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Orthorhombic tin(i)sulfide (x-SnS) is a IV-VI p-type semiconductor that is characterized by its layered
crystal structure, resulting in a two-dimensional anisotropic crystal growth. The according interlayer
gaps feature an enhanced electron mobility, compared to the charge mobility perpendicular to the growth
direction. Consequently, when SnS is electrically contacted, light-generated charge carriers can be rapidly
separated and transported along the interlayer gaps, so that charge-carrier recombination is minimized.
This anisotropic electric transport might be utilized to improve the performance of optoelectronic devices,
e.g., solar cells, when the absorbing layer consists of vertically aligned crystalline SnS nanowalls, following
the vertical working geometry of the device. We report on the plasma-enhanced chemical vapor
deposition (PECVD) of accurately aligned, highly crystalline SnS nanowalls on metal-covered wafer
substrates. Our approach contains the thermal evaporation of a solid single-source precursor, mainly
bis(diethyldithiocarbamato)tin(i), that is characterized in depth via, e.g., solid-state **Sn-NMR spectroscopy.

Received 16th April 2019, In situ optical emission spectroscopy of the plasma indicates the plasma-induced decomposition of the

Accepted 21st July 2019 precursor. At an elevated substrate temperature of 400 °C, predominantly vertically oriented stacks of

DOI: 10.1039/c9tc02045d phase-pure SnS are grown, while at a low substrate temperature of 250 °C, very thin SnS nanowalls are

formed, if the used wafer was covered with steel/18Cr/9Ni. Electric measurements of the SnS nanowalls
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1 Introduction

The discovery of single-layered graphite, i.e., graphene, and the
related groundbreaking investigations paved the way for extensive
research on two-dimensional nanostructures and their applica-
tions. The spatial limitation of a semiconductor to the scale where
its charge carriers are confined can significantly change its physical
and chemical properties. The crystalline texture of layered struc-
tures is made up of stacked layers. Charge carriers are confined in
the gap between these layers and can only move along two
dimensions." The group of layered metal (di)chalcogenides
comprises such van der Waals structures, e.g., MoS, and WS,.2
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indicate an enhanced conductivity in comparison to stacked SnS.

Another highly noted material is orthorhombic tin(w)sulfide
(-SnS), which is composed of layered SnS sheets with the lone
pair electrons directed into the interlayer space.® Tian and
coworkers investigated the in-plane anisotropic charge transport
in o-SnS, as predicted by Xin et al, and identified the [001]
direction to be dominant for electron movement.** Since the
direct bandgap of SnS (1.3 eV)® hits the theoretical efficiency
maximum for single-junction solar cells, the intrinsic p-type SnS
is a highly promising absorber material for photovoltaics.””® Tin
sulfide is a non-toxic, earth-abundant and chemically stable
material with a strong optical absorption (>10* cm ")’ and a
proper carrier concentration.'® A long lifetime of photo generated
charge carriers has been reported, which is eligible for efficient
photovoltaics.’* Hence, SnS should be an appropriate alternative
to CdTe, for instance, but until now, the highest efficiency for
SnS-based solar cells does not exceed 5%.'> A non-optimized
device fabrication and intrinsic material limitations, i.e., struc-
tural defects, are regarded as responsible for the low efficiency.'®
Researches on thin-film fabrication of crystalline a-SnS have been
striving, in order to minimize structural defects that influence the
electrical performance. One commonly known technique is the
deposition of a thin tin layer with subsequent sulfurization at

This journal is © The Royal Society of Chemistry 2019
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high-vacuum conditions, as reported by Yang and coworkers for
the fabrication of SnS, films."* Miles et al. directly evaporated
pure SnS powder and obtained a smooth tin-sulfide layer with a
thickness of a few micrometers on glass substrates.’* Depending
on the substrate temperature, additional phases of SnS, or Sn,S;
appeared. The implementation of SnS layers from thermal
evaporation of pure SnS into a highly complex, well-tuned solar-
cell design led to efficiencies in the range of 1.1% to 2.6%." Beside
traditional physical vapor deposition techniques, other related
methods like electrodeposition'®'” and sputtering®'® were applied
for SnS deposition.

An alternative approach for thin-film fabrication is chemical
vapor deposition (CVD), which offers an extended range of
parameters, e.g., reactants, and improved reaction control.
Mutlu and coworkers reported on a straightforward CVD
method for producing SnS, nanostructures.'® Sulfur and tin
dioxide were co-evaporated at high temperatures (7 = 710 °C)
within an evacuated quartz tube, leading to the formation of a
SnS,-sheet network on a nearby substrate. Aerosol-assisted
chemical vapor deposition (AACVD) allows for much milder
evaporation conditions, since liquid precursor solutions can be
used. The precursor is suspended in a liquid-gas system
(aerosol) and is pyrolyzed into a solid product. Parkin et al
applied AACVD for SnS synthesis by using an aerosol of
Sn(SCH,CH,S), in acetone.”® The resulting tin oxides were
sulfurized in presence of H,S. Ramasamy and coworkers performed
AACVD of SnS nanostructures without external sulfur supply by
using diorganotin dithiocarbamates in toluene as precursors.'
Similarly, Kevin et al used bis(dialkyldithiocarbamato)tin(u)
complexes in tetrahydrofuran for AACVD of SnS.>*> Ahmet and
coworkers demonstrated polymorph-selective AACVD of SnS by
using (dimethylamido)(N-phenyl-N’,N'-dimethylthiouriate)tin(u)
dimer.>® Also chemical bath deposition was used for the fabrica-
tion of SnS nanowalls. For this, a mixture constituted of tin
chloride hydrate, acetone, triethanolamine, thioacetamide,
ammonia solution, and distilled water was used, as described
in ref. 24.

A very elegant way for the formation of SnS was achieved by
using organotin complexes as single-source precursors for the
formation of SnS without generating aerosols. Park et al. per-
formed metal-organic chemical vapor deposition (MOCVD) for
SnS fabrication by using bis(3-mercapto-1-propanethiolato)tin(ir)
as precursor.”

