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A B S T R A C T   

In this study, better-quality stoichiometric SnS thin films were prepared by atomic layer deposition (ALD) using a 
liquid divalent Sn precursor, N, N′-di-t-butyl-2-methylpropane-1,2-diamido tin(II) [Sn(dmpa)], and H2S. A 
relatively high growth per ALD cycle (GPC) value of approximately 0.13 nm/cycle was achieved at 125 ◦C. 
Furthermore, crystalline SnS films could be grown from room temperature (25 ◦C) to a high temperature of 
250 ◦C. Density functional theory (DFT) calculations were used to examine the surface reactions and self-limiting 
nature of the Sn precursor. Mixed phases of cubic (π) and orthorhombic (o) SnS films were deposited at low 
temperatures (25–100 ◦C), whereas only the orthorhombic phase prevailed at high growth temperatures 
(>125 ◦C) based on the complementary results of X-ray diffractometry (XRD), Raman spectroscopy, and X-ray 
photoelectron spectroscopy (XPS) analyses. The optoelectronic properties of the SnS films were further evaluated 
by spectroscopic ellipsometry (SE) analysis. The results from the SE analysis supported the observed change from 
mixed π-SnS and o-SnS to o-SnS with increasing deposition temperature and allowed the determination of the 
energy bandgap (~1.1 eV) and a relatively broad semi-transparent window (up to 3000 nm). Overall, this new 
ALD process for obtaining a good quality SnS is applicable even at room temperature (25 ◦C), and we foresee that 
this process could be of considerable interest for emerging applications.   

1. Introduction 

Metal chalcogenides have recently emerged as materials of great 
interest for a wide range of applications, owing to their admirable 
physicochemical properties [1,2]. Of particular note, SnS is considered 
one of the most researched metal chalcogenide compounds in the form 
of both powder and thin films owing to its abundance, nontoxic nature, 
and attractive opto-electrical properties [3–15]. SnS crystallizes with an 
orthorhombic crystal geometry (Pnma space group), where each Sn(II) 
atom is linked to six S chalcogen atoms, forming a highly distorted 
octahedral structure to form a two-layered structure [3,16–21,23–27]. 
These adjacent S layers with a larger interlayer spacing (0.43 nm) are 
associated by weak van der Waals forces, which are of particular interest 
for the intercalation of Na + and Li + while alleviating the effect of 

structural deformation [1–3]. SnS is a p-type semiconductor with good 
hole mobility (90–500 cm2/V), high free carrier concentration 
(1017–1018 cm− 3), and a high absorption coefficient (>104 cm− 1) with a 
band gap of 1.1–1.8 eV [2,3,5]. SnS could also form a cubic crystalline 
structure with a larger lattice constant (a = 11.6 Å), which was initially 
known as a zinc blende structure, with a band gap of 1.7 eV [11–21]. 

Despite the excellent properties SnS has, it is difficult to achieve 
because of the formation of tin sulfides with different stoichiometries 
(like SnS2, Sn2S3), resulting in the failure to obtain phase-pure Sn(II) 
sulfide [19,42]. For example, existing SnS-based solar cells have ach
ieved efficiencies of only approximately 5%, whereas theoretical studies 
suggest an achievable efficiency of approximately 24% [19]. One of the 
major concern in this regard is to achieve impurity (like oxide) and 
secondary phase-free SnS [2–4,19,23–31]. As can be seen in the Table S1 
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[22], secondary phases (Sn2S3 and SnS2) are often deposited owing to 
the higher stability of Sn + 4 than the + 2 oxidation state. The unifor
mity of single-phase SnS films is also compromised at higher tempera
tures. In addition, high surface roughness is observed in SnS films 
prepared at such high temperatures [19]. Moreover, the frequently used 
methods like physical and chemical vapor deposition (PVD and CVD) to 
deposit SnS thin films often suffer from essential limitations such as poor 
uniformity of film thickness, phase purity, reproducibility of the films, 
and step coverage (Table S1) [22]. In this context, atomic layer depo
sition (ALD), a modified version of CVD, is of particular interest for 
preparing uniform and conformal thin films owing to its self-limiting 
surface reaction during alternating exposure of precursors [32,33]. 
ALD also enables precise control of the film thickness, even up to a few 
nm, and the properties of ALD films, including composition, and phase, 
can easily be altered through the use of various ALD precursors and 
different process parameters. 

In this regard, ALD tin sulfide is being studied more closely [33–45]. 
In addition to their promise for solar cell applications, ALD-SnS films 
have also been successfully utilized in various other applications 
[33,40,42,44]. To the best of our knowledge, five varieties of Sn (II) 
precursors have been reported so far as shown in the Table S2 [22]. Sn 
(II) compounds make it easy to produce Sn(II) sulfide by avoiding the 
formation of Sn(IV) sulfide. Additionally, the use of a divalent Sn pre
cursor widens the deposition temperature range for growing pure SnS as 
compared to the tetravalent Sn precursor [37]. Tin(II) 2,4-pentanedio
nate [Sn(acac)2] [34], bis(N,N′-diisopropylacetamidinato) tin(II) [Sn 
(amd)2] [36], N,N′-di-tert-butyl-2,3-diamidobutanetin (II) [Sn(dbdib)] 
[41], bis(1-dimethylamino-2-methyl-2-propoxy)tin(II) [Sn(dmamp)] 
[42], and bis(N,N′ diisopropylformamidinato) tin(II) [Sn(dipfamd)] 
[44] are the studied tin precursors. Their molecular structures are shown 
in Table 1 [44]. ALD of SnS was first reported by Kim et al. using Sn 
(acac)2 and H2S at temperatures ranging from 125 to 225 ◦C with a low 
growth per cycle (GPC) of 0.24 Å [34]. The films contained substantial 
oxygen residue of approximately 20% as the acac ligand had an oxygen 
molecule. In another study, the ALD-SnS process was established using 
Sn(II)(dmamp) precursor at temperatures of 90–240 ◦C with a low GPC 
of 0.36 Å [42]. A relatively higher GPC of 0.86 Å for ALD-SnS was re
ported with an amidinate-based solid precursor, Sn(II)(dipamd)2, which 
yielded only the orthorhombic phase in the 100–200 ◦C range [36]. 
Recently, another ALD process using an amidinate-based Sn(II) precur
sor, Sn(II)(dipfamd), was reported for orthorhombic and cubic mixed 
phase SnS films deposited at temperatures from 65 to 180 ◦C; [44] the 
authors claimed that the diisopropylformamidinate ligand enhanced 
both volatility and reactivity of the precursor compared to diisopropy
lacetamidinate congeners. Kim et al. reported that cyclic amide-based 
precursors were more volatile than amidinate-based precursors and 
hence, might bring down the deposition even further.[41] The process 
involving cyclic amide based precursor, Sn(dbdib), demonstrated that 
SnS deposition is possible at a low temperature of 50 ◦C with a high GPC 
of 1.25 Å [41]. Thus far, this cyclic-based Sn(II) precursor, has better 
growth properties than other known Sn(II) precursors, which have 
complex symmetrical or planar structures and are in a solid state with 
low processability (low GPC and poor repeatability). Therefore, the 
precursor selection plays a significant role in establishing the growth 
temperature, the ALD process performance as represented by GPC, and 

even the material properties of the deposited films. Hence, it is worth
while to continue the development of new precursors to discover the 
properties of low-temperature SnS films by optimizing the growth pa
rameters for a particular application. 

