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Tin monosulfide (SnS) usually exhibits p-type conduction due to the low formation enthalpy of acceptor-type
defects, and as a result, n-type SnS thin films have never been obtained. In this paper, we realize n-type
conduction in SnS thin films by using radiofrequency-magnetron sputtering with Cl doping and a sulfur
plasma source during deposition. Here, n-type SnS thin films are obtained at all the substrate temperatures
employed in this paper (221-341 °C), exhibiting carrier concentrations and Hall mobilities of ~2 x 10'® cm
and 0.1-1cm? V' s7!, respectively. The films prepared without a sulfur plasma source, on the other hand, exhibit
p-type conduction despite containing a comparable amount of Cl donors. This is likely due to a significant
number of acceptor-type defects originating from sulfur deficiency in p-type films, which appears as a broad
optical absorption within the band gap. We demonstrate n-type SnS thin films in this paper for the realization of
SnS homojunction solar cells, which are expected to have a higher conversion efficiency than the conventional

heterojunction SnS solar cells.
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I. INTRODUCTION

Controlling the electrical properties of semiconductors by
impurity doping is one of the most important techniques
in semiconductor technologies. This technique could allow
carrier-type conversion between the p- and n-type carriers
and thus the formation of a pn homojunction. In nominally
undoped semiconductors, the carrier type is generally deter-
mined by the defects with a low formation enthalpy and low
ionization energy, and this often makes carrier-type conver-
sion difficult. The history of GaN-based blue light-emitting
diodes (LEDs) is a good example. Carrier-type conversion of
intrinsically n-type GaN to p-type by impurity doping had
been the primary obstacle, and therefore, its achievement was
the biggest breakthrough for the realization of blue LEDs [1],
leading to a Noble Prize in physics in 2014.

Tin monosulfide (SnS) is a promising material for the solar
light absorber for thin film solar cells because it is composed
of abundant and nontoxic elements and exhibits an appropriate
optical property for solar cells. SnS usually exhibits p-type
conduction due to the intrinsic defects. Under S-rich condi-
tions, the acceptor-type Sn vacancy (Vs,) is easily formed.
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Under S-poor conditions, Sn tends to migrate into the vacant
S sites, and then acceptor-type Vg, and Sn antisites (Sng)
are easily formed. Regardless of the conditions, S vacancy
(Vg) is an ambipolar defect with deep states that can trap
both electrons and holes [2—4]. Therefore, there has been a
long challenge to realize the n-type SnS thin film by impurity
doping. However, substitutional cation doping of Sn>* with
trivalent cations, such as Sb** and Bi**, did not lead to n-type
conduction [4-6]. The fabrication of n-type SnS thin films
thus remained elusive to date.

Recently, in SnS bulk pellets and single crystals, it was
found that substitutional anion doping of S?>~ with halide ions,
such as CI” and Br~, successfully achieved n-type electrical
conduction [7-11]. This doping approach is more suitable
for practical use than the solid solutions between SnS and
PbS (Sn;_,Pb,S), which are the only SnS-containing n-
type semiconductors reported before the halogen-doped SnS
[12,13] and unfortunately contains a large amount of toxic Pb
(x > 0.2).

Compared with bulk n-type SnS, the difficulty in fabricat-
ing n-type SnS thin films by physical vapor deposition (such
as sputtering, pulsed laser deposition, or thermal evapora-
tion) is likely related to the preferential formation of intrinsic
defects under the deposition atmosphere. Because the vapor
pressure of elemental sulfur is 11 orders of magnitude higher
than that of elemental tin at 500 °C [14], SnS thin films pre-
pared in the open system of physical vapor deposition are
probably more prone to sulfur deficiency than the bulk SnS
prepared in a substantially closed system. Accordingly, it is
hypothesized that acceptor-type defects (Vs, and Sng) and
ambipolar defects (Vs), both caused by sulfur deficiencies,

Published by the American Physical Society
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FIG. 1. Structural, compositional, and morphological analysis of Cl-doped SnS thin films deposited with and without a sulfur plasma
supply. (a) X-ray diffraction (XRD) profiles of films deposited at Ty, = 333 °C, together with a reference pattern of «-SnS (ICSD#24376).
(b) Depth profile of Cl concentration and normalized intensities of secondary ions of Sn™, #S~, and Si™ in the films deposited at Ty, = 333°C.
(c) Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of the surface of SnS thin films deposited at Ty, =
333 °C. The root-mean-square (RMS) roughness is also shown. Additional SEM and AFM images are available in Fig. S6 in the Supplemental

Material [16].

compensate the electrons introduced by halogen doping, pre-
venting the halogen-doped SnS thin films from exhibiting
n-type conduction. Innovative thin film deposition methods
are needed to address this challenge.