Besides phase- and composition control, another important
parameter for the possible application of tin-sulfide nanostruc-
tures is the control of morphology. In the particular case of SnS,
ideally thin SnS nanosheets are grown perpendicular to the
substrate and form so-called nanowalls. Photo generated
charge carriers could then be directly transported along the
fast channel in the interlayer gap. Moreover, nanowalls feature
an extraordinary high surface-to-volume ratio that offers a large
reactive surface area. A very prominent example for nanowalls
are carbon nanowalls.’®*” These structures are typically synthesized
via plasma-enhanced chemical vapor deposition (PECVD). In the
past, PECVD has already been used for the deposition of tin sulfide.
Ortiz and coworkers fed a capacitively-coupled radio frequency (RF)
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plasma with H,S, SnCl,, and hydrogen gas for 10 min.”®
At a substrate temperature higher than 200 °C, the deposited
material was phase-pure SnS. High plasma power led to a
preferential growth along [111] direction. Depending on the
flow rates, and thus precursor concentration, the composition
of the resulting Sn,S, phase was influenced.>” Cheng et al. used
the PECVD technique to fabricate SnS, nanoflowers and
nanowalls.*® For this, sulfur or Na,S,0;-5H,0 and SnCl,-5H,0
were used as solid-source materials, which were separately
evaporated before reaching the RF plasma. The morphology
and crystallinity of the deposited SnS, was influenced by sub-
strate material and substrate temperature.®" The co-evaporation
of Na,S,05-5H,0 and SnCl,-2H,0, instead of SnCl,-5H,0, led to
the formation of SnS via PECVD.?? The preferential orientations
of the deposited SnS on silicon and glass were identified to be
(111), respectively, and (120) on fluorine-doped tin oxide.

In this work, we report on the large-area deposition of
accurately aligned SnS nanowalls via PECVD technique using
the solid metal-organic single-source precursor bis(diethyldithio-
carbamato)tin(i). We present an extensive study on the structure
and thermal supply of the precursor, including **°Sn magic angle
spinning (MAS) NMR spectroscopy. Optical emission spectro-
scopy indicates the plasma-induced decomposition of the
precursor. We also demonstrate the crucial parameters on
influencing the morphology of the PECVD-grown SnS struc-
tures and work out criteria for vertical SnS growth. Finally, we
show first results on the electrical characterization of the
structures by I-V curve measurements, proving the drastically
enhanced conductivity of the very thin, highly crystalline
nanowalls.

2 Results and discussion
2.1 Precursor

One of the crucial requirements for a controlled PECVD of crystal-
line nanostructures is the usage of an appropriate precursor,
which is ideally a non-toxic, stable and easy-to-prepare substance.
For the synthesis of tin-sulfide nanowalls, we decided to use the
tin-organic compound bis(N,N-diethyldithiocarbamato)tin(u)
([Sn(dedtc),]) as a single-source precursor. The advantage of
using a single-source precursor is that a precise timing to keep
the concentrations of the reactants on point, which is required
for a co-evaporation method of multiple precursors, can be
avoided. [Sn(dedtc),] can be synthesized by dropwise addition
of diethylamine in ice-cold carbon disulfide under inert condi-
tions, followed by adding a solution of SnCl, in absolute
ethanol.*® Bratspies and coworkers similarly mixed the diethyl-
ammonium salt of diethyldithiocarbamic acid with tin(u)chloride
in ethanolic solution.** Alternatively, [Sn(dedtc),] can be easily
prepared via co-precipitation reaction of tin dichloride
with sodium N,N-diethyldithiocarbamate trihydrate in polar
solvents.???*>3¢ Elsewhere, inert conditions are recommended.?”
In order to keep the entire nanowall-fabrication procedure as
simple as possible, we prepared the tin-organic precursor via a
precipitation reaction of SnCl,-2H,O with Na(dedtc)-3H,O in water.
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After vacuum drying over two days, the resulting yellow powder
was stored under nitrogen atmosphere to avoid subsequent
oxidation.

The powder has been investigated with regard to elemental
composition, molecular and crystalline structure, and thermal
decomposition behavior. Powder X-ray diffraction indicates
a micro-crystalline condition of the precursor powder (see
Fig. S1, ESIt). Via energy-dispersive X-ray spectroscopy (EDX)
an overall elemental composition of Cyy,N, 01533500 Was
determined, indicating a slight deviation from the ideal
elemental composition of pure Sn(dedtc),. Solid-state "**Sn-NMR
spectroscopy is an appropriate method to characterize the
tin-organic precursor, due to its sensitivity to the local environ-
ment of the tin nucleus. The **°Sn MAS NMR spectrum of the
precursor, acquired by Hahn-echo pulse sequence, shows four
distinct signals at —565, —608, —695 and —737 ppm, indicating
that the precursor consists of several species (Fig. 1a, top
spectrum). To distinguish between organic and inorganic tin
compounds, a '"°Sn{"H} cross-polarization (CP) MAS NMR
experiment was performed since the signals of the tin nucleus
nearby protons (organotin or tin hydroxide) can be selectively
enhanced by CP technique, which is based on the polarization
transfer from protons to the observed nucleus. Three signals at
—565, —695 and —737 ppm are still observed, whereas the
signal at —608 ppm is not present (Fig. 1a, second from top),
suggesting that this signal results from an inorganic tin species
containing no protons. A '’Sn-NMR signal at —603 ppm
with relatively small anisotropy has been reported for Sn0O,,*®
which is similar to our observation. Thus, we assign the
broad signal at —608 ppm to amorphous SnO,. In order to
identify the remaining tin-organic compounds, we performed
selective crystallization of the precursor powder. From a
saturated solution of the precursor in acetone we received
single crystals of tetrakis(N,N-diethyldithiocarbamato)tin(iv)
([Sn(dedtc),]), while the crystallization from methanol led to
the formation of p-disulfido-bis(bis(N,N-diethyldithiocarbamato)-
tin(u)) ([S,Sny(dedtc),]) single crystals. Finely crushed powders of
the single crystals were investigated via ''°Sn MAS NMR spectro-
scopy, respectively. As shown in Fig. 1(a), for [S,Sny(dedtc),] a
signal at —738 ppm was measured and for [Sn(dedtc),] a signal at
—696 ppm was recorded. These signals coincide with the signals
at —695 ppm and —737 ppm in the original spectrum. Conse-
quently, we assign the signals at —695 ppm and —737 ppm in the
original spectrum to [Sn(dedtc),] and [S,Sn,(dedtc),], respectively.
This result is also confirmed by the NMR studies of Barone and
coworkers.*® Finally, following ref. 40, the remaining peak at
—565 ppm in the original spectrum can be attributed to
[Sn(dedtc),]. Here, the observed intense spinning sideband
manifold with large anisotropy agrees with the asymmetric
coordination environment of [Sn(dedtc),] and thus confirms
this assignment. Moreover, we performed ''°Sn MAS NMR
spectroscopy of the precipitation product of the reaction
of SnCl,-2H,0 and Na(dedtc)-3H,O in methanol instead of
water (see Fig. 1(a), bottom). We identified this powder to be
pure Sn(dedtc),, since only one signal occurs at —565 ppm
showing intense spinning side bands, indicating an asymmetric
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environment of the tin nucleus. **°

