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Abstract

Defect control is critical to achieve long carrier lifetimes in semiconductors. SnS is a promising
thermoelectric and photovoltaic material. In this study, we investigated Fe doping in a series of
single crystals of SnixFexS up to concentrations of x = 0.05. The integration of Fe atoms into the
host matrix has been investigated using several methods. Although the doped single crystals
appear rather disordered, the hole mobility is very high (¥*8500 cm?V-'s? for SnpgsFeon1S),
suggesting that the hole-mediated charge transport in this material is largely insensitive to
impurities. Charge transport analysis suggests that the incorporation of Fe atoms leads to the
healing of the intrinsic defect structure and the exclusion of minority electrons from charge

transport, allowing the observation of high hole mobility.

Introduction

Tin (II) chalcogenides (SnSe and SnS) have attracted considerable attention in recent decades
because of their great potential in many areas of materials science, such as photovoltaics[1,2],

optoelectronics[3,4], batteries, supercapacitors[5,6], and especially thermoelectrics[7,8]. While



the compound SnSe has been subject of extensive literature since its discovery as a cutting-edge
thermoelectric material[9][10], other isostructural member of the family (SnS) is only beginning
to be explored. Recent interest is especially due to economic considerations, for its potential use

as an earth-abundant semiconductor.

Tin monosulfide (SnS) is a natural p-type semiconductor (with an indirect band gap of 1.08 eV[11])
with hole densities between 10 and 108 cm™ and quite high hole mobilities (up to 100 cm?/(V.s)
at 300 K)[12]. The high optical absorption coefficients at photon energy above 1.3 eV, low
production costs, long-term stability make SnS a potentially suitable material for photovoltaic and
sensor applications[13]. Unique properties can be achieved by the formation of van der Waals
(vdW) heterojunctions/heterostructures of SnS with other 2D semiconductors, e.g. MoS; [14],
SnS,[15] or GeS[5], potentially useful for the realization of novel electronic, optoelectronic, and
valleytronic devices. Recently, significant efforts have been made in the research of p-n SnS

homojunction devices and high-efficiency multi-junction SnS solar cells[16].

Achieving control over the transport properties and conductivity type of SnS is essential for
advancing the above concepts. Therefore, it is important to understand the role of individual
dopants and their interactions with the intrinsic point defects of the host compound. Both tin
vacancies (Vsn) and sulphur vacancies (Vs) are present in pristine SnS[17]. Its overall p-type
behavior is based on the fact that doubly ionized Vs, recognized as a deep-level donor cannot

compensate for the acceptor contribution of shallow Vsn levels [16].

In this work, we present a study on the structural and electronic properties of Fe-doped SnS single
crystals (concentration of diluted Fe up to 0.6 at %.) grown by free-melt cooling (FMC) Fe alters
the defect structure of SnS in a way that virtually eliminates minority electron carriers from
transport. This allows predominant hole transport to be observed. Interestingly, the holes show
high mobility in the doped sample, suggesting that the hole charge transport in this material is
largely insensitive to impurities. High mobility was maintained despite the increased mosaicity of
the doped samples. Thus far, magnetically doped Sn chalcogenides have only been addressed
theoretically. Theoretical works[18,19] have concluded that the implementation of magnetic
degrees of freedom of (Mn, Fe, or Co) atoms may be promising for spintronic and magneto-optic
applications. However, the diversity of Fe-incorporation in SnS makes magnetism analysis quite

difficult and requires the investigation of large sample sets.



Results and discussion

HRXRD analysis

It is known that the properties of vdW materials doped with 3d transition metals are very sensitive
to changes in growth parameters and stoichiometry[20]. In particular, at high concentrations of
3d transition metals, inhomogeneous phases may appear owing to the solubility limitation of 3d

metal[21-24]. In this paper, we present a study on Fe-doped SnS single crystals.