Herein, we present a thermal ALD of SnS using a newly synthesized 
cyclic amide based liquid tin(II) precursor, [N, N′-di-t-butyl-2-methyl
propane-1,2-diamido tin(II), Sn(dmpa)], and H2S. Cyclic amide com
pounds were introduced by adding an asymmetric ligand to induce a 
nonplanar or asymmetric structure. This made it possible to prepare a 
liquid precursor, which can improve the volatility significantly because 
the intermolecular force is weak compared to that of a solid material at 
room temperature. Tuning intermolecular force was performed by 
changing the carbon position of the existing compound without 
changing the molecular weight [43]. Typical ALD related growth ki
netics were explored and discussed. Density functional theory (DFT) 
calculations showed the feasible surface reaction mechanism of the 
precursor and H2S, as well as possible self-limiting behavior. The as- 
grown SnS films were systematically analyzed in terms of their crystal
lographic nature, composition, microstructure, surface structure/ 
morphology, and opto-electrical properties. 

2. Materials and method 

2.1. Materials preparations 

SnS thin films were grown using [N,Nʹ-di-t-butyl-2-methylpropane- 
1,2-diamido)tin(II), Sn(dmpa)] (Hansol Chemical, Republic of Korea) as 
the tin precursor (Table 1) and H2S as the S source by ALD in a traveling 
wave-type thermal ALD reactor (Lucida-D100, NCD Technology) within 
a deposition temperature range of 25–250 ◦C. A stable pressure of 0.08 
Torr was maintained in the ALD chamber. Sn(dmpa) is a liquid under 
ambient conditions; an appropriate vapor pressure was achieved by 
heating the precursor vessel to 40 ◦C. A liquid precursor has a certain 
advantage in terms of vapor pressure consistency, which is essential for 
reproducible ALD throughout the span of a precursor charge. This vapor 
pressure consistency is difficult to achieve for solid chemicals owing to 
their surface area variations. Silicon substrates covered by thermally 
deposited SiO2 layer (~100 nm thickness) were utilized for the material 
characterization of the SnS thin films. A flow rate of 100 sccm was used 
to supply ultrahigh-purity Ar gas as the carrier to establish correct 
precursor delivery and to ensure a continuous 100 sccm flow for the 
purging gas between sequential exposures of Sn(dmpa) and H2S. A 
constant 100 sccm flow of Ar was used for the pulsing H2S gas as a 
reactant. Each ALD cycle consisted of the following sequential reaction 
schemes in the ALD-SnS process: Sn(dmpa) pulsing (2 s), purging (10 s), 
H2S pulsing (2 s), and purging (10 s). 

2.2. DFT calculations 

DFT calculations were performed using periodic boundary condi
tions with the Vienna ab initio simulation package [46]. The PBE 
exchange–correlation functional was used with projector augmented- 
wave ultrasoft pseudopotentials and D3BJ dispersion correction. A 
plane-wave cutoff energy of 300 eV and a 3 × 3 × 1 Monkhorst–Pack k- 
point grid were used. Using this method, the unit cell parameters of 

Table 1 
The molecular structures of Sn(II) metalorganic precursors.  

Sn(dmpa), this study Sn(dipfamd) Sn(dmamp)2 Sn(dbdib) Sn(amd)2 Sn(acac)2  
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monolayer orthorhombic SnS (Pnma) were optimized to a = 3.98 Å and 
b = 4.40 Å, which are close to the literature values of a = 3.98 Å and b =
4.33 Å (Crystallography Open Database ID: 1011253). A 3 × 3 supercell 
of monolayer SnS with an exposed surface orientation of (0 1 0) was 
constructed with a vacuum gap of 17 Å to avoid interactions between 
adjacent slabs. Two extreme coverages of thiol (–SH) groups were 
appended: one H adatom on one S atom of the supercell [θ(SH) = 1/9 
monolayer: Figures S1(a, b), Supporting Information], and nine H2S 
molecules dissociatively adsorbed on the supercell [(θ(SH) = 2 mono
layers, Figure S1, Supporting Information). To obtain transition state 
structures, the climbing-image NEB (CI-NEB) method was used [47]. 

2.3. Materials characterizations 

The ALD-SnS process was characterized by numerous methods to 
investigate the growth behavior and physical properties of the ALD-SnS 
film on the thermally grown SiO2/Si substrate. The film thicknesses of 
the deposited SnS were calculated by cross-sectional-view scanning 
electron microscopy (SEM, HITACHI S-4800, and SEM, Tescan LYRA 3) 
and X-ray reflectance (XRR; PANalytical X′-pert PRO MRD with a Cu Kα 
source). Grazing-incidence angle X-ray diffraction (GIXRD, PANalytical 
X′-pert PRO MRD with an X-ray source of Cu Kα radiation) was done to 
explore the phase and crystalline properties of the SnS films. The surface 
morphology and root-mean-square roughness were identified using SEM 
and atomic force microscopy (AFM, DI Instruments NanoScope, Solver 
NEXT, NT-MDT) analysis. Further, stoichiometry and composition of Sn 
and S in the deposited films were identified using Rutherford back
scattering spectrometry (incident energy of 2 MeV He2+ ions) via the 
RUMP simulation technique. X-ray photoelectron spectroscopy (XPS, 
Fisher Scientific Kα XPS spectrometer at the Korea Basic Science Insti
tute at Busan, South Korea) was used to determine the chemical bonding 
states, oxidation conditions, elemental composition, and impurities 
contained in the SnS films. Top and cross-sectional view images were 
taken by transmission electron microscopy (TEM) and high-resolution 
TEM (Tecnai F20 armed with a 200 kV accelerating voltage)) to 
explore the crystalline nature and microstructure of the ALD-SnS film 

grown at 125 ◦C. 

