analysis. Similarly highly orientated SnS films have been reported from ALD'® and nano-ink deposition processes.*®
Additionally, the films grown onto glass and crystalline silicon at 375 °C (i.e. a-SnS), are highly orientated, showing a single peak
for the [4,0,0] plane. To observe preferential orientation in non-cubic materials such as SnS, which possess an orthorhombic crystal
structure, is not uncommon. This observation can be a consequence of high deposition rates (c.a. 17 nm/min) at 375 °C, coupled with
anisotropic growth rates in layered systems such as a-SnS.%

Films grown onto FTO and Mo, are less orientated (fig. S22 SI). The PXRD analysis for films deposited at 300 °C only produces
peaks corresponding to the cubic phase of SnS with a lattice parameter of a = 5.846 A (ZB-SnS)® %31:3435.38.51.60 (i ¢ [1,0,0], [1,1,0],
[1,1,1], [2,0,0] and [2,2,0] planes). Only the peak in the ZB-SnS thin film, at 20 = 37.5 °, could not be identified and assigned a
specific miller index. However the same peak has been identified (and not assigned) in the PXRD pattern of ZB-SnS nanocrystals
synthesised by Deng et al.*> Interestingly, ZB-SnS has previously been identified as thermodynamically unstable cf o-SnS.*! How-
ever, these films are evidently kinetically stable; ZB-SnS films show no evidence of spontaneous conversion to o-SnS at room tem-
perature. At elevated temperatures (i.e. 375 °C) ZB-SnS films show a phase transition from ZB-SnS to a-SnS over a period of Shrs
under N, (fig. S21, SI) as evidenced by PXRD analysis.® !

Decomposition Mechanism. In an attempt to fully understand the mechanism by which precursor 1 produces phase-pure SnS mate-
rials we examined the gaseous by-products from an AA-CVD run at 375 °C. Gaseous by-products were trapped at low temperature
(77 K) from the CVD chamber exhaust (see Fig. S1 SI). The condensed gaseous by-products consisted of a clear solution, which was
then vacuum evaporated until a white residue remained. The remaining residue was dissolved in THF-d® and examined by 'H and '3C
NMR Spectroscopy (see Fig. S9 SI) from which were able to identify that the phenyl guanidine compound was formed as a by-
product from the decomposition of precursor 1.
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Scheme 2. Possible mechanism for the formation of SnS and N,N,N',N'-tetramethyl-N"-phenyl-guanidine from precursor (1).

Evidence form high temperature (323 K) ''°Sn NMR studies suggests that at elevated temperatures the dimer complex (1), identified
in the solid state (figure 1) breaks down into the monomeric species (2), which we assume facilitates SnS formation via the nucleo-
philic attack of {NMe,} groups at the central carbon atom of the thio-ureide ligand. While we have no direct evidence for an intra-
molecular reaction mechanism, this seems most plausible.

Optical Analysis. The optical absorption behaviour of the SnS films was determined by optical transmission measurements. The
optical transmission spectra of 800 nm thick SnS film of both &~SnS and ZB-SnS deposited onto glass substrates is shown in the
supporting information (Fig. S18a SI). For a-SnS thin films, absorption coefficients were calculated to be above 4 x 10* cm’!, at
wavelengths below 800 nm. Interesting, the ZB-SnS has an absorption coefficient above 4 x 10* cm’!, at wavelengths below 595 nm.
The optical band gaps for both materials were determined from Tauc plots of the absorption spectra (Fig. S18c-d SI); &-SnS films
were calculated to have direct and indirect band gaps of 1.34 eV and 1.10 eV respectively, which corresponds closely to previously
reported values for 500 nm -SnS films deposited by ALD.'®

Films of ZB-SnS are found to have a direct band gap of 1.78 eV, which is at a higher energy compared to previously reported ZB-
SnS containing films (1.76-1.68eV).51

Photoelectrochemical Analysis. Photoelectrochemical measurements under a chopped illumination (470 nm) were performed on o-
SnS and ZB-SnS films deposited on Mo/glass-substrates. Figure 5 shows the photoelectrochemical behaviour of the different SnS
films across the potential range from -0.7 V to +0.7 V vs. Ag|AgCl. For the @-SnS films, only cathodic photo-currents are seen on
the scan, demonstrating p-type conductivity. The photocurrent increases with increasing cathodic polarization, as a result of increased
band bending.

