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Abstract

Bulk PbSnSe has a two-phase region, or miscibility gap, as the crystal changes from a Van
der Waals-bonded orthorhombic 2D layered structure in SnSe-rich compositions to the related 3D-
bonded rocksalt structure in PbSe-rich compositions. This structural transition drives a large
contrast in the electrical, optical, and thermal properties. We realize low temperature direct growth
of epitaxial PbSnSe thin films on GaAs via molecular beam epitaxy using an in situ PbSe surface
treatment and show a significantly reduced two-phase region by stabilizing the Pnma layered
structure out to Pbo.4sSnossSe, beyond the bulk-limit around Pbo25Sng75Se at low temperatures.
Pushing further, we directly access metastable two-phase films of layered and rocksalt grains that
are nearly identical in composition around Pbos0Snos0Se and entirely circumvent the miscibility
gap. We present microstructural and compositional evidence for an incomplete displacive
transformation from a rocksalt to layered structure in these films, which we speculate occurs during
the sample cool down to room temperature after synthesis. In situ temperature-cycling experiments
on a Pbo.ssSno42Se rocksalt film reproduce characteristic attributes of a displacive transition and
show a modulation in electronic properties. We find well-defined orientation relationships between
the phases formed and reveal unconventional strain relief mechanisms involved in the crystal
structure transformation, using transmission electron microscopy. Overall, our work adds a
scalable thin film integration route to harnessing the dramatic contrast in material properties in

PbSnSe across a potentially ultrafast structural transition.

Keywords: PbSe, SnSe, molecular beam epitaxy, heteroepitaxy, phase change, displacive phase
transformation



Introduction
The IV-VI semiconductor SnSe-PbSe alloy system hosts a wide array of properties relevant
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to thermoelectrics, infrared detectors and optical modulators,*” ultrathin in-plane
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ferroelectrics, and most recently quantum information sciences via spin qubits and as

topological crystalline insulators.'>!* Long known for its unusual bonding'*!>

and complex lattice
dynamics,!® this alloy system offers the opportunity to study and harness properties at the
intersection of structural and electronic phase transitions. Specifically, bulk Pb;xSnxSe (PbSnSe)
hosts two closely related structural phases of layered orthorhombic Pnma (<450 °C) and Cmcm
(>450 °C) symmetry from SnSe to approximately Pbo25Sno.75Se, which have an indirect and direct
bandgap respectively, and are trivial insulators.!”:!® These layered phase unit cells are made up of
two bilayers (four Sn-Se atomic layers in total) with characteristic A-B stacking. On the Pb-rich
side, the bulk stable phase is Fm3m rocksalt from PbSe to approximately Pbos7Sno43Se;'® this
phase has a direct bandgap and becomes topologically nontrivial for metastable alloys with Sn
content increasing beyond Pbg77Sno23Se.!? A miscibility gap or two-phase region is reported for
intermediate compositions and the extent of this gap is calculated to increase at lower
temperatures. '3

Thanks to the chemical similarity of the Pb and Sn atoms, the layered and rocksalt phases
are structurally very closely related to each other. Small, sub-unit cell displacements of atom
positions convert one to the other. Indeed, the layered structure is often referred to as a distorted
rocksalt structure.?! Yet, there arise large property differences between these two phases because
the 2D-bonded layered phase has ionic and covalent character bonding within layers and Van der
Waals (VdW) bonding between layers, while the 3D-bonded cubic rocksalt phase has mixed
metallic, ionic, and covalent character bonds in all directions.?* This unusual combination of large
property contrast between the phases while retaining close proximity in structure has the potential
for important phase-change devices, if the miscibility gap can be avoided. Recently, results from
Katase et al. and Nishimura et al., in bulk crystals and reactive solid-phase epitaxy thin films with
compositions close to PbosoSno.soSe, show a direct switch between these two crystal structures
with no change in composition.!”? The altered bonding motifs across the rocksalt to layered-
orthorhombic phase transition yield large changes in electronic and thermal properties, accessed

by simply varying the sample temperature.!” Bulk crystals and films were prepared in the rocksalt

phase at high temperatures (in excess of 600 °C) and quenched, presumably to avoid conventional



diffusive phase transformations to Pb-rich and Sn-rich domains. Upon quenching rapidly to room
temperature, deep into the bulk two-phase region of the phase diagram, 87% volume fraction of
the sample converted to the layered-orthorhombic phase.!” The volume fraction increases to 90%
at cryogenic temperatures of —170 °C .!7 Heating the sample back up reverts all the layered-
orthorhombic phase fraction back to rocksalt. Phase transitions during quenching or at ambient
and cryogenic temperatures cannot involve long range diffusion of atoms, and hence are likely to
be diffusionless. These transitions could be ultrafast displacive phase transformations without
compositional changes, which involve an organized small-scale shuffle of atoms between the
related crystal structures.?* At the same time, other researchers also note the energetic proximity
of the two crystal structures and have proposed displacively switching SnSe from a layered to a
rocksalt structure by application of intense light-fields by harnessing differences in the real part of
the dielectric response.?>-2

Building off these recent developments, we explore to what extent direct low-temperature
synthesis (165-300 °C) of epitaxial PbSnSe thin films controls the final crystal structure. This low-
temperature growth is especially important as the bulk phase diagram is poorly characterized at
these temperatures. In addition, investigating epitaxial thin films by molecular beam epitaxy
(MBE) on GaAs also presents a technologically relevant method to harness the rare electronic and
optical properties of both the rocksalt and layered phases in heterostructures, potentially even the
displacive transformation, and merge them with mature optoelectronic technologies. In this work,
we show that single-phase layered samples can be stabilized deep into the bulk two-phase region
on the Sn-rich side by direct low temperature synthesis of epitaxial films on GaAs(001) substrates
with binary PbSe buffer layers. Using this low temperature synthesis method, we also prepare two-
phase samples at compositions near PbosoSnosoSe and find microstructural evidence of a
displacive phase transformation, which is accompanied by a strong contrast in electronic
properties. Additionally, these two phases have well-defined orientation relationships and specific
strain-relief mechanisms that allow for minimal strain during the transformation between a 3D and

2D-bonded structure.



Results

Optimizing SnSe epitaxy on GaAs
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Figure 1. (a) SEM images of the cleaved edge of 45° mounted SnSe samples grown with various surface preparation
steps: (i) direct growth on oxide-desorbed GaAs substrate, (ii) oxide desorb and Se dose step, (iii) oxide desorb and
PbSe dose step, (iv) oxide desorb, PbSe dose, and PbSe buffer steps. (b) Schematic of how the two orientations of
SnSe grow on PbSe. Black rectangles show the unit cell of Pnma SnSe. (c) Triple-axis symmetric 26-m XRD scans

of each of the surface preparations. (d) RSM of SnSe with PbSe dose and buffer surface treatment. Pnma SnSe film,
PbSe buffer layer, and substrate peaks are labelled.

We first describe epitaxial synthesis of Pnma layered SnSe films on GaAs(001) as a
precursor to the PbSnSe alloy films. Based on scanning electron microscopy (SEM) images, SnSe

nucleated directly on oxide-desorbed GaAs, termed a ‘no-dose’ surface preparation, results in a



rough, faceted surface (Fig. 1ai). Related, a symmetric 26-® X-ray diffraction (XRD) scan reveals
multiple out-of-plane (OP) orientations (Fig. 1¢) in this sample, and we find the dominant
orientations are indexed as (400), (311), and (201). Note that we label the a-axis as across VdW-
bonded layers and the b- and c-axes being the zigzag and armchair directions, respectively. As the
terminated non-(100) surfaces of SnSe have strong ionic and covalent bonding character, we
suspect that these orientations arise because of partial lattice-matching to the GaAs surface. One
of the edges of the intersection of the SnSe unit cell and the (311) plane is lattice matched with
GaAs, which explains the prevalence of this orientation. (201)-oriented grains grow such that the
[010] direction is along the [110] direction of GaAs, which is also fairly well lattice matched.
These lattice-matching constraints are relaxed for the largely VdW-bonded (100) surface of SnSe
and hence may be preferentially nucleated by growth on a low-energy substrate surface.

Prior work shows a group-VI flux of Se and Te can prepare a GaAs substrate surface and

improve the quality of selenide and telluride epitaxial films,>"?8

perhaps because exposure to a
chalcogen beam converts the surface layers to be VAW GaSe or GaxSes-like and facilitates VdW-
epitaxy.?”? Therefore, we expose the GaAs substrate after the oxide desorption step to a Se dose
step: Se flux of 2x107 Torr at 400 °C for 30 s. The effect of this Se flux treatment on the resulting
SnSe film can be seen in Figure laii. The film has smooth areas, however some faceting is still
present. The corresponding XRD data of this Se dose sample mirrors this apparent improvement
in epitaxial film quality (Fig. 1c), where the intensity of alternate orientations has decreased
compared to the {100} family of planes.