2.4. Ellipsometry analysis 

The optoelectronic properties were characterized using two variable- 
angle spectroscopic ellipsometers (VASE and IR-VASE, J. A. Woollam). A 
rotating analyzer ellipsometer was operated in the spectral range of 
190–1700 nm [ultraviolet–visible-near-infrared (UV–vis-NIR)]. Mea
surements with 25 analyzer revolutions with photon energy steps of 
0.05 eV angles of incidence (AOI) of 50◦, 55◦, 60◦, and 65◦ were per
formed for each sample. A rotating compensator ellipsometer covered 
the spectral range of 1.7–10 µm [NIR-MIR (mid-infrared)] and the same 
AOIs were recorded (25 scans, 15 spectra per revolution, with wave
number steps of 8 cm− 1). The near-normal incidence optical reflectance 
was measured using the same instruments. WVASE32 software was 
performed to interpret the obtained data. A five-layer model of the 
sample structure consisting of Si, SiO2, ALD-SnS layer, surface rough
ness, and air as ambient was used. The optical constants of Si and SiO2 
were used from the literature.[48] The Bruggeman effective medium 
approximation with 50% ALD-SnS and 50% air was applied to model 
surface roughness [49]. A homogenous layer was used to represent the 
ALD-SnS film as ALD is recognized to deposit high-quality uniform films. 

3. Results and discussion 

3.1. Growth kinetics and self-limiting growth of ALD-SnS process 

First, we studied the film deposition at process temperatures varying 
from 25 to 250 ◦C while keeping the optimized pulse sequences un
changed. As displayed in Fig. 1(a), the growth rate was noticed to be 
0.07 nm per cycle at 25 ◦C, and it increased slightly upon increasing the 
deposition temperature to 50 ◦C or higher. Interestingly, within a 
deposition temperature between 75 ◦C and 175 ◦C, the GPC exhibited 
negligible change (~0.12–0.13 nm per cycle), which clearly shows a 
considerable ALD temperature window for this process. However, 
beyond 175 ◦C, the GPC increased sharply, and at 250 ◦C, a very high 

Fig. 1. Growth per cycle (GPC) of ALD-grown SnS films on thermally grown SiO2/Si substrate (a) at various growth temperatures to define the ALD temperature 
window, (b) as a function of the precursor pulsing time, (c) reactant pulsing time, and (d) thicknesses of the films prepared with respect to the number of ALD cycles. 
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GPC value of 0.9 nm was detected. This temperature dependence of 
growth therefore indicates the onset of thermal decomposition above 
175 ◦C, which becomes severe beyond 200 ◦C. It is worth noting that all 
reported precursors, excluding the less reactive one [Sn(acac)]2, [29] 
show decreasing GPC values at increased temperatures. Once the tem
perature variation for ALD, as well as that for the CVD-type deposition 
behavior, was confirmed, we carried out film deposition within the ALD 
temperature frame for further study. To evaluate the growth mechanism 
of the present process, an ideal growth temperature of 125 ◦C was 
chosen by considering the ALD temperature window. 

The self-limiting behavior of the film grown on the SiO2/Si substrate 
was investigated with respect to the precursor and reactant exposure 
times, and the results are shown in Fig. 1(b) and (c), respectively. Upon 
varying the precursor exposure time, GPC initially increased from 
approximately 0.09 to 0.12 nm/cycle with increasing pulsing time from 
0.5 to 1 s. However, the GPC became saturated at precursor dosing times 
above 1 s, whereas the pulsing time of H2S was fixed at 2 s. Similarly, as 
shown in Fig. 1(c), by tuning the pulsing time of the H2S reactant from 

0.5 s to 5 s while keeping the pulsing time unchanged at 2 s, the GPC of 
the film initially increased with increasing reactant exposure and then 
reached saturation upon further H2S exposure to 3 s. Therefore, this 
newly introduced metal–organic tin precursor displayed typical self- 
limiting behavior that was evident from the surface-saturated chemi
sorption of the precursors during ALD. A high GPC of approximately 
0.13 nm/cycle was estimated for the current ALD-SnS process. Based on 
these outcomes, the basic pulsing conditions for both the precursor and 
reactant were set to 2 s, with a purging time of 10 s between the pre
cursor–reactant pulse, ensuring self-limiting film growth. Furthermore, 
the linearity of the film’s growth with increasing ALD cycles with almost 
no incubation period under self-limiting conditions (2 s–10 s–2 s–10 s) 
was obtained, as shown in Fig. 1(d). The GPC calculated from this 
thickness variation with ALD cycles was also similar (~0.13 nm/cycle), 
as observed from the self-limiting growth. The observed GPC was 
noticeably higher than most previously reported values for the ALD-SnS 
process, as shown in Table S2 [31]. In addition, the absence of any 
nucleation delay for SnS on the SiO2/Si substrate indicates a fast 

Fig. 2. Proposed reaction coordinate diagram for SnS ALD process. (a–c) Adsorption reaction of precursor, and (d, e) adsorption of H2S; (a, d) on low thiol coverage 
surface, and (b, c, e) on high thiol coverage surface. (f) Calculated chemical structures of each critical points (i–viii) whose relative energy are denoted on (a–e). (I =
Initial; P = Physisorption; T = Transition state, C = Chemisorption and F = Final product). 
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nucleation process, which would lead to produce a continuous film 
within a few ALD cycles for this process under consideration. Therefore, 
the significantly better ALD growth is attributed to the suitable prop
erties and composition of Sn(dmpa) compared to previous precursors 
[41]. N,N′-di-t-butyl-2,3-dimethylenediamine is considered as a suitable 
ligand for metal organic precursors, and its bulky tert-butyl group on 
each nitrogen bounds oligomerization by steric effect [41,50,51]. When 
this ligand coordinates with Sn(II), it reduces the molecular weight/size 
of the compound (less organic ligands), resulting in a higher volatility 
and easier ligand removal during the reaction compared to the Sn(II) 
amidinate ligands. The earlier ALD-SnS process with the amidinate 
complex showed that two nitrogen atoms of the amidinate ligand still 
bonded to Sn after [Sn(amd)2] reacted with the sulfhydryl moiety (-SH 
group) [41,44]. However, when cyclic Sn amide reacts with –SH groups 
on the surface, one nitrogen atom is easily released from the Sn ligand, 
and thus one side of the ligand moves or rotates easily [41,44]. As a 
result, the product of cyclic amide likely to occupy less surface space and 
react with a higher density of the surface sites compared to the surface 
reaction product of amidinate complex. Thus, by using cyclic amide- 
based Sn(dmpa), a better growth mechanism is expected owing to the 
higher vapor pressure of the liquid precursor, lower steric hindrance 
during the surface reaction, and ease of removal of the ligand. 

