Solid-phase heteroepitaxy of oriented Sb>Se; on
GaAs for birefringent thin films

Running title: Solid-phase heteroepitaxy of SbaSes

Running Authors: Xiao et al.

Kelly Xiao'2, Yuejun Shen'?, Arturas Vailionis3#, Alec M. Skipper®, Anna-
Katharina Preidl', Aaron M. Lindenberg'26, and Kunal Mukherjee'?)

'Department of Materials Science and Engineering, Stanford University, Stanford, CA, 94305,
USA

2Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory,
Menlo Park, CA, 94025, USA

3Stanford Nano Shared Facilities, Stanford University, Stanford, CA, 94305, USA

“Department of Physics, Kaunas University of Technology, Kaunas, Lithuania

SInstitute for Energy Efficiency, University of California Santa Barbara, Santa Barbara, CA 93106,
USA

6Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

a) Electronic mail: kellyx@stanford.edu, kunalm@stanford.edu

We investigate the amorphous-to-crystalline transformation of antimony selenide
(Sb2Se3) on UHV-prepared GaAs (001) substrates. In the bulk orthorhombic form, SbaSes
is a layered quasi-1D semiconductor with highly anisotropic properties of interest for
optical and electronic devices. We find that an amorphous layer deposited by molecular
beam epitaxy annealed at or above 230 °C yields a textured-epitaxial structure among
some randomly oriented domains. The textured-epitaxial SbaSes grains are oriented with
the covalent “1D axis” or [001] direction constrained in-plane to GaAs [110] and with
multiple van der Waals (4k0) orientations out-of-plane. The same texture was achieved
exclusively without randomly oriented grains using continuous-wave laser radiation,

highlighting the use of thermal and optical methods to yield anisotropic crystalline Sb2Ses



films directly from the amorphous phase. Reflectance measurements and polarized
microscopy confirm the unique state of in-plane birefringence in the crystallized thin
film. Overall, we show that solid phase heteroepitaxy provides additional pathways to the
integration of low-symmetry chalcogenide semiconductors for demanding applications

where the inherent anisotropy needs to be preserved.

. INTRODUCTION

Solid phase crystallization or solid phase epitaxy (SPE) is the process by which an
amorphous solid phase transforms into an epitaxial crystalline phase due to templating
influences from the substrate. While SPE has been most rigorously studied in the context

3 more generally it has the potential to be an

of Si homoepitaxy for electronics,'”
important synthesis route for optoelectronic and photonic device fabrication by
heteroepitaxy. Such a method not only accesses a different regime of growth
thermodynamics and kinetics,* but it also connects deeply to the operation of photonic
phase change devices.

Solid-phase heteroepitaxy (hetero-SPE) holds exciting potential to integrate
newer phase change materials (PCMs), such as Sb2Ses, which possesses lower
orthorhombic Pbnm symmetry. SbaSes has a near-infrared (near-IR) bandgap of 1.1-1.2
eV,” highly convenient for telecom band photonic applications.

Across the telecom bands, Sb2Ses; exhibits intrinsically lower loss compared to
conventional PCM Ge-Sb-Te (GST) alloys that rely on complex compositional and

bandgap engineering approaches.® 12 SbaSes further exhibits strongly direction-dependent

absorption and refractive properties due its large bonding anisotropy — strong covalent



bonds exist along the [001] direction and weaker van der Waals (vdW) forces contribute
to bonding along the other two directions, forming a quasi-1D structure.!*'® Like other
orthorhombic layered chalcogenides, including black phosphorus, SnSe, or GeSe, Sba2Ses
exhibits pronounced out-of-plane and in-plane anisotropy. Leveraging such direction-
dependent thin film properties in semiconductors of lower crystallographic symmetry can
enable advanced functionalities in optoelectronic and photonic devices.!”* Control over
polarization and phase using birefringence underpins applications such as polarimetric
photodetection and a range of beam modulation photonic devices including polarizers,
rotators, and multiplexers.?*3°

It remains challenging, however, to directly grow uniform thin films of
birefringent materials such as Sb2Ses on commercially relevant cubic or other high
symmetry substrates. Often, the result is growth of multiple grain orientations or domains
which average out the desired anisotropy in-plane. Poor orientation control also leads to
lossy optical phase change devices. The scattering of light due to refractive index
mismatch between randomly oriented grains was recently identified as the leading
contributor to optical loss in SbzSes-based phase change devices.’! Consequently,
harnessing SPE to achieve epitaxial or textured grains of Sba2Ses could enable new static
photonic devices exploiting birefringence,*? and simultaneously reduce scattering losses
and increase index contrast in PCM devices.

