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Defect pairing in Fe-doped SnS van der Waals
crystals: a photoemission and scanning tunneling
microscopy study
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We investigate the effect of low concentrations of iron on the physical properties of SnS van der Waals
crystals grown from the melt. By means of scanning tunneling microscopy (STM) and photoemission
spectroscopy we study Fe-induced defects and observe an electron doping effect in the band structure
of the native p-type SnS semiconductor. Atomically resolved and bias dependent STM data of character-
istic defects are compared to ab initio density functional theory simulations of vacancy (Vs and Vs,), Fe
substitutional (Fesy), and Fe interstitial (Fe;,) defects. While native SnS is dominated by acceptor-like Vs,
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vacancies, our results show that Fe preferentially occupies donor-like interstitial Fe;; sites in close proxi-
mity to Vs, defects along the high-symmetry c-axis of SnS. The formation of such well-defined coupled
(Vsn, Feiny) defect pairs leads to local compensation of the acceptor-like character of Vs, which is in line
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1 Introduction

Tin monosulfide (SnS) is a layered van der Waals (vdW) crystal
with an orthorhombic structure shown in Fig. 1(a). It is a
native p-type semiconductor with a bandgap E; = 1.08 eV and
room-temperature moderate carrier concentrations ranging
typically from 10" to 10'® ecm™ (ref. 1) and mobilities of
5-500 cm”® V™' s7.% Due to its high optical absorption coeffi-
cients and nontoxic chemical properties, SnS is an interesting
material for photovoltaic and sensor applications.® The quasi-
2D van der Waals (vdW) nature of the crystal structure bears
the potential to form well-defined p-n junctions at the inter-
face to n-type materials. Hereby, other layered 2D materials
such as n-type MoS, are particularly promising.* On the other
hand, the 2D crystal nature of SnS has the potential to host
metallic guest atoms, e.g. in the vdW gaps between two neigh-
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with a reduction of p-type carrier concentrations observed in our Hall transport measurements.

boring SnS layers. Knowledge on atomic diffusion processes,
which are governed by the bonding of guest atoms to the SnS
host structure and its intrinsic defects, could be used to
develop better battery concepts, e.g. based on Li ions.” In view
of possible SnS-based p/n-type homojunctions, e.g. for efficient
solar cells, several works address the implementation of guest
atoms into the SnS structure with the aim to push the carrier
into the n-doped regime (see ref. 6 and references therein). In
addition, the implementation of magnetic guests atoms is a
standard approach to introduce spin degrees of freedom into
semiconductors. For Sn-chalcogenides, we are aware of two
recent density functional theory (DFT) studies addressing the
bonding of dilute 3d transition metal guest atoms to SnSe and
SnS layers for potential spintronic and magneto-optic
applications.””®

For all above mentioned applications, it is vital to gain a
deep understanding of the stoichiometry-dependent formation
of defect levels in SnS with and without guest atoms. While
SnSe with its high thermoelectric figure of merit has been
extensively studied by a wide range of methods, defects in SnS
have been studied much less and mostly by theory. For native
SnS, recent DFT works suggest that vacancy and antisite
defects enthalpies depend on the Fermi level position Er with
respect to the valence band maximum (VBM). Fermi levels
close to the VBM ((Ey — Evpm < 0.4 €V) sulfur vacancies Vs>* are
predicted to have the lowest formation enthalpy, while at
higher Fermi energies tin vacancies Vsn?~ and Sng~ antisite

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

(a) Side view of the layered orthorhombic SnS vdW structure (left) and a scheme of the respective Brillouin zone (right). We use the crystal

space group Pnma. (b) DFT calculation of a defectless SnS band structure. (d and e) and (g and h): ARPES data of pure SnS (x = 0) and Fe:SnS (x =
0.01) measured at T = 300 K and photon energies hv = 21.2 eV. (c) and (f) depicts LEED images after cleave. In (d) and (g) k-space intensities at a
constant binding energy E,, = 1.1 eV are plotted. The dashed lines show high-symmetry k-space directions I'-Z, I'-Y, and Z-U, (e) and (h) present
cuts through the photoemission intensity along the Y-I'-~Z-U direction of the surface Brillouin zone. For x = 0 the DFT calculated band structure

from (b) is overlaid.

defects become favorable.”'® Due to the presence of both
doubly-ionized Vs** donor and single-ionized Sng~ or Vg,~
acceptors, native SnS is expected to be an intrinsically compen-
sated p-type semiconductor. For SnS materials grown under
S-rich growth conditions, the compensation will involve only
small concentrations of Vg defects.'*™*?