Sn MAS NMR spectroscopy
allows not only for the identification of the tin compounds, but
also gives an estimation of the quantitative composition of the
precursor powder. From the intensity distribution of the peaks
(including spinning sidebands) in the original NMR spectrum
we find that [Sn(dedtc),] is the main compound with approx.
50 mol%, SnO, represents approx. 38 mol%, [Sn(dedtc),]
amounts to approx. 10 mol%, and [S,Sn,(dedtc),] contributes
approx. 2 mol% to the precursor. All identified tin-organic
compounds contain both product elements, i.e., tin and sulfur,
and no co-evaporation of reactants takes place, hence the
terminology of a single-source precursor is appropriate.

Since the powdery precursor is thermally evaporated during
the PECVD of tin-sulfide nanowalls, the thermal behavior of the
precursor has been examined via TGA in argon atmosphere at
normal pressure. The data is shown in Fig. 1(b) and is intended
to give a first impression on the properties of the precursor
upon thermal treatment. The TGA curve can be divided into
three sections. First, a weight loss of approx. 17% can be
detected from 100 °C to 250 °C, followed by a one-step drop
of 44% from ca. 250 °C to ca. 320 °C. A residual amount of 38%
remains at temperatures up to 400 °C. Interestingly, this is in
good agreement with the quantification from the ''°Sn-NMR
spectroscopy, when the relative molar ratios are translated into
mass percentages: 6 w% [S,Sn,(dedtc),], 55 w% [Sn(dedtc),],
15 w% SnO,, and 24 w% [Sn(dedtc),]. In this case, the drop of
44% at ca. 250 °C could therefore be related to the evaporation
of the main compound [Sn(dedtc),]. Since the '°Sn NMR data
identified [Sn(dedtc),] to be the main compound of the
precursor powder, this component primarily determinates the
thermal characteristic of the precursor powder. As described by
Bratspies et al,** at normal pressure [Sn(dedtc),] melts at
approx. 108 °C and shows decomposition at a temperature range
between 210 °C and 360 °C. This is in total agreement with our
TGA data, shown in Fig. 1(b), confirming that the major compo-
nent of the precursor powder is indeed [Sn(dedtc),] consistent
with the NMR results. The deviation of 40 °C in decomposition
temperature might be due to mixing effects among the
compounds in the precursor powder, e.g., melting or boiling
point elevations. Here it should be noted that the TGA measure-
ments were carried out in argon atmosphere at normal pressure,
while for the PECVD a vacuum of 1.9 mbar is used. Although the
heating rate of ca. 5 °C min~' is equivalent to the heating rate
used in the PECVD, the TGA data is not fully comparable to the
evaporation behavior of the precursor at vacuum condition. At
normal pressure we also observe melting of the yellow precursor
powder with color change to dark orange accompanied by gas
formation. During the PECVD at low pressure, on the other
hand, no significant melting or color change can be observed.
Instead, at approx. 230 °C the precursor powder just vaporizes or
seems to sublimate. A similar difference in thermal behavior
under different pressure is described in ref. 34: at atmospheric
nitrogen pressure, [Sn(dedtc),] melts at 106 °C, followed by
decomposition at 210-360 °C with residue formation, whereas
at low pressure [Sn(dedtc),] melts at 108 °C and then vaporizes at
150-250 °C with only very small residue.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) °Sn MAS NMR spectrum and °Sn{H} CP MAS NMR spectrum of the precursor in comparison to '°Sn MAS NMR spectra of
tetrakis(diethyldithiocarbamato)tin(iv), sulfur-bridged dimeric Sn(dedtc), single-crystal powders and Sn(dedtc),. NMR spectra of the precursor,
Sn(dedtc),, and single-crystalline compounds were acquired at spinning frequencies of 14, 15, and 30 kHz, respectively. The isotropic signals are
marked with arrows. The other signals are spinning sidebands. The spectra are vertically shifted for clarity. (b) Thermogravimetric data of the used

precursor heated in argon atmosphere at normal pressure with a heating rate of 5 °C min™.

In order to further investigate the precursor evaporation at 2.2 Optical emission spectroscopy

vacuum condition, optical emission spectroscopy during the
PECVD process was performed.