DFT calculations were carried out to investigate the surface chemical 
reactions (low/high -SH coverage) and self-limiting nature of the Sn 
precursor during the SnS ALD process. Similar to the often-observed 
reaction mechanisms for ALD of metal sulfide materials [52], it was 
assumed here that a proton-transfer reaction would occur from the thiol 
group on the SnS substrate surface (during precursor pulse), as well as 
the H2S reactant (during H2S pulse), to the ligand of the Sn precursor. 
Fig. 2(a–c) show the DFT-calculated energy diagrams for the adsorption 
of the precursor on the substrate. It can be suggested that the surface 
reactions during ALD would easily occur with either low or high 
coverage of SH, corresponding to the relatively low process temperature 
experimentally observed. The initial protonation of the diamino ligand 
during precursor adsorption occurs with a relatively small activation 
energy (Ea, differences between T and P; see Fig. 2) values of 75.0 kJ/ 
mol and 121.9 kJ/mol on the surfaces with θ(SH) = 1/9 and θ(SH) = 2, 
respectively [Fig. 2(a, b)]. Also, the removal of the singly protonated 
ligand by H2S is suggested to be facile [Ea values of 65.8 kJ/mol and 
67.5 kJ/mol on θ(SH) = 1/9 and θ(SH) = 2, respectively; Fig. 2(d, e)]. 
However, the diamino ligand may receive one additional proton from 
the remaining adjacent surface SH with high θ(SH), becoming a neutral 
molecule to gain a chance for desorption. However, such a reaction 
would be more difficult as the Ea value of 180.5 kJ/mol for such a re
action is much greater than the other possible reaction steps [Fig. 2(c)]. 
In other words, the diamino ligand remains on the Sn adatom origi
nating from the Sn precursor, maintaining the self-limiting condition 
required for constant GPC in ALD. 

3.2. Structural and compositional properties of ALD-SnS films 

Several characterization tools, including XRD, RBS, XPS, and TEM, 
were performed to analyze the properties of the ALD-SnS films. First, 
grazing incidence angle X-ray diffraction (GIAXRD) with grazing angle 
ω = 2◦ was performed to investigate the phase and crystallographic 
nature of the SnS films deposited at various temperatures, and the results 
are shown in Fig. 3. An optimized grazing incidence angle was first 
determined to observe the possible crystallinity in the films deposited at 
low temperature or with very low thickness (Figure S2). The obtained 
XRD pattern clearly shows that all the grown films were crystalline in 
nature. Distinctly visible and clear SnS diffraction patterns are observed 
for the SnS films prepared at the lowest deposition temperature of 25 ◦C, 
thus opening the possibility of using the current process toward 
temperature-sensitive substrates such as polymers for flexible thin film 
solar cell applications. The presence of both orthorhombic SnS (o-SnS) 
and cubic SnS (π-SnS) phases were found in the GIAXRD pattern of the 
SnS films, and similar observations were also found in the literature 
[30,37]. Furthermore, all the SnS thin films grown at different deposi
tion temperatures showed o-SnS as the predominant phase. It can also be 
noticed that the SnS films grown from room temperature to 100 ◦C 
(Fig. 3a), with relatively minor peak intensities observed at 2θ values of 
approximately 26.5 (2 2 2) and 30.8◦ (4 0 0), correspond to the planes of 
π-SnS, which has been reported to be stable at low temperature [35,42]. 
Due to the complex XRD patterns or 2θ values of π-SnS and o-SnS, clear 
indexing is, however, not straightforward. An increase in the deposition 
temperature (or a thicker film) causes the cubic phase of SnS to disap
pear, and the major peak for the (1 1 1) plane of o-SnS becomes more 
dominant, which indicates the conversion of the films to a stable 
orthorhombic phase at higher deposition temperatures (Fig. 3b). A 
similar phenomenon has been observed in many previous ALD-SnS 
studies including solid cyclic tin precursor, where the mixed phase of 
π-SnS and o-SnS formed at a relatively low growth temperature favored 
the formation of the predominant orthorhombic phase at increased 
deposition temperatures [35,42]. The reason behind the transition of the 
crystal phase can be described by considering the surface energy alter
ations between several orientations of the SnS planes [36]. 

To study the effect of thickness on the o-SnS phase, films were pre
pared with different number of cycles at 125 ◦C, and the GIAXRD pat
terns of the corresponding films are shown in Figure S3. For the 100 ALD 
cycles (~13 nm) film, a low-intensity peak located at approximately 
31.5◦ [corresponding to the (1 1 1) plane of o-SnS] can be clearly seen, 
showing the formation of only an orthorhombic phase. When the ALD 
reactions cycles increased to 300 (film thickness ~ 39 nm), the peak 
intensity of the (1 1 1) plane also increased with extra peak formation, 
which can be assigned to the plane of o-SnS. The intensity of the patterns 
further increased with increasing film thickness and became more pro
nounced, with other planes of o-SnS, for 1500 ALD cycles. These results 
suggest that the films grown at a relatively higher temperature (or 

Fig. 3. GIAXRD patterns of the ALD-grown SnS films as a function of substrate temperature on Si/SiO2 substrate: (a) The samples deposited from 25 to 100 ◦C and (b) 
those deposited from 125 to 250 ◦C. 
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higher thicknesses) consisted of a single o-SnS phase without change in 
preferential orientation. Moreover, the XRD observations clearly suggest 
the absence of any other possible phases of tin sulfide such as Sn2S3 and 
SnS2, suggesting the formation of phase-pure SnS. The current ALD 
process, therefore, could be suitable for growing SnS-based thin film 
absorbers, for which any other phase except the mono-sulfide phase is 
considered to be an impurity phase, leading to poor solar cell perfor
mance [2,3,19]. 