The possibility to turn SnS into a n-type semiconductor by
metal atom implementation was addressed by DFT for Sn or Bi
atoms,"* which energetically seem to favor donor-type Sn-sub-
stitutional sites. Other DFT works taking Pb as guest atoms
also suggest substitutional Pbg,, as a preferred defect but more-
over propose a more complex scenario where the isoelectronic
Pb substitution reduces the enthalpies for the generation of

This journal is © The Royal Society of Chemistry 2023

other interstitial Sn and/or Pb defects.'® For magnetic guest
atoms, ab initio DFT calculations on single point defects
predict that 3d transition metal atoms (TM: Mn, Fe, Co)
should preferentially occupy Sn-substituting TMg,, positions
with acceptor-like character.” However, it was also pointed out
that Fe defects can lower their formation energies by structural
relaxation in the vicinity of intrinsic vacancy defects such as
Vg, thereby forming a coupled defect pair.® So far, there is,
however, no experimental data to put such theory predictions
to the test.

In this work we present a combined experimental and DFT
study of atomic defect formation in melt-grown SnS crystals in
their native states and in the presence of small magnetic Fe
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atom concentrations below 1 at%. Unlike expected for accep-
tor-like Feg, substitutional defects, we observe that p-type car-
riers in native SnS with carrier densities in the range of a
few10'” cm™ are significantly compensated when diluted Fe
atoms of 0.7 at% are added. From atomically resolved STM
imaging and density functional theory, we are able to assign
this carrier compensation to the formation of electronically
neutral acceptor/donor-like (Vsy,, Fe;,,) defect pairs with a mag-
netic moment of 2.40ug. Within this coupled defect pair con-
figuration, Fe;,, corresponds to a heavily relaxed interstitial Fe
atom position in the middle of the SnS layer slab and in close
vicinity to the Sn-vacancy Vs,. In ultraviolet photoemission
spectroscopy, this local compensation of shallow acceptor Vg,
defects becomes visible as a shift of the valence band
maximum to higher binding energies, consistent with an
increasing influence of Vg sulfur vacancy defects states deep in
the gap.

2 Results

2.1 Characterization by photoemission spectroscopy

Bulk Sn(;_,Fe,S samples (x = 0, x = 0.01), grown by free-melt
cooling (FMC) techniques,"” were cleaved under UHV con-
ditions by scotch tape exfoliation along the planes of the vdW
gap depicted in Fig. 1(a). In the following, we will refer to the
respective samples as SnS (x = 0) and Fe: SnS (x = 0.01). In this
paper we use the crystal space group Pnma to describe the SnS
structure. Sharp low-energy electron diffraction (LEED) pat-
terns in Fig. 1(c) and (f) reflect a clean (100) surface crystal
symmetry of the SnS reciprocal lattice structure shown on the
right side in Fig. 1(a). A calculated band structure of defect-
free SnS is shown in Fig. 1(b). DFT calculations are based on
the full-potential linear augmented plane wave (FP-LAPW)
method, as implemented in the band structure program ELK"®
(see ESIT for details).

Angle-resolved photoemission spectroscopy (ARPES) was
done at room temperature with the help of a Scienta-Omicron
NanoESCA instrument and a non-monochromatized He lamp
(v = 21.2 eV). At x = 0 the (ky, k,)-space cut through the onset
of valence band (VB) at binding energy E}, = 1.1 eV in Fig. 1(d)
reveals the characteristic two-fold crystal symmetry and intense
hollow square features close to Z, corresponding to hole-
pockets as reported by ref. 17 for hole-doped SnS crystals. The
overlay our DFT calculated band structure on energy-dispersive
ARPES data in (e) reveals a rather good agreement along the
fundamental directions Y-I'-Z-U. The VBM defined by the top
of parabolic bands at Z appears 0.8 eV below the analyzer
Fermi level (E}, = 0), according to a binding energy (BE) deep in
the SnS band gap for SnS (x = 0). Cui et al. found the VBM
position at about 0.65 eV for intrinsic p-type SnS.'* It is impor-
tant to note that since the Fermi level in semiconductors gen-
erally varies with the degree of doping, the energy alignment
of ARPES data with respect to the analyzer Fermi level can be
subject to complex shifts, e.g. also due to band bending.
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Fig. 1(g and h) shows respective ARPES data of Fe: SnS (x =
0.01) again prepared by in situ cleavage. The presence of Fe
generally leads to a strong blurring in the SnS ARPES features
and a larger diffuse background intensity, indicative of an
increased disorder. No new band features appear. In the
energy cut at E, = 1.1 eV (Fig. 1(g)) features like the hollow
squares at Z have considerably narrowed, suggesting a shift of
the VBM to higher energies.

Energy shifts in the VB can be best quantified in the
k-space integrated UPS mode. Fig. 2(a) shows the UPS intensity
in the BE range [—1, +20] eV for x = 0 and x = 0.01. At low BEs
the onset of the VBM intensity can be fitted linearly (leading
edge method) as shown in Fig. 2(b). We define the position of
the VBM as the intersection of the linear fit with zero intensity,
which gives a VBM position approximately 0.7 eV below the
analyzer Fermi edge in the case of pure SnS. The value
suggests a Fermi level deep in the band gap, where according
to DFT calculations charged tin vacancies Vg,>~ or Sng~ anti-
site defects are located.”'® We have confirmed this Fermi level
position also at a higher photon energy of 1486.6 eV (Al K,
line), which gives a VBM position of (0.70 + 0.05) eV. A similar
value of 0.78 eV was previously reported for exfoliated few-layer
thick SnS nanoflakes.?