In order to get a more detailed insight into the plasma
processes upon precursor vaporization, we performed optical

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. C, 2019, 7, 10098-10110 | 10101
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emission spectroscopy (OES) of the plasma before and during
the PECVD of SnS. Since nitrogen plasma typically shows broad
comb-like emission lines over a broad range of the spectrum,
we focused on the optical region with less nitrogen signals
between 380 and 650 nm wavelength. In Fig. 2(a), the optical
emission spectra of the Ar/N, plasma before the precursor
evaporation (black) and during the SnS deposition (red) are
shown. A thorough comparison of both spectra reveals that
additional emission lines occur during the precursor evapora-
tion (highlighted with grey background). Actually, most of these
lines can be assigned to atomic and molecular fragments of the
precursor. In particular, sulfur lines are visible at 545.3, 555.9,
560.7, and 569.1 nm (S"), while the signals at 398.5 nm and
617.1 nm can be related to Sn" and Sn' species, respectively,
indicating that tin and sulfur are set free by plasma impact. The
signals at 525.5 nm and 603.1 nm are correlated to carbon lines
(C" and C"), occurring when hydrogen is split off. The addi-
tional line at 416.8 nm is assigned to cyanide species (CN).*?
According to our bond-energy calculations (Hybrid-DFT-
functional B3LYP, Ahlrichs valence triple-zeta polarization basis
set def2-TZVP, Gaussian 09W software) of the main precursor
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molecule, the observed fragmentation is likely to occur, when
assuming a mean electron temperature T, of 2.8 eV, very roughly
estimated via Boltzmann-plot technique. The bond between the
tin center and the thiocarbamate ligands is the weakest bond
with 2.3 eV, followed by the bond energy of the sulfur atoms to
the carbon atoms within the ligand (2.8 eV). The energy for the
abstraction of ethylene and methylene groups that leads to
stable fragments of thiocyanate (NCS) and cyanide (CN) was
calculated to be in the range of 3.0 to 3.3 eV. Actually, we find a
weak OES signal at 385.8 nm during the SnS deposition that we
relate to NCS according to ref. 42. Fig. 2(b) shows the develop-
ment of the emission-line intensities over time at the same
location in the plasma. Since the line intensities of all species
follow the same trend with time, i.e., the intensities increase and
decrease simultaneously, it can be assumed that the precursor
evaporates undecomposed before it is activated by the plasma.
If the precursor was decomposed into (volatile) organic and
(involatile) inorganic species by thermal treatment before it
reaches the plasma, the line intensity corresponding to Sn
would exhibit a different temporal behavior from the other
components, e.g., the carbon lines would arise first. Since the
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Fig. 2

(a) Optical emission spectra of the plasma before (bottom) and during (top) the PECVD of SnS nanostructures at the same position of the plasma.

The additional lines are highlighted with grey background. The assignment of atomic lines was done by using NIST atomic database.*! (b) Temporal
development of the intensity of some selected additional emission lines during PECVD and precursor heating (CN at 416.8 nm, S" at 555.9 nm, C' at

603.1 nm, and Sn' at 617.1 nm).
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precursor heating changes over time (shown as blue line in
Fig. 2(b)) the amount of released precursor also changes.

2.3 Plasma-enhanced chemical vapor deposition of tin sulfide

For the synthesis of vertically aligned, crystalline tin-sulfide
nanowalls, we performed plasma-enhanced chemical vapor
deposition (PECVD) using the above described tin-organic
powder as a solid precursor. Highly toxic sulfur-containing
gases like hydrogen sulfide are not required. Instead, sulfur
and tin are provided by thermal evaporation of the precursor
powder at low temperatures. Since, in the gas phase, tin and
sulfur are still embedded in their molecular surrounding,
due to the vaporization of the tin-organic compounds (see
Section 2.2), the use of plasma gives access to the required
reactive ionic tin and sulfur species by electron impact. For
this, the precursor is heated up to 265 °C and the resulting
vapor of mainly [Sn(dedtc),] is released into a pulsed
capacitively-coupled 13.56 MHz RF-plasma at 185 Pa chamber
pressure and 20 W plasma power with argon and nitrogen as
carrier gases. The specific conditions for the PECVD of SnS
nanowalls have been optimized in an iterative process by
systematically varying several reaction conditions. As a result,
we found that mild plasma conditions and also plasma pulsing
are crucial factors for the SnS-nanowall growth. Without
plasma no deposition takes place, while the usage of a
continuous plasma leads to the massive deposition of SnS.
A pulsed plasma enables accurate nanostructured deposition
of SnS. Beside an optimized plasma setup, the choice of
substrate material affects the deposition. We used 1 x 1 cm?
metal-covered silicon wafers mounted face-down on a dielectric
heating bar at a vertical distance of 2.8 cm from the precursor
reservoir, also within the plasma area (see Experimental methods,
Fig. 6). Elevated substrate temperatures are required for the
deposition of high-quality films.** A high substrate temperature
enables a higher mobility of reactive species on the substrate
surface, and thus facilitates processes of crystallization,
recrystallization, and rearrangement, leading to a higher film
quality. However, higher substrate temperatures can also
increase the deposition rate, which needs to be regulated when
nanostructuring is purposed. Using a high substrate tempera-
ture of 400 °C, our PECVD procedure leads to square-shaped
nanosheet stacks covering the entire substrate surface. An SEM
image is shown in Fig. 3(a).

Looking at the microscale stacking, a layered structure is
clearly visible, indicating anisotropic crystal growth. The frayed
shape of the edge structure reveals the growth direction to be
towards the edges. The corresponding powder X-ray diffraction
pattern (Fig. 3(b)) matches accurately to the reference pattern of
orthorhombic a-SnS,** proving the high quality of the structure.
Four additional reflexes at 33.05°, 38.26°, 47.81°, and 56.42°
originate from the gold-covered wafer substrate. There is no
evidence for any crystalline subphase, ie., neither typical
reflexes for SnS, (15.14°, 32.38°, 42.22°)"® nor for Sn,S;
(16.10°, 31.88°, 46.90°)*° has been detected. The deviation in
relative reflex intensities can be attributed to texture effects.
EDX analysis (Fig. 3(c)) proves the 1:1 ratio of tin to sulfur in

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) SEM image of PECVD-grown SnS structures with (b) corresponding
XRD pattern and reference data for a-SnS (ICDD pattern no. 39-0354).
Reflexes marked with “A” are those from the wafer, “*" indicates (111) gold
reflex. For better visibility of reflexes with lower intensity, part of the ordinate is
cut off. (c) Representative EDX spectrum of the sample.

the reaction product and the absence of organic species. Since
the precursor was heated up to only 265 °C, no SnO, has been
released into the plasma and thus no oxygen contamination of
the tin-sulfide structures occurred. We assume that at 265 °C
precursor heating only the compounds [S,Sn,(dedtc),] and
[Sn(dedtc),] are released into the plasma leading to a tin-to-
sulfur ratio of 1:5-1:4 in the plasma. Even though the amount
of sulfur in the plasma is considerably higher than the amount
of tin, only SnS is formed. This can be explained by the fact that
a-SnS is the thermodynamically most stable phase among the
various Sn,S, phases. According to Skelton et al.® orthorhombic
o-SnS (Pnma) represents the ground-state. Phases like tin
sesquisulfide (Sn,S;) are predicted to be less stable and to
decompose into a-SnS and SnS, at certain conditions.® It has to
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be noted, that besides the Pnma phase, the newly discovered
n-cubic phase (Cmcm) is also dynamically stable® (2.2 kJ mol ™
above the ground state”).