Herein, n-type SnS thin films were fabricated by radiofre-
quency (RF) magnetron sputtering together with an RF sulfur
plasma source. The additional sulfur plasma supplied to the
films during deposition increased the sulfur content of the
resulting films. It was found that using the sulfur plasma
source during deposition significantly suppressed the forma-
tion of acceptor-type defects in the SnS films, presumably Vg,
and Sng, as well as ambipolar Vg. This is the key to realize
n-type conduction in Cl-doped SnS thin films. The fabrication
technique demonstrated here for n-type SnS thin films is ex-
pected to revolutionize SnS solar cells, from heterojunctions
developed over the last two decades to homojunctions with
much higher efficiency.

II. EXPERIMENTAL

SnS thin films were fabricated by RF-magnetron sputter-
ing. To investigate the substrate temperature dependence of
the physical properties of SnS thin films, a SiO, glass sub-
strate (50 x 50 mm) with a temperature gradient across it
(221-341°C) [15] was used (for the spatial distribution of

substrate temperature, see Fig. S1 in the Supplemental Mate-
rial [16]). The deposition time was 30 min. A 2-inch-diameter
piece of undoped SnS (99.99%, Advanced Engineering Ma-
terials) was used as the sputtering target. Before thin film
deposition, Cl was supplied to the deposition vacuum chamber
by exposing a Cl-containing SnS target [C1/(SnS + CI) = 0.1,
99.99%, Advanced Engineering Materials] to Ar plasma for
30 min under the same conditions as the thin film deposition,
during which a temporary substrate was set on the substrate
holder. Then the deposition chamber was evacuated to its base
pressure (<5 x 10~ Pa), and the substrate was replaced. A
sulfur plasma source (RF solid plasma source RFK30, Oxford
Applied Research) was used in conjunction with RF sput-
tering to avoid sulfur deficiency in the resulting thin films.
Further details of the thin film fabrication (such as the specific
sputtering conditions, configuration of the deposition equip-
ment, and operating conditions of the sulfur plasma source)
are available in Sec. S2 in the Supplemental Material [16]
together with details of the thin film characterization methods.

III. RESULTS AND DISCUSSION

The thin film prepared at a substrate temperature (Tg,p)
of 333 °C is firstly discussed as a representative sample. As
shown in Fig. 1(a), all x-ray diffraction (XRD) peaks of
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TABLEI. Physical properties of SnS thin films prepared at T,, = 333 °C with and without a sulfur plasma supply. All results were obtained
at room temperature, except that the Seebeck coefficients were measured at 25-50 °C.

SnS thin films deposited
With sulfur plasma Without sulfur plasma

Thickness (nm) 250 190
Atomic ratio, S/(Sn + S) 0.507 0.498

Cl concentration (cm™) 3.7 x 10" 4.6 x 108
Hall coefficient (cm? C™!) 2.6 x 10° +4.8 x 10°
Seebeck coefficient (uV K™') -6.3 x 10! +1.4 x 10*
Carrier type n-type p-type
Electrical conductivity (Scm™) 9.2 x 1072 3.1 x 10
Carrier concentration (cm™) 24 x 10" 1.4 x 105
Hall mobility (cm? V™' s71) 2.4 x 107! 1.5 x 10°

the obtained films are indexed as «-SnS (see Fig. S3 in the
Supplemental Material [16] for the crystal structure), and no
impurity phases such as polymorphs of SnS, SnS,, and Sn,S3
were observed whether sulfur plasma was supplied or not dur-
ing deposition. The intense peak observed at around 260 =32 °
corresponds to the 400 diffraction peak of «-SnS. This peak
has a much stronger intensity than the others, indicating that
the obtained SnS films exhibited preferential (100) orientation
at Ty, = 333°C. This result is consistent with the orienta-
tion mappings obtained by electron backscattered diffraction
(EBSD, see Fig. S4 in the Supplemental Material [16]).

The chemical compositions of the films deposited with
and without sulfur plasma supply were evaluated by x-ray
fluorescence spectroscopy (XRF) [17]. Their compositions
were close to the stoichiometry of SnS [S/(Sn + S) = 0.5],
as indicated in Table 1. Figure 1(b) shows the depth profile
of CI concentration and the intensities of secondary ions of
Sn~, **S~, and Si~ determined by time-of-flight secondary ion
mass spectroscopy (TOF-SIMS). The concentrations of Sn, S,
and CI were almost uniform in the thickness direction, regard-
less of sulfur plasma supply. The Cl concentrations shown in
Table I were obtained by averaging the bulk part of the n-
and p-type SnS thin films [70-110 nm from the surface in
Fig. 1(b)]. The in-plane analysis by TOF-SIMS also showed
uniform distribution of each element over a film area of 100 x
100 pm, thereby excluding the possibility of segregation due
to impurity phases (see Fig. S5 in the Supplemental Material
[16]). All results of phase identification and chemical compo-
sitional analysis support that the obtained films consist of a
uniform single-phase «-SnS.