By contrast, the ZB-SnS films exhibit both cathodic and anodic photocurrent responses of similar magnitude with a cross-over close
to the estimated flat band potential, Eg for ZB-SnS (-0.13 V). ZB-SnS has previously been reported to be an extrinsic p-type semi-
conductor,” however, as can be seen in figure 5a, the ZB-SnS exhibits ambipolar photocurrent behaviour, suggesting that the ZB-SnS
material may be compensated. Interestingly, previous work by Rat et al, report similar ambipolar photoelectrochemical behaviour
from the SnS thin films they deposited via spray pyrolysis methods. It was speculated that the presence of both anodic and cathodic
photocurrents was a result of a mixture of p-type and n-type semiconducting phases of SnS through mixed-stoichiometry in the SnS
system.®> However, in our investigation we have identified that the ambipolar photoelectrochemical behaviour is attributed to the
electrical properties the ZB-SnS phase.
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Figure 5. Photo-electrochemical responses (vs. Ag|AgCl) to chopped illumination (1 s on, 1 s off) in a 0.2 M Eu“"""(aq) electrolyte
of ZB-SnS (blue) and a-SnS (black) films (on Mo/glass). Reference electrode Ag|AgCl. (a) Voltage sweep from +0.7 V to -0.7 V for
the two samples. (b) Transient photocurrent for ZB-SnS at fixed potentials, +0.6V (dark blue) and -0.6 V (blue) and (c) a-SnS at a
fixed potential of -0.6V (black).

EQE Measurements. As shown in figure 6, the EQE spectrum for a~SnS, shows an onset at 1100 nm and a step at 900 nm, which
correspond respectively to the indirect and direct band gap transitions observed in the optical analysis. The EQE reaches 43-53 %
between 780-400 nm, which is remarkably high for an as-deposited and untreated/un-annealed thin film. ZB-SnS films on Mo pro-
duced two different EQE spectra dependent on the sign of the photocurrent. At a bias potential of -0.7 V (cathodic), a sharp photo-
current onset was observed at 760 nm close to the band gap energy. The EQE then peaks at 30% at a wavelength of 675 nm, before
decreasing steadily at shorter wavelengths. By contrast, at a bias potential of +1.0 V (anodic), the EQE spectrum shows a more gradual
onset at 770 nm followed by a step at 720 nm and a steady increase towards shorter wavelengths, reaching 15 % at 400 nm. The
difference in the spectra indicates that the mechanism of photocurrent generation in the two cases is different. Under an anodic
photocurrent, the peak in the spectrum close to the band edge is typical for photoconductivity, which is a bulk effect in which photo-
generated charge carriers increase the conductivity of a material. In contrast, the EQE spectrum for the cathodic photocurrent is more
typical of a photovoltaic effect in which charge carriers are separated in the space charge region formed at the semiconductor-elec-
trolyte junction.

For both thin films, short circuit current densities (Js) have been calculated under AM 1.5 G illumination, assuming the photocurrent
and light intensity follow a linear relationship.®® The values obtained are for an 800 nm thick o-SnS Ji. (+1.0 V) = 15.58 mA cm;
600 nm thick ZB-SnS Ji. (+1.0 V) = 2.19 mA cm?, and Ji. (-0.7 V) = 4.13 mA cm™. The Js. for a-SnS is comparable with the best
SnS device reported to-date. !’

Our findings suggest the thin films of both a-SnS and ZB-SnS are exceedingly stable. Despite initial surface oxidation of the thin
films post deposition, as revealed by XPS analysis, the samples are stable to wetting and successive testing. Even after 9 months of
storage in air, samples of the thin films show identical EQE spectra to week old samples, suggesting a high degree of durability to
both the materials and any subsequent device that may be fabricated from them.



| (i) a-SnS at-0.7 V i
60% Jsc = 15.58 mA cm?
50% .
) J
= 40% (ii) ZB-SnS at -0.7 V
g Jsc = 4,13 mA cm™?
< 30%
20%
10%
L (iii) ZB-SnS at+1.0 V
0% Js'c :l2,1'9m.A c:'n~ :

400 600 800 1000
Wavelength (nm)

Figure 6. EQE Spectrum of (i) a-SnS at -0.7 V, (ii) ZB-SnS at -0.7 V and (iii) ZB-SnS at +1.0 V (vs. Ag|AgCl)