To gain more insight into detection of the possible presence of sec
ondary phases (SnS2 and Sn2S3) in the SnS films, additional analysis 
through Raman spectroscopy was performed. Considering the difference 
in phases, we used reference values for the Raman-active frequencies in 
single crystals. Fig. 4 displays the Raman spectra of the samples grown at 
various temperatures within the frequency range of 120–350 cm− 1. The 
active modes in the Raman spectra were observed at approximately 169 
(B2g), 174(B3g), 191(B2g), 197(B2g), 224 (Ag), 228 (Ag), and 294 (B2g) 
cm− 1, which are related to various optical phonon modes of the o-SnS 
and π-SnS phases. The Raman peaks of the SnS films prepared at higher 
temperatures (150 ◦C and above) revealed peaks at approximately 169, 
197, and 224 cm− 1, which observed from the orthorhombic phase and 
matched well with the reported values [34,35,42]. In the case of the 
films grown at low temperatures (25–100 ◦C), the Raman peak positions 
shifted considerably to higher/lower frequencies, indicating that a 
mixed phase of o-SnS and π-SnS formed at a comparatively low tem
perature. The presence of a few Raman peaks corresponding to π-SnS 
(191 and 202 cm− 1) merged with o-SnS (197 cm− 1) and could only be 
realized from the shift of the center of the peak. However, the Raman 
mode at 294 cm− 1, which is also assigned to π-SnS, clearly disappeared 
for the samples prepared at the higher temperature [42]. In general, the 
frequency of the active Raman mode in SnS obtain from the vibration of 
Sn against S. The frequency of these vibrational modes varies on the 
force constant, which in turn depends on the bonding length between 
the metal and chalcogen atoms. Therefore, these variations are expected 
in the bond lengths between tin and sulfur in the o-SnS and π-SnS phases 
owing to varying atomic positioning in both formations, and therefore, a 
slight change was observed in the Raman modes. The Raman results also 
suggest that the prevailing mixed phase was favored at lower tempera
tures, whereas only the o-SnS phase formed at a relatively higher tem
peratures, which is well matched with the XRD results; a similar 
phenomenon was observed in other studies [35,42]. The Raman spectra 
also show that the samples did not contain any other phase except SnS, 
which is usually observed at approximately 308 cm− 1 for Sn2S3 and 315 
cm− 1 for SnS2. 

XPS measurements were performed to further confirm the purity and 
valence states of the SnS films deposited at different deposition tem
peratures. A full spectrum survey obtained at the film surface at binding 
energies in the range of 0–1000 eV presented significant signs of C and O 
(owing to surface contamination), along with spectra conforming to 
various orbital electrons of tin (4d, 3d, and 3p) and S (2s, 2p). Therefore, 
XPS data were obtained after etching the top surface of the film for 60 s 
using Ar sputtering to eliminate surface contamination and to analyze 
the bonding status of the film more precisely. After Ar sputtering, the 
percentages of O and C were drastically reduced, resulting in more ac
curate results for Sn and S (Figure S4). The incorporation of C is occa
sionally noticed in films prepared from an organic ligand containing 
metal precursor owing to the inadequate elimination of organic ligands 
from the metal base at low process temperatures or to precursor 
decomposition at elevated deposition temperatures. Therefore, addi
tional detailed high-resolution spectra of Sn and S were obtained after Ar 
sputtering. Two distinct strong peaks at 485.7 and 494.3 eV were 
observed in the high-resolution Sn 3d spectra [Fig. 5(a)] in the films that 
corresponds to Sn 3d5/2 and Sn 3d3/2, respectively. These binding en
ergies match the divalent Sn as a result of the + 2 valence state of the Sn 
source used in this case [42]. There was no detection of the Sn4 oxidation 
state in the spectrum, which is usually observed at a relatively higher 
binding energy of approximately 486.7 eV. However, the SnS film 
deposited at 250 ◦C showed one additional peak with significantly lower 
intensity at a lower binding energy of approximately 484.2 eV, which 
belonged to Sn0. Thus, the XPS analyses indicated that the Sn–Sn metal 
bonding was present in the SnS film deposited at higher temperatures, 
probably owing to decomposition of the Sn precursor. Further, the high- 
resolution sulfur 2p core-level XPS spectrum at binding energies of 
approximately 161.3 and 162.6 eV, shown in Fig. 5(b), could be 
attributed to S 2p3/2 and S 2p1/2 of S-2 of SnS, respectively [37,42]. The 
presence of C and N contaminations was found to be at around ~ 2–5.2 
at.% and 0.2 at.%, respectively, reflecting that there is a small amount of 
carbonaceous impurities in the ALD-SnS films. Additional spectra for the 
samples prepared at various temperatures are presented in Figure S5. 
Hence, assessment based on XPS analysis are also matched with con
clusions made from the XRD and Raman results. 

Plan-view TEM bright-field (BF) and HRTEM images and the selected 
area electron diffraction (SAED) pattern of the film deposited at 125 ◦C 
are shown in Fig. 6. The TEM BF image [Fig. 6(a)] shows that relatively 
dark-contrast grains are randomly but uniformly scattered over the 
surface, surrounded by bright contrast regions, suggesting that the film 
mostly consisted of a crystalline phase. The high-resolution TEM 
(HRTEM) image [Fig. 6(b)] clearly shows a well-defined crystalline 
nature, and clearly observed lattice spacing is observed at different 
positions belonging to various planes of o-SnS. The corresponding 
diffusion SAED ring pattern (inset) further confirms the crystalline na
ture of the SnS film. Additionally, cross-sectional-view TEM (XTEM) 
characterization was carried out to further detect the structure of the 
film, and the results are shown in Fig. 7. The low-magnification XTEM 
image reveals that the film was continuous and uniform with an elon
gated nanoflake-like surface. The HR-XTEM image further shows that 
the film was crystalline with lattice spacing in the grains. 

Although the XPS analysis confirmed that the S/Sn ratio was close to 
1 in the deposition temperature range of 25–200 ◦C [Figure S5(d)], the 
definite composition or stoichiometry of the ALD-SnS film (125 ◦C, a 
ALD window temperature) was measured by RBS analysis. The resultant 
RBS spectrum is shown in Fig. 8. Signals of backscattered ions acquired 
from the collision between He++ ions with metal Sn and sulfur compo
nents in the deposited film are evidently found at channel numbers 888 
and 611, respectively. Furthermore, we can see two other backscattered 
signals in the spectrum of the SiO2/Si substrate. The first one can be seen 
at channel number 551, originating from the collision of He++ with Si 
in the thermally grown SiO2 substrate, and the second one can be seen at 
a lower channel number (5 2 3), which originated mainly from Si in the 
substrate. In addition, O was also identified in the RB spectrum at 

Fig. 4. Raman spectroscopy spectra of ALD-grown SnS thin films with respect 
to the deposition temperature on SiO2/Si substrate. 
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channel number 338, which could be attributed to the oxygen present in 
the SiO2 layer. The obtained RBS spectra simulated using a RUMP model 
(red line) were best fitted with the experimental result (black line) when 
the film consisted of 50 at.% Sn and 50 at.% S. Hence, the stoichiometry 
of the film was determined to be exactly 1, showing the formation of tin 
monosulfide. Hence, the observations are in good agreement with the 
conclusions drawn earlier from the XRD and XPS analyses at 125 ◦C. The 
density of the SnS film grown at 125 ◦C was estimated by utilizing the 
areal density acquired from RBS analysis, the atomic mass of the con
stituents, and the film thickness obtained by SEM analysis. The resultant 

outcomes designated that the SnS film in this case had a relatively better 
density of 4.2 g/cm3, which is 81% of the bulk density of SnS (5.2 g/ 
cm3). 