For x = 0.01 we observe a shift of the VBM by +0.21 eV to
higher BEs in UPS, indicating less p-type properties. It
suggests altered defects types and concentrations during
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Fig. 2 (a) Full scans of the ultraviolet photoemission intensity of SnS (x
= 0) and Fe:SnS (x = 0.01) samples including the secondaries cut-off
energies. The data was measured at T = 300 K with photon energies hv
= 21.2 eV. (b) Shows the energy region corresponding to the VBM in
detail. The leading edge approximation (dashed lines) suggests that the
VBM is about 0.7 eV below the analyzer Fermi edge. Fe induces a rigid
shift of the VB to higher BEs by +0.21 eV. (c) DFT calculations of the
DOS of the host SnS structure (c) and with tin (Vs,) (d) or sulfur (Vs) (e)
vacancy defects. (f) DOS for a coupled (Vs,, Fei.) defect pair (see also
structural model in Fig. 5(f)).

This journal is © The Royal Society of Chemistry 2023
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growth with Fe. A similar shift of the VBM to higher BEs is
also observed in UPS data of p-type SnS at increasing Sn con-
centrations, which lower the density of p-type Sn-vacancies.'®
We exclude possible artificial shifts of UPS data towards
higher BEs due to photoemission-induced charging of the
sample, since carrier concentrations at room temperature are
reasonably high (see Table 1 and further discussions in the
XPS section).

At high BEs the UPS intensity drops sharply due to the cut-
off energy E. of secondary electrons, which is known to be
related to the work function ¢ via ¢ = hv — E.. For x = 0 we
derive a value E. = 16.93 eV (see inset of Fig. 2(a)) corres-
ponding to ¢ = 4.27 eV. DFT calculations predict similar values
of ¢ = 4.32 eV for defect-free SnS."® In the experimental litera-
ture slightly higher values in the range (4.45 + 0.3) eV have
been reported, e.g., in ref. 18. For iron concentrations x = 0.01,
we see a substantial energy shift in the cut-off energy, indicat-
ing a reduction of the work function by 0.55 eV. For semicon-
ducting 2D materials, we generally expect work functions to
change e.g. due to variations in surface band bending and
shifts in the Fermi level.? It is known that the measured work
function depends on the Fermi level position, and thus can
vary for p-type or n-type doping of semiconductors.>" The elec-
tron affinity y defined as the energy difference between the
conduction band minimum (CBM) and the vacuum level (y =
Eyae — Ecpy) is much less dependent on the doping and is
therefore a better material parameter to relate the work func-
tion to properties of a semiconductor. The work function is
then given by ¢ = y + E; — (Er — Evam), Where E, stands for the
gap energy. Our observed trend of a work function reduction
under the influence of Fe is qualitatively consistent with the
measured shifted of the VBM by +0.21 eV to higher BEs. We
comment that first theory predictions suggest rather small
values y = 3.52 eV.'®

Fig. 2 shows a comparison of DFT-calculated density of
states (DOS) for defectless SnS (c), as well as SnS with Vg, (d),
and Vg defects (e). For comparison a coupled defect consisting
of a Vg, and an interstitial F;,, is shown in (f), which will be
discussed in detail in the next section. At absence of defects
the DFT-derived band gap is about 1.2 eV (Fig. 2(c)), which
slightly overestimates literature experimental values of 1.08 eV
for SnS. Fig. 2(d) shows that Vg, creates shallow donor states
close to the VBM. Here, DFT predicts the Fermi level (E = 0) to
be located in the acceptor states, which leads to a negative
rigid shift of characteristic peaked VB features by —0.6 eV (see

Table 1 p-Type charge carrier concentrations in free-melt cooled
(FMC) SnS (x = 0) and Fe:SnS (x = 0.01). The values were measured by
Hall transport at T = 300 K. For comparison we also show reference data
of a Bridgman-grown (B) SnS sample without iron contents

Fe-content x Carrier density (cm ™)

SnS (FMC) 0 3.0 x 10"
Fe-SnS (FMC) 0.01 0.5 x 10"
SnS (B) 0 3.5 x10"