While the Se flux improves SnSe film quality, we have previously shown that a PbSe dose
and a thin rocksalt PbSe buffer layer deposited before the growth of PbSe improves structural
quality.’® We extended this method to the growth of SnSe since, as discussed, the structure of PbSe
and SnSe are so similar to each other. For the dose, the substrate temperature is at 400 °C so that
it is very unlikely that any PbSe molecules adsorb, and the substrate is exposed to a PbSe flux for
30 s. A buffer layer consisting of 10 nm of PbSe is then grown at 330 °C. Both the SnSe film with
a PbSe dose, and the sample with a PbSe dose and buffer layer produced smooth films (Fig.
laiii,iv). The symmetric 20- scans of these samples show only {100} out-of-plane (OP) oriented
SnSe and a complete elimination of alternatively oriented crystallites. The nonpolar (001) surface
and nondirectional bonding nature of PbSe seems to facilitate ordered growth of the (100) oriented

SnSe on GaAs (001). These structural improvements lead to an order of magnitude higher carrier



mobility (Table S1). And so, by exploring various substrate preparation steps, we can achieve the
growth of smooth epitaxial thin films of orthorhombic SnSe on GaAs (001).
Given that the (100) surface of the SnSe unit cell is (slightly) rectangular, while that of (001) PbSe
and (001) unreconstructed-GaAs is square, it is worth considering the in-plane (IP) orientation of
the SnSe epilayer. Figure 1d shows a reciprocal space map (RSM) around the (224) reflection of
the GaAs substrate, with the 224 reflection from the PbSe buffer layer, and two reflections for the
SnSe film. We index the SnSe reflections as (820) and (802). Thus, on PbSe/GaAs, the rectangular
base of SnSe orients in two ways, perpendicular to each other. Figure 1b shows a schematic of
these two orientations of SnSe on PbSe, with the unit cells of SnSe marked. Because of the two
perpendicular orientations, we can obtain information on both IP lattice constants of the Pnma
phase from one RSM. Once corrected for the structure factor of the two reflections, we find
approximately equal volume fractions of each of the two grain orientations.

We note that the IP lattice parameters of our SnSe film deviate from that of the bulk. While
there is some discrepancy on the lattice constants of bulk SnSe, using the most recent values

obtained by Nishimura et al.'’

we find our ‘b’ parameter along the zig-zag axis is nominally under
tension by 0.7%, while the ‘c’ parameter along the armchair direction is compressed by 1.3%. The
unconstrained OP ‘a’ parameter is extended by 0.13%. Much of this elastic strain is in qualitative
agreement with the effects of thermal expansion mismatch between the large and anisotropic
thermal expansion coefficients of SnSe with respect to GaAs during cool down from growth
temperature to room temperature. The arm-chair axis notably has a negative thermal expansion
coefficient so we expect the unit cell is compressed in this direction upon cooling down if locked

to the substrate, while the zigzag direction has a positive thermal expansion coefficient and hence

is strained in tension.?! We will evaluate these strain effects further in a separate study.

Extension to single-phase layered PbSnSe alloys

Continuing to use the PbSe dose and thin PbSe buffer layer to preserve the epitaxial nature
of the thin films, we obtain single-phase layered films up to Pbo.45Sno 55Se at growth temperatures
of 165-300 °C. We use XRD to estimate the composition of our samples in conjunction with
published trends of the OP lattice constant of bulk PbSnSe as a function of composition.!” As

previously mentioned, the OP lattice constant of the thin film SnSe sample is strained 0.13%



compared to the bulk. Since we expect the thermal expansion coefficient of PbSnSe alloys to not
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vary greatly with composition, we assume a constant value of 0.13% residual strain in the thin
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Figure 2. Black lines mark the phase diagram of the bulk PbSe-SnSe system. Adapted with permission from [20].
Copyright [2011] [Springer Nature]. Growth conditions of MBE samples mentioned in this work are overlaid. Layered
phases are marked by circles and cubic rocksalt phases are marked by triangles. Single-phase samples are marked in
dark purple, while the approximate compositions of each phase in two-phase samples are marked in light purple.
Shaded color shows the metastable phases accessed with MBE grown thin films; blue on the right is for layered phase,
red on the left is for rocksalt phase. The dashed purple line denotes the two-phase displacive transformation region at
growth temperatures below 300 °C.

film samples across composition. Note that the calculated compositions of our samples shift by
only 2-3% if not accounting for this strain. Additionally, X-ray photoelectron spectroscopy (XPS)
results show that the alloy composition is constant throughout the epilayer thickness (Fig. S1).
Figure 2 shows all films produced in this study (also Table S2). This includes all single-phase
layered samples, which extend beyond the Xs,~0.8 solubility limit at 300 °C in the bulk phase
diagram (Fig. 2, black lines). We can confirm the layered alloys grown at these low growth
temperatures are the Pnma orthorhombic phase as expected and not the high-temperature Cmcm
phase by detecting an (811) peak via RSM, which is forbidden for the Cmcm phase (S2, Fig. S2).
The layered structure of these alloy samples is corroborated in the inset transmission electron
microscopy (TEM) image in Figure 3e of a Pbo29Sno71Se film which also shows epitaxial registry
of atoms at the interface. The wider view scanning transmission electron microscopy (STEM)
image shows the thin PbSe buffer layer on the GaAs substrate, on top of which is the PbSnSe alloy
film (Fig. 3e). We note threading dislocations through the PbSnSe alloy film, originating from the

PbSe/PbSnSe interface but see no signs of phase separation.



The largest set of layered phase samples in this study are grown at 300 °C and provide the

most consistent basis with which to probe trends in the unit cell dimensions with alloy
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Figure 3. (a) Sample structure of thin film Pnma PbSnSe alloys grown at 300 °C. (b) Lattice constants and (c) unit
cell volume as a function of Sn composition for these layered phase films. Unit cell volume of Pb-rich Fm3m rocksalt
phase PbSnSe adapted from reference 35. (d) Triple axis symmetric 20-® scans, where the alloy compositions are
determined from the a-axis lattice constant data in Figure 3b. (e) Cross-sectional STEM image of a layered phase
Pbo.29Sno.71Se film, including the PbSe buffer layer and GaAs substrate. Inset shows higher resolution TEM image of
PbSnSe/PbSe interface with respective lattice directions marked.

composition. Figure 3a shows the general sample structure. As the composition of Sn decreases in
the alloy, the (800) Pnma reflection position moves to smaller angles indicating the OP lattice
constant increases (Fig. 3d). The full width at half maximum (FWHM) of the double-axis rocking
curves of the (800) film peak reflections range from 1400-1770 arcseconds (Fig. S3), on par with
previously grown thick orthorhombic SnSe samples.** Experimental quantification of PbSnSe unit
cell dimensions as a function of Sn composition is presented in Figure 3b. As before, these are
obtained from a single RSM scan around the (224) GaAs peak as the ‘b’ and ‘c’ axes are

simultaneously accessible due to the two grain orientations of Pnma PbSnSe on PbSe/GaAs. The



increase of the OP ‘a’ lattice constant, and the approach of the ‘b’ and ‘c’ axes with decreasing Sn
content is consistent with an approach towards the cubic rocksalt phase. Figure 3¢ shows how the
unit cell volume of PbSnSe thin films change with composition for the layered Pnma phase, along
with values based on the lattice constant trend of rocksalt Fm3m PbSnSe thin films synthesized
under similar conditions.*> With important implications for the subsequent discussion on phase
transformation, the extrapolated unit cell volume change between the layered and the rocksalt
phase is at most 5 A3 in our thin films, with the difference decreasing as Sn composition decrease.
In other displacive phase transformations such as austenite to martensite*® or for shape memory
alloys,”’ the volume change between phases is about 20-25 A3. With a smaller volume change, the
phase transition from layered to rocksalt in PbSnSe thin films devices will require less energy.
Moreover, the phase transition should impart smaller transformation-strains and thus the material
will experience less fatigue.

Further reducing the film composition to nominally Pbgs0Sno.soSe results in two-phase
mixtures of layered and rocksalt grains. We will discuss these two-phase samples shortly.
Interestingly, reducing the growth temperature down to 165 °C does not alter our ability to push
the single-phase region on the layered-orthorhombic side beyond this limit. Preliminary
experiments of growth at temperatures of 150 °C yielded signs of polycrystalline nucleation based
on reflection high-energy electron diffraction (RHEED) images (Fig. S4), and hence we do not

extend to temperatures below this.

Two-phase layered and rocksalt films and evidence of a displacive phase transformation
Close to a nominal composition of Pbo.s0Sno.s0Se, we synthesized multiple PbSnSe films that
show the co-existence of the layered and rocksalt phases. Figure 4 shows an RSM of a two-phase
film grown at 300 °C. There is a (224) peak corresponding to the rocksalt phase of PbSnSe as
expected. In addition, we find a single peak corresponding to the layered phase instead of the two
distinct (820) and (802) peaks seen in Section 2.2. This single peak has a different OP spacing
(1/Q;) but the same IP spacing (1/Qx) as the rocksalt phase, suggesting the potential of a coherent
or lattice-matched relationship between the two phases. This type of RSM is typical for all the
two-phase samples synthesized. Based on the lattice constant trend in Figure 3b, we expect the IP
lattice constants of the orthorhombic unit cell to coincide around Pbo s0Sno.s0Se. It seems that in

these two-phase samples, the Pb composition of the layered-orthorhombic phase is high enough



such that the previously distinguishable (802) and (820) reflections have approached each other.