The surface morphologies of the films grown at various process 
temperatures were studied using plan-view SEM images, which are 
shown in Fig. 9. Furthermore, low-magnification plane or top view SEM 
images (Figure S6) showed that the surfaces of the grown films up to 
200 ◦C were continuous, uniform, and identical. Comparatively, the 
surface of the film grown at 250 ◦C appeared significantly rougher and 
discontinuous owing to the presence of voids on the surface. The films 

Fig. 5. High-resolution XPS spectra of (a) Sn 3d and (b) S 2p states in the ALD-grown SnS films with respect to the process temperature.  

Fig. 6. (a) Plan-view TEM BF image and (b) corresponding HRTEM image of ALD-grown SnS film deposited on SiO2/Si substrate at 125 ◦C. The inset is an SAED 
pattern representing a crystalline nature of the film. 

Fig. 7. Cross-sectional view (a) bright-field (BF) TEM and (b) HR-TEM image of the ALD-SnS film at 125 ◦C.  
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grown at relatively low temperatures showed fairly smooth surfaces and 
consist with the formation of distinct flat SnS which appear as triangular 
or star shaped morphology without any voids [Fig. 9(a–c)]. When the 
substrate temperature increased, the films consisted of three types of 
three-dimensional (3D) growth (nanoflakes, plates, or pillar-type 
structures grown randomly in vertical directions) [Fig. 9(d–h)]. Such 
3D growth was facilitated by increasing deposition temperature, as well 
as by increasing film thickness (Fig. 9 and Fig. S7). Similar switching of 
crystal orientation (2D to 3D growth behavior) has been observed in 
several earlier cases, mainly during the ALD of TMDCs [53–56] or even 
for metal oxides such as V2O5 [57]. The observed transition from two- 

dimensional (2D) films (in-plane orientation) to 3D islands or crystals 
(out-of-plane orientation) could be related to several factors such as 
precursor adsorption, surface energy distribution, structural distortion, 
stress or defect sites, etc. [36,53–57] For example, Sharma et al. have 
systemically discussed the switching of in-plane to out-of- plane growth 
mode due to the enhanced adsorption of precursor on the edge and 
defect sites with large number of dangling bonds during ALD growth 
process [53]. 

The same observation is also found to some extent in TMDSCs, where 
their dominant preferential growth in the {0 0 2} planes is followed by 
the presence of diverse peaks not perpendicular to the c-axis, which 
marks in the foundation of perpendicular platelets as the thickness in
creases [54]. In other study, the transformation of crystal orientation 
from parallel to perpendicular can be understood by considering the 
surface energies of SnS crystal planes as the {0 1 0} planes have lower 
surface energy than {1 0 0} and {0 0 1} planes.[36] The morphology 
transformation (in-plane to out-of-plane) in the present study could be a 
consequence of a complex interplay of various considerations as stated 
above, which remains to be investigated for the further study. Such 
growth behavior might be considered favorable in view of its application 
as catalysts or in energy storage devices, where a higher surface area 
proportionally increases the desired output of a particular application. 
The changes in the crystal planes, which could be determined from the 
appearance of a new set of XRD peaks at higher deposition temperatures 
or with increasing film thickness, also hints at the 3D growth of the films 
under certain process parameters. 

Figure S8 shows SnS films with varying thicknesses or number of 
ALD cycles to check the grain size effect in the predominantly o-SnS 
layer (e.g., SnS@125 ◦C). The film deposited with 100 ALD cycles 
consists of dense and tiny grains protruding from the surface, and the 
size of the grains increases as the number of ALD cycles increases, which 
is matched with the XRD outcomes. The cross-sectional-view (Figure S7) 
images show that a 2D film with a relatively smooth surface was formed 
up to 125 ◦C. With increasing substrate temperature, the plan-view SEM 

Fig. 8. RBS analysis result of the SnS film grown on the SiO2/Si substrate using 
the basic pulsing condition at 125 ◦C. 

Fig. 9. Plan-view SEM images of ALD-SnS films on thermally grown SiO2 on a Si wafer as a function of deposition temperature.  
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image presented in Fig. 9(i) shows elongated platelets align vertical to 
the substrate surface. In addition, columnar growth with long and flaky 
grains vertically aligned to the substrate were observed by XSEM. These 
elongated plate-like structures may result in high surface roughness 
(Figure S9). Hence, the SnS surface morphology greatly depend on the 
process temperature mainly due to the surface energy differences be
tween various planes of the SnS crystal. At low growth temperature, the 
energetic molecules of the Sn precursor move toward the lowest surface 
energy position on the substrate surface and nucleate, resulting in lateral 
growth to the substrate to reduce the surface energy and growth along 
the stable (1 1 1) plane orientation. With increasing growth tempera
ture, owing to the increased collisions among the Sn precursor mole
cules, the high-energy particles migrate toward multiple positions, 
creating stability together with the preferred (1 1 1) plane orientation. 
Similar results of plate- or nanoflake-like grains, which is a typical 
feature in the evolution of 2D materials, have also been noticed in 
several ALD-SnS systems from other precursors.[35,36,41,42] 

3.3. Optoelectronic properties of ALD-SnS films 

The above outcomes clearly demonstrate that single-phase and 
better-quality SnS can be successfully fabricated by the current ALD 
process using a novel cyclic amide Sn(II) precursor. Spectroscopic 
ellipsometry (SE) analysis can be used to determine the optoelectronic 
properties, thickness, and surface roughness of the SnS layers nonde
structively without the need for contacting samples. The obtained re
sults allow the determination of the energy band gap of the layers, as 
well as the specific electrical conductivity (for the conducting film), and 
they confirm the presence of the mixed π-SnS/o-SnS phase. These find
ings are important for the utilization of ALD-SnS layers in potential 
applications. The total thickness of the studied layer deposited using 300 
ALD cycles (consisting of the thickness of the ALD-SnS layer and surface 
roughness) was approximately 20–35 nm for deposition temperatures 
up to 200 ◦C (see Table 2), which is consistent with the results from XRR 
[see Fig. 1(a)]. Considering the noticeable increase in the surface 
roughness for deposition temperatures higher than 200 ◦C as observed 
from SEM (Figure S7) and AFM (Figure S11), only a limited spectral 
range (higher wavelengths) was used for these samples, ensuring the 
validity of the Bruggeman effective medium approximation. The mean 
square error (MSE) representing the quality of the fit of the ellipsometry 
data, was below 5 for most of the samples. Considering the columnar- 
type growth, especially for the higher deposition temperatures 
observed from SEM for a higher number of ALD cycles (see Figure S7), 
the depolarization factor in the Bruggeman effective medium approxi
mation was set close to 1 (typical for columnar growth) for samples with 
deposition temperatures higher than 100 ◦C. A Cody–Lorentz oscillator 
(CL) was used to describe the short-wavelength edge.[58] 