This journal is © The Royal Society of Chemistry 2023
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horizontal arrow in (d)). On the other hand, Vs vacancies
create defect states deep in the gap as calculated in Fig. 2(e),
leading to a rigid shift of the DOS to higher BE by about +0.3
eV. The overall p-type carrier character of our samples in trans-
port measurements (Table 1) is in line with the interpretation
of a compensated p-type semiconductor with minor amounts
of Vg defects.'®*® The shift of the VBM by +0.21 eV under the
influence of Fe (x = 0.01) can be explained by a compensation
of p-type Vg, defects, visible as a less p-type experimental
carrier density shown in Table 1. Unlike in the substitutional
Feg,, case, Fe atoms in interstitial positions will act as donors
and can shift the VBM to higher BEs. DFT calculations in
Fig. 2(f) shows such a scenario for a coupled defect combi-
nation, which we will discuss in detail in the STM section.
Element specific changes in local coordination, e.g., due to
defect formation, should become visible as chemically shifted
components in tin and sulfur core level (CL) spectra in X-ray
photoemission spectroscopy (XPS). Surface sensitive XPS
measurements (probing depth ~1 nm) on the in situ UHV
cleaved SnS (x = 0) and Fe: SnS (x = 0.01) crystals are summar-
ized in Fig. 3. The XPS wide scans in Fig. 3(a) are dominated
by contributions from the elements Sn and S CLs. Very little C
1s intensity is visible from carbon contaminants, confirming
clean surface properties after UHV cleavage. Highly resolved
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Fig. 3 XPS data measured with monochromatized Al K, light. (a) Shows
wide scans of UHV-cleaved SnS (x = 0) and Fe:SnS (x = 0.01) crystals.
(b), (c) and (e), (f) show respective Sn 4d and S 2p core levels data with
high resolution. For comparison XPS spectra of SnS after 1 ML Fe depo-
sition at room temperature are shown in (d) and (g). Fits are added to
the data (details on the fit procedures are given in the ESI}). (h) and (i)
compare Fe 3p core levels of SnS (x = 0.01) and the SnS surface after 1
ML Fe deposition.
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XPS data of Sn 4d, S 2p, and Fe 3p CLs are shown in
Fig. 3(b)-(i).

We start our discussion by looking at pure SnS (x = 0). Sn
4d and S 2p CLs generally exhibit narrow line shapes, which
can be fitted by spin-orbit split Voigt doublets (see ESIt). The
fitting procedure reveals that two doublets are needed in both
cases as shown (b) and (e). For Sn*>* and $>~ valences in defect-
less SnS we expect only two components, however, slightly
asymmetric CL line shapes towards higher BEs are not
unusual for in situ cleaved chalcogen-based vdW crystals,
observed for example in Se 3d and Bi 5d CLs of clean Bi,Se;
surfaces.”> Asymmetries can be caused, e.g., by band bending
effects at the surface, which leads to energy shifts in the same
direction for Bi and Se CLs. We comment, that our observed
second minor components in Sn and S CLs could also reflect a
minority fraction of Sn and S atoms in an altered chemical
state, e.g. in the close vicinity of vacancy defects. However,
nearest neighbor vacancy defects should lead to opposite
shifts in Sn and S CLs: fully ionized tin vacancies Vg, will gene-
rate positive charge carriers, while a sulfur vacancy Vg will
generate two negative charge carriers (ie., electrons). For
example, in the case of bulk SnS, crystals, a S-deficiency was
reported to produce a significant chemical shift in the Sn 3d
CLs by about 1.2 €V to lower BEs,*® reflecting the reduction of
positive Sn charge in the presence of a neighboring donor-type
S vacancy. We conclude, that in our case, element specific
chemical shifts due to vacancy defects seem to be well below
the detection limit of XPS, which fits to our low defect den-
sities observed in STM (see discussion below) and a SnS stoi-
chiometry close to 1: 1.

A respective overview XPS spectrum of Fe-containing
Fe : SnS (x = 0.01) is shown in Fig. 3(a). Looking at the resolved
CLs of Sn and S in Fig. 3(c) and (f), no significant changes in
the line shapes are observed compared to those measured for
x = 0. It suggests that also here changes in the local tin and
sulfur chemical state induced by the presence of low Fe con-
centrations are below our detection limit in XPS. However, for
x = 0.01 we see that Sn 4d and S 2p CLs are shifted to slightly
higher BEs by about +0.11 and +0.03 eV, respectively. The
shifts are in the same direction as the above discussed rigid
shift of the VBM by +0.21 eV (Fig. 2(b)), which we tentatively
assign to a Fermi level shift towards defects deep in the gap.

From the Fe 3p CL intensity in Fig. 3(h) we can estimate the
Fe concentration of the sample with x = 0.01: comparing the
ratio between Fe 3p and Sn 4d intensities, and taking into
account element specific photoabsorption cross-sections (see
details in ESIT), we deduce an Fe concentration of (0.7 + 0.2)
at. % (Fe 2p CLs with a stronger intensity were not evaluated
here, because of the overlap with Sn 3p CLs in the XPS spec-
trum). The Fe concentrations estimated from surface sensitive
XPS can be compared to bulk sensitive energy-dispersive X-ray
spectroscopy (EDX) measurements. Here, spatially resolved
EDX shows a homogeneous diluted Fe background level of
(0.15 + 0.01) at%. We comment that in EBSD we also observed
the formation of elongated, typically 10 x 100 micron sized
hexagonal troilite FeS platelets (density 5-10 cluster per mm?)

13114 | Nanoscale, 2023, 15, 13110-13119
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with a low areal coverage of <0.5%. The large FeS platelets can
be easily recognised from their different stoichiometry in XPS
and their entirely different, metallic, band structure detectable
by photoemission with 40pm-scale lateral resolution. This
work’s photoemission data does not include contributions
from such FeS platelets.