We consider whether this layered phase could also be the high temperature Cmcm phase, since
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Figure 4. RSM of a two-phase PbSnSe alloy grown at 300 °C where the layered and rocksalt phases have compositions
of approximately Xs,=0.52 and Xs,=0.49, respectively. Substrate and film peaks labelled. The PbSe buffer layer peak
is masked by the film’s rocksalt peak.

previous work has shown that adding Pb depresses the phase transition temperature between the
Pnma and Cmcm phases.®® Yet once again, we detect a symmetry-forbidden peak for the Cmcm
phase via RSM analysis, thus confirming our assignment of Pnma (S2, Fig. S2). We estimate the
composition of the layered and rocksalt phases separately using the lattice parameters from the
RSM, employing the same procedure used for the single-phase samples. Interestingly, we find that
the rocksalt phase and the layered phase have very similar compositions (shown in Fig. 2) at around
Pbo.soSnos0Se. This contrasts with what may be expected in classical diffusive phase separation
where compositions are at the boundaries of the two-phase region.

Raman scattering measurements further corroborate the Sn content of the layered phase in
the two-phase samples. Figure 5Sa shows the room-temperature Raman spectra for samples grown
at 300 °C, first showing the single-phase samples as a guide (Fig. 5ai) and then the two-phase
samples (Fig. 5aii). Looking at the single-phase samples, the SnSe sample has five Raman mode
peaks, which are characteristic of bulk Pnma SnSe: Ag2), B3g2), As3), Big2), Ag@), where the Big)
mode is hidden in the background for pure SnSe. As the Pb composition increases, the Ag2) and

Bsg) clearly shift to lower wavenumbers (soften). Figure 5b shows the position of the Ag2) mode
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peak as a function of alloy composition. The Agr) mode corresponds to the buckling of the bilayers

by moving Sn/Pb and Se atoms from the same atomic layer in opposite directions along the tall ‘a’
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Figure 5. a) Raman spectra of samples grown at 300 °C with only the composition of the layered phase marked,
including i) single-phase layered samples, and ii) two-phase layered and cubic rocksalt samples. b) Position of the
Ag(2) peak as a function of layered phase composition.

axis, and does not directly stretch or compress Pb/Sn-Se bonds. Thus the softening is based on the
alloying of a heavier Pb atom which increases the reduced mass of the system.*! The intensity of
the Raman peaks in the two-phase sample (Fig. 5aii) are lower but the peak signature resembles
that of the layered phase. We propose that the weaker intensity arises since the sample also consists
of the rocksalt phase where first order Raman scattering is forbidden.*** The Ag2) mode of the
layered phase in the two-phase samples is clearly resolved, and the peak position follows the

(extrapolated) trend with composition of the single-phase samples (Fig. 5b). Therefore, XRD-

11



calculated composition and Raman scattering indicate that we indeed have two-phase PbSnSe
alloys with rocksalt and layered phases that are the same composition, as would be expected when
a displacive phase transformation occurs. We further corroborate the lack of compositional
contrast between phases via SEM energy dispersive X-ray spectroscopy (SEM-EDS) (Fig. S5),
and STEM energy dispersive X-ray spectroscopy (STEM-EDS) described subsequently. At this
stage, we think it is unlikely that the sample separated into rocksalt and layered phases during
growth as this would lead to greater compositional variation due to fast atom diffusion on the
growth surface. We speculate that the Pbo.soSnos0Se samples are likely in the rocksalt structure at
growth temperature, and they undergo a partial phase transformation in the growth chamber during

the cooldown step to room temperature to become two-phase.

Microstructure of the 3D to 2D-bonded displacive phase transformation

Rocksalt/layered interfaces are an atypical case where the bonding motif changes from 3D to
2D. We look at the microstructure of an as-grown two-phase sample to understand how these
domains co-exist, and find fascinating mechanisms involved in these crystal structure
transformations. Figure 6a shows a dark field (DF) STEM image of a two-phase film on a GaAs
substrate with a PbSe buffer layer. Based on XRD data, this sample is made up of 40% rocksalt
and 60% layered grains. The linear features in the film are not dislocations seen previously for
SnSe, but rather denote interfaces or grain boundaries. The PbSnSe samples may look columnar
at first glance, but a closer inspection reveals that the columns are neither continuous nor perfectly
vertical and do not originate at the substrate interface as might be expected for a film that is phase
separating under growth conditions.**’ This supports the assertion that two-phase samples around
Pbo.50Sno 50Se are rocksalt during growth and undergo a partial phase transformation to the layered
phase during cooldown to room temperature.

Before we discuss the atomic structure of the interfaces, we reiterate that XRD shows that the
IP spacing (in both directions) is the same for both phases at 6.06 A (note that the IP axes of the
Pnma unit cell is 45° rotated to the rocksalt and the dimensions are matched after multiplying by
v/2). This arises as the unit cell dimensions of the armchair and zigzag directions approach each
other with increased Pb alloying. The OP spacing between the phases is nevertheless mismatched
by 3.3%; the layered phase is shorter at 11.72 A compared to a height of 12.12 A for two rocksalt

unit cells. Thus, phase transformation need only accommodate this OP mismatch and a complete

12



transformation from (001)-oriented rocksalt to (001)-oriented layered phase would result in the

entire film shrinking in height by 3.3%, without any lateral strain.

(a)

layered 5 layered

(c)

Figure 6. STEM images of a PbSnSe alloy grown at 300 °C with layered and rocksalt phase compositions of
approximately Xs,=0.53 and Xs,=0.49, respectively. (a) DF STEM image of alloy, including the lattice directions of
the GaAs substrate and PbSe buffer layer. (b) High resolution High-angle annular dark-field (HAADF) STEM image
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of a vertical grain boundary with an inset of the layered phase orientation. Here select lattice planes (blue and red) and
the grain boundary (dashed white) are marked. (c) High resolution HAADF-STEM image of a curved grain boundary
with an inset of the layered phase orientation.

We find that the interfaces between phases are parallel to the [100] direction of the rocksalt
phase and the <011> directions of the layered phase. Overall, we see two types of interfaces, the
first of which we will discuss is distinctly vertical. A typical vertical interface structure seen in the
film is highlighted with a dashed box and shown schematically in Figure 6a. We find regions of
depressed or sunken (100)-oriented layered phase with angled transition regions (Fig. S6b also).
Figure 6b shows the atomic structure of one half of this structure. Looking from right to left, we
see a large domain of untransformed rocksalt phase, followed by a lattice-matched transition to a
few nm wide region of a layered phase that is tilted 15°. The tilted lattice planes then bend or flex
over an extended distance to become horizontal once again, essentially forming a low-angle tilt
boundary (Fig. 6b). Across more instances of narrow regions with tilted lattice planes, we note that
the tilt angle is in the range of 12- 16° and has variable widths, often largest at the surface and
narrowing towards the base of the film. Based on the lattice constants from XRD of this sample,
15° is the tilt angle needed for the orthorhombic layers (11.72 A spacing) to match to every other
unit cell of the rocksalt structure (12.12A spacing), without using strain. This can be clearly seen
via the select {100} family planes marked one unit cell apart for the tilted layered grain and two
apart for the rocksalt grain, in Figure 6b. We measure the film is 3% thinner in this transformed
region compared to adjacent rocksalt layers, confirming a complete transformation in this domain.

The use of an asymmetric tilt boundary between dissimilar crystals has been theoretically

proposed as an alternate mechanism for lattice-matching,*84°

and our results clearly show this in
practice in semiconductors. Interestingly the two phases are only different in the OP spacing and
thus a simple shearing transformation along the (001)-rocksalt plane can achieve an unstrained and
coherent interface. We speculate that this shearing of the rocksalt layer into the tilted layered phase
is achieved by the vertical glide of dislocations. Such orientation relationships achieved by
shearing is quite typical of microstructures in displacive transformations.’® The volume constraint
of the phase transformation in a thin film likely persuades the tilted layers to straighten out again
via the low-angle tilt boundary. Indeed, layered materials have been shown to host tilt-boundaries

that extend over multiple unit cells.’! Looking closer at the atomic structure across the interface,

we also find that the transition from rocksalt to the tilted layered phase is not abrupt but rather
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Figure 7. (a) A magnified view of the vertical grain boundary in Figure 6b, with lines highlighting lateral shift
to make A-B vs A-A’ stacking apparent. Lateral shift (b) within a bilayer, and (c) between bilayers of the layered
phase as the structure transitions to the rocksalt structure. (d) OP spacing across the vertical grain boundary

structure. The half-unit cell height of the layered phase transitions to become one unit cell height of the rocksalt
phase.
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occurs over a few unit cells (Fig. 7a). Figure 7b shows the lateral shift, or disregistry, between
atoms within what becomes an orthorhombic bilayer. As would be expected, the shift is zero in
the rocksalt phase and near zero in the layered phase, with a small lateral shift in the tilted grain
that corresponds to the dislocation content of the tilt boundary. Looking between the bilayers, we
find the regular A-B stacking order is disrupted temporarily in the tilted segment due to the
shearing (Fig. 7a). Figure 7c shows this clearly, where there is zero lateral shift between layers as
would be expected in the rocksalt phase. However, in the tilted phase, the lateral shifts for two
adjacent bilayers are both positive, thanks to the disregistry incorporated by the dislocation content
of the asymmetric tilt boundary. Once the layers bend through the low angle tilt boundary, the
disregistry is restored to one bilayer having a positive lateral shift while the adjacent bilayer has a
negative lateral shift, as we expect for the A-B stacking layered phase. Figure 7d also shows a
smooth transition in the OP lattice spacing between rocksalt and layered, through the intermediate
tilted layered phase. Ultimately, the more than 3% OP lattice mismatch between the rocksalt and
layered phases is accommodated via the dislocation character of the tilt boundaries.