ε2 =
E1

E
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(E − Eopt
g (CL) − Et

Eu

)

for0 < E <
(

Eopt
g (CL)+Et

)

ε2 = G(E)L(E) =

(
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g (CL)
)2

(
E − Eopt

g (CL)
)2

+ E2
p

∙
AE0ΓE

[(
E2 − E2

0
)2

+ Γ2E2
] forE

>
(
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g (CL)+Et

)
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In this model, the film is transparent below Eg
opt (CL) (estimation of the 

optical band gap). Parameters A, E0, and Γ represent the amplitude, peak 
position, and broadening of the oscillator, respectively. The 
Cody–Lorentz model also includes an Urbach absorption term. Owing to 
seven free parameters, the Cody–Lorentz oscillator allows us to describe 
the absorption of light by different types of electron transitions between 
the valence and conduction bands (e.g., indirect bandgap transition and 
forbidden direct bandgap transition), in which the Urbach absorption 
term describes localized electronic states (disorder) near the valence and 
conduction band edges. The refractive index reported for SnS in the 
literature differs from that of the deposition method. Values close to 3.0 
for a wavelength of 1550 nm have been reported for thermally evapo
rated SnS films [59,60] or the cubic (π-SnS)/orthorhombic (o-SnS) phase 
of SnS prepared by ALD.[35] The spectral dependence of the refractive 
index (left column) and extinction coefficient (right column) for ALD- 
SnS samples prepared at various temperatures are depicted in Fig. 10, 
together with the optical constants of π-SnS (simulated by three 
Gaussian oscillators and one polynomial spline function) and o-SnS 
(same functions applied for π-SnS but with different parameters) that 
were reported recently.[35] In particular, the absorption coefficient of 
o-SnS closely followed exponential Urbach-type absorption; [35] 
therefore, the Cody–Lorentz oscillator can be used as a model dielectric 
function for ALD-SnS samples. A comparison of the obtained refractive 
indexes and extinction coefficients of the films prepared at temperatures 
of 25, 50, and 70 ◦C with those reported for π the -SnS and o-SnS phase 
[35] (see first line in Fig. 10) confirmed that the studied layers contained 
a mix of π-SnS and o-SnS phases, in agreement with the XRD, XPS, and 
Raman results. For samples deposited at a temperature of 100 ◦C, 
significantly higher Urbach absorption was present. Although the 
refractive index was lower than expected for o-SnS, the optical constants 
of the samples deposited at higher temperatures were generally closer to 
that of o-SnS (see second line in Fig. 10), which supports the XRD, XPS, 
and Raman results. This allows us to conclude that the o-SnS phase was 
present in the studied layers deposited at higher temperatures. The 
values of parameter Eg

opt (CL), summarized in Table 2, are close to pre
viously reported values.[2,3,5-24] 

The SE results suggest that a mixture of π-SnS and o-SnS was 
deposited during the ALD process. To quantify the portion of each in the 
deposited samples, an alternative model was used for ellipsometry data 
evaluation in the spectral range of 300–1650 nm. The Bruggeman-type 
effective media approximation of π-SnS and o-SnS (optical constants of 
both taken from the literature [33]), together with surface roughness, 
were used in this model, along with a depolarization factor as one of the 
parameters of the fit. The results showed that the π-SnS portion 
decreased with increasing process temperature, and consequently, the o- 
SnS portion increased with increasing process temperature (see 

Table 2 
Layer thickness, surface roughness, total thickness, and optical bandgap Eg obtained using Cody–Lorentz oscillator, and MSE determined from UV–vis SE for SnS 
samples deposited by ALD for different substrate temperatures.  

Deposition 
temperature (◦C) 

25 50 70 100 125 150 200 250 

Thickness (nm) 25.0 ± 0.2 24.8 ± 0.2 18 ± 2 19.8 ± 0.4 14 ± 2 14 ± 1 29.5 ± 0.5 21 ± 6 
Surface roughness (nm) 1.9 ± 0.2 1.5 ± 0.3 3.4 ± 0.9 6.5 ± 0.2 6 ± 2 7 ± 1 4.4 ± 0.3 57 ± 5 
Total thickness (nm) 26.9 ± 0.4 26.3 ± 0.5 21 ± 3 26.3 ± 0.6 20 ± 4 21 ± 2 33.9 ± 0.8 78 ± 11 
Eg (eV) 1.1 ± 0.1 1.0 ± 0.1 1.3 ± 0.1 0.8 ± 0.1 1.8 ± 0.1 1.3 ± 0.1 0.7 ± 0.1 X 
MSE 3.1 2.8 3.5 5.2 11.2 11.2 4.0 3.2  
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Figure S10), which is matched with the results from the XRD, XPS, and 
Raman analyses. It is worth mentioning that the MSE for this approach 
was higher (from 7.5 for ALD-SnS deposited at 25 ◦C to 14 for ALD-SnS 
deposited at 200 ◦C) compared with that of the model using the 
Cody–Lorentz oscillator. However, this approach has considerably fewer 
free parameters. 

An increase in the extinction coefficient for higher wavelengths (λ >
3000 nm) can be alternatively modeled using a Drude oscillator or two 
Lorentz/Gauss oscillators (see Figure S11 as an example). To at least 
estimate the electrical resistivity ρ from SE data in the spectral range 
1.7–7.0 μm, the Drude model describing the absorption of light on free 
carriers was used [61]. 

εDrude =
− ℏ2

ε0ρ
(
τE2 + iℏE

)

where ℏ is the Planck constant, ρ the resistivity, τ the mean scattering 
time, and ε0 the permittivity of free space. 

A longer wavelength allows us to determine the thickness of the 
samples deposited at the highest temperature (see Table 2). Electrical 
resistivity and mean scattering time as defined using a Drude oscillator 
are on the order of mΩ⋅cm, and femtoseconds (fs), respectively, and the 
values do not significantly change, even at higher deposition tempera
tures (MSE ≈ 5). 

It is worth mentioning that the determined specific electrical re
sistivity ρ and mean scattering time τ depend on the spectral range used 
for the evaluation of ellipsometry data [ρ decreases by approximately 
half (e.g., from 11 to 5 mΩ⋅cm) and τ increases approximately two time 
(e.g., 2.5 instead of 1.1 fs) when a spectral range of up to 10 μm is used] 
and gives only order estimation. 