2.4 PECVD of tin-sulfide nanowalls

In order to maximize the surface area of the SnS nanostructures
we optimized the reaction conditions to avoid the massive
stacking of the sheets. The final goal was to establish a
geometry as it is typical for carbon nanowalls.”® For carbon-
nanowall formation, it has been shown that grain boundaries
play a crucial role, according to Zhu et al.*® During the first few
minutes of the synthesis, the formation of a 1-15 nm thick layer
of graphitic sheets is described, which grows parallel to the
substrate. Once a sufficient level of force develops at the grain
boundaries, vertical, diffusion-controlled growth is enabled.*®
It has been shown that the growth of the carbon nanowalls
mainly takes place at the top of the sheets.*® The vertical growth
of free-standing nanosheets is further enhanced by a vertical
electric field.*® Transferring the necessity of a grain-boundary
rich base layer for nanowall formation to the case of SnS, our
PECVD was changed in a way that small sheets are deposited
instead of massive stacks. For this, we drastically decreased the
deposition rate by lowering the substrate temperature from
400 °C to 250 °C. All other parameters were kept the same.
Actually, we observed that the substrate temperature not only
influences the deposition rate, but also the morphology of the
deposited structures: the lower the substrate temperature, the
smaller and the slenderer the structures become. At a substrate
temperature of 250 °C, flaky structures predominantly grow
parallel to the substrate. Due to the resulting patch-like texture,
the coating features numerous thin grain boundaries (see
Fig. S2(a), ESIf). The corresponding XRD pattern can be
assigned to phase-pure orthorhombic «-SnS. Due to strong
texture effects and the small layer thickness, most of the
reflexes of the XRD pattern of the sample synthesized at 250 °C
substrate temperature are hard to identify (see Fig. S2(b), ESIT).
However, the (040) reflex is unambiguously dominant, indicating
that the interlayer periodicity and thus the basal plane of the
nanosheets, is parallel to the substrate and that (040) represents
the sheet thickness. Although an essential condition for nanowall
formation seems to be given by the grain-boundary rich layer
formed from SnS flakes, the formation of nanowall-like SnS
structures does not take place. A possible reason might be the
thin gold coverage of the wafer substrate, which originally was
intended to gain surface roughness and to increase the adhesion
of tin and sulfur species to the substrate. We suspect a relation
between crystalline gold surfaces and SnS growth: the XRD
patterns of the samples with gold coverage show a broad reflex
at 38.3° (see Fig. 3(b)) that can be assigned to the (111) reflex of
gold.”® Due to the weak adhesion of gold to the smooth wafer
surface, gold shows a considerable mobility on the substrate. If
the gold layer is very thin, the dewetting leads to the formation
of individual gold islands with (111) crystal facets. Plasma-
activated species diffuse on the wafer surface and can attach
to these islands. From our observation, vertical SnS growth
is suppressed by the [111] surface of gold. Actually, we also
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observed solely planar growth of SnS when using a bare [111]
silicon substrate without gold coverage. However, the deposi-
tion was much less than with gold layer. Hence, for the vertical
growth of SnS nanowalls, we tried to increase the adhesion
ability of the substrate by a wafer coverage, but at the same time
avoid the formation of (111) facets. For this, we sputtered
20 nm of an amorphous layer, namely steel/18Cr/9Ni, on a
[100] silicon wafer and performed the pulsed PECVD procedure
at 250 °C substrate temperature and 265 °C precursor heating for
30 min. As a result, the entire substrate surface was homo-
geneously covered with a dull, deep black opaque layer. The
corresponding SEM image in Fig. 4(a) shows a dense layer
of vertically aligned ultrathin nanowalls (average thickness
of approx. 14 nm). Via cross-sectional imaging, a height of
ca. 3.5 um was measured. The corresponding XRD pattern
(Fig. 4(b)) fits accurately to orthorhombic a-SnS with no notable
sub-phases. Moreover, there are no reflexes besides SnS and
wafer substrate, proving the amorphous condition of the
previously sputtered alloy. Electron diffraction of detached
single nanowalls indicate the lateral extent from bottom to
top to be along (001), that is described to exhibit enhanced
electron mobility.