The solid box in Figure 6a shows an example of the second type of interface that is notably
curved and non-vertical. Such interfaces occur in and around smaller volumes of untransformed
rocksalt phase and all the lattice planes are horizontal in both phases. Figure 6¢ has a closer view
of the structure. We see the unit cell approximately double in height when going from the rocksalt
to layered phase. The atomic columns of every other layer of the rocksalt crystal appear blurred
across the interface (Fig. 6¢), hinting at a diffuse transformation boundary when viewed in
projection. A clearer section of the interface in Figure 8a reveals that the rocksalt structure does
indeed smoothly transition to the layered structure over a few unit cells. We resolve this transitional
region by tracking the lateral shift, or disregistry, of two adjacent layers, showing a transition from
no lateral shift in the rocksalt phase to the A-B bilayer stacking in the layered phase (Fig. 8b). In
contrast to the first type of interface, the lateral shift within a bilayer is essentially zero across the
interface as there are no tilt-inducing dislocations. Figure 8c shows a smooth transition in the OP
lattice spacing between the rocksalt and layered phases. Surprisingly, we see no dislocations in
this section of the curved interface mediating the mismatch in OP spacing. We offer three reasons
for this absence. First, the gradual transformation of the crystal as opposed to an abrupt interface
has the effect of spacing out the dislocations along the vertical direction. Second, the curved or

angled nature of the interface reduces the effective mismatch as the phases are IP lattice matched.
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Figure 8. (a) A magnified view of the curved grain boundary in Figure 6¢, with lines highlighting lateral shift
to make the A-B stacking apparent. (b) Lateral shift between two adjacent layers in the layered phase as the
structure transitions to the rocksalt structure. (c) OP spacing across the curved grain boundary structure. The
half-unit cell height of the layered phase transitions to become one unit cell height of the rocksalt phase.

Third, we note a slight bending of the lattice of the layered phase across the curved interface,
indicating another mechanism for accommodating mismatch. These curved interfaces might be
able to accommodate more strain elastically, hence the lack of dislocations.

Based on these images, we speculate that phase separation is initiated at points in the rocksalt
layer such as a region of roughness on the surface or a grain boundary. Overall, the layered phase
prefers to transform to (100)-oriented layered domains in our films, possibly a result of the lower
energy in this orientation by exposing the VdW-bonded plane to the surface. At this stage, we do
not have sufficient resolution to comment on stacking or rotational faults that arise as the high-
symmetry rocksalt transforms to the lower symmetry layered structure, or when domains merge.
We do see preliminary evidence of edge dislocations forming between the domains of a layered
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Figure 9. (a) HAADF image, which shows the change in z-contrast across a grain boundary between a rocksalt
(left) and layered (right) grain. (b) Composition profile in atom percent of Pb, Sn and Se acquired from a STEM-
EDS line scan of the same area, showing local diffusion of Pb and Sn at the grain boundary.

phase underneath a rocksalt section (Fig. S6a), likely because of the layered phases growing and
merging from either side.

Large scale phase separation into Pb-rich rocksalt and Sn-rich layered phases are kinetically
hindered at the low temperatures used in this study. Yet, it is useful to ask whether this is also true
on the nanoscale at interfaces. Images such as those in Figures 6b and 6¢, generated using z-
sensitive high-angle annular dark-field (HAADF) contrast, already suggest this is the case. While
the interiors of grains have a similar intensity, there is contrast variation near the grain boundaries,
with a brighter line of contrast on the rocksalt side, and a darker line of contrast on the layered
grain side (Fig. 9a). We quantify composition using standardless STEM-EDS, where the error is
typically 2—4%. A line scans over the area shown in Figure 9a show that the Se composition in
constant across the boundary at 50 % (atom percent) as expected, and the composition within the
bulk of both grains is 25% Sn and 25% Pb (Fig. 9b). This provides independent validation of the
XRD composition calculations which estimate that the as-grown two-phase samples have
compositions of about Xs,=0.5 (Fig. 2). Therefore, EDS allows us to rule out significant
composition changes during phase separation and supports our hypothesis of a displacive
transformation mechanism. The EDS data also shows that there is indeed local diffusion across
the grain boundary. The Sn composition is depleted down to Xs,=0.4, 10 nm into the rocksalt
phase, and the Sn composition is enriched up to Xs,=0.65, 10 nm in the layered phase, trending

towards the bulk phase stability limit. Assuming the film is idle at 300 °C for an hour and using a
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published value of Sn diffusivity in PbSe D= 2x10"'7 cm?/s, the characteristic diffusion distance

VDt of 2.5 nm is in reasonable agreement.>

This insight into localized composition variation allows us to further formalize a theory for
why only a partial displacive transformation occurs in the PbosoSnosoSe samples. The layered
phase likely forms while the sample is still at elevated temperatures, creating grain boundaries. At
these temperatures where there is capacity for interdiffusion, group IV atoms are able to diffuse in
the absence of a concentration gradient, to create more stable alloys right at grain boundaries (Pb-
rich rocksalt phase, Sn-rich layered phase). We do not understand what is pinning the interface in
one position long enough for diffusion to occur, but we expect the onset of nanoscale diffusion to
make phase switching via interface motion more challenging. Pb-rich rocksalt material will resist
switching to a layered structure and vice versa for the Sn-rich layered material. More complete
and reversible phase transformation is possible if the sample is single-phase rocksalt at ambient
temperature and a displacive transformation is initiated by further cooling the sample. This would
reduce the incidence of nanoscale diffusion across the rocksalt/layered grain boundaries, which is
likely enabled by elevated temperatures. We will explore the transformation of such a sample next.

In summary, we show that epitaxial PbSnSe samples undergo a displacive transformation aided
by close-to-perfect lattice-matching in two IP directions and a 3% mismatch in the third OP
direction. Our films are an example of a phase transformation that can occur laterally and one
where the transformation volume change can be accommodated fully by the free surface (by raising
or depressing the film surface), which minimizes strain. We anticipate these pathways will be
useful for designing fast-switching phase-change thin film devices that harness displacive phase
transitions and the large contrast in optical and thermal properties between 3D-bonding and

layered/2D-bonding.

Temperature-induced phase transition of an as-grown rocksalt film

We directly observe a temperature-induced transformation from 3D to 2D-bonding in MBE
films by cooling Pb-rich films to cryogenic temperatures. Figure 10a shows the room temperature
RSM of a Pbo.ssSno42Se single-phase rocksalt film grown with a thin PbSe buffer layer. As this
sample is cooled, a layered Pnma phase emerges (see also Fig. S7), and the film has a very strong
layered film peak with a weak rocksalt secondary peak at —175 °C (Fig. 10a). This is maintained

even when the film is brought back to room temperature (Fig. 10a). Although the rocksalt peak
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Figure 10. RSMs of an as-grown Xs,=0.42 single-phase rocksalt PbSnSe film taken at (a) room temperature,
after being cooled to -175 °C using liquid nitrogen, and after warming back up to room temperature, showing
that the single-phase rocksalt sample becomes two-phase layered and rocksalt. (b) Phase fractions extracted from
temperature-dependent RSM data, showing an abrupt transition to a mainly layered phase sample, with a slight
recovery of the rocksalt phase when the sample is warmed back to room temperature.

intensity is reduced, we do not see any shifts corresponding to an enlargement in the lattice
constant from Pb-enrichment. The OP lattice constant of the orthorhombic phase extracted from
the RSM after heating back up to room temperature (Fig. S8) also fits well with our trend of OP
lattice constant vs alloy composition (Fig. 3c¢). This suggests the formation of a PbosgSno.42Se
layered phase. It is reasonable to expect a freezing of atom diffusion at these ambient and cryogenic
temperatures and over short time scales involved in the experiment. Hence the transformation from

rocksalt to layered-orthorhombic must be displacive.
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Figure 11. Temperature dependent (a) hall mobility and (b) carrier concentration of an as-grown Xs,=0.42
single-phase rocksalt PbSnSe film, as it is cooled to -260 °C and heated back to room temperature.