Conclusion

In summary, we present the first example of a tin thio-ureide complex, capable of producing high purity SnS thin films. In addition,
temperature control in the deposition process allows for the exclusive formation of thin films of either orthorhombic o~SnS, or cubic
ZB-SnS. Our work demonstrates that the novel stannous thio-ureide complex, 1, holds the potential for the production of a-SnS based
thin films on a commercial scale using a low-cost deposition technology (AACVD). Additionally, the potential dependent photoelec-
trochemical properties of phase-pure thin films of metastable ZB-SnS have been characterized for the first time. The identification of
the p- and n-type photocurrent behaviour within the ZB-SnS phase can assist in the development of SnS photovoltaic devices. An
absorber layer with a mixture of SnS polymorphs can have a significantly detrimental effect on the @-SnS device performance.
Therefore it will be important for future o~SnS device optimization to identify exact polymorph present within the film. We are now
in the process of developing both «-SnS and ZB-SnS based solar cells and will publish these findings at a later point.

In addition, through the fine tuning of the thio-ureide system we have begun to explore a wide range of novel precursors capable of
selectively depositing a choice of desirable metal chalcogenide thin films with comparable control over phase purity and polymor-
phism. Such control over the selective deposition of phase-pure samples is the first step in the development of a thin film materials
database and structural property maps, ultimately guiding the appropriate thin film selection for specific engineering applications.

Experimental Section
General Techniques:

All reactions were carried at using the standard Schlenk line and glove box techniques under an inert atmosphere of argon and
nitrogen, respectively. Tetrahydrofuran (THF) was dried over potassium before isolating via distillation. Hexanes and toluene solvents
were dried using a commercially available solvent purification system (Innovative Technology Inc., MA) and all solvents degassed
under argon prior to use. Deuterated benzene (C¢Ds) and deuterated THF (THF-d*) NMR solvent was purchased from Fluorochem,
UK, and dried over potassium before isolating via vacuum distillation. All dry solvents were stored under argon in Young’s ampoules
over 4 A molecular sieves. All reagents were purchased from Sigma-Aldrich and used as supplied. The starting materials, phenyl-
thioisocyanide was purchased from Aldrich Chemicals, and tetrakis(dimethylamido)ditin(II) was synthesized according to literature
procedure. % %

NMR experiments: NMR Experiment were conducted in Young’s tap NMR tubes, prepared and sealed in a glove box with an argon
atmosphere. For all experiments THF-d® was used as the NMR solvent. NMR data was collected at 25 °C either using a Bruker AV-
300 spectrometer operating at 300.22 MHz ('H), 75.49 MHz (**C) and 111.95 MHz (''°Sn) or a Bruker AV-500 spectrometer at
111.95 MHz (''“Sn). Chemical shifts were given in ppm and referenced internally to residual non-deuterated solvent resonances. The
following abbreviations are used: s (singlet), t (triplet), q (quartet), m (multiplet) and b (broad).

Melting Point Analysis: Grinded powdered compound was placed inside glass capillary tube under an atmosphere of argon and
melting points were determined using a Stuart SMP10 Melting Point Apparatus.

Elemental analyses: Elemental analyses were performed externally by London Metropolitan University Elemental Analysis Service,
UK.

Single Crystal X-ray Diffractometry: Single X-ray crystallography data was collected at 150 K on Nonius Kappa CCD diffractom-
eters equipped with low temperature devices, using graphite monochromated Mo-Ka radiation (A = 0.71073 A). The data collected
by the diffractometers was processed using the Nonius Software. Structure solution, followed by full-matrix least squares refinement
was performed using either the WinGX-170 suite of programs or the programme suite X-SEED. Crystals were isolated from argon
filled Schlenks and immersed under oil before mounted onto the diffractometer.



Full crystallographic data for compound (1) is included in the supporting information.

Substrate Preparation: Polycrystalline Molybdenum (Mo) (110 oriented) substrates were sputter coated onto 0.5 mm soda lime
glass slides (~ 4 nm Rms) and purchased from MTI corporations, Tec 7( ~7€/cm?) Flourine doped Tin Oxide (FTO, 101 oriented)
on glass substrates (~ 20 nm Rms) were purchased from Sigma-Aldrich, P-type boron doped 100 oriented silicon wafers were sup-
plied by Element 6™ (~ 1 nm Rms) and 5mm High Grade float--glass substrates were coated with a 20 nm layer of crystalline Na-
Si0O; and purchased from Pilkington (~ 1 nm Rms). Glass, FTO and Silicon substrates were cleaned using a dilute solution (2%) of
Hemanex™ in 1:1 iso-propanol and deionised water. The films were then cleaned with a 0.3 M solution of Acetic acid in isopropanol,
then isopropanol and finally dried under a fast flow of N,. Glass and FTO substrates were further cleaned using a low pressure O,
plasma reactor for 15 minutes (This increases the surface wetting). Mo substrate were cleaned in a bath of 20% ammonium hydroxide
solution for two hours then washed with deionised water and isopropanol. All substrates were wiped with dried lint free clothes
before deposition to remove possible dust particles on the surface.