Obviously, in contrast to gold, the thin steel/18Cr/9Ni layer
enables the formation of SnS nanowalls. This might be due
to different synergetic effects. First, the different solid-state
dewetting (SSD) of gold and the used alloy on silicon wafers
influences the deposition. The SSD depends on the interface
energy between the metal film and the substrate as well as the
reduction of the surface energy by, e.g., thermal annealing.>
Gold is known to form single-crystalline islands with flat (111)
textured top surfaces.’>® Plasma-induced SSD even enables
the formation of (uniform) gold nanoparticles by hole nuclea-
tion and growth at the grain boundaries.”* We also observed
SSD of the steel/18Cr/9Ni layer on the wafer surface. After
plasma and heat treatment, the smooth as-deposited layer
turned into nanoparticle-like structures with an average height
of 14 nm and an average width of 35 nm. Via atomic-force
microscopy (AFM) we measured an increase of the alloy-layer
roughness (Rryms) from 0.16 to 2.06 (compare ITO: Rgyps = 2.77).
However, using other ‘“rough substrates” such as ITO-covered
glass slides as substrates for our PECVD procedure does not
lead to nanowall formation. Hence, beside roughness, a cata-
Iytic activity of the steel/18Cr/9Ni alloy might be present. Since
the dewetting behavior of the alloy implies a (at least partial)
melting on the wafer surface, a solution of tin and/or sulfur in
the liquid alloy might be possible. Herman and coworkers®’
determined the solubility of tin in a-Fe to be 6.5 w% at 600 °C
and that the addition of 1 w% nickel or 1 w% chromium lowers
the solubility of tin to 5.2 w%. According to Herrnstein et al.”®
sulfur has a very low solubility in iron, i.e., 0.001 atomic% at
600 °C. Due to the low solubility of tin and sulfur in the alloy,
the saturation limit is low, and thus crystallization of SnS might
occur at an early stage of the synthesis. This hypothesis is
reinforced by the fact that nickel and iron can form a type-2
binary sulfide system, which is characterized by the appearance
of an eutectic point.”” Thus, a kind of vapor-liquid-solid (VLS)
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Fig. 4 (a) Top-view and cross-sectional SEM image of thin SnS nanowalls grown on silicon wafer sputter-coated with 20 nm steel/18Cr/9Ni alloy.
The substrate temperature during PECVD was set at 250 °C, the precursor was heated up to 265 °C. (b) XRD pattern of the thin nanowalls (A = wafer) and
reference data of orthorhombic a-SnS (ICDD pattern no. 39-0354). (c) Top-view and cross-sectional SEM image of SnS/SnS, nanowalls grown on silicon wafer
sputter-coated with 20 nm steel/18Cr/9Ni. (d) XRD pattern of the SnS/SnS, nanowalls and reference data of hexagonal SnS, (ICDD pattern no. 23-0677).

process might promote the SnS formation. This might be VLS-like process is not likely. Tin and sulfur do not dissolve in
enhanced by the plasma conditions, since plasma lowers the gold. Instead, sulfur-gold interfaces are formed at the (111)
surface tension in Fe-Ni-Cr(-S) alloys.”® Applying this model to  gold facets via chemical or coordinating bonding.>* Conse-
the SnS deposition using gold-covered wafers as substrates, a quently, the shape of the resulting SnS layer strongly depends
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on the processes in the earliest stages of the PECVD directly
on the substrate surface.

2.5 SnS/SnS,-heterostructure formation

For the pulsed PECVD of o-SnS we limited the precursor
heating to 265 °C. Performing our pulsed PECVD at an elevated
precursor heating of up to 510 °C, nanowall structures with an
average thickness of 48 nm grow on steel/18Cr/9Ni-covered
silicon wafers as shown in the SEM images in Fig. 4(c). Regard-
ing the corresponding X-ray diffraction pattern, shown in
Fig. 4(d), some reflexes can be assigned to hexagonal SnS,,
e.g., at 15.05°, indicating the thick nanowalls to be a mixed
structure of SnS and SnS,. Cross-sectional Raman mapping of
the sample does not show a distinct phase-junction from SnS to
SnS,, implying that these two species do not form separate
macroscopic domains, but are mixed at the nanometer scale.
Hence, it is likely that SnS was partially post-sulfurized in
consequence of an increased partial pressure of sulfur in the
plasma. Considering that the SnS, formation only occurs at
high precursor heating, two possible scenarios for an increase
in sulfur content in the gas phase can be drafted. At low
pressure and low precursor heating of up to 265 °C, only the
compounds [S,Sn,(dedtc),] and [Sn(dedtc),] are evaporated,
leading to a molar ratio of tin-to-sulfur of 1:5-1:4 in the
plasma. Phase-pure SnS is formed. Extending the precursor
heating to temperatures over 400 °C at low pressure, the
compound with the highest sulfur content, namely [Sn(dedtc),],
starts to evaporate, leading to an increased partial pressure of
sulfur in the plasma. It is also very likely that the vaporization
of the precursor at low pressure is increasingly accompanied by
decomposition with increasing precursor heating. Considering
ref. 34 and 39, sulfur-containing organic fragments are released,
while an inorganic residue remains. Consequently, the sulfur
content in the plasma is increased, causing a subsequent
sulfurization of the previously grown SnS.

2.6 Conductivity measurements

In order to get an idea of the electronic properties of the
PECVD-grown SnS and SnS/SnS, nanostructures, and to examine,
whether the nanosheet network is appropriate for application in
electronic devices, I-V curves of the stacked SnS, SnS nanowalls,
and SnS/SnS, heteronanowalls were measured. Due to the extra-
ordinary roughness of the deposited layers, we used mercury
droplets, fixed via stainless-steel cannulas (distance 5 mm), for
electrical contact with the structures. At ambient conditions, the
voltage was swept at a scan rate of 50 mV s~' and the resulting
current was measured. Representative I-V curves of each sample
are shown in Fig. 5. All measured samples were synthesized as
described above, but on Si/SiO, [100] wafers with 500 nm SiO,
instead of 100 nm, to exclude any leakage current through the
substrate. Moreover, we verified that the metal coverage of the
substrate did not enable charge transport by measuring plasma-
treated annealed metal-covered wafers. Due to the metal-layer
dewetting, no significant current is transported, so that the only
conductive part of the samples is the respective PECVD-grown
nanostructure network.
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Fig. 5 Representative /-V curves of mercury—droplet contacted stacked
SnS (black), thick SnS/SnS, nanowalls (yellow) and thin SnS nanowalls
(blue). Inset image shows work function of mercury and band gaps of
SnS and SnS, according to Burton et al.®°