Using known structure factor information of the rocksalt and layered structure, we calculate
the phase fractions present at each measured temperature point (Fig. 10b). Indeed, the sample
transforms sharply to a majority layered phase sample on cooling. On re-heating, the proportion
of the rocksalt phase only begins increasing around room temperature (Fig. 10b). Hysteretic
behavior is not unexpected in diffusionless transformations; Katase er al. and Nishimura et al.
report similar behavior to their observed phase transitions in PbSnSe.!”?* Thus we expect that if
we heated this sample further, it would transition back to a single-phase rocksalt sample but we do

not attempt this here due to the potential for Se loss from the sample at elevated temperatures.
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Cryogenic Hall measurements also capture electronic property change with the temperature-
induced phase-change. Figure 11a shows that the Hall mobility of the as-grown rocksalt p-type
film starts around 180 cm?/V-s and abruptly drops with the phase transition on cooling to around
20 cm?/V-s for the majority layered phase film, which is expected.”*!” However, the carrier
concentration does not have a similarly dramatic trend with phase-change. The -carrier
concentration decreases with cooling, and when heated to room temperature again, increases to
about half the rocksalt phase value, remaining p-type in the range of 10'°/cm? (Fig. 11b). While
this is an expected carrier concentration for cubic PbSnSe due to a propensity for Sn vacancies in

the rocksalt structure,->*

it is an unusually high carrier concentration for the resulting layered
phase.”®> For reference, layered films grown without a PbSe buffer are p-type with hole
concentrations only in the range of 10'4-10'5 /cm? (Table S1). Unlike the rocksalt phase, layered
PbSnSe is expected to be only lightly p-type due to different Sn vacancy energetics.’® For
reference, we measured a single-phase layered Pbo3sSnoesSe film, with the same thickness and
PbSe buffer layer, as n-type with a carrier concentration of 4.5 x 10'7 /cm?. This overall n-type
conduction is due to the overwhelming presence of Se vacancies in the PbSe buffer layer.’’ Thus,
in comparing the as-grown layered film and the layered film resulting from a displacive phase
transformation, both with a PbSe buffer layer, the carrier concentration of the phase-transformed
film is orders of magnitude higher and of the opposite carrier type. We suspect that the very high
hole concentration in the phase-transformed layered film is a result of the sample retaining
vacancies from the rocksalt phase across the phase-change. Therefore, inducing a phase-change at
low temperatures may be a feasible way to engineer metastable defect concentrations and achieve

doping not otherwise possible without extrinsic impurities.

Conclusions

We have shown methods to grow high quality epitaxial SnSe and PbSnSe alloys on
technologically relevant GaAs substrates at low temperatures up to 300 °C. Importantly, this
method allows us to directly grow metastable PbSnSe films. To explore the two closely related
phases of the PbSe-SnSe materials system, rocksalt and layered, we have quantified how structural
properties and active Raman modes change with alloy composition, and indeed see that lattice
constants approach that of the rocksalt phase with increased alloying of PbSe into SnSe.

Importantly, we observe that with epitaxial films grown by MBE, the phase space of as-grown
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films on the layered side is expanded from around Pbo25Sno75Se in the bulk to at least
Pbo.45Sno 55Se. Going forward, these high Pb-content Pnma alloys may provide a route to the high
temperature Cmcm phase under more accessible conditions. Recent calculations suggest that the
Cmcm phase has a significantly narrower bandgap than the Pnma phase with the potential also to
have a direct electronic transition,® and could have application in moderate-temperature
thermoelectrics and infrared optoelectronics.

We grew films close to Pbo.soSno.soSe that have a microstructure consistent with a displacive
phase transition between the rocksalt and layered phase rather than a conventional diffusive
transformation. Using in sifu temperature-dependent XRD measurements, as well as microscopy
techniques such as STEM and EDS, we speculate that the samples were rocksalt at growth
temperature and partially transform into the layered-phase on cool down. Microstructure
characterization reveals two types of interfaces between the phases with well-defined orientation
relationships and unconventional strain-relief mechanisms. The transformation between a 3D to
2D structure occurring laterally and with minimal strain is particularly exciting for heterostructure
devices where optical, electronic, and thermal properties may be switched. Cryogenic Hall
measurements show changes with phase transformation and reveal that this temperature induced
transformation may enable highly doped layered phase PbSnSe films. There remain several
challenges to develop this material system for phase-change devices. The temperature swing over
which the samples change phase remains high, on the order of a hundred degrees Celsius, and thus
heating or cooling the active volume limits the switching speed and energy cost. Although progress
has been made recently to narrow this temperature swing in the related PbSnS materials system,
the kinetics of this phase transformation also requires more study to understand obstacles to
complete phase transformation and reversibility. If direct light-field switching is feasible in SnSe,
this thin film approach on GaAs provides avenues to both tune the energetic landscape using alloys,

and to couple these materials with existing photonic schemes.

Methods

PbSnSe thin film synthesis

The PbSnSe alloys in this study are grown by solid source MBE using PbSe and SnSe compound
sources in standard effusion cells. Films were grown on epi-ready (001)-oriented semi-insulating

substrates of GaAs with no intentional miscut. The oxide layer on the substrate was desorbed at
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560 °C, as measured using a pyrometer in the presence of a Se overpressure from a separate valved
cracker cell, for 10 minutes. RHEED pattern shows the 2 X 1 reconstruction, typical of a Se-
terminated GaAs(001) surface.?’”®® Further surface preparation steps described in the Results
section were used, after which approximately 300 nm of the desired PbSnSe alloy was grown by
controlling the flux ratio between the PbSe and SnSe compound cells, with the SnSe beam

equivalent pressure (BEP) fixed at 3x107 Torr.

Structural characterization

The morphology of grown films was characterized using SEM on a TES Apreo-S microscope at 5
kV. The out of plane orientation of the film, in-plane and out of-plane lattice constants, and film
thickness were determined through XRD via symmetric 20- scans in a triple-axis configuration,
RSMs, and X-ray reflection (XRR) data in a PANalytical X’Pert Pro system. Temperature-
dependent RSM XRD data was collected on a PANalytical Empyrean X-ray diffractometer system
using an Anton Paar domed cooling-heating stage. TEM foils were prepared on a FEI Helios
NanoLab 600i DualBeam SEM/Focus Ion Beam system. TEM and STEM were taken on a FEI
Tecnai G2 F20 X-TWIN TEM with a 200 kV electron beam, and atomic resolution STEM images

were taken on a Thermo Fisher Spectra 300 with a 300 kV electron beam.

Compositional analysis

For elemental analysis, SEM-EDS was performed on a JEOL JSM-IT500HR environmental
scanning electron microscope at 10 kV. We used the ma,, lo, and la transitions to identify the
presence of Pb, Sn, and Se respectively. STEM-EDS data was collected on a Thermo Fisher
Spectra 300 with a 300 kV electron beam. Data was quantified with a standard Cliff-Lorimer fit
using default k-factors available in the TFS Velox software. XPS analysis was carried out with a

Thermo Fisher Escalab Xi* instrument using a monochromatic Al Kaipha anode (S1).

Property characterization
Raman spectra were collected on a HORIBA Scientific LabRAM HR Evolution spectrometer with
an unpolarized 785 nm laser at 2.5% output power with a 1800 gr/m grating, and a 300 second

accumulation. Hall measurements were conducted on a Lakeshore 8404 measurement tool. Room
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temperature measurements were conducted with an oven head, and in situ cryogenic measurements

were conducted with a closed cycle refrigerator head, both using a 0.9 T field.

Associated Content
Supporting Information. XPS data error analysis; XRD phase analysis; additional RSMs at room

temperature and as a function of sample temperature; FWHM of alloy series rocking curves;
RHEED comparison between epitaxial and polycrystalline films; SEM-EDS of two-phase film;
additional high resolution HAADF STEM images of two-phase sample; lattice constant trends as
a function of temperature for an as-grown rocksalt sample; Hall data from select films;

composition summary of all PbSnSe film that are part of this study.

Reddy, P. D.; Nordin, L.; Hughes, L.; etc. Expanded stability of layered SnSe-PbSe alloys and
evidence of displacive phase transformation from rocksalt in heteroepitaxial thin films. 2024,

2311.01514. arXiv. https://arxiv.org/abs/2311.01514 (accessed April 11,2024).

Acknowledgements

We gratefully acknowledge support via the NSF CAREER award under Grant No. DMR-2036520.
We made use of the Stanford Nano Shared Facilities (SNSF) supported by the NSF under Award
No. ECCS-2026822 for various materials characterization techniques. This research was
conducted with government support awarded by the National Science Foundation Graduate
Research Fellowship under Grant No. DGE-1656518, which funded P. Reddy. We are thankful
for discussions with W. Nix and E. Hughes, and support for electron microscopy and interpretation

from B. Haidet, P. Mukherjee, and A. Barnum.

References

(1) Chen, Z.-G.; Shi, X.; Zhao, L.-D.; Zou, J. High-Performance SnSe Thermoelectric
Materials: Progress and Future Challenge. Prog. Mater. Sci. 2018, 97, 283-346.
https://doi.org/10.1016/j.pmatsci.2018.04.005.

(2) Wu, C.-F.; Wei, T.-R.; Li, J.-F. Electrical and Thermal Transport Properties of Pb 1-x Sn x
Se Solid Solution Thermoelectric Materials. Phys. Chem. Chem. Phys. 2015, 17 (19),
13006-13012. https://doi.org/10.1039/C4CP06021K.

(3) Tang, G.; Wei, W.; Zhang, J.; Li, Y.; Wang, X.; Xu, G.; Chang, C.; Wang, Z.; Du, Y ;
Zhao, L.-D. Realizing High Figure of Merit in Phase-Separated Polycrystalline Sn1-

25



xPbxSe. J. Am. Chem. Soc. 2016, 138 (41), 13647-13654.
https://doi.org/10.1021/jacs.6b07010.

(4) McCann, P. J. IV-VI Semiconductors for Mid-Infrared Optoelectronic Devices. In Mid-
infrared Semiconductor Optoelectronics; Krier, A., Ed.; Springer Series in Optical
Sciences; Springer: London, 2006; pp 237-264. https://doi.org/10.1007/1-84628-209-8_7.

(5) Zogg, H.; Fach, A.; John, J.; Masek, J.; Mueller, P.; Paglino, C.; Blunier, S. Photovoltaic
IV-VI on Si Infrared Sensor Arrays for Thermal Imaging. Opt. Eng. 1995, 34 (7), 1964—
1969. https://doi.org/10.1117/12.200617.