In order to understand more on Fe atom integration into
SnS we study the adsorption behavior of Fe atoms on a pure
SnS surface SnS (x = 0) as a reference system: about 1 mono-
layer (ML) of Fe was deposited onto a cleaved SnS crystal
surface at room temperature under UHV conditions.
Measuring XPS after deposition gives important insight into
the Fe adatom bonding behavior at the Sn and S atom termi-
nated SnS surface. The CLs shown in Fig. 3(d) and (g) reveal
that upon Fe deposition only Sn develops a new Voigt-doublet
component at about 24.2 eV. This new component corresponds
to a more metallic state of Sn visible —0.9 eV shifted with
respect to the dominating Sn** state (also for metallic SnAu
alloys, a Sn 4d peak positions at 24.2 eV was reported™®).
Sulfur on the other hand shows no significant changes in the
S 2p CL shape and thus remains in its original $>~ state. From
comparable layered vdW chalcogenide compounds like Bi,(Se,
Te); it is known that 3d adatoms like Fe tend to strongly relax
into the terminating chalcogenide atomic layer and hybridize
with the respective anionic element in the 2" atomic layer.
Also there, Fe adatoms induce a metallic Bi CL component in
Bi,(Se, Te); shifted by —0.72 eV with respect to the ionic Bi**
state, while the respective chalcogen CL shapes remain less
affected.”® In analogy, we do not expect diluted Fe atoms to
reside in the center of the SnS vdW gaps (Fe,qw positions
along the red line of Fig. 1(a)) - as we will further show in the
next section - rather in heavily relaxed position with a certain
proximity to Sn atoms.

It is moreover important to note, that the absence of signifi-
cant shifts in the main S and Sn CL peak energy positions
upon deposition of sizable amounts of Fe confirms that,
despite the semiconducting properties of SnS, sample char-
ging is not a relevant factor during our photoemission
experiments.

2.2 STM characterization

The surfaces were imaged by a low temperature STM at T
~78 K, revealing the atomic structure of the UHV cleaved SnS
(x = 0) and Fe:SnS (x = 0.01) crystal surfaces (Fig. 4). The
surface lattice periodicity for these samples were determined
tobe c: 4.4+ 0.3 A and b: 4.2 + 0.2 A, on pure, defect-free areas
of the SnS surface. These values are in-line with the previously
reported theoretical values for SnS,*® while bulk-sensitive
neutron diffraction experiments reported smaller values c:
4.33 Aand b: 3.99 A.”’

The overview STM images taken from the pure SnS surface,
x = 0, in Fig. 4(a) revealed three recurring contrast features
marked by squares. All three are shown in Fig. 4(b-d) in high
resolution. The star-shaped features (denoted as star from
hereon) show a strong resemblance to previously reported Sn
vacancy (Vs,) defects in SnSe*®*° and SnS*® crystals. In line

This journal is © The Royal Society of Chemistry 2023
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(e)

(8)

Fig. 4 STM characterisation of in situ room-temperature cleaved SnS (x = 0) (a)—(d) and Fe: SnS (x = 0.01) (e)—(h) surfaces. STM images were taken
at T = 78 K with a voltage V},,s = —1.20 V applied to the tip at a constant current /s = 20 pA. (a) Shows an overview of the pure SnS sample. Three
different intrinsic recurring contrast features (marked by boxes) were identified on this surface, which are imaged in (b—d) as close-ups. We identify
(b) as a star-shaped defect, (c) a mound-like contrast, and (d) a movable feature surrounded by a dark halo. (e and f) present overview scans of the
Fe : SnS (x = 0.01) surface at different scales, showing two additional recurring contrast features on this surface, imaged in (g and h) again as close-
ups. The defects in (g) and (h) are named caterpillar and butterfly, due to the wing-like structures surrounding the defect.

with the literature, the orientation of the fourfold star is
rotated by 45° with respect to the indicated crystal axes b and ¢
in Fig. 4(b). As we will show further below, the 45°-rotated star
geometry in STM contrast can be reproduced also by DFT
assuming a surface Vg, defect. Vg, defects are thought to be
the main defect responsible for the intrinsic p-type doping of
pure SnS samples in line with our Hall transport results and
our DFT calculations in Fig. 2(d). The statistics on the surface
reveals that with a density (128 + 48) pm™?, the star defect is
the third most common defect found on the pure SnS surface.
We have listed the STM-derived statistics of defect densities in
Table 2 for comparison. It is important to note that while
different cleaves of one and the same sample lead to variations
in defect statistics on the surface, Table 2 reflects the overall
trends.