Aerosol Assisted Chemical Vapour Deposition (AA-CVD) procedure: The precursor solution is prepared within a glove box under
an atmosphere of argon and all solvents are dried and degassed prior to preparation. The precursor holder is kept under an atmosphere
of argon, sealed and attached onto to the AA-CVD apparatus. Once all substrates were prepared and mounted into the deposition
chamber, argon gas is allowed to flow through the system, bi-passing the precursor holder, for 20 minutes in order to purge the system
with argon. Then with continuing gas flow the hot-wall furnace is switched on and allowed to reach the target deposition temperature
and equilibrate for 20 minutes. Once this is achieved the gas flow is diverted to flow via the precursor solution which draws the
solution into the TSI 3076 Constant Output Atomiser and out into the deposition chamber where the deposition commences and the
timer is started. Gas flow is monitored via bubbler and gas pressure fixed 10 bar until it reaches the atomiser. A diagram of the AA-
CVD apparatus is included in the supporting information.

UV-Vis-IR spectroscopy measurements: UV-Vis-IR spectroscopy measurements were collected using a PerkinElmer® LAMBDA
750/650 UV/Vis & UV/Vis/NIR Spectrophotometer. Measurements were recorded at 2000 to 400 nm and zero referenced using Smm
High Grade Pilkinton Float-glass substrates. The measurements were recorded with 1 nm increments. At 860 nm the PbS detector
switches over to the Photo Multiplier Detector (PMD), as a result the a small stepwise noise is generated (+10 nm) within the raw
data spectrum.

Thermogravimetric Analysis (TGA): TGA was collected using a TGA 4000 Perkin Elmer system. Samples were prepared air
sensitively using a crimped aluminium sample pan. TGA’s were performed under a flow of N, at 20 ml min™' and heated from 30 °C
to 600 °C at a ramp rate of 5 °C min..

Powder X-ray Diffractometry (PXRD): PXRD data was collected on a BRUKER D8-Advance. The X-ray diffraction spectra were
collected for the thin films using the flat plate mode from 5 to 70 20 at 2° per minute. X-rays were generated from a Cu source at
wave lengths of 1.54 A.

Scanning Electron Microscopy (SEM): SEM was performed to visualize the morphology of the films both as cross sections (using
a Field Emission Scanning Electron Microscope 6301F) and top down (JEOL 6480 Low Vacuum large stage SEM platform) images.
The films were prepared by mounting onto steal SEM mounts with conductive carbon tape attached to the bottom and top surface of
the films, to maximize conductivity of electrons and prevent charge accumulation. Samples were desiccated at 35 °C for 24 hour prior
analysis.

Atomic Force Microscopy (AFM): AFM analysis was performed using a Digital Instruments Nanoscope I1la, with BRUKER SNL-
10 Silicon on Nitride Lever contact tips (tip radius <10 nm, fy: 50-80 kHz, k: 0.350 N/m and T: 600nm), in contact mode. Images
processed using the open access Gwyddion SPM data analyzer.

Energy dispersive X-ray spectroscopy (EDS): EDS was performed using Oxford Instruments Scanning Electron Microscope 6480
LV and processed on INCA Wave software. All spectrums were standardized and calibrated against a standard silicon wafer sample.
The magnification, working distance and beam energy (10 keV) were kept consistent between spectral analyses.

X-ray photoelectron spectroscopy (XPS): XPS was performed at NEXUS nanoLAB facilities at the University of Newcastle. All
spectra were collected using a Theta Probe Angle-Resolved X-ray Photoelectron Spectrometer (ARXPS) System by Thermo Scien-
tific and processed using CasaXPS software. X-rays were generated from a high power monochromated Al Ka source with spot size
15 um and spectra calibrated to carbon 1s bond energy of 284 eV. For etching an Argon gas cluster ion source was used with a 4 KeV
(1000 atoms/cluster) with raster size of 1 mm x 2 mm and X-ray spot size of 150 pm radius / 70,650 pm?>.

Raman Spectroscopy: Raman spectra were collected using a Renishaw inVia Raman Microscope fitted with a 532 nm laser at a 10
% spot size, 3 s exposure time and 1 % energy intensity. The data was processed using a Renishaw WiRE software package.