(6) Muioz, A.; Meléndez, J.; Torquemada, M. C.; Rodrigo, M. T.; Cebridn, J.; de Castro, A. J.;
Meneses, J.; Ugarte, M.; Lopez, F.; Vergara, G.; Hernandez, J. L.; Martin, J. M.; Adell, L.;
Montojo, M. T. PbSe Photodetector Arrays for IR Sensors. Thin Solid Films 1998, 317 (1),
425-428. https://doi.org/10.1016/S0040-6090(97)00576-2.

(7) Springholz, G.; Schwarzl, T.; Heiss, W.; Bauer, G.; Aigle, M.; Pascher, H.; Vavra, L.
Midinfrared Surface-Emitting PbSe/PbEuTe Quantum-Dot Lasers. Appl. Phys. Lett. 2001,
79 (9), 1225-1227. https://doi.org/10.1063/1.1389517.

(8) Fei, R.; Kang, W.; Yang, L. Ferroelectricity and Phase Transitions in Monolayer Group-IV
Monochalcogenides. Phys. Rev. Lett. 2016, 117 (9), 097601.
https://doi.org/10.1103/PhysRevLett.117.097601.

(9) Chang, K.; Kiister, F.; Miller, B. J.; Ji, J.-R.; Zhang, J.-L.; Sessi, P.; Barraza-Lopez, S.;
Parkin, S. S. P. Microscopic Manipulation of Ferroelectric Domains in SnSe Monolayers at
Room Temperature. Nano Lett. 2020, 20 (9), 6590-6597.
https://doi.org/10.1021/acs.nanolett.0c02357.

(10) Wu, M.; Zeng, X. C. Intrinsic Ferroelasticity and/or Multiferroicity in Two-Dimensional
Phosphorene and Phosphorene Analogues. Nano Lett. 2016, 16 (5), 3236-3241.
https://doi.org/10.1021/acs.nanolett.6b00726.

(11) Higashitarumizu, N.; Kawamoto, H.; Lee, C.-J.; Lin, B.-H.; Chu, F.-H.; Yonemori, L;
Nishimura, T.; Wakabayashi, K.; Chang, W.-H.; Nagashio, K. Purely In-Plane
Ferroelectricity in Monolayer SnS at Room Temperature. Nat. Commun. 2020, 11 (1),
2428. https://doi.org/10.1038/s41467-020-16291-9.

(12) Dziawa, P.; Kowalski, B. J.; Dybko, K.; Buczko, R.; Szczerbakow, A.; Szot, M.;
Lusakowska, E.; Balasubramanian, T.; Wojek, B. M.; Berntsen, M. H.; Tjernberg, O.;
Story, T. Topological Crystalline Insulator States in Pb1-xSnxSe. Nat. Mater. 2012, 11
(12), 1023-1027. https://doi.org/10.1038/nmat3449.

(13) Gomanko, M.; de Jong, E. J.; Jiang, Y.; Schellingerhout, S. G.; Bakkers, E.; Frolov, S. M.
Spin and Orbital Spectroscopy in the Absence of Coulomb Blockade in Lead Telluride
Nanowire Quantum Dots. SciPost Phys. 2022, 13 (4), 089.
https://doi.org/10.21468/SciPostPhys.13.4.089.

(14) Littlewood, P. B. Structure and Bonding in Narrow Gap Semiconductors. Crit. Rev. Solid
State Mater. Sci. 1983, 11 (3), 229-285. https://doi.org/10.1080/01611598308244064.

(15) Zhu, M.; Cojocaru-Mirédin, O.; Mio, A. M.; Keutgen, J.; Kiipers, M.; Yu, Y.; Cho, J.-Y ;
Dronskowski, R.; Wuttig, M. Unique Bond Breaking in Crystalline Phase Change Materials
and the Quest for Metavalent Bonding. Adv. Mater. 2018, 30 (18), 1706735.
https://doi.org/10.1002/adma.201706735.

(16) Jiang, M. P.; Trigo, M.; Savi¢, L.; Fahy, S.; Murray, E. D.; Bray, C.; Clark, J.; Henighan, T.;
Kozina, M.; Chollet, M.; Glownia, J. M.; Hoffmann, M. C.; Zhu, D.; Delaire, O.; May, A.
F.; Sales, B. C.; Lindenberg, A. M.; Zalden, P.; Sato, T.; Merlin, R.; Reis, D. A. The Origin

26



of Incipient Ferroelectricity in Lead Telluride. Nat. Commun. 2016, 7 (1), 12291.
https://doi.org/10.1038/ncomms12291.

(17) Nishimura, Y.; He, X.; Katase, T.; Tadano, T.; Ide, K.; Kitani, S.; Hanzawa, K.; Ueda, S.;
Hiramatsu, H.; Kawaji, H.; Hosono, H.; Kamiya, T. Electronic and Lattice Thermal
Conductivity Switching by 3D-2D Crystal Structure Transition in Nonequilibrium
(Pb1—xSnx)Se. Adv. Electron. Mater. 2022, 8 (9), 2200024.
https://doi.org/10.1002/aelm.202200024.

(18) Krebs, H.; Griin, K.; Kallen, D. Uber Struktur und Eigenschaften der Halbmetalle. XIV.
Mischkristallsysteme zwischen halbleitenden Chalkogeniden der vierten Hauptgruppe. Z.
Fiir Anorg. Allg. Chem. 1961, 312 (5-6), 307-313.
https://doi.org/10.1002/zaac.19613120510.

(19) Corso, S. D.; Liautard, B.; Tedenac, J. C. The Pb-Sn-Se System: Phase Equilibria and
Reactions in the PbSe-SnSe-Se Subternary. J. Phase Equilibria 1995, 16 (4), 308-314.
https://doi.org/10.1007/BF02645286.

(20) Volykhov, A. A.; Shtanov, V. L.; Yashina, L. V. Phase Relations between Germanium, Tin,
and Lead Chalcogenides in Pseudobinary Systems Containing Orthorhombic Phases. Inorg.
Mater. 2008, 44 (4), 345-356. https://doi.org/10.1134/S0020168508040043.

(21) Zhao, L.-D.; Lo, S.-H.; Zhang, Y.; Sun, H.; Tan, G.; Uher, C.; Wolverton, C.; Dravid, V. P.;
Kanatzidis, M. G. Ultralow Thermal Conductivity and High Thermoelectric Figure of Merit
in SnSe Crystals. Nature 2014, 508 (7496), 373-377. https://doi.org/10.1038/nature13184.

(22) Littlewood, P. B. The Crystal Structure of IV-VI Compounds. I. Classification and
Description. J. Phys. C Solid State Phys. 1980, 13 (26), 4855-4873.
https://doi.org/10.1088/0022-3719/13/26/009.

(23) Katase, T.; Takahashi, Y.; He, X.; Tadano, T.; Ide, K.; Yoshida, H.; Kawachi, S.; Yamaura,
J.; Sasase, M.; Hiramatsu, H.; Hosono, H.; Kamiya, T. Reversible 3D-2D Structural Phase
Transition and Giant Electronic Modulation in Nonequilibrium Alloy Semiconductor, Lead-
Tin-Selenide. Sci. Adv. 2021, 7 (12), eabf2725. https://doi.org/10.1126/sciadv.abf2725.

(24) Christian, J. W.; Olson, G. B.; Cohen, M. Classification of Displacive Transformations :
What Is a Martensitic Transformation ? J. Phys. IV 1995, 05 (C8), C8-10.
https://doi.org/10.1051/jp4:1995801.

(25) Huang, Y.; Yang, S.; Teitelbaum, S.; De la Pena, G.; Sato, T.; Chollet, M.; Zhu, D.;
Niedziela, J. L.; Bansal, D.; May, A. F.; Lindenberg, A. M.; Delaire, O.; Reis, D. A.; Trigo,
M. Observation of a Novel Lattice Instability in Ultrafast Photoexcited SnSe. Phys. Rev. X
2022, 712 (1), 011029. https://doi.org/10.1103/PhysRevX.12.011029.

(26) Mocatti, S.; Marini, G.; Calandra, M. Light-Induced Nonthermal Phase Transition to the
Topological Crystalline Insulator State in SnSe. J. Phys. Chem. Lett. 2023, 9329-9334.
https://doi.org/10.1021/acs.jpclett.3c02450.

(27) Abe, H.; Ueno, K.; Saiki, K. S. K.; Koma, A. K. A. Heteroepitaxial Growth of Layered
GaSe Films on GaAs(001) Surfaces. Jpn. J. Appl. Phys. 1993, 32 (10A), L1444.
https://doi.org/10.1143/JJAP.32.1L.1444.

(28) Vishwanath, S.; Liu, X.; Rouvimov, S.; Basile, L.; Lu, N.; Azcatl, A.; Magno, K.; Wallace,
R. M.; Kim, M.; Idrobo, J.-C.; Furdyna, J. K.; Jena, D.; Xing, H. G. Controllable Growth of
Layered Selenide and Telluride Heterostructures and Superlattices Using Molecular Beam
Epitaxy. J. Mater. Res. 2016, 31 (7), 900-910. https://doi.org/10.1557/jmr.2015.374.