The structural and stoichiometric properties of the samples were characterized using powder and
high-resolution X-ray diffraction and energy-dispersive x-ray analysis (PXRD, HRXRD, and EDX).
From the PXRD patterns obtained for the Sni«FesS powder prepared from single crystals (SCs)
(x=0-0.1), we found that for x=0.05, a secondary FeS phase started to appear (see Fig. S1 in SI).
The presence of the hexagonal troilite phase in SnS single crystals was also confirmed by the
EDX/EBDS technique for Sno.gsFeoosS (see Fig. 4), but an FeS-like phase is likely to be present within
the SnS matrix already at the lowest Fe doping concentration (see Fig. 3). However, both STM[25]
and EDX experiments (below) suggest that part of the Fe was diluted in the SnS structure.
Accordingly, the results presented below for the transport properties of Fe-doped SnS crystals
suggest that Fe-related point defects interact with internal defects and strongly alter their
transport properties (see the discussion below). An additional foreign SnS; phase was detected by
HRXRD (inset in Fig. 1) in FMC SnoggFeo01S. In contrast, the undoped FMC SnS has a perfect
structure with no detected foreign phases. Note that we however have observed SnS; in the
undoped SnS reference samples (Fig. 1) prepared by the Bridgman method (BM). This suggests
that the formation of SnS, (001) is an intrinsic material property of the SnS host structure, which
critically depends on the growth conditions[11,26,27]. Specifically, the BM method, unlike the
FMC method, essentially involves directional solidification with large temperature gradients.
Therefore, we chose the FMC method for further study. From the broad weak peak of SnS,(001)
in the reciprocal space maps around the SnS(020) diffraction peaks (Fig. S2), the thickness of such
an inclusion was estimated to be 20 - 40 nm. We also observed the formation of the SnS, impurity
phase in the Fe-doped SnS FMC sample SnogsFeo01S (Fig. 1), suggesting that Fe impurities may

promote SnS; formation.
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Figure 1: Results of x-ray diffraction measurements — experimental symmetric 26/w scans of pure SnS samples denoted SnS(F) and
SnS(B) as well as the Fe-doped sample (points). The scans were measured along the OKO line in reciprocal space, the vertical dotted
lines denote the positions of the maxima, the parameter of the lines is the 2" diffraction index K. The full and dashed black lines
display the results of simulations for two various SnS orthorhombic structures denoted | (PDF-04-004-3838 — full lines) and Il (PDF-
00-039-0354 —dashed lines). From the comparison it is obvious that the structure of the samples well corresponds to the published
structure |. The inset displays the region around the SnS(020) maximum; the broad maximum at approx. 15.5 deg corresponds to
a SnS,(001) diffraction peak. SnS(F) and SnS(Fe) denote SCs prepared by FMC method, SnS(B) denotes undoped SnS SC prepared
by the Bridgman method.

From the Cohen-Wagner plots of the SnS (0KO) diffraction maxima for K = 4,8,12 (see Sl Fig. S3),
we derived a lattice constant b = (11.192 + 0.002) A for all the samples examined, which is larger
than the published value of 11.143 A. We did not observe any significant changes in b due to Fe
doping, consistent with the low impurity concentration and similar ionic radii of Fe2*(0.76 A) and
Sn2*(0.93 A)[28]. However, this may not be entirely consistent with the interstitial position in the
center of the vdW gap. Indeed, our recent work suggests that Fe impurities predominantly enter

structurally relaxed interstitial positions[25].



The quality of a single crystal can be assessed using reciprocal space maps (Fig. 2). From the
broadening of the diffraction maxima along the horizontal Qyx axis, we determined the angular
mosaic spread in all samples to be approximately 1° or more for FMC SnS(Fe), 0.13° for BM -SnS(B),
and 0.03° for FMC - SnS(F). The maximum width along the vertical Q; axis is influenced by the size
of the mosaic blocks and by a possible strain gradient in the blocks; if we neglect the latter effect,
the mosaic-block size can be estimated to be 200-300 nm. The upper figure of Fig. 2 shows that in
the case of the Fe-doped SC (SnogsFeoo1S), this method revealed a substantial increase in

mosaicity, that is, the formation of a nanostructure due to small variations in the tilt of the trigonal

axis c along the ab planes.
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Figure 2: Reciprocal-space maps around the diffraction peaks SnS(040) of samples iron doped SnS (Fe), SnS - Bridgman method (B),

and SnS — free-melt cooling (F), top to bottom. The color coding is logarithmic and the colors from white to dark red span over four

decades.

SEM -EDX analysis and magnetic properties
Electron backscatter diffraction (EBSD), spatially resolved energy-dispersive X-ray analysis (EDX),

and magnetic properties were used to investigate the influence of Fe integration on the bulk

sample properties.
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Figure 3: EDX-SQUID: EDX and SQUID results for Fe:SnS with Fe concentrations x = 0.01 and x = 0.05. (a) and (b) EDX contrast of
cleaved surfaces revealing elongated Fe-rich areas (violet color, marked by yellow circles) with 90 deg mutual orientation, which
are embedded in green areas of low Fe content. (c) and (d) show respective magnetization data taken at 7 = 2K. The inset at the

right shows the magnetic coercivity for x = 0.05 in detail.