Little precedent exists for using hetero-SPE to crystallize oriented thin films of
anisotropic semiconductors. Vapor phase growth techniques commonly leverage substrate
offcut or surface reconstructions that lower the symmetry of the starting template to

successfully preserve orientation control in the film. This is convincingly shown in direct



vapor phase epitaxial growth of anisotropic semiconductors, including Sb2Se3. Most SPE
studies, however, feature the classic isotropic semiconductors, such as Ge and III-V

433736 in addition to GaN on sapphire substrates.’” Among the

compounds on Si substrates,
few reports investigating amorphous-to-crystalline transformations of layered materials
include hexagonal MoSz. Although out-of-plane oriented regrowth was observed, it was
not attributed to templating effects due to lack of an in-plane crystallographic
relationship.®®

As SbzSes is conveniently deposited in the amorphous phase and has an accessible
crystallization temperature around 200 °C,*° our study clarifies how hetero-SPE may be a
route to achieving oriented growth of orthorhombic Sb2Ses directly onto commercially
relevant cubic GaAs substrates. We perform thermal and laser heating crystallization
experiments on a primary sample of a co-deposited amorphous Sb-Se film (~90 nm),
from elemental Sb and Se cracker cells in a chalcogenide molecular beam epitaxy (MBE)
chamber. No attempt was made to carefully control or measure the composition of the
amorphous phase in the primary sample mentioned above, but additional samples with
excess Se (noted only after crystallization) were also grown on GaAs and SiO:2 substrates.
Structural characterization and optical birefringence in the primary film confirm that

SPE, especially under laser heating, is a suitable method to achieve oriented growth of

SbaSes crystals.

Il. EXPERIMENTAL

A. MBE growth of amorphous Sb-Se films



The native oxide of a commercial GaAs wafer was thermally desorbed in a III-V
MBE system (Veeco Gen III) and roughly 100 nm of homoepitaxial GaAs was grown as
a buffer layer. This substrate was then capped with amorphous arsenic before removal
from the Gen III MBE and transferred into a separate IV-VI Riber Compact 21 (C21)
MBE. In the Riber C21 chamber, the arsenic cap was thermally desorbed around a
temperature of 420 °C. The substrate was then held to stabilize a (2x1) GaAs
reconstruction, and finally the substrate was cooled to below 150 °C before growth.
Temperatures were measured with optical pyrometry. No intentional selenium treatments
were made to the GaAs surface prior to deposition, but the surface is likely selenium-
stabilized due to the residual fluxes in the chamber. Co-deposited fluxes from valved Sb
and Se cracker sources were used to grow the amorphous Sb-Se film directly on the
homoepitaxial (2x1) GaAs surface. The beam equivalent pressures (BEPs) of Sb and Se

were 5x107® Torr and 1x107 Torr, respectively.

B. Crystallization procedure

Samples were thermally crystallized in air (ex situ) using a FisherScientific
hotplate. We intentionally did not deposit a protective encapsulation layer to prevent
desorption as these layers may interfere with SPE by providing alternate nucleation
sites.*! To prevent severe oxidation, a silicon proximity wafer was kept above the film

during the anneal.

Laser crystallization was performed using a 633 nm continuous-wave (CW) laser
in a Horiba LabRAM HR Evolution instrument. The full laser power of 6.5 mW was

reduced before incidence on the sample via neutral-density filters. The laser was focused



by an objective to achieve crystallized spots of approximately micron diameter. The
dwell time was ranged from 1 s to 240 s. Crystallized patterns were written into the

amorphous film by software-enabled stage movements.

A separate higher power 50 mW 532 nm CW laser was also used to produce
crystallized spots of larger diameter. The sample was moved out of the focal plane to

achieve defocused spot sizes at comparable power densities to the 633 nm laser.

C. Morphology characterization

Atomic force microscopy (AFM) scans were acquired on a Park NX10 instrument
with a NCS15 probe in tapping mode. Scanning electron microscope (SEM) images were
taken on a ThermoFisher Apreo (2 kV and 5 kV, 50 pA) using the Trinity T1 and T2

detectors.

D. Structural characterization

X-ray diffraction (XRD) scans were collected on a PANalytical Empyrean, using a
parabolic mirror for the incident beam and parallel-plate collimator with a 2D solid-state
hybrid PIXcel detector in 0D mode for the diffracted beam. The X-ray radiation source
was Cu-Ka. 2D XRD patterns were collected using a Bruker D8 Venture single crystal
diffractometer in a grazing incidence geometry with an Incoatec IuS microfocus Cu-Ke
source and Photon 100 detector.

Raman spectra were collected on a Horiba LabRAM HR Evolution instrument

with a 633 nm laser. A 600 gr/mm grating (7.2 cm™' spectral resolution) was used for



thermally crystallized and power-dependent laser-crystallized films. A 300 gr/mm (13.3
cm! spectral resolution) was used for time-dependent laser-crystallized films. For the
time-dependent series, the laser was rapidly scanned within a several microns area to
simultaneously minimize heating and maximize signal, particularly aiding the collection

of spectra acquired for 5 s.

E. Optical characterization

Optical anisotropy was probed with normal incidence reflectance versus beam
polarization angle measurements, using a CW 532 nm laser. The linear polarization of the
beam was adjusted via a half-wave plate set before the sample. The reflected signal was
passed through a beamsplitter and collected by a ThorLabs CCD camera. The intensity of
the reflected signal was quantified by integrating over the signal peak above a
background threshold value and normalizing by the peak area.