It is known that the SE is sensitive to some materials properties 
including layer thickness, surface roughness, optical anisotropy. How
ever, the interpretation of data acquired by ellipsometry (ellipsometric 
angles Ψ and Δ) is quite complicated and needs a construction of an 
applicable model. Four-point probe was also used for measuring the 

resistivity of the SnS films as a function of deposition temperature. 
Significant difference (by several orders) between the electrical re
sistivities obtained from ellipsometry and four-point probe can be 
noticed. Using four-point measurement the highest electrical resistivity 
of about ~ 648 Ω⋅cm was obtained for the film grown at room tem
perature (25 ◦C), and the resistivity significantly decreased to 351–137 
Ω⋅cm with increasing deposition temperature from 100 to200 ◦C. The 
values of resistivity obtained from four-point method agree with those 
reported in the literature [36,37,62,63]. In general, the variation in the 
resistivity depends on the crystal structure, grain size, intrinsic stress 
and lattice defects interstitials and presence of binary phases of the 
films. In this study, the variations in resistivity of the films correlate 
mainly with the crystal structure, crystallinity, and morphology (in- 
plane to out-of-plane). The film deposited at 25 ◦C or thinner films 
(please see the Fig. 1(a)) demonstrates high resistivity might be due to 
the existence of higher number of lattice defects, poor crystallinity, and 
existence of several inter-crystalline regions, which influence the evo
lution of grains to a big size. On the other hand, at higher deposition 
temperature (or thicker films), the crystallinity is increased, and the 
grains are comparatively increased that permit the less carriers scat
tering and carriers move easily in the lattice leading a decline in re
sistivity. The reduction in the resistivity values with increase of 
deposition temperature (or film thickness) have been stated in several 
reports [18,36,37,60,61]. 

Taking both described disagreements into account using the simple 
Drude model is probably inappropriate in our case. Therefore, two 
Gaussian oscillators describing the absorption of light by lattice phonons 
with amplitude A, position E, and broadening Br as free parameters of 
each were used for the estimation of ellipsometry data in the infrared 
region of the spectra. The change in the π-SnS/o-SnS ratio with depo
sition temperature observed from the UV–vis-NIR part of the spectra did 
not significantly change the position of the lattice phonon absorption or 
the long-wavelength absorption edge, which are dependent on the first 
approximation of the mass and bond strength between atoms. There was 

Fig. 10. Spectral dependence of refractive index n and extinction coefficient k for ALD-SnS samples deposited at different deposition temperatures in UV–vis-NIR part 
of spectra. Optical constants of π-SnS and o-SnS are taken from the literature.[33] 
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a noticeable increase in the amplitude of both oscillators with increasing 
temperature (from 25 to 125 ◦C), followed by a decrease in the ampli
tude of both oscillators at higher deposition temperatures, suggesting 
that the strongest absorption of light by lattice phonons occurred when 
the π-SnS/o-SnS ratio was approximately 1. When the π-SnS or o-SnS 
phase prevailed in the sample, the phonon spectrum of the lattice was 
poorer, leading to lower light absorption. The absorption peak at 
≈1600–1800 cm− 1/1200 cm− 1 (8300 nm) can be alternatively assigned 
to C––O stretching, S––O stretching, or C–O stretching. The presence of 
these bonds could be caused by the physisorbed and chemisorbed water 
reported in the literature for SnS films prepared by the SILAR method 
[64]. However, a monotonic dependence on the deposition temperature 
is expected in the case of absorption of light by physisorbed and 
chemisorbed water [64]. The thicknesses of the samples deposited at the 
highest deposition temperature obtained using two Gaussian oscillators 
as the model dielectric function is summarized in Table 2. A comparison 
of the refractive index n and extinction coefficient k obtained using the 
Drude oscillator, the Gaussian oscillator, and point-by-point fit in the 
infrared region of the spectra is depicted in Figure S11 for the samples 
deposited at 50 ◦C. The results appear almost identical for the other 
deposition temperatures. Based on the previous discussion, the combi
nation of a Cody–Lorentz oscillator describing the short-wavelength 
absorption edge and two Gaussian oscillators describing the absorp
tion of light on lattice phonons/chemical bonds was used as the model 
dielectric function in a broad spectral range (from 200 nm to 10,000 
nm). The resultant optical constants of ALD-SnS are summarized in 
Fig. 11 (MSE ≈ 5). Notice the semi-transparent region (k > 0) from ≈
900 nm to 3500 nm. The semiconducting properties of ALD-SnS, asso
ciated with the above-cited SnS properties, make solar cell applications 
of this material possible. We will carry out future work based on the 
present results. 

4. Summary and conclusions 

A thermal ALD process for phase-pure and crystalline SnS thin films 
at low temperatures (25–250 ◦C) was established using a novel cyclic 

amide precursor, N,N′-di (t-butyl)-2-methyl-1,2-propanediamino tin(II) 
[Sn(dmpa)] and H2S as a reactant. Although the crystalline SnS films 
could be grown at room temperature, the use of a divalent precursor also 
permitted the formation of SnS (Sn2+) within a wide range of temper
atures. The self-limiting ALD growth regime was confirmed with both 
the precursor and reactant dosing condition during the process, showing 
a significantly high GPC of 0.13 nm. DFT calculations predicted the 
surface reaction mechanism of the precursor and H2S, as well as possible 
self-limiting growth behavior. The SnS film deposited at low tempera
ture (25–100 ◦C) contained a mixed phase of cubic and orthorhombic 
SnS, whereas phase-pure orthorhombic SnS was dominant at increased 
growth temperatures (125–250 ◦C). Amorphous and secondary phases 
were not detected by Raman spectroscopy or XRD, which was further 
supported by TEM analysis. RBS and XPS results confirmed the forma
tion of well stoichiometric of tin monosulfide (S/Sn = 1) phase with a 
small amount of carbon impurity (~2 at. %). The SEM analysis revealed 
that 3D nanoflakes/pillars grew with increasing deposition temperature 
and increasing film thickness, resulting in a very rough film surface. A 
relatively broad semi-transparent window (from ≈ 900 nm to 3500 nm), 
no significant light absorption on free carriers, an energy bandgap of 
approximately 1.1 eV were observed using SE analysis. In short, the 
current study offers a single-phase, high-quality ALD-SnS process at a 
relatively low deposition temperature and in-depth analysis of the 
deposited films opens the possibility of using them in various applica
tions, especially as an absorber material in thin film solar cell. 
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