The representative measurement of the stacked SnS struc-
tures is shown in black. Due to the Schottky-type contact
between mercury droplet and SnS structure, the curve shows
a slight bending around the coordinate origin. Taking the
geometry of the conducting channel into account, a specific
conductivity of 26 S m ™" was calculated by evaluating the linear
slope of the curve in the region of +0.2 V. In comparison, the
thin SnS nanowalls were measured identically. The corres-
ponding blue curve in Fig. 5 shows a much higher absolute
current, already indicating a higher conductivity than the
stacked structures. Also the curve bending is stronger, suggest-
ing an increased Schottky barrier that might be caused by an
increased band gap of SnS due to quantization effects resulting
from the small thickness of the individual nanosheets. Since
the contact area between mercury droplet and nanowalls is not
precisely known, we estimated an active contact surface of 20%,
resulting in a calculated specific conductivity of approx. 260 Sm™ ™.
The calculated specific conductivity of the investigated tin-sulfide
samples as a function of channel width, i.e., as a function of the
active contact area of mercury droplet and structure is shown in
the ESI{ (Fig. S3). Finally, we also measured I-V curves of the
thick heterostructured nanowalls, shown as yellow curve in
Fig. 5. The absolute current is in a range between the stacked
SnS and the SnS nanowalls, which was expected, since SnS, has a
lower electrical conductivity compared to SnS.°" The bending
indicates a Schottky-type contact. If the thick nanowalls were
phase-pure SnS,, this bending would not appear, since the band
alignment, shown in the inset in Fig. 5, would not lead to the
formation of a Schottky barrier. Hence, the bending supports the
hypothesis, that the thick nanowalls are SnS/SnS, heterostruc-
tures since, in this case, a Fermi-level shift towards higher
energies results in a Schottky barrier.

This journal is © The Royal Society of Chemistry 2019
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The very simple I-V curve measurements demonstrate, that
charge transport through a dense network of very thin nano-
walls is much more efficient in comparison to charge transport
through stacked SnS. Since the footprint of the mercury droplet
is relatively small, only a few nanowalls are contacted. Conse-
quently, the horizontal contribution to the absolute current is
much higher than the (actual preferred) vertical contribution.
The more nanowalls are contacted, as it would be the case in a
solar cell, the more the vertical charge transport comes into
effect. Hence, an even higher conductivity is expected. Covering
the nanowalls with an appropriate conductive polymer would
enable the generation of a boundary layer for charge separation
and would exclude short-circuits that could occur when the
bare SnS layer is conventionally contacted.

3 Conclusion

We report on a novel PECVD approach for the large-area
deposition of crystalline, well-aligned SnS nanowalls. The used
solid single-source precursor is synthesized by a simple
precipitation reaction of SnCl,-2H,0 and Na(dedtc)-3H,O in water.
Combining "°Sn-MAS NMR spectroscopy with single-crystal data
and thermogravimetric analysis, reveals that the precursor powder
mainly consists of [Sn(dedtc),] with side-products of [S,Sn,(dedtc),]
and [Sn(dedtc),]. The vertical CCP setup allows the direct evapora-
tion of the solid tin-organic precursor. Via optical emission spectro-
scopy, we investigate the precursor fragmentation upon plasma
impact. Here, the release of activated tin and sulfur species is
indicated by additional emission lines in the spectrum occurring
during the SnS deposition.

Tuning the morphology of the PECVD-grown structures
from stacks to vertically aligned sheets allows the following
conclusions: (1) at an elevated substrate temperature of 400 °C,
the deposition rate is high and SnS stacks are formed. (2) At a
low substrate temperature of 250 °C, the temperature is not the
morphology-determining parameter. Now, the interaction
between the plasma-activated species and the substrate surface
becomes more relevant. It turns out, that (111) facets suppress
the vertical growth of SnS. (3) A certain surface roughness is
needed to increase the retention time of the reactants on the
substrate surface and thus to deposit considerable amounts of
SnS. Grain boundaries play a crucial role for vertical growth.
It turns out, that a thin layer of steel/18Cr/9Ni on the silicon
wafer is an appropriate ground for SnS-nanowall growth. The
non-crystalline material features an enhanced surface roughness
upon dewetting. However, since ITO-covered glass slides are not
suitable for SnS-nanowall formation, an additional aspect has to
be taken into account. (4) We assume that the morphology of the
deposited structures strongly depends on the very early pro-
cesses of the deposition. This includes the physical and chemical
interaction between the reactive species and the substrate
surface. For gold, a chemical bonding to sulfur can be assumed.
In the case of steel/18Cr/9Ni, the dissolution of small amounts of
tin is expected. The resulting binary system is able to dissolve
sulfur, resulting in an eutectic mixture. Small amounts of
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chromium and nickel further decrease the supersaturation
limit of the dissolved tin sulfide. Consequently, a VLS-like
SnS-nanowall growth is assumed.

SnS/SnS, heteronanowalls are achieved by extending the
precursor heating from 265 °C to 510 °C. A partial post-
sulfurization of SnS forming SnS/SnS, is assumed as a conse-
quence of an increased partial pressure of sulfur in the plasma
at elevated precursor heating. Finally, simple I-V curve
measurements prove the significantly enhanced conductivity
through the vertically aligned SnS-sheet network compared to
stacked SnS. Hence, the full functionality of SnS as absorber
layer in optoelectronic devices might become accessible by
aligned nanostructured SnS.

Further experiments will focus on the optimization of the
PECVD of SnS nanowalls on FTO-covered glass substrates
in order to study the absorption properties, the electric perfor-
mance and the photo conductivity in more detail. Moreover,
covering the tin-sulfide nanowall layer with a conductive polymer
that can be contacted conventionally will be the next step to
realize a SnS-nanowall based solar cell.

4 Experimental methods
4.1 Chemicals

Argon (Ar, Westfalen, 5.0), gold (999.9 fineness, PIM), steel/
18Cr/9Ni, nitrogen (N,, Westfalen, 5.0), sodium diethyldithio-
carbamate trihydrate (CsH;,NNaS,-3H,0, Sigma Aldrich), tin
dichloride dihydrate (SnCl,-2H,0 Sigma Aldrich). All chemicals
were used without further purification.