In Fig. 4(c), the second surface contrast feature is shown,
which has a mound-like intensity enhancement (denoted as
mound from hereon) with a lateral extension of few nano-
meters at Vpjas = —1.20 V. The enhancement shrinks with
increasing bias. As a consequence, at Vpi,s = —1.40 V the
atomic structure is well resolved, revealing the absence of a
surface point defect in its center (see ESI Fig. S17). Such large

Table 2 Overview of the density of recurring defects measured on
free-melt cooled (FMC) SnS samples SnS (x = 0) and Fe:SnS (x = 0.01).
All values are given in units [um™2]

star mound mobile caterpillar  butterfly
x=0 128 £48 358 +130 1398 +432
x=0.01 260+99 18321 955 + 147 194 £ 75 55 +45

This journal is © The Royal Society of Chemistry 2023

scale contrast modulations without a surface atomic defect
usually arise from imperfections located in the lower layers of
the SnS vdW crystal, for example possible interstitial
atoms'"'> or subsurface vacancies. The strong sensitivity of
the modulation’s lateral extension upon small bias voltage
changes of the order 0.1 eV hint at the presence of tip-induced
band bending effects, as observed, e.g., for subsurface defects
in 2D semiconducting WSe,.*"

Finally, we also observe mobile adsorbed species (denoted
as mobile from hereon) on the surface indicated by the red box
in Fig. 4(a). This third type of features are imaged as atomic-
scale depressions surrounded by a circular nanometer-scale
dark halo. The center atomic defect is scanned with high
resolution in Fig. 4(d) taken at Vy,5 = —1.20 V. Under increased
bias voltages (Vpias = —1.30 Vand —1.40 V, I = 10 pA), these fea-
tures are found to move as the tip scanned the selected area
(ESI Fig. S27), suggesting that these are adsorbed species on
the surface and not atomic defects within the SnS crystal
surface. The densities of the mound-like and the adsorbed fea-
tures on the surface were found to be (358 = 130) um™> and
(1398 + 432) pm™>, respectively. The fact that the density of
mobile surface features are significantly higher than the
mound-like subsurface defects suggests that they are not of the
same origin. We believe that mobile species are molecules
absorbed in UHV after cool-down of the in situ cleaved
surfaces.

Fig. 4(e and f) present overview images taken on Fe:SnS
(x = 0.01) surfaces, which again show the three abovemen-
tioned intrinsic contrast features (star, mound, and mobile),
however, with altered densities. Furthermore, we identify two
new contrast features occurring exclusively on Fe-containing

Nanoscale, 2023, 15, 13110-13119 | 13115
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SnS, which are marked in orange and green boxes. They are
shown in Fig. 4(g) and (h) with higher resolution and are
named caterpillar and butterfly, respectively. Like the mound
defect, the latter shows a characteristic nanometer-scale inten-
sity modulation around the defect, in this case with the shape
of a distorted ring. Table 2 compares all defect statistics for x =
0 and x = 0.01, which are discussed in the following.

With respect to pure SnS, the densities of the recurring
intrinsic contrast features at x = 0.01 were found as following:
mobile defects with a density of (955 + 147) pm > are compar-
able to that at x = 0 as expected, e.g. for adsorbed species. The
density of mound contrast features have significantly decreased
to (183 + 21) pm™>. In contrast, star defects, which were identi-
fied as Vg,, have increased to a density of (260 = 99) pm™2.
Lastly, the densities of the two newly identified contrasts,
namely the caterpillar and the butterfly defects are found to be
(194 + 75) pm ™ and (55 + 45) pm ™2, respectively.

A correct identification of the two defects caterpillar and
butterfly appearing exclusively on the Fe: SnS (x = 0.01) sample
should reveal the mechanism how the Fe impurities are incor-
porated in the bulk of the SnS vdW crystals. The defects were
therefore again imaged at different bias voltages to track the
contrast evolution. In both cases, strong variations in contrast
signatures are observed upon changes in Vj;,s of the order of
0.1 eV (ESI Fig. S3 and S4t). Like for the mound effect, we see
that the nanometer scale ring modulation around the butterfly
defect changes drastically and disappears at higher voltages
Viias = —1.30 V.

In order to interpret the observed point defects at the
atomic scale, we then employed a Tersoff-Hamann approach
in DFT, assuming different atomic defect types. Due to the
need to describe a significant area surrounding the defect we
have used a larger 5 x 5 x 1 supercell. Within the periodic
supercell an 8.5 A thick vacuum spacer was included to
approximate the effect of the surface. STM images were then
simulated using the Tersoff~Hamann approach,® in which
tunneling currents for the applied bias V are assumed to be
proportional to the energy-resolved charge density n(r,E) inte-
grated within the appropriate energy range:

Ep

I(r, V)OCJ

Ep—eV

n(r,E)dE (1)