(29) Kuo, L. H.; Kimura, K.; Ohtake, A.; Miwa, S.; Yasuda, T.; Yao, T. Nature and Origins of
Stacking Faults from a ZnSe/GaAs Interface. J. Vac. Sci. Technol. B Microelectron.

27



Nanometer Struct. Process. Meas. Phenom. 1997, 15 (4), 1241-1253.
https://doi.org/10.1116/1.589445.

(30) Haidet, B. B.; Hughes, E. T.; Mukherjee, K. Nucleation Control and Interface Structure of
Rocksalt PbSe on (001) Zincblende III-V Surfaces. Phys. Rev. Mater. 2020, 4 (3), 033402.
https://doi.org/10.1103/PhysRevMaterials.4.033402.

(31) The Thermal Expansion and High Temperature Transformation of SnS and SnSe*. Z. Fiir
Krist. - Cryst. Mater. 1979, 149 (1-2), 17-29. https://doi.org/10.1524/7zkri.1979.149.1-2.17.

(32) Wu, H. Z.; Fang, X. M.; Salas, R., Jr.; McAlister, D.; McCann, P. J. Molecular Beam
Epitaxy Growth of PbSe on BaF2-Coated Si(111) and Observation of the PbSe Growth
Interface. J. Vac. Sci. Technol. B Microelectron. Nanometer Struct. Process. Meas.
Phenom. 1999, 17 (3), 1263-1266. https://doi.org/10.1116/1.590736.

(33) Pierron, E. D.; Parker, D. L.; McNeely, J. B. Coefficient of Expansion of GaAs, GaP, and
Ga(As, P) Compounds from —62° to 200°C. J. Appl. Phys. 2004, 38 (12), 4669—4671.
https://doi.org/10.1063/1.1709201.

(34) Haidet, B. B.; Hughes, E.; Mukherjee, K. Epitaxial Integration and Defect Structure of
Layered SnSe Films on PbSe/IlI-V Substrates. Cryst. Growth Des. 2022, 22 (6), 3824—
3833. https://doi.org/10.1021/acs.cgd.2c00188.

(35) Woolley, J. C.; Berolo, O. Phase Studies of the Pb1-xSnxSe Alloys. Mater. Res. Bull.
1968, 3 (5), 445-450. https://doi.org/10.1016/0025-5408(68)90036-6.

(36) Mazur, J. Lattice Parameters of Martensite and of Austenite. Nature 1950, 166 (4228), 828—
828. https://doi.org/10.1038/166828a0.

(37) Wasilewski, R. J.; Butler, S. R.; Hanlon, J. E. On the Martensitic Transformation in TiNi.
Met. Sci. J. 1967, 1 (1), 104-110. https://doi.org/10.1179/msc.1967.1.1.104.

(38) Lee, Y. K.; Ahn, K.; Cha, J.; Zhou, C.; Kim, H. S.; Choi, G.; Chae, S. L.; Park, J.-H.; Cho,
S.-P.; Park, S. H.; Sung, Y.-E.; Lee, W. B.; Hyeon, T.; Chung, I. Enhancing P-Type
Thermoelectric Performances of Polycrystalline SnSe via Tuning Phase Transition
Temperature. J. Am. Chem. Soc. 2017, 139 (31), 10887-10896.
https://doi.org/10.1021/jacs.7b05881.

(39) Chandrasekhar, H. R.; Humphreys, R. G.; Zwick, U.; Cardona, M. Infrared and Raman
Spectra of the IV-VI Compounds SnS and SnSe. Phys. Rev. B1977, 15 (4), 2177-2183.
https://doi.org/10.1103/PhysRevB.15.2177.

(40) Zhang, J.; Zhu, H.; Wu, X_; Cui, H.; L1, D.; Jiang, J.; Gao, C.; Wang, Q.; Cui, Q. Plasma-
Assisted Synthesis and Pressure-Induced Structural Transition of Single-Crystalline SnSe
Nanosheets. Nanoscale 2015, 7 (24), 10807—10816. https://doi.org/10.1039/C5SNRO2131F.

(41) Wang, Y.; Huang, L.; Li, B.; Shang, J.; Xia, C.; Fan, C.; Deng, H.-X.; Wei, Z.; Li, J.
Composition-Tunable 2D SnSe 2(1-x) S 2x Alloys towards Efficient Bandgap Engineering
and High Performance (Opto)Electronics. J. Mater. Chem. C 2017, 5 (1), 84-90.
https://doi.org/10.1039/C6TC03751H.

(42) Ocko, M.; Zonja, S.; Salamon, K.; Ivanda, M.; Yu, L.; Newman, N. Investigations of the
Disorder in the TaxN Thin Films: On the First Order Raman Spectrum of the Rock Salt
Crystal Structure. J. Appl. Phys. 2013, 114 (4), 043707. https://doi.org/10.1063/1.4816340.

(43) Wang, Y.; Huang, S.; Raji-Adefila, B.; Outka, A.; Wang, J.-H.; Chen, D. Unraveling the
Nature and Role of Layered Cation Ordering in Cation-Disordered Rock-Salt Cathodes. J.
Am. Chem. Soc. 2022, 144 (43), 19838—-19848. https://doi.org/10.1021/jacs.2c07473.

28



(44) Malyshkin, V. G.; Shchukin, V. A.; Sharonova, L. V.; Tybulewicz, A. Development of
Composition Inhomogeneities in Layer-by-Layer Growth of an Exponential Film of a Solid
Solution of III-V. Semiconductors 1993, 27 (11-12), 1062-1068.

(45) Kurihara, K.; Takashima, M.; Sakata, K.; Ueda, R.; Takahara, M.; Ikeda, H.; Namita, H.;
Nakamura, T.; Shimoyama, K. Phase Separation in InAlAs Grown by MOVPE with a Low
Growth Temperature. J. Cryst. Growth 2004, 271 (3—4), 341-347.
https://doi.org/10.1016/j.jcrysgro.2004.07.054.

(46) Wang, C. A.; Calawa, D. R.; Vineis, C. J. Evolution of Surface Structure and Phase
Separation in GalnAsSb. J. Cryst. Growth 2001, 225 (2-4), 377-383.
https://doi.org/10.1016/S0022-0248(01)00884-3.

(47) Mukherjee, K.; Norman, A. G.; Akey, A. J.; Buonassisi, T.; Fitzgerald, E. A. Spontaneous
Lateral Phase Separation of AlInP during Thin Film Growth and Its Effect on
Luminescence. J. Appl. Phys. 2015, 118 (11), 115306. https://doi.org/10.1063/1.4930990.

(48) Dodson, B. W.; Myers, D. R.; Datye, A. K.; Kaushik, V. S.; Kendall, D. L.; Martinez-
Tovar, B. Asymmetric Tilt Boundaries and Generalized Heteroepitaxy. Phys. Rev. Lett.
1988, 61 (23), 2681-2684. https://doi.org/10.1103/PhysRevLett.61.2681.

(49) Du, R.; Flynn, C. P. Asymmetric Coherent Tilt Boundaries Formed by Molecular Beam
Epitaxy. J. Phys. Condens. Matter 1990, 2 (5), 1335. https://doi.org/10.1088/0953-
8984/2/5/024.

(50) Fultz, B. Phase Transitions in Materials; Cambridge University Press, 2020.

(51) Rooney, A. P.; Li, Z.; Zhao, W.; Gholinia, A.; Kozikov, A.; Auton, G.; Ding, F.;
Gorbachev, R. V.; Young, R. J.; Haigh, S. J. Anomalous Twin Boundaries in Two
Dimensional Materials. Nat. Commun. 2018, 9 (1), 3597. https://doi.org/10.1038/s41467-
018-06074-8.

(52) Pineau, G.; Scherrer, H.; Scherrer, S. Heterodiffusion of Tin in N-Type PbSe. Phys. Lett. A
1980, 75 (3), 234-236. https://doi.org/10.1016/0375-9601(80)90124-3.

(53) Rogalski, A.; J6zwikowski, K. The Intrinsic Carrier Concentration in Pb1-xSnxTe,
Pb1—xSnxSe, and PbS1—xSex. Phys. Status Solidi A 1989, 111 (2), 559-565.
https://doi.org/10.1002/pssa.2211110221.

(54) Polity, A.; Krause-Rehberg, R.; Zlomanov, V.; Stanov, V.; Chatchaturov, A.; Mékinen, S.
Study of Vacancy Defects in PbSe and Pb1-xSnxSe by Positron Annihilation. J. Cryst.
Growth 1993, 131 (1), 271-274. https://doi.org/10.1016/0022-0248(93)90423-T.

(55) Yu,J. G.; Yue, A. S.; Stafsudd, O. M. Growth and Electronic Properties of the SnSe
Semiconductor. J. Cryst. Growth 1981, 54 (2), 248-252. https://doi.org/10.1016/0022-
0248(81)90469-3.

(56) Huang, Y.; Wang, C.; Chen, X.; Zhou, D.; Du, J.; Wang, S.; Ning, L. First-Principles Study
on Intrinsic Defects of SnSe. RSC Adv. 2017, 7 (44), 27612-27618.
https://doi.org/10.1039/C7TRA03367B.

(57) Ekuma, C. E. Effects of Vacancy Defects on the Electronic and Optical Properties of
Monolayer PbSe. J. Phys. Chem. Lett. 2018, 9 (13), 3680-3685.
https://doi.org/10.1021/acs.jpclett.8b01585.