To study the enhanced mosaic-block formation and possible phase separations in the presence of
x =0.01 Fe, we utilized spatially resolved EBSD and EDS to study samples with considerably higher
and lower Fe concentrations than x = 0.01. Fig. 3 summarizes spatially resolved 500um x 500um
element maps from cleaved SnS(Fe) surfaces for x = 0.001 and x = 0.05, where the color coding
represents the local Sn, S, and Fe atomic concentrations. Homogeneous green areas correspond
to the expected Sn:S ratios of approximately 1:1 and a low Fe concentration. However, in addition,
a few Fe-rich platelets of elongated shape are visible in violet color, typically 20 - 50 um long. A
comparison of the platelets for the x = 0.001 and x = 0.05 samples in Fig. 3 (a) and (b) suggests
that higher nominal Fe concentrations lead to fewer but longer and wider Fe-rich platelets during
FMC growth. We note that these platelets are strictly locked to the crystal axes of the SnS host
structure and, therefore, do not represent a random inclusion of foreign phase clusters. The
platelets were mostly aligned in the SnS[010] direction, but 90 deg rotated alignments were also
visible. This finding suggests the epitaxial growth of the foreign phase. Fig. 3 (c) and (d) show the
magnetization measurements for x=0.01 and x = 0.05. The magnetization curve in Fig. 3 (d) shows

an apparent coercive field attributable to troilite inclusions[29,30] as evidenced by the EDX - EBDS
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experiment. Fig. 4 summarizes the results of the analysis performed on the sample with x = 0.05.
The foreign phase forms thin platelets with a thickness of several hundreds of nanometers (density
of 5 - 10 cluster/mm?) with an areal coverage of < 0.5%. Both the EDX and EBDS (local Kikutchi
patterns) analysis indicate FeS troilite phase for foreign phase inclusions and SnS orthorhombic

structure for matrix. Importantly, the SnS matrix contained 0.6 £ 0.1 at. % of Fe.
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Figure 4: EDX and EBSD analysis of Fe-rich platelets on Fe:SnS with x=0.05. (a) and (b) show the sample surface before and after
FIB through an Fe-rich platelet. The FIB area is marked by a yellow square in (a). (c) and (d) show EDX maps at different electron
energies before and after FIB treatment. (e) Analysis of the local Kikuchi patterns derived from EBSD, revealing a FeS hexagonal

troilite structure [space group P-62c, no. 190] on the platelet, and SnS(001) in the surrounding matrix.

XAFS experiments

In Fig. 5 the EXAFS data of Fe:SnS with x = 0.01 are presented together with simulations (codes
FDMNES and FEFF) for Fe in several crystal forms - bulk phases FeS, and FeS (hexagonal and
tetragonal), or as diluted atoms in SnS, assuming Fe; in vdW (relaxed and unrelaxed) and Fes,

substitutional position — see Fig.5 (e) —(g). The comparison shows that the interstitial Fe in SnS in
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the relaxed vdW positions (Fej) and bulk hexagonal FeS (troilite structure) match the experiment
reasonably well, both corresponding to nearest neighbor (NN) Fe-S distances of approximately
2.45 A. In contrast, bulk FeS, or tetragonal FeS phases, as well as substitutional Fes, or Fe;
impurities in the central vdW positions (unrelaxed vdW position) are not observed in significant

amounts.
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Figure 5: EXAFS experiment (a) and (b) along with simulations (FDMNES and FEFF codes) (c) and (d) for Fe at several positions
within SnS structure (e) relaxed (energetically optimized) interstitial position Fe; , (f) unrelaxed (structurally symmetric position)
Fe; and (g) substitutional defect, Feg,.

In fact, the troilite phase of FeS was detected as segregated platelets by EBSD (see Fig. 4); however
EDX analysis also indicated a significant amount of ~¥0.6% Fe atoms diluted in the SnS matrix. Thus,
EXAFS suggests that diluted Fe preferentially forms a relaxed Fe;j in the vdW gap. However, we
emphasize that other defects such as Fes, or Fej complexes with Vs may be present in tin
chalcogenide materials[25]. For example, an isolated Fes, defect is surrounded by seven S-atoms
with an atomic distance of less than 2.45 A as detected by EXAFS. However, if one of the seven
adjacent S atoms is missing (Vs), the Fe atom can strongly relax to a quasi-octahedral position

surrounded by six NN S-atoms, leading to larger Fe-S distances.