Here Er denotes the calculated Fermi energy and r(x,),z) the
position of the tip. In our STM configuration, negative experi-
mental bias voltages Vi, correspond to respective positive V
in eqn (1). In our calculations, z = 0 defines the scanning
plane above the surface atom plane, which we assume to be at
z = 0.12 (corresponds to about 1.37 A) distance (see sketch in
Fig. 6(a)). We have employed existing functions in the ELK
code to obtain the charge density, but a custom modification
was needed to evaluate it in an arbitrary specified energy
range. The presence of a defect in a finite size supercell leads
to a shift of the Fermi level, but the calculated STM figures are
to be compared to the experimental situation where all defects
are seen within one sample, thus with a constant Fermi level.
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Therefore for the evaluation of eqn (1) we shift the Fermi level
so that the valence band top matches that of the ideal sample.
Fig. 6 shows DFT calculations I(x,y,z = 0) for defectless SnS (b)
and relevant single defect types Vs, Vs, relaxed Fe;,, and Feg,
[(c)-(F)]-

An area of about 7 x 7 nm? including the caterpillar defect
was scanned and the observed contrast at Vij,s = —1.20 V
(Fig. 5(a) and (b)) was compared with the DFT calculated
modulations I(x,y,2 = 0) reflecting the surface LDOS in the
presence of different atomic defect types. It was found that the
contrast signature that matched the most with the caterpillar
feature was the S vacancy defect Vg depicted in Fig. 5(c). Our
assignment to Vg is corrobated by previously reported STM
data of Se vacancies in SnSe crystals which exhibit a almost
identical STM contrast with a slight relaxation of the surround-
ing Sn atom pair along the ¢ and b lattice directions.”®

Fig. 5 Determination of caterpillar and butterfly defects, observed
exclusively on Fe:SnS (x = 0.01). (@) STM image of a caterpillar defect,
which is shown in more detail in (b). (c) DFT calculations of a sulfur
vacancy defect (Vs) assuming a value V = 1.3 V in egn (1). (d) STM image
of a butterfly defect, shown in more detail in (e). (f) DFT calculations of a
coupled (Vs,, Fej,) defect pair assuming a value V = 1.3V in eqn (1). STM
Images were taken at [Vpias = —1.20 V, Iser = 20 pA].

This journal is © The Royal Society of Chemistry 2023
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Scanning the Vg defect at slightly higher bias voltages Vyias =
—1.30 and —1.40 V we observed drastic changes in the contrast.
At Vpias = —1.30 the atomic scale contrast of surrounding Sn
atoms is inversed compared to Sn atoms far away from the
defect. For Vp;as = —1.40 the atomic contrast is finally lost in an
extended clover-leaf shaped intensity, dominating the defect
area (see ESI Fig. S3(b) and (c)T). Such drastic changes in con-
trast with respect to a small variations in the applied V};,s was
previously reported, e.g., for Mn acceptor defects in semicon-
ducting InAs crystals under the influence of tip-induced char-
ging/decharging processes,® creating ring-like features of
several nanometer extension around the defect. Our obser-
vation of significant changes in nanometer scale modulations
around the mound and butterfly defects strongly suggests the
influence of the tip on the local Fermi level in our measure-
ments. We believe that tip-induced -charging/decharging
process of the defect state due to local band bending is respon-
sible for the obtained contrasts at different Vj,;,. We tried to
estimate the influence of tip-induced band bending on the
STM contrast from DFT for the case of Vg defects. To this end,
we calculated DFT images with the integrated energy range
shifted to the positive side of the LDOS - mimicking local
Fermi level shifts — as shown in ESI Fig. S3(e).f A change in
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atomic STM contrast from a depression in (d) to an enhance-
ment at the Vg defect is qualitatively reproduced and supports
our interpretation.

The same procedure was utilized to determine the butterfly
defect. The STM contrast observed on this defect at Vi, =
—1.20 V is given in Fig. 5(d) and (e). A non-fourfold, arrow-like
pattern is visible (marked by a dashed box in (e)), oriented
antiparallel to the crystal c-axis and connected with a strong
depression of intensity at the position expected for Sn. As dis-
cussed above, Vg, defects alone appear as a quasi four-fold,
45°-rotated, star pattern, in line with our DFT calculated image
in Fig. 5(d). The DFT contrast that matched best with the
experimental butterfly pattern, is found to belong to a coupled
defect geometry depicted in Fig. 5(f), composed of an accep-
tor-type Vg, and a heavily relaxed donor-type interstitial Fe
atom (Fe;,,) at a close distance along the c-axis. A strong relax-
ation of Fe is conceivable due to the void from the neighbor Sn
vacancy. The off-center Fe atom position used for the calcu-
lations corresponds to the one which maximises all nearest
neighbor atom distances with an equal distance of 2.45 A. In
the respective DFT-calculated image in Fig. 5(f) the STM-
derived arrow-like contrast is reasonably well reproduced.
From DFT this Fe;,, position is energetically favorable com-

distance [a,]

distance [ag]

z=0.20 2=0.00

5o 8¢

distance [a]

50 o8

distance [a,]

distance [a,]