In Fig. 1(c), both surface scanning electron microscopy
(SEM) and atomic force microscopy (AFM) observations in-
dicate that the obtained SnS films are composed of almost
circular grains with a diameter of 10 to 200 nm regard-
less of sulfur plasma supply, while grain size tends to be
slightly smaller in the film deposited with sulfur plasma sup-
ply (<100nm). The obtained SnS thin films consisted of
much finer grains as SnS thin films prepared by RF-magnetron
sputtering than the previous reports [18,19].

The electrical properties are also summarized in Table 1.
The SnS thin film prepared with sulfur plasma supply showed
negative values of both Hall and Seebeck coefficients, which

indicate n-type conduction. On the other hand, the film pre-
pared without sulfur plasma supply had positive values for
both coefficients, indicating p-type conduction. Furthermore,
the Fermi level shift in the electronic structure was directly
observed by bulk-sensitive x-ray photoelectron spectroscopy
(XPS) measured with monochromatic Ag Lo excitation
(hv = ~3 keV). As shown in Fig. 2(a), the binding energies
of the valence band edge, S 2p, and Sn 3d peaks of the film
deposited with sulfur plasma supply (the n-type film) shifted
downward by ~0.3 eV compared with that without sulfur
plasma (p-type), which is direct evidence that the Fermi level
of the n-type film is 0.3 eV closer to the conduction band edge
than the p-type film. These results show that the presence or
absence of sulfur plasma supply determines the carrier type of
the thin films.

It is interesting to note that n-type conduction in SnS thin
films could be achieved by supplying sulfur plasma during
deposition together with Cl doping but not by CI doping alone.
The carrier concentration of the n-type film is close to the Cl
donor concentration (Table I), suggesting that carrier electrons
are generated by Cl doping, and the activation efficiency of
the Cl donors in this film is as high as ~65%. The film
prepared without sulfur plasma had a similar Cl concentration;
however, it did not exhibit n-type conduction. This clearly
indicates that n-type conduction in SnS thin films cannot
be achieved only by incorporating Cl donors, likely due to
compensation by intrinsic defects.

Other important features and clues related to Cl incorpo-
ration and defect compensation were observed in the optical
absorption spectra of these films. In Fig. 2(b), in addition
to the steep slope starting from 1.3 eV corresponding to the
fundamental absorption of SnS, a broad absorption centered at
~1.1 eV was much more obvious in the film deposited without
supplying sulfur plasma (p-type film) than the film deposited
with it (n-type film). This broad absorption is distinguished
from interband transitions in the hv vs (ahv)!/" plots, where
hv, «, and r are the photon energy, absorption coefficient, and
an index related to the interband transition type, respectively
[20] (see Fig. S8 in the Supplemental Material [16]). This
indicates the presence of many in-gap states in the p-type films
deposited without sulfur plasma supply. Since this absorption
was not obvious in the n-type film prepared with sulfur plasma
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FIG. 2. (a) X-ray photoelectron spectroscopy (XPS) spectra (excitation source: Ag La) of SnS films deposited at Ty, = 222 °C for the
valence band (VB), S 2p, and Sn 3d core levels. Differences in the binding energies between n- and p-type films (ABE) are shown in each
plot. A total resolution of ~0.5 eV for the measurement resulted in significant spectral broadening. The displayed spectra were obtained by
the moving average of the original results, which are available in Fig. S7 in the Supplemental Material [16]. Other characteristics of this film
(Tyw = 222 °C) are discussed in the last half of main text. (b) Absorption spectra of the n- and p-type SnS thin films prepared at T, = 333 °C.

The broad peak centered at 1.1 eV is significant only for the p-type film.

supply, it should be related to the defects associated with the
sulfur deficiency.