(58) Shi, G.; Kioupakis, E. Quasiparticle Band Structures and Thermoelectric Transport
Properties of P-Type SnSe. J. Appl. Phys. 2015, 117 (6), 065103.
https://doi.org/10.1063/1.4907805.

(59) Hu, Z.; Hiramatsu, M.; He, X.; Katase, T.; Tadano, T.; Ide, K.; Hiramatsu, H.; Hosono, H.;
Kamiya, T. Reversible Thermal Conductivity Modulation of Non-Equilibrium (Sn1-xPbx)S

29



by 2D-3D Structural Phase Transition above Room Temperature. ACS Appl. Energy Mater.
2023, 6 (6), 3504-3513. https://doi.org/10.1021/acsaem.3c00060.

(60) Takatani, S.; Kikawa, T.; Nakazawa, M. Reflection High-Energy Electron-Diffraction and
Photoemission Spectroscopy Study of GaAs(001) Surface Modified by Se Adsorption.
Phys. Rev. B 1992, 45 (15), 8498-8505. https://doi.org/10.1103/PhysRevB.45.8498.

30



Supporting Information

Expanded stability of layered SnSe-PbSe alloys and evidence of displacive phase

transformation from rocksalt in heteroepitaxial thin films

Pooja D. Reddyl*, Leland J. Nordin!, Lillian B. Hughesz, Anna-Katharina Preidl!, Kunal
Mukherjee!”

1
Department of Materials Science and Engineering, Stanford University, Stanford, California

94306, USA

Materials Department, University of California, Santa Barbara, California 93106, USA

31



XPS data error explanation S1.

The XPS analyses were carried out with a ThermoFisher Escalab Xi* instrument using a
monochromatic Al Kapha anode (E = 1486.7 eV). Survey scan analyses were carried out with an
analysis area of 400 x 400 um and a pass energy of 100 eV. A depth profile was formed by taking
sequential scans after 15-25 rounds of sputtering for 20 seconds with an Ar* ion beam (2 kV). The
Sn3d3, Pb4dS, and Se3d peaks were fit using AvantageXPS software with Smart backgrounds
applied, and atomic fractions quantified at each depth to calculate average elemental composition
throughout the film. Figure S1a shows an example spectrum from the Pbo31SnosSe sample with
the selected peaks highlighted. Sn3d3 and Pb4d5 are chosen not only because they give a large,
isolated signal but also because they are close in binding energy and will exhibit a similar mean
free path, which helps minimize error in quantification. The variation in composition throughout

the film thickness is minimal, as can be seen in the depth profile for the SnSe sample (Fig. S1b).

Compared to STEM-EDS, XRD, and Raman results, XPS seems to overestimate Sn
composition. When running standards in our instrument, we observe * 4% relative variation and
therefore report the compositions only up to two significant digits. Because of the surface
sensitivity of XPS, a large source of error is the in-depth distribution of quantified elements. In our
case this concern is minimized because we calculate average composition throughout the entire
film thickness. Preferential etching of lighter elements could be another error source but is unlikely
to have a significant impact for Pb and Sn as they are both much heavier than Ar. Lastly, we do
not observe significant changes in the quantifications with adjustments to the integration bounds
and therefore do not attribute peak fitting as a major source of error in our estimates of film

composition.
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Discerning which orthorhombic phase is present in films S2.

SnSe has two orthorhombic phases, the Pnma phase, which is stable at lower temperatures,
and the Cmcm phase, which is stable above temperatures of about 600 °C. While both are layered
orthorhombic, the Cmcm structure has in-plane lattice constants that are essentially equal, around
4.3 A for pure SnSe. Some of the samples grown with higher Pb compositions have layered phases
with essentially identical in-plane lattice constants, such that the sample RSMs about the 224 GaAs
peak showed only one layered film peak (Fig 4), rather than the two we expect for the two ways a
layered unit cell can arrange on a cubic substrate (Fig 1d). Since the in-plane lattice constants are
equal, one might think that the layered film phase corresponds to the Cmcm phase. We do see that
as the Pb composition of layered PbSnSe increases, the in-plane lattice constants approach each
other (Fig 3c). Therefore, the film could also just be the Pnma phase whose lattice constants

changed with composition such that they now seem equal.

The Cmcm space group has more symmetry than the Pnma space group. Thus, we expect
that the XRD pattern of the Cmcm phase would have less allowed peaks than the Pnma phase. We
found that the (811) film peak is expected to be present in the Pnma phase, and is a forbidden peak
for the Cmcm phase. So, to discern whether layered phases with nearly identical in-plane lattice
constants are Cmcm or Pnma, we take RSMs of these samples around where we expect the (811)
peak to be. Figure S2 shows such RSMs for pure SnSe grown at 300 °C, and two samples where
the layered phase has nearly identical in-plane lattice constants: a two-phase sample grown at 300
°C where the layered and rocksalt phase have compositions of Xsp,=0.53 and Xs,=0.49
respectively, and a single-phase layered sample with a composition of Xs,=0.67, grown at 210 °C.
As expected, the SnSe film which is the Pnma phase, has the (811) peak present in the RSM about
the 024 GaAs peak. And the other two samples also show the (811) peak. This means that the
samples grown which seem to have nearly identical in-plane lattice constants are actually all in the

Pnma phase.
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Figure S1. (a) Example XPS survey scan (100 eV pass energy) of the layered phase Pbo.31Sno.coSe
sample grown at 300 °C, with quantified peaks identified.(b) Depth profile of the quantified Sn3d3,
Pb4d5, and Se3d peaks show That composition is consistent throughout the epilayer thickness.
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Figure S2. RSMs around the (224) and (024) peaks of GaAs for select films, with present phase

peaks labelled.
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Figure S3. The FWHM of the double-axis rocking curves of the (800) film peak reflections, of the
layered phase Pb;xSnxSe series grown at T,=300 °C.
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(b)

Figure S4. An epitaxial film grown with 1:1 BEP ratio of SnSe:PbSe at 270 °C, (a) SEM image
of the 45° mounted surface and (b) RHEED image of film after growth. In comparison, a
polycrystalline film grown with 1:1 BEP ratio of SnSe:PbSe at 150 °C, (¢) SEM image of the 45°
mounted surface and (d) RHEED image of film after growth.
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Figure SS5. Standardless SEM-EDS data of a PbSnSe alloy grown at 300 °C with layered and
rocksalt phase compositions of approximately Xs;=0.53, and Xs,=0.49 respectively. (a) Film
surface (i) in secondary electron SEM mode (ii) showing Sn EDS map (iii) showing Pb EDS map.
(b) EDS line scan of the area of the sample marked in the inset SEM image. Different element
transitions have different detection sensitivities, so while the alloy composition is about 1:1, we
do not expect the intensity of Pb and Sn signal to be equal in SEM-EDS.
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(b)
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Figure S6. HAADF STEM images of two-phase sample grown at 300 °C with layered and rocksalt
phase compositions of approximately Xsn=0.53, and Xsn=0.49 respectively. a) Image of a curved
boundary. The inset bright field image of the marked area highlights a dislocation in the sample.
(b) Image of a vertical boundary at the sample surface, showing the layered phases are depressed
compared to the rocksalt phase. (c) Image of vertical grain boundaries between rocksalt, tilted
layered, and rocksalt grains.
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Figure S7. RSMs taken at 40 °C intervals of an as grown Xs,=0.42 single phase cubic PbSnSe
film as it is temperature cycled starting at room temperature, cooling to -175 °C using liquid
nitrogen, and warming up back up to room temperature. An orthorhombic phase appears on the
cool down at around -60 °C.
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Figure S8. Lattice constant data of an as grown Xs,=0.42 single phase cubic PbSnSe film extracted
from temperature cycling RSM data, including the trend of the OP layered phase lattice constant,
and the [001] IP direction of the layered phase.
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Table S1. Select electronic properties of SnSe films shown in Figure 1a of the main manuscript,
grown with different surface preparation steps. Approximate thickness values were used for
calculations and changing these within reason did not affect order of magnitude of the results.

Surface Preparation Carrier Carrier Concentration Hall Mobility
Type (1/cm3) (cm?/V:-s)
SnSe /GaAs p 4x 10" 8
SnSe/Se dose/ GaAs p 1x10" 9
SnSe/PbSe dose/ GaAs p 1 x10" 48
SnSe/PbSe/PbSe dose/GaAs n 4 x 10'° 47

Table S2. Summary of PbSnSe alloys grown as part of this study. Compositions are found via
XRD data in conjunction with published bulk data sets, as described in the main manuscript.

Growth Composition (Xsp)
Temperature | Phases Present —
©°C) Pnma Fm3m
300 Pnma 1.00 --
300 Pnma 0.93 --
300 Pnma 0.84 --
300 Pnma 0.74 --
300 Pnma 0.69 --
300 Pnma + Fm3m | 0.53 0.49
300 Pnma + Fm3m 0.52 0.49
270 Pnma + Fm3m 0.52 0.51
255 Pnma 0.71 --
250 Pnma 0.65 --
250 Fm3m -- 0.42
240 Pnma 0.71 --
210 Pnma 0.67 --
195 Pnma + Fm3m 0.53 0.47
180 Pnma 0.74 --
180 Pnma 0.66 --
180 Fm3m -- 0.44
165 Pnma 0.55 --
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