Transport properties

Positive values of the Seebeck and the Hall coefficients indicate that the charge transport in the
undoped SnS and Sno.ggFen.01S SCs is dominated by holes (see Fig. 6). There is a general agreement
that the dominant acceptors in p-type SnS are Sn vacancies - Vg, [31]. According to published
calculations[31,32] Vs, has the lowest formation energy, suggesting that Vs, is the dominant p-
type defect under the S-rich SnS growth conditions. This defect was observed in STM experiments
on FMC samples[25]. However, the number of electrically active vacancies (Vg, + h) may be
reduced by the formation of di- or multivacancies (Vsn-Vsn-...)® owing to the dissolution of S,
molecules in the SnS crystal[11]. These defects may correspond to the “mound-like” features in

Ref. 25. Similar defects have also been recently reported in SnSe[33].
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Fig 6: Seebeck coefficient and Hall coefficient of SnS and SngesFeo01S SCs as a function of temperature

The values of the defect activation energies can be derived from either the log p vs. 1000/T
dependence - Arrhenius plot, p = pg. exp (i—;) or from the dependence of the Hall concentration

1/(Ru.e) vs. 1000/T (Fig. 7b). However, a comparison of these two methods shows inconsistencies
in terms of activation energies and the corresponding temperature regions (see Table 1). This
discrepancy can be attributed to the fact that at least one type of electron and one type of hole

are involved in charge transport.
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Fig.7: Dependences of the Hall concentration 1/(Ry.e) and the electrical resistivity p against the reciprocal temperature 1000/T

for the undoped SnS and SnogsFen 01S sample.

Table 1: Table of activation energies obtained by fitting of r vs 1000/T and (1/Rne) vs 1000/T

dependences using Arrhenius model with applied temperature range in parentheses.

Activation energy Ea [meV] (Temperature range [K])

In@vs. 1/T In (1/(Ru.e)) vs. 1/T

SnS 3.2 (30-60 K) 4.0 (50-100 K)

Sno.ggFe0.01S 10.0 (25-70 K) 26.0 (40 -85K)
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Both electrons and holes were excited in overlapping temperature regions from/to shallow
impurity energy levels below/above the CBM/VBM. As a result, the activation energies obtained

represent a "mixture" of different contributions from different carrier types of specific

. . . 1
concentrations and mobilities. In this case, the T-dependent p(T) an s (T) can be expressed as
H

follows:
1 1
(M) = o) e[p(T).up(T)+n(T).pun (T)] )
1o [P [pm+ambmi? (. (M
Rye (1) = p(MuE(M-n(D.EAT) — p(T)-n(T).b(T) (lf b(T) = un(T))’ )

where e is the charge of the electron, p and n are the hole and electron concentrations,
respectively, and p, and u, are their mobilities. In addition, the situation seems to be further
complicated by the possible involvement of variable-hopping mechanism (see S| Fig. S4) for at

least one carrier type at low temperatures, similar to that of slightly doped SnSe[34].

In the literature on SnS crystals, sulfur vacancies VSJr [35,36] have also been reported in addition
to vacancies Vg,. The activation energies of these shallow defects lie close to VBM (Vg, —
E,~21meV) and CBM (V5" — E;~16 meV)[37]. However, other works[31,32,38] define the
sulfur vacancy Vs as a deep-level defect, which rules out its donor activity in the low-temperature
region. As far as donor activity is concerned, this leaves us with only the antisite defect Sng which
should have a very low formation energy under Sn-rich conditions[38]. We assume that small
concentrations of SnS; and FeS foreign inclusions are insignificant in terms of charge transport

properties.

Three different regions can be identified based on temperature-dependent resistivity. The low-
temperature region; below T~30 K; is likely to be dominated by 3D Mott variable range hopping
(VRH) (see Sl Fig. S4). This is probably exclusively related to the existence of localized donor levels
near the top of the valence band caused by the presence of Vs, defects. In the middle region
(30 - 60 K), a steep increase in the concentration (1/(Ru.e)) and resistivity p was observed. This
reflects the thermal activation of the holes in the VB owing to the acceptor level. In addition to
the acceptor level, the minor donor level can also be activated, which is probably related to the
presence of Sn{. In addition, it is possible that both mechanisms (VRH and activation) could be
active simultaneously and form parallel conduction channels. Therefore, the activation energies
obtained from either the dependence of Inp vs. 1000/T or 1/(Ru.e) vs. 1000/T represent the
average values of the above excitations. Thus, it is difficult to discern the individual contributions

of participating carrier types. The third region (above 60 K) indicates carrier saturation. It is
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associated with a metallic behavior due to the electron—electron scattering within Fermi liquid

theory, which occurs as shown by the p vs. T2 dependence (see Sl Fig. S5).