According to first-principles calculations [2-4], Sng and
Vs, are the most likely defects formed under sulfur-deficient
conditions, and they act as acceptors. In addition, Vg is an
ambipolar defect that can also compensate donors when the
Fermi level is high in the gap. Therefore, the broad and strong
absorption in the p-type film ought to be related to the in-gap
states due to Sng, Vg,, Vs, or their complex with Cl impurities
(such as Sng-Clg, Vg,-Clg, or Vg-Clg). The SnS thin film will
not exhibit n-type conduction even with halogen doping if
such defects are present at a high concentration. Sulfur de-
ficiency is commonly observed in SnS thin films prepared by
physical vapor deposition [21-23]. Postanneal of the sulfur-
deficient SnS thin films in an atmosphere with high sulfur
activity, such as H,S, cannot effectively reduce the concen-
tration of holes (i.e., acceptor-type defects) [24]. Therefore, it
is supposed that supplying highly reactive sulfur (i.e., sulfur
plasma) during film deposition, which was employed in this
paper, is essential for realizing n-type conduction in Cl-doped
SnS thin films.

Figure 3(a) plots the temperature-dependent carrier con-
centration in the n- and p-type films. Carrier concentration
of the p-type film showed thermally activated behavior with
an activation energy of E, = 230 meV, which is comparable
with those of undoped p-type SnS thin films from previous
reports (E, = ~300meV [25,26]). The n-type film exhibited
almost no temperature dependence, indicating that the film
is an almost degenerated semiconductor. Like the control of
carrier concentration in n-type SnS bulk ceramics by the Cl
doping level, [11] the carrier concentration of n-type films
should also be controllable by the amount of incorporated
Cl donor. Figure 3(b) shows temperature dependence of the
Hall mobility for the films. The Hall mobility decreases
with decreasing temperature for both n- and p-type SnS thin

films. The log(,uHauTl/ 2y— 71! plot exhibits a straight line,
suggesting that grain boundary scattering dominates carrier
transport in the films [27]. This is consistent with the fact
that carrier transport is not dominated by ionized scattering
or phonon scattering in these films (see Fig. S9 in the Sup-
plemental Material [16] for double-log plots of Hall mobility
and temperature). The calculated potential barriers at the grain
boundary (®g) are 70 and 55 meV for n- and p-type SnS thin
films, respectively, which are of the same order of magnitude
as values previously reported for undoped p-type SnS thin
films that are dominated by grain boundary scattering (g =
50-70 meV [28,29]). The main reason for the dominance
of grain boundary scattering in the obtained films is their
small grain sizes [which were discussed above, see Fig. 1(c)],
which lead to many grain boundaries. It has been reported
in several SnS studies that the carrier mobility of SnS thin
films increases with increasing grain size [18,30,31], which
is also a general property of polycrystalline thin films with
dominant grain boundary scattering [32]. The morphology of
the SnS thin films strongly depends on the deposition condi-
tions, especially the sputtering pressure. The films deposited
at relatively low pressures <~1 Pa, as the pressure used in
this paper (0.35 Pa), tend to be flatter with finer grains, while
those deposited at high pressures (=~1 Pa) possess larger
grains and rougher surfaces [18,19]. Therefore, optimizing the
sputtering conditions would allow the deposition of films with
larger grains and correspondingly higher carrier mobility.
Substrate temperature dependence (221-341 °C) of phys-
ical properties of SnS thin films was also investigated. The
films prepared with and without sulfur supply exhibited n- and
p-type conduction, respectively, regardless of the substrate
temperature (for the electrical properties of each sample, see
Fig. S10 and Tables S4 and S5 in the Supplemental Mate-
rial [16]). The obtained films were of single-phase «-SnS
and exhibited preferential (100) orientations regardless of the
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FIG. 3. (a) Temperature dependence of carrier concentration and (b) T2 of SnS thin films deposited at Ty, = 333 °C. The activation
energy (E,) and grain boundary potential barriers ($g) were estimated according to the following formulas: N = Nyexp(—E,/kT ), where Ny
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and m* is the effective mass. The solid lines were added to guide the eye.

substrate temperature (see Figs. S11 and S12 in the Supple-
mental Material [16] for XRD profiles of out-of-plane (26)
and in-plane (20, ), respectively). The primary peaks corre-
sponding to 400 diffractions shifted toward lower diffraction
angle with decreasing the substrate temperature, indicating
that the lattice constant in the a axis, ag, increased with de-
creasing the substrate temperature, as shown in Fig. 4(a). The
thicknesses of the obtained films were 250-260 and 190-200
nm when deposited with and without sulfur plasma, respec-
tively (see details in Fig. S13 in the Supplemental Material
[16]), and therefore, supplying sulfur plasma increases the
deposition rate by ~30%.