Cross-polarized optical microscopy images in reflection mode were taken on a
Nikon LV100 POL microscope with a rotation stage. The green channel images were
used. The sample was placed and rotated between a crossed polarizer and analyzer to test

for in-plane optical anisotropy.

lll. RESULTS AND DISCUSSION

A. Crystallized microstructure and composition

We subjected a primary sample of amorphous Sb-Se to various thermal annealing
and laser crystallization conditions and examined the resulting grain microstructure via

atomic force microscopy (AFM) in Figure 1. Figures 1a-b show the as-grown structure



and the initially smooth film surface of RMS roughness 0.4 nm. The effect of increasing
annealing temperature is first shown in Figures 1c-e, where all anneals were held for 120
s. At the lowest temperature of 210 °C, the film crystallizes into polycrystalline randomly
oriented grains. Interestingly, as the temperature increases to 230 °C and 250 °C, the
fraction of randomly oriented grains decreases whilst a second population of slightly
elongated grains oriented along the horizontal direction emerges. These needle-like
grains exhibit a long axis aligned to the [110] direction of the GaAs substrate and are
~500 nm to 1 pm in length. Such domains aligned to GaAs [110] may be textured or
epitaxially aligned given their distinctly oriented morphology, to be discussed shortly in
Figure 2.

The thermally annealed series suggests that higher temperatures promote growth
of the needle-like SbaSes grains, although not eliminating the fraction of randomly
oriented grains. A further anneal performed at 270 °C produces a microstructure with a
two grain population pattern similar to 250 °C (Figure S1), confirming that the fraction of
aligned grains eventually plateaus with temperature. These findings suggest that
temperature simultaneously increases the growth rate of randomly oriented crystallites*?
and the nucleation rates of aligned crystallites. This might lead to the observed situation
where sufficiently fast growth of randomly oriented grains remains highly competitive

with the nucleation and growth of the aligned grains.
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Figure 1. (a) Schematic of as-grown Sb-Se layer on a homoepitaxial GaAs(001) template. (b) Atomic force microscopy

> ’HHH"" ll (AFM) scan of the as-grown Sb-Se film, which undergoes thermal and laser-induced crystallization. (c-e) AFM scan of

[”HH“” I’ Sb-Se after thermal annealing at 210 °C, 230 °C, and 250 °C, for 120 s. (f-h) AFM scans of laser-crystallized regions
varying power at 0.05 mW (2-7 kW/cm?), 0.3 mW (10-50 kW/cm?), and 1 mW (60-200 kW/cm?), with a 10 s dwell. (i-

k) AFM images of laser-crystallized regions varying dwell time at 1 s, 30 s, and 240 s, using 0.05 mW (2-7 kW/cm?).

In (j), a representative Z-trace (height trace) through the crystallized spot shows the height change associated with

crystalline transformation. The GaAs <110> directions are drawn for reference in all AFM images.
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The RMS surface roughness increases from 0.4 nm in the as-grown film to 1.1 nm
and 2.0 nm at 210 °C and 250 °C, respectively, and slight pitting of the grains occurs due
to the high vapor pressure of Sb2Ses.** A final anneal at 300 °C was attempted but the
film microstructural features are convoluted with the delamination of Sb2Ses. Additional
scanning electron images and Raman spectroscopy of the films annealed at 270 °C and
300 °C reveal increased pitting and the onset of secondary oxide formation because of
desorption (Figures S2-S3). Therefore, we use the film crystallized at 250 °C as the
representative single phase, annealed film.

Next, we discuss spot crystallization induced by a stationary 633 nm laser upon
varying power and dwell time parameters. A visible wavelength laser was chosen as it
lies above the optical absorption edge for both amorphous Sb-Se (optical bandgap of 1.2
— 1.5 eV) and GaAs.>*6 Power-dependent crystallization is shown in Figures 1f-h and
time-dependent crystallization is shown in Figures 1i-k. We note that there is uncertainty
on the power intensity (power per area), as we had explicit control over laser power but
noted a range of focused spot sizes (spanning ~800 nm to 1.5 um) between sets due to
variance in optical alignment; we therefore express ranges of intensity. We find the
relative progression of crystallization is reproducible within the individual sets, but we
did not make absolute comparisons between the sets to account for the uncertainty.

In the power-dependent series, Figure 1f indicates that a crystallization threshold
achieved at 0.05 mW (2-7 kW/cm?) must be exceeded to induce structural transformation.
Near this threshold power density, a partial cavity forms at the laser focus point. Higher
intensities produce larger cavities which eventually expose the interior of the crystallized

spots. We observe grains of a distinct needle-like morphology oriented along the GaAs
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[110] direction, similar to the majority fraction in the 250 °C annealed film. The local
depression in height of the laser-irradiated spots are due to densification in the crystalline
phase and potentially some material evaporation.

Longer dwell times were also found to increase the radius of crystallization. In
Figures li-k, the dwell time was varied from 1 s to 240 s at 0.05 mW (2-7 kW/cm?). A
representative height profile has been traced through the spot generated under a 30 s
dwell time, which captures: 1) the several nanometers height change at the amorphous-
crystalline boundary and 2) the needle-like morphology within the crystalline region
interior.

We also rule out the role of laser polarization in setting the morphology and
demonstrate crystallization with a 532 nm laser (supplementary material, Section B). The
absorption coefficients of Sb2Ses at 633 nm and 532 nm both exceed 105 cm™,>!112
implying near-complete absorption of both wavelengths and similar temperature
gradients are expected across the film. Overall, these results point to the in-plane oriented
Sb2Ses morphology being a reproducible phenomenon under accessible power densities
and multiple visible wavelengths.

An apparent difference between thermal annealing and laser crystallization is that
the latter method circumvents randomly oriented growth and consists exclusively of
elongated grains oriented to GaAs [110], suggesting different heating methods offer
control in the competition between random vs oriented growth.* The uniform

microstructure was verified in additional laser-crystallized spots up to 100 um diameter

(Figure S4). It is possible that in the thermally annealed films, the randomly oriented
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grains have stochastically nucleated within the bulk of the film, as opposed to at the film-
substrate interface where the templating influence is strongest.

We speculate that the laser-induced heat profile and transience yield a gradient of
temperatures within the film that strongly favor film-substrate interface nucleation events
crucial to SPE.*’ The crystallization mechanism upon CW irradiation in this work is
likely photothermal, involving processes such as carrier thermalization, non-radiative
recombination, and longer timescale thermal diffusion.*® We estimate steady-state carrier
concentrations up to ~10!7-10!® ¢cm™ are achieved under our illumination conditions,
which fall much below the power intensities necessary to induce electronic (athermal)
effects in structural transformations of phase change materials such as GST.*

We show X-ray diffraction (XRD) in Figure 2 to resolve the crystallographic
orientation of Sb2Ses grains oriented along GaAs [110]. We follow the Pbnm convention
to index Sb2Ses. The symmetric out-of-plane scans in Figure 2a exhibit no sharp peaks
for the as-grown amorphous film while several reflections from multiple (#£0)-planes of
SbaSes are visible after the 250 °C thermal anneal. The (440) indices indicate that the
covalently bonded [001] axis lies in-plane. From our observations of an oriented grain
morphology, the [001] axis is further constrained along the GaAs [110] direction by the
underlying template. However, the film is not single domain as the grains have discrete
rotations about the [001] axis, as schematically illustrated in Figure 2b. This
microstructure, termed ‘“(hk0)-oriented”, is therefore multi-crystalline with strongly
textured-epitaxial alignment. We note that this structure was similarly identified in prior

work on direct vapor phase growth of Sb2Ses films on GaAs by MBE.>® An out-of-plane
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Figure 2. (a) X-ray diffraction out-of-plane scans of 250 °C thermally annealed film and as-grown Sb-Se reference film.
GaAs substrate peaks including related spectral reflections and artifacts are labeled with an asterisk. The scans are
vertically offset for clarity. (b) Schematic of Sb,Se; orthorhombic unit cells with (4%0) orientations out-of-plane and the
(001) normal aligned to GaAs [110] in-plane. (c-¢) GIXS diffraction patterns collected along the GaAs [110] and [1107
azimuths of as-grown amorphous film, 250 °C thermally annealed film, and (e) laser-crystallized domain (~100 pm).
Crystallized Sb,Ses; Bragg reflections (4kl) are highlighted in cyan, and substrate reflections and Kikuchi lines (K.L.) in

white

scan on the more ordered microstructure of the laser-crystallized spot was not possible

due to insufficient diffraction volume.

To overcome this limitation, we collected diffraction patterns (DPs) via grazing

incidence scattering (GIXS) at 5° incidence angle with a reduced X-ray spot size. The

micro-focused probe was positioned on an isolated ~100 um laser-crystallized spot (from

Figure S2), with the beam footprint approaching 1 mm at the shallow incidence angle.

The DPs imaged with the incident wavevector along the distinct GaAs [110] and [-110]
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azimuths are shown in Figures 2c-e for the pristine amorphous phase, 250 °C annealed,
and laser-crystallized structures, respectively.

As expected, the amorphous Sb-Se phase shows diffuse scattering independent of
the sample azimuth (Figure 2c). In Figure 2d, the thermally crystallized film pattern
exhibits a complex combination of randomly oriented polycrystalline and textured-
epitaxial structures, seen by the superimposed Debye Scherrer rings (indexed in Figure
S5) and the higher intensity ordered reciprocal lattice (RL) points. The ordered RL points
are indexed in blue. The Sb2Ses film indeed displays a two-fold symmetry in-plane since
the ordered RL points change between the GaAs [110] and [110] azimuth. The reflection
indices in the GaAs [110] DP also confirm this direction is approximately along the [001]
zone of Sb2Ses. The diffraction rings and spots, in addition to the film mosaicity, are
discussed in further detail in supplementary material, Section C.

In Figure 2e, we present the laser-crystallized DP which is composed of ordered
diffraction spots from the isolated crystalline region and diffuse scattering from the
surrounding amorphous matrix. Importantly, the diffraction spots generated by laser-
crystallized Sb2Ses appear at identical positions to those in the thermally crystallized DP.
This confirms that the ordered laser- and thermally-crystallized Sb2Ses grains grow with
the [001] axis aligned along GaAs [110] in-plane and exhibit mixed (4k0)-orientations
normal to the substrate. The [001] axis is befittingly termed the “1D axis” or “needle
axis” because the crystals can form with significant aspect ratios. Overall, these results
validate the hypothesis that lower substrate surface symmetry can bias SPE for
anisotropic film growth of Sb2Ses on GaAs, even though the GaAs bulk has a higher

cubic symmetry.
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Raman spectra shown in Figure 3 confirm a transformation from an amorphous
state to the orthorhombic phase in the primary sample. Laser crystallization of the pristine
material happens in parallel with Raman signal acquisition, so the laser power or
integration (dwell) time may be treated as a proxy for the extent of crystallization. Within
the laser power-dependent series, a weak signature of the amorphous phase is initially
observed at 0.05 mW (2-7 kW/cm?). The spectra evolves to exhibit increasingly sharper
crystalline modes, especially near the 191 cm™ Sb-Se bond vibration frequency,’! at 0.15
mW (7-20 kW/cm?) and 0.3 mW (10-50 kW/cm?). (The 191 cm™ mode is one of the
primary modes assigned to the orthorhombic Sb2Ses phase.’?) The time-dependent
crystallization series performed at 0.05 mW (2-7 kW/cm?) similarly shows an increasing

progression in crystallinity from 5 s to 30 s.
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Figure 3. Raman spectra of thermally annealed, 633 nm laser-crystallized power-dependent, and laser-
crystallized time-dependent series. The thermally annealed spectra are integrated across 300 s; power-
dependent measurements are integrated across 10 s, and time-dependent measurements are performed
at 0.05 mW (2-7 kW/cm?). All laser-crystallized spectra have been scaled by 5x.

Comparison of the power-dependent and time-dependent series Raman modes to
those of the 210-250 °C thermally annealed films confirms that both laser crystallization
and thermal annealing yield the orthorhombic Sb2Ses phase. The thermally annealed
series exhibits the main modes of Sb2Ses: at 191 cm™ (Ag), the shoulder on the blue side
around 210 cm™! (Ag), and 153 cm™ (Bg).>? We also see a broad central 100 cm™ to 140

1

cm™ region which consists of several overlapping low intensity modes. Modes in this

52,53

region have tentative Bg symmetry assignments, and are not well resolved by 633 nm

excitation (as is observed also in single crystal Sb2Ses).”> We further note two sharp
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modes in the low frequency region at 53 cm™ and ~39 cm!. These low frequency modes
are not commonly captured due to filter cutoff limitations, but were reported recently for
the first time by Kumar et al.>*

Stoichiometry regulation is important to phase change devices, as large non-
stoichiometric tolerances in the amorphous phase can eventually contribute to
composition-related failure. A chalcogen-deficient material produces incomplete
crystallization whereas a chalcogen-excess material becomes phase separated; both lead
to inconsistent cycling and premature drifts in optical properties if atomic migration
processes or composition gradients form.

Importantly, we do not see scattering from secondary phases in our spectra after
crystallization, notably excess elemental Sb or Se which vibrate most intensely at 155 cm’
"'and 240 cm™! to 255 cm’!, respectively.” This suggests a near-stoichiometric starting
composition of the amorphous phase in our primary sample that is close to SbaSes,
possibly achieved due to warm conditions in the MBE chamber and our flux ratios which
regulated excess Se sticking. Although our Raman spectra suggest that we have
synthesized a near-stoichiometric amorphous phase, it is unlikely that quenched films are,
in general, near-stoichiometric. We briefly test the effect of deviating from this
composition towards the chalcogen-rich side on the outcomes of crystallization.

A 250 °C thermal anneal was performed on an intentionally selenium-rich film on
GaAs and on an additional SiO2 control substrate. AFM and SEM images comparing the
crystallized morphology are shown in Figure S7, alongside XRD measurements in
Figures S8-S10. We find that in-plane oriented growth of Sb2Ses still occurs on GaAs but

is punctuated by non-contacting grain boundaries likely due to segregation and then
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evaporation of excess Se.*” Interestingly, the [100] orientation becomes most favorable,
indicating that the amount of Se stabilizes different preferred orientations. The film
crystallized on SiO2 shows similar discontinuities in the film related to Se evaporation
but exhibits completely random orientations (verified by the GIXS pattern in Figure S8c)
due to the amorphous SiO: template. Raman measurements in Figure S9 confirm the
presence of excess Se in both films on GaAs and SiO2. Further work is needed to
correlate the Se content to interfacial energies and thus the resulting primary

orientation(s) in recrystallized films prepared on GaAs and other substrates.

B. Optical anisotropy

The mixed (hk0)-oriented crystallized regions in our primary sample exhibit in-
plane anisotropy in the form of birefringence. In-plane birefringence should arise even in
our non-single domain oriented films as the Sb2Ses orthorhombic crystal has three
distinct optical indices due to differences in bond polarizability. The covalently bonded
[001] direction that is the most polarizable, hence highest index, is aligned to GaAs
[110]. A combination of the [-k40] weaker vdW bonded directions, hence lower index,
lies perpendicular along the GaAs [-110] direction.

We demonstrate this optical anisotropy at 532 nm via normal incidence
reflectance measurements vs incident polarization angle. In Figure 4, the normalized
reflectance of the as-grown amorphous film is compared to the same film after 250 °C
thermal annealing and laser crystallization. The polarization angle of the laser is defined

with reference to the vertical in-plane direction of GaAs [-110] for consistency.
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Figure 4. Normalized reflected power (532 nm) versus polarization angle, 6, for the Sb-Se film in the
as-grown amorphous condition, after 250 °C annealing, and after 532 nm laser crystallization. In-plane
indices of crystalline Sb,Ses, n; [001] and n, [-khO], correspond to the needle axis and vdW directions,
respectively.

In Figure 4, the reflectance of the isotropic amorphous phase remains relatively
constant when rotating the beam polarization, whereas the reflectance of the annealed and
laser-crystallized film exhibits a two-fold pattern or 180° period. The beam polarization
is initially parallel to a combination of [-khO] directions in Sb2Ses. The reflectance
increases as the incident polarization becomes parallel to the [001] direction or needle
axis at 90°. An angular dependence in the reflectance indicates that an isotropic-to-
anisotropic optical response is concurrent with the amorphous-to-epitaxial structural
transformation.

The relative change or modulation in reflectance of crystallized Sb2Ses at 532 nm
are approximately 11% and 14% for the annealed and laser-crystallized case,
respectively. The magnitude of modulation between the two in-plane crystal axes for the

laser-crystallized film (14%) is close to a predicted estimate of 15% derived from the
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Fresnel equations (refer to calculations in supplementary material, Section E). The lower
reflectance modulation observed in the thermally annealed film (11%) may be attributed
to the randomly oriented grains distributed throughout the crystallized volume. We
identified previously in Figure 1 that the thermally annealed films contain a minority
fraction of randomly oriented Sba2Ses grains, although far from a negligible quantity.

We next subject the samples to polarized optical microscopy (POM) to assess the
spatial extent of birefringent domains within the complex microstructure in Figure 5. The
GaAs [110] direction was manually aligned to the horizontal, which subsequently aligns
the two in-plane refractive indices of SbaSes to the perpendicular 0° and 90° positions in
the microscope frame of reference. With the polarizer and analyzer crossed at the 0°/90°
positions, we present the (brightness-contrast adjusted) green channel images of the white
light reflection upon sample rotation.

Briefly, strong birefringence, dichroism, or both in anisotropic crystals can result
in 90°-periodic bright POM images. The dimmest intensities are observed when the
crystal orientation meets special extinction conditions where the incident polarization
falls parallel to a principal index direction (at 0° and 90° for orthorhombic crystal axes);
the reflected beam maintains the same polarization state and is therefore blocked by the
analyzer. Cross-polarized (CP) imaging is exceptionally sensitive to optical anisotropy, as
intensity may only be projected onto the analyzer if the sample induces elliptical
polarization, through reflection amplitude or phase differences between the orthogonally
polarized reflected beams. The projected intensity becomes brightest near diagonal

rotation angles of 45° or 135°.%!
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Figure 5. Polarized optical imaging (POM) of 250 °C thermally annealed and laser-crystallized films to
reveal in-plane optical anisotropy. (a) POM of 250 °C annealed Sb-Se film at rotation angles of 0°, 45°,
90°, and 135°. The aligned Sb,Se; majority fraction has two in-plane indices, n; [001] and n, [-khO],
which correspond to the needle axis and vdW directions, respectively. (b) Unpolarized optical image of
laser-crystallized pattern under conditions of 0.05-0.6 mW and dwell times of 5-30 s, including an atomic
force microscopy scan of a fully crystallized domain. (¢) POM of the laser-patterned film in (b) at several
rotation angles. In-plane indices of Sb,Ses, n; [001] and n, [-khO], correspond to the needle axis and vdW
directions, respectively.

In Figure 5a, the thermally annealed sample is shown to be mostly dark at 0° and

90°, reflecting the majority fraction of grains which have distinct optical indices parallel
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to the 0°/90° positions. The 0° and 90° images are flecked with several bright grains,
which are misaligned grains and consistent with our observations of randomly oriented
grains present in the film. Upon rotation to intermediate angles of 45° and 135°, the
overall intensity brightens, highlighting a mottled microstructural contrast. The brighter
regions correspond to the aligned (#k0)-oriented grains within the film and likewise, the
darker patches arise from the misoriented grains.

We have additionally laser-crystallized patches of the pristine amorphous film
using various dwell times and power densities to embed a square-based pattern. As
shown in Figure 5b under unpolarized imaging, the brighter crystalline regions appear
distinctly against the darker background of the amorphous film due to different optical
constants. AFM confirms that the entirety of the bright region is comprised of aligned
grains. All anisotropic crystalline domains are then easily distinguished from the isotropic
amorphous matrix by rotating the sample in Figure 5¢c — only the intensity of the
crystalline area increases, whereas the amorphous (isotropic) background remains dark.
Unlike the thermally crystallized film, the laser-crystallized regions do not contain
various randomly oriented grains, and thus the optical contrast is observed to be quite
uniform at 45°/135°.

In the thermally annealed film, the randomly oriented aligned grains occupy a
volume fraction of roughly 30%, sufficient to reduce the maximum reflectance
modulation from 14% to 11% (previously noted in Figure 4). Additional impacts to
device performance, such as the grain boundary scattering losses generated by this

bimodal grain population, could be investigated in future work.
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Overall, the POM images indeed demonstrate periodic extinction (a signature of
anisotropic crystals) but the contrast at 45° is dim. This falls under our expectations for
crystalline Sb2Ses, where the combined effects of strong birefringence and dichroism in
the visible wavelengths govern the resulting image intensities. At a wavelength of 532
nm, for example, we estimate a miniscule (close to zero) phase difference is accumulated
between the two reflected orthogonal beams polarized along GaAs [110] and [-110], such
that the reflected light is nearly linearly-polarized (supplementary material, Section E).
The different reflection amplitudes are then largely responsible for generating the
observed intensity through the analyzer. At an incident polarization of 45°, the different
reflection amplitudes rotate the reflected light by only ~2°. The situation here is an
extremely narrow polarization ellipse exhibiting slight overlap with the analyzer.
Nevertheless, this still generates sufficient signal under CP to spatially distinguish

anisotropic from isotropic domains in our films.

C. Interpretation of substrate effects

We have shown that the GaAs template orders the crystallization of Sb2Ses films
yielding in-plane anisotropy, although not yielding a single crystal domain. We now
discuss why the grains preferentially align their [001] or needle axis to GaAs [110]. VdW
materials typically facet along the layered direction to minimize interfacial energy,
resulting in covalently bonded layers parallel to the substrate. It is plausible that layered
quasi-1D materials like Sb2Ses exhibit similar tendencies. If surface energies of several

62

planes perpendicular to the covalent 1D axis are comparable,’” multiple orientations

could be low energy accessible while still maintaining the covalent axis in-plane. Laser
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and thermal crystallization of isostructural stibnite (Sb2S3) on glass also demonstrated
preference of the [001] axis to lie in-plane, but the crystals were not constrained to a
particular in-plane direction.%3-64

Alternate mechanisms beyond surface energy minimization have been proposed
to drive in-plane [001] growth of Sb2Ss in glass, including potential sensitivity of the
[001] direction to laser polarization or asymmetric thermal profile of the beam.®® In our
work, Sb2Ses remains aligned to GaAs under stationary beam conditions and is not
affected by beam polarization, implying that an anisotropic templating influence must be
central to setting the [001] direction. We first examine the lattice mismatch between
orthorhombic Sb2Ses (a= 11.63 A, b= 11.78 A, c= 3.98 A) and GaAs (a= 5.65 A).
Tensile mismatches of 3% and 1.8% exist between the a- and b-directions to GaAs [110],
respectively, using a dsbse : 3dGaas(110) ratio. The c-direction exhibits a smaller and more
favorable 0.5% mismatch to GaAs [110], using dsbse(001) : dcaas(110). However, it was
demonstrated that as-grown crystalline Sb2Ses films also grew with the needle axis along
the [110] direction of other cubic templates, such as PbSe (a = 6.12 A) with a much more
severe mismatch of 8%.%° As the lattice mismatch criterion is substantially relaxed for
vdW materials,® this points to other interface characteristics not entirely encapsulated by
lattice mismatch, such as anisotropic surface diffusion, that might encourage preferential
growth of Sb2Ses along the [110] cubic diagonal.

We know from homo-SPE studies on Si that the interface structure has
appreciable influence on the reordering of the first several atomic layers.°® We have no
evidence that the initial (2x1) GaAs selenium-stabilized surface reconstruction persists

under the amorphous film to template the crystallization; the reconstruction may be
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buried, of an altered symmetry, or otherwise ill defined. We assume simply and refer to
the anisotropic structure of the unreconstructed (001) zincblende surface. Substrate
effects extending several layers deeper than the uppermost surface layer can affect the
film. In zincblende crystals, the second layer of atoms beneath the surface layer exhibits a
non-equivalent atomic arrangement between [110] and the orthogonal [-110]

67,68

direction, perhaps allowing the substrate to bias in-plane diffusion and crystallization

of SbaSes.

IV.SUMMARY AND CONCLUSIONS

We have demonstrated that the Sb2Ses recrystallization orientation is preferential on
a GaAs(001) template, yielding anisotropic orthorhombic grains in- and out-of-plane.
Crystallization was achieved using facile heating methods of thermal annealing and the
action of a 633 nm and 532 nm laser. Above a 230 °C annealing temperature, there is a
partial fraction of Sb2Ses grains with the [001] needle axis aligned to GaAs [110] and
mixed (#k0) orientations out-of-plane. Laser-crystallized domains share the same
structure. Furthermore, laser-crystallized domains show a complete fraction of aligned
grains, suggesting further optimization of different heating methods and related
parameters can achieve uniformly patterned anisotropic SbaSes crystals potentially with a
variety of microheater, electron, or ion beam mechanisms.
We confirm that a technologically a technologically useful and rare property of in-
plane birefringence is realized in crystallized Sb2Ses films. The crystallographic
alignment implies that out-of-plane birefringence must be necessarily present, consistent

with the orthorhombic symmetry of Sb2Ses. This distinguishes biaxial orthorhombic thin
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films from uniaxial tetragonal or hexagonal films, which commonly exhibit out-of-plane
anisotropy in the c-axis orientation, but remain isotropic within the basal or substrate
plane.

The role of solid-phase epitaxy as a pathway between an amorphous (isotropic) to
epitaxial (anisotropic) state opens further investigation, particularly in the context of
cycling optical phase change devices. Studies on the reversibility of this transition and the
feasibility of achieving single crystals via SPE would benefit applications that harness
directionality or birefringence in the crystalline phase, integrating native and tunable

polarization-sensitive interactions into conventional thin films.

SUPPLEMENTARY MATERIAL

The supplementary material contains: AFM, SEM, and Raman spectroscopy of thermally
annealed films; AFM of additional laser-crystallized spot; GIXS analysis of thermally
annealed and laser-crystallized film; AFM, SEM, XRD/GIXS, and Raman spectroscopy
comparison of selenium-excess films on GaAs and S10: substrates; reflectance estimation

calculations.
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A. Thermal Annealing of Primary Sb-Se Film

The AFM image in Figure S1 shows an anneal at 270 °C results in a partial fraction of Sb>Se;
grains aligned to the GaAs [110] direction. SEM images in Figure S2 show the grain structure at
different thermal anneal temperatures, in good agreement with the AFM scans for 210 — 250 °C in
Figure 1 of the main text. At the lowest temperature of 210 °C, little contrast is observed indicating
smooth grains. The grain structure becomes more defined approaching the higher temperatures of
230 °C, 250 °C, and 270 °C, where two distinct grain populations are observed. The first
population exhibits a polygonal shape and the second exhibits a slightly elongated shape along
GaAs [110]. At the highest anneal temperature of 300 °C, we observe significant surface diffusion
and material evaporation that leads to large crystals (some are potentially oxides, see Raman
spectra in Figure S3) and a non-continuous film.

Figure S1. AFM image (4x4 pm?) of primary Sb-Se film annealed at 270 °C for 120 s. GaAs substrate directions
are drawn for reference.

Figure S2. High-energy backscattered electron SEM micrographs of Sb-Se films separately annealed at temperatures of (a) 210
°C, (b) 230 °C, (c) 250 °C, (d) 270 °C, and (e) 300 °C, all for 120 s. Substrate directions are drawn for reference.



Seen in Figure S3, peaks assigned to secondary phases of tetragonal SeOx (t-Se0.)."*? cubic
and orthorhombic Sb,O3 (c-Sb.03 and 0-Sb203),* are present in the Raman spectra for films
annealed at 270 °C and 300 °C. We examined multiple regions across the film and found that these
secondary phases are not homogeneously distributed throughout the entire film.
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Figure S3. Raman spectra of primary Sb-Se film annealed at 270 °C and 300 °C for 120 s. The main peaks of
orthorhombic Sb,Se; are marked in black and secondary oxide phases in gray.



B. Testing Effects of Laser Polarization on Crystallized Morphology

We note in main text Figure 1(f)-(j), the polarization of the 633 nm laser was vertical in the sample
plane, whereas in Figure 1(k), the laser polarization was horizontal with respect to the sample.
These laser-crystallized spots are taken from a subset of 25 isolated spots where the
vertical/horizontal polarization, dwell time (1 s to 30 min), and power (0.05-1 mW or 2-200
kW/cm?) were varied. SbaSe; grains aligned to GaAs [110] were observed in all 25 spots.

Oriented grains are also observed using a 532 nm CW laser of unpolarized light in the
sample plane across 10 additional isolated spots. We provide characterization of a ~100 pum
diameter crystalline spot using conditions of ~0.5 kW/cm? and 120 s dwell time. Figure S4 shows
representative AFM images taken from three areas of the 532 nm laser-crystallized domain.
Following irradiation, aligned Sb,Ses grains along the GaAs [110] direction are seen throughout
the center area in Figure S4(b), near the region outer diameter in Figure S4(c), and on the
edge/perimeter of the spot in Figure S4(d). Note the scan size is 10x10 um? in Fig. S4(b) vs. 5X5
um? in Figs. S4(c)-(d). On average, the grains are ~500 nm to 1 um in length.

(@ (b)
532 nm, 120 sec i

/C, outer

o e
T d, edge
b, center

()

Figure S4. (a) OM image of 532 nm laser-crystallized region. (b)-(d) AFM scans showing laser-crystallized Sb2Ses
microstructure at the (b) center region, (c) near the outer edge, and (d) on the edge. GaAs substrate directions are drawn for
reference.



C. Grazing-Incidence X-ray Scattering Analysis for Primary Sb-Se Film

Here we discuss some additional features of the grazing-incidence X-ray scattering (GIXS)
diffraction patterns in main text Figure 2(d)-(e) for the primary film which has been thermally
annealed and laser-crystallized.

The diffraction rings that appear in Figure 2(d) have been indexed in Figure S5 and belong
to the orthorhombic Pbnm Sb>Se; phase. One-dimensional 20 scans were obtained by integrating
scattered intensity along the detector’s y-axis within a 2D reciprocal space region excluding
diffraction spots from the highly textured part of the film as well as strong substrate reflections.
Because the Bragg peak positions in GIXS geometry are highly sensitive to sample height
alignment, we implemented a correction procedure to account for systematic shifts in 26. The
correction was based on three of the strongest SbaSe; reflections, namely (120), (230), and (240),
which were chosen for their high intensity and wide separation in 26. Experimental peak positions
were compared against the strain-free bulk values reported in the Powder Diffraction File JCPDS
00-015-0861, assuming that the randomly oriented polycrystalline grains in thin films were
unstrained and should therefore diffract at their expected positions. The observed offsets were
applied across the full diffraction pattern. This approach was necessary since even small variations
in sample height alignment (from manual positioning or height drift) could otherwise introduce
apparent shifts in 260, leading to inconsistent indexing of closely spaced reflections of the
orthorhombic SbaSe; lattice. Broad peaks that exhibit insufficient signal-to-noise level or are
overlapping including shoulder features were indexed with multiple possible (4kl).

For both main text Figures 2(d) and 2(e), we find that the diffraction patterns along GaAs
[110] exhibit several higher order reflections whereas the DP along GaAs [110] do not show peaks
in the center of the frame. This effect arises from a combination of the Ewald sphere finite
curvature, anisotropic broadening of the Bragg diffraction reflections due to crystal misorientation,
and imaging along different directions of the Sb2Se; crystal lattice.

In grazing-incidence geometry, single crystals or highly oriented monocrystalline thin films
may not produce higher-order symmetrical reflections, as these do not intersect the Cu Ka Ewald
sphere. However, if the crystalline grains in a thin film exhibit finite misorientation, the reciprocal
lattice points broaden into arcs. These arcs can intersect the Ewald sphere, thereby giving