4.2 Precursor synthesis

For the synthesis of bis(diethyldithiocarbamato)tin(u), 1.59 g
(7.0 mmol) tin dichloride dihydrate and 3.21 g (15 mmol)
sodium diethyldithiocarbamate trihydrate were dissolved in
50 mL fresh ultrapure water, respectively. At 900 rpm stirring
and light-exclusion, the sodium diethyldithiocarbamate solution
was added dropwise to the tin dichloride solution. When approx.
30 mL thiocarbamate solution was added, a bright yellow precipitate
became visible. After the addition of 50 mL thiocarbamate solution,
the suspension was stirred at 900 rpm under light-exclusion for
15 min. Then the precipitate was allowed to sediment in order
to decant the cloudy supernatant. The yellow solid was washed
with ultrapure water until the whitish residue was removed.
The product was then dried under vacuum (1 mbar abs.) for
48 h and was stored at dry inert conditions. For the fabrication
of a reference sample, the as-described dropwise precipitation
of tin dichloride dihydrate with sodium diethyldithiocarbamate
trihydrate was performed identically, but in dried degassed
methanol under nitrogen atmosphere.

4.3 Substrate preparation

Prime grade silicon wafers with a 100 nm thermally oxidized
layer were purchased from Addison Engineering, Inc. San Jose,
CA. The surface crystal orientation of the 625 pm thick n-type
doped wafers was [100]. Before usage, the 1 x 1 cm?® wafer
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Fig. 6 Technical scheme of the used home-built PECVD setup (CCP, 13.56 MHz RF). In between the electrodes a dielectric SizN4 heating bar is holding
the wafer substrate face down. The precursor is placed in a molybdenum boat on the grounded heatable electrode.

pieces were sonicated in acetone for 15 min and dried under
nitrogen flow. For PECVD the wafer piece was then coated with
20 nm gold without undercoating using thermal high-vacuum
coater Classic 250 (Pfeiffer Vacuum). The gold-coated wafer was
subsequently inserted into the PECVD setup. For each synthesis,
a freshly coated wafer was used. Similarly, wafers were also
covered with 20 nm of steel/18Cr/9Ni by sputtering using a
Gatan 682 Precision Etching and Coating System (PECS).

4.4 Plasma-enhanced chemical vapor deposition

The plasma-enhanced chemical vapor deposition was performed
using a home-built setup where a capacitively-coupled plasma
with a radio frequency of 13.56 MHz and an argon-nitrogen
mixture as carrier gas was used. In general, 185 mg of the
precursor were placed on a resistance-heating plate in vertical
alignment with a heatable substrate holder that holds a metal-
coated Si/SiO, [100] wafer face-down. A scheme of the setup is
shown in Fig. 6. The closed reactor was conditioned with a
mixture of 92% argon and 8% nitrogen. For the synthesis, the
chamber pressure is set to 1.9 mbar at an argon flow of 139 sccm
and a nitrogen flow of 12 sccm. After two minutes of continuous
plasma, the plasma is set into pulsed mode (1 s at 50% duty cycle).
Then the substrate is heated at a rate of approx. 30 °C min~"' until
the substrate temperature is reached. Subsequently, the precursor
is heated (approx. 8 °C min '). The formal reaction time was
started when a color change of the wafer indicated the deposition
of material. After a certain reaction time, the precursor heating was
stopped. By the time the plasma color indicates no further
existence of precursor in the plasma, the plasma is turned off.
After five more minutes the substrate was allowed to cool down to
room temperature before removing.

4.5 Solid-state NMR spectroscopy

Solid-state NMR experiments were performed on a Bruker
Avance II 400 spectrometer, equipped with 4 or 2.5 mm double
resonance MAS probe. *°Sn{"H} cross-polarization (CP) magic
angle spinning (MAS) NMR spectra were acquired using ramped
polarization transfer at an operating frequency of 149.20 MHz and
two-pulse phase-modulated (TPPM) decoupling during acquisition.
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19Sn Hahn echo MAS NMR spectra were acquired to reduce rolling

in background with rotor-synchronization during tau intervals.
Chemical shifts were referenced to external standard of tetra-
methyltin, at 0 ppm. Repetition delays were typically 10 s and
the spinning frequencies were either 14 or 30 kHz.

4.6 Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the precursor powder and
pure Sn(dedtc), was performed using the STA 449 F3 Jupiter
(Netzsch) with a heating rate of 5 °C min™" at normal pressure
and argon flow.

4.7 Optical emission spectroscopy

For recording the optical-emission spectra we imaged the inside
of the plasma chamber onto the entrance slit of a 300 mm
spectrograph (SpectraPro 2300i, Princeton Instruments). This is
done by collecting the light with a 300 mm lens through a quartz
window in the chamber and focusing into the spectrograph with a
100 mm lens. Inside the spectrograph the light is dispersed by a
300 lines per mm grating onto the two dimensional array
of a cooled low noise charge-coupled device (CCD) camera
(iDUS, Andor). Using the entrance slit in horizontal direction
and a distinct choice of CCD pixels in vertical direction only
light from the region of interest inside the chamber is chosen
to build up the optical emission spectra. Spatial resolution was
achieved by using a mirror scanner. For the in situ spectro-
scopy, a typical PECVD procedure was performed, while spectra
were measured (3 s exposure time) at the same position of the
plasma bulk. The first spectrum was subtracted as baseline
from every following spectrum of the experiment. Data processing
was performed using the software Andor Solis, evaluation was
done using MATLAB R2017a.

4.8 Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to visualize
the topography of the CVD-grown structures in top-view and
cross-sectional view using a Quanta 3D FEG (FEI) with a beam
energy of 20 kV at high vacuum. All samples were measured in
the original state without any pre-treatment.
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4.9 Energy-dispersive X-ray spectroscopy

An EVO MA 10 (Zeiss) scanning electron microscope was used
in order to investigate the elemental composition of the pre-
cursor and the CVD-grown samples. The beam energy was 20 kV
and the beam current was 1.2 nA. The spectra were analyzed via
INCA software.

4.10 Powder X-ray diffraction

All samples were investigated via powder X-ray diffraction using
an X'pert Pro MPD (Philips) in the range of 5 to 60° using
Cu K-a source (2 = 1.54 A). For each measurement, the entire
sample was placed on a substrate holder. The data were processed
using X’'pert Pro software. Sonneveld & Visser method was
performed for background correction.
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