Fig. 6 STM contrast modelling from DFT calculations. (a) Shows a side-view of the defectless unit cell of SnS. S and Sn atoms are colored grey and
yellow, respectively. A vertical scale z is added with it origin defined by the plane of the center of the top vdW gap (top red dashed line). The first
atomic plane of Sn atoms is indicated at a vertical height z = 0.12 (dashed orange line) and the next vdW gap at z = 0.5 (lower red dashed line). In the
calculations the tip apex is assumed to be at a constant height z = 0 (distance §z = 0.12 above the surface plane). (b) Calculated modulation /(x,y) for
defectless SnS at tip apex height z = 0 using the Tersoff-Hamann with a value V = 1.3 V in eqn (1). (c)—(f) shows respective results for defects geo-
metries Vs, Vs, Fein, and Fes, shown in the left column. (x,y)-cuts at z > 0 (middle column) help to clarify the positions of the atomic defects, and
cuts at z = 0 (right column) show the /(x,y) modulation, which models STM images.
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pared to, e.g., the center positions in vdW gap (Feyqw) by 0.37
Ryd per f.u. We find that the 2-fold symmetry of the coupled
(Vsn, Feine) defect is visible in STM at different bias voltages
and respective calculations as shown in ESI Fig. S4.7

Our assignment of Fe-induced caterpillar and butterfly fea-
tures to Vg defects and coupled (Vs,, Fein), respectively,
implies that substitutional Feg, defects shown in Fig. 6(f) do
not play a role in Fe-doped SnS under p-type conditions and
Fermi energies deeper in the gap. At first glance this contra-
dicts earlier DFT results in ref. 7, which claim that Feg, defects
should be energetically favored. However, these works did not
include coupled double-defect geometries. Instead, our find-
ings support a recent DFT work by ref. 8 where the authors
predict that Fe defects could also lower their formation ener-
gies by structural relaxation in the vicinity of intrinsic vacancy
defects. Indeed, in the coupled (Vsy, Fein) defect suggested in
our work, Fe accommodates a site with a nearest neighbor dis-
tance of 2.45 A, much smaller than in an unrelaxed substitu-
tional Feg, cite with an Fe-S distance of 2.66 A. The latter
seems to be too large and therefore energetically not favorable.
For comparison, e.g., in FeS, with cubic pyrit structure the Fe—
S distance is 2.29 A.

Finally, we want to note that in the coupled defect state the
interstitial Fe atom has a DFT calculated magnetic moment of
2.40up. Thus, the (Vg,, Feiy) defect introduces a magnetic
degree of freedom to the SnS systems, which could serve as a
basis for spintronic concepts suggested in the literature.”® For
that, an understanding of magnetic interactions between Fe
atoms, e.g. mediated by delocalised carriers, would be of
important, but respective studies by DFT were beyond the
scope of this work.

3 Conclusions

We have thoroughly investigated ultra-high vacuum cleaved
pure and Fe-doped SnS crystal surfaces (composition
Sn(;_yFe,S with x = 0 and x = 0.01) by means of photoemission
and scanning tunneling microscopy techniques with the aim
to understand the formation of native and Fe-induced atomic
defects in SnS. So far the implementation of magnetic atoms
into SnS was only studied by theory, mostly using DFT
methods.

Hall transport measurements show that transport in our
pure SnS samples is dominated by donor-type tin vacancy (Vsy)
defects leading to overall p-type carrier densities of the order
of few 10'® cm™3. Photoemission spectroscopy using ultraviolet
and X-ray light reveals Fe-induced shifts in the valence band
maximum to higher binding energies, which is in line with
DFT calculations assuming the compensation of Vs, defects by
Fe-induced donor type defects deep in the gap.

From atomically resolved STM data obtained from both,
pure and Fe-doped SnS samples, it was possible to elucidate
two mechanisms that lead to a decrease in the pristine p-type
carriers in the SnS crystal. The first mechanism is the for-
mation of donor-type Vg defects in the Fe-doped samples.
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From STM statistics of pure SnS at absence of Fe, exclusively
acceptor-like Vg, vacancies are observed, which explains the
known p-type character in SnS crystals. In the presence of Fe
(x = 0.01), however, significant amounts of ambivalent Vg
midgap defects appear with densities of the order of
200 pm~2, similar to those of the low-energy acceptor Vg,
defects. A partial compensation of p-type defects is therefore
expected and explains the reduction of the hole carrier density
observed by Hall transport measurements.

As a second mechanism leading to compensation of Vg, the
integration of Fe is commonly proposed. Unlike predicted in
earlier DFT works we do not observe substitutional Feg,
defects, but interstitial donor-type Fe;,. defects. From our STM
studies, we conclude that interstitial Fe atoms do not appear
as isolated defects but tend to couple to Vg, defects along the
high-symmetry c-axis of SnS. The close proximity to a Sn
vacancy allows interstitial Fe to heavily relax towards the
respective void.

Our results are important for possible SnS-based solar cell
or sensor applications based on p-n junctions at the interface
between 2D vdW materials. A detailed understanding on the
atomic scale is necessary as the band alignment and carrier
recombination dynamics depends on the type and distribution
of defects in SnS. From our ultraviolet photoemission experi-
ments we moreover report a significant decrease in the SnS
work function by 0.55 eV under the influence of smallest
amounts of Fe, which can be beneficial for performances of p-
n devices.
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