In contrast to the undoped sample, we observed a steep increase in the p- and Rus-values at low
temperatures for the SnogsFeo01S sample. The increase in the values is related to the substantial
suppression of the total carrier concentration due to changes in the concentration of each type of
point defect. In Sno.ggFena1S, about half of the added Fe atoms were homogeneously distributed
through the SC and interacted with native defects. STM observations showed that most of the Fe
atoms enter interstitial positions Fe;'and largely couple to acceptor-type Vi, defects[25]. This
leads to an almost one-order increase in the in-plane carrier mobility at low temperatures
(~1000 cm?2.V-1.S1 for SnS vs. ~8500 cm?.V-1.5t for Sno.gsFeo01S at 35 K).

One possible explanation is that the concentration of active acceptors — hole traps is significantly
reduced due to doping. This would clearly increase the relaxation time and hole mobility. This, in
turn, would indicate a rare situation — a kind of healing process due to doping. Such a healing
process would correspond to a marked decrease of “mound-like” defects in[25], providing that

these are active acceptors.

However, it cannot be ruled out that this increase in the hole mobility is only apparent. This may
be related to the localization of minority electrons, which are presumably highly mobile, which
would lead to the emptying of the conduction band. The localization of electrons is related to the
change in the structure of the defects due to doping - e.g., the disappearance of Sng or the
formation of complex defects (Fe;erjl). However, the most significant culprit is sulfur vacancies,
Vs, which are present in the Fe-doped sample but not in the undoped sample[25]. Specifically, Vg
is a deep donor capable of electrons capture[17]. Thus, a smaller number of electrons would be
involved in the transport, leading to a virtual increase in the Hall coefficient, and hence, the Hall
mobility, according to Eq. 2. Thus, Fe doping would, in fact, only reveal the true magnitude of hole
mobility in SnS. Therefore, we argue that the mobility may have a similar magnitude in undoped
SnS, but the measured value may not be realistic because of the mixed transport of electrons and
holes (Equations 1 and 2). This conclusion is also supported by the fact that both the doped and

undoped samples show a similar concentration of point defects in STM experiments[25].

In addition, the carrier mobility in the doped sample may be reduced owing to the increased
mosaicity compared with the undoped sample (Fig. 2). This implies that the actual hole mobility
may be even higher in the undoped sample with negligible mosaicity. These findings are consistent

with the formation of SnS; in Fe-doped SC. Specifically, the formation of SnS; is logically related to
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S-rich conditions, which is in turn associated with an increase in the formation energy and a
decrease in the concentration of Snd. This probably excludes the minority carriers (electrons)
from charge transport and shifts the activation energies towards more realistic values that
correspond to the activation of holes (see Fig. 7); cf. e.g., the activation energy of tin vacancies -
Vsn, Ea=21 meVin [37].
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Fig. 8: Dependences of the Hall mobility Ry/p and the electrical resistivity p on the inverse of temperature 1000/T for undoped
SnS (a) and Sno.gsFep0:1S (b) sample.

The difference between the activation energies derived from the resistivity (£2~26 meV) and Hall
(Ea~10 meV) measurements results from the combination of the VRH and band conduction in the

overlapping temperature regions.

The slope of the mobility dependence on temperature - uy~T" (Fig. 8 a,b) was used to reveal the
mechanism of charge carrier scattering within the exponent n. In the low-temperature region
(T<30 K), scattering is dominated by ionized impurities (n = 1.5) for the undoped SnS SC.
Unfortunately, we could not obtain this information for the SnogsFeo.01S SC because of the very
high resistivity of the sample. At higher temperatures (above 30 K), dominant scattering occurs on
homopolar optical phonons (—n > 1) which is intrinsic to layered materials[39,40]. Thus, we
consider scattering on homopolar optical phonon to be the main scattering process controlling
the in-plane transport of charge carriers at these temperatures, which is consistent with
conclusions made for SnSe[41].
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Conclusions

A broad characterization of Fe-doped SnS single crystals showed that the properties of this type
of material strongly depend on the particular defect structure of the crystal. Even very small
amounts of dopants fundamentally changed the charge-transport properties. This is related to the
interaction of doping impurities with native defects, for example, the formation of complex
defects (Fe; + Vs,,). Specifically, this interaction leads to electron localization, which in the case of
Fe doping, empties the conduction band. This, in turn, allows in some cases the investigation of
pure hole transport. Importantly, this study suggests that hole mobility in SnS may be relatively
insensitive to certain types of doping. Such defect insensitive mobility is important for all potential
applications. Interestingly, the Hall mobility remains high despite the significant mosaicity of the
doped sample and despite the fact that Fe incorporation is quite heterogeneous with foreign
phases forming in addition to point defects for all doping concentrations. This observation is made
possible by the fact that at higher temperatures the dominant scattering is on the homopolar

optical modes of the phonon spectrum.
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