Figure 4(b) plots the chemical composition of SnS thin
films against the substrate temperature. The composition is al-
most independent of the substrate temperature, and supplying
sulfur plasma slightly increased sulfur content in the resulting
films by ~1%. The broad optical absorption related to the de-
fect levels associated with acceptor-type defects [which were
discussed above, see Fig. 2(b)] was observed in all p-type
SnS films at similar intensities, whereas they were hardly
visible in the n-type films at any substrate temperature (see
Fig. S8 in the Supplemental Material [16]). Therefore, chang-
ing the substrate temperature cannot suppress the formation of
acceptor-type defects due to sulfur deficiency, while supplying
sulfur plasma is always effective in suppressing these defects
and leads to n-type conduction at any substrate temperature
employed in this paper.

Figures 4(c) and 4(d) show the substrate temperature de-
pendence of the electrical properties for both n- and p-type
SnS thin films. The carrier concentrations of n-type films did
not depend on the substrate temperature (~2 x 10'® cm™3),
implying that all these films had comparable Cl concen-
tration. The Hall mobility of the p-type thin films did not
depend on the temperature either, whereas the n-type films
exhibited a convex trend with a maximum at Ty, ~ 260 °C.
Their carrier type, chemical composition, and number of
acceptor-type defects were not affected significantly by the
substrate temperature but rather by whether sulfur plasma
was supplied during the deposition. These results indicate
that the fabrication process of n-type SnS thin films demon-
strated here could be applied under a wide range of sputtering

conditions. The n-type SnS thin films obtained in this pa-
per have a high carrier concentration and low Hall mobility
compared with the previously reported p-type films and n-
type bulk single crystals, as shown in Fig. 4(e). By tuning
the deposition conditions, the proposed fabrication process
using sulfur plasma supply has high potential for realizing
n-type SnS thin films with characteristics that are favorable for
device applications, for instance, lower carrier concentration
and longer minority carrier diffusion length.

Thin film SnS is expected to be a solar light absorber
for next-generation solar cells because of its abundant and
nontoxic constitutional elements and suitable optical prop-
erties for photovoltaic applications. Due to a lack of n-type
SnS thin films, SnS thin film solar cells based on the het-
erojunction structure between p-type SnS and other n-type
semiconductors, such as CdS [33-35] or Zn(O,S) [24,36,37],
have been intensively studied in the last two decades. How-
ever, due to their unfavorable conduction band offset [35,38]
and possible Fermi level pinning induced by defects at the het-
erojunction interface [34], SnS heterojunction solar cells have
a relatively low open-circuit voltage (Voc = 300400mV)
compared with its band gap energy (~1.1 eV), leading to
low conversion efficiencies (1) of only 4-5% at the most
[39]. The pn homojunction of SnS employing n-type SnS
thin film developed in this paper is ideally free from these
problems, making it the most promising way to improve the
open-circuit voltage and conversion efficiency [13,40]. This
expectation is supported by the recent study of a prototype
SnS homojunction solar cell with halogen-doped n-type SnS
single crystal and p-type SnS thin film exhibited Voc com-
parable with the highest values for heterojunctions, without
optimizing the device structure or fabrication process [41].

In addition, supplying sulfur plasma during deposition is
beneficial for the fabrication of high-quality undoped p-type
SnS thin films because it can effectively suppress the forma-
tion of acceptor-type defects. Therefore, undoped p-type SnS
thin films fabricated under a Cl-free atmosphere would have a
lower concentration of defects that act as effective recombina-
tion centers and be suitable for solar cell applications. In other
words, a sulfur plasma supply can be employed to produce
high-quality thin films with both n- and p-type conduction.
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"Ref. [46], and °Ref. [47].

Consequently, this method will surely be key for realizing

highly efficient SnS homojunction solar cells.

IV. CONCLUSIONS

In this paper, we realized n-type electrical conduction in
SnS thin films by supplying sulfur plasma during the deposi-
tion together with CI doping. Without sulfur plasma supply,

the prepared SnS thin films exhibited p-type conduction de-

spite containing a comparable amount of Cl donors, and the
broad optical absorption of those films would be attributed to
the acceptor-type defects originating from sulfur deficiency.
Accordingly, both Cl doping and the supply of highly reac-
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tive sulfur plasma during deposition are essential to realize
n-type conduction in SnS thin films. The reported fabrication
method can be applied to a wide range of sputtering condi-
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tions since n-type conduction was obtained regardless of the
substrate temperature. So far, the conversion efficiency of SnS
heterojunction solar cells is stagnant at low values (4-5%).
Methods to fabricate n-type SnS thin films will enable SnS pn
homojunctions and contribute to a change in the SnS solar cell
technology from heterojunctions to homojunctions to realize
high conversion efficiency.
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