Photoelectrochemical measurements: (Detailed Experimental set-up can be found in the SI) For all photo electrochemical meas-
urement only two samples deposited onto Mo/Glass substrates were used, which consisted of either a-SnS (800nm) deposited 375 °C
for 40 mins or ZB-SnS (600 nm) deposited at 300 °C for 40 mins. All photo electrochemical measurements were undertaken in a
aqueous solution of 0.2 M Eu(NOs), at pH 7. The three electrode electrochemical cell was placed in a Faraday cage during measure-
ments and was made up of an Ag | AgCl reference electrode, a Pt counter electrode and the working electrode acting as the sample.
The sample was placed so that the deposited sample surface is directed towards the incident light without shadowing of the other two
electrodes. The transient photocurrents were recorded using a pulsed 470 nm LED illumination (on for 1 s and off for 1 s) with a
sweeping potential from -0.7 V to +0.7 V at 0.02 V per second. Using the same 470 nm LED chronoamperometry measurements
were conducted at fixed potentials of -0.6 V or +0.6 V with a light pulse of 1.5 sec on and 0.5 sec off, with an equilibrium time of 30
seconds. (Detailed Description of the EQE measurements can be found in the SI) Photocurrent spectra of both samples were conducted
in the same three electrode electrochemical cell. The variable wavelength incident light was provided by tungsten lamp and grating



monochromator. The incident light was chopped at 27 Hz, and a lock-in amplifier (Stanford Research Systems) was used to detect
the photocurrent. Measurements of the photocurrent as a function of wavelength were made at a potential of -0.7 V or +1.0 V vs.
Ag|AgCl, using a DC power supply. Measurements in the range 1100-400 nm were performed with 10 nm intervals. In order to obtain
the external quantum efficiency (EQE) of the SnS films, the incident photon flux was calibrated using standardized 1 cm? Si photo-
diode traceable to NBS standards. The after all EQE measurements photo current measurements as a function of wavelength were
recorded using the Si photodiode in order to calibrate the spectral flux produced by the tungsten lamp, which is used in the calculations
of the EQE. Detailed description of the method used to calculate the EQE from the photocurrent spectra is presented in the SI.

Synthesis of Dimethylamido-(N-Phenyl-N’,N’-Dimethyl-Thiouriate)Sn(IT) dimer [Sn({CsHs}NCSN{Me:})(NMez)] Compound
(1): Phenylisothiocyanate (2.40 ml, 2.276 g, 20.10 mmol) was added drop wise, over 10 minutes, to a cooled (-40 °C) and stirred
THEF solution (100 ml) of tetrakis(dimethylamido)ditin(II) (4.180 g, 20.10 mmol) which resulted in an instantaneous colour change
from yellow to colourless. After stirring at room temperature for 2 hrs, THF was removed in-vacuo. To the residual solid 80 ml of
hexane was added and stirred for 1 hour, where-upon a white precipitate evolved. The hexane was removed from the precipitate by
cannula filtration. The precipitate was washed a further two times with fresh hexane. The white precipitate was then dissolved in a
THF:hexane mix (15ml:30 ml). After filtration through celite, the solution was stored at -20 °C for 3 days, during which time colour-
less crystalline needles were formed. The product was subsequently isolated by filtration and dried in-vacuo. Yield 5.552 g, 86 % ,
m.p. 125 °C decomposed to black. Analysis, found (calc. for C1;H;7N3SSn): C 38.40 (38.63); H 5.35 (5.01); N 12.15 (12.29). 'H
NMR (300 MHz, THF-d®): &y 7.20-7.11 (m, 2H, N(C¢Hs)), 6.91-6.72 (m, 3H, N(C¢Hs)), 2.83 (s, 6H, N(CHs)), 2.62 (s, 6H,
N(CH3)).13C NMR (75.5 MHz, THF-d®): 8¢ 129.43 (s, N-C(=S)-N),123.23 (s, N(C¢Hs)), 45.37 (s, N(CH3)), 42.13 (s, N(CH3)). Sn
NMR (111.95 MHz, THF-d®): 8s, 38.50 (s).

Associated Content

Supporting Information

A Photographic image and 'H, '3C, "Sn NMR data of compound (1) can be found in figures S7-8 (in the SI). X-ray crystallographic
files in CIF format for the structure determinations for compound (1) is provided. Additional SEM images are also provided. CCDC
1417256 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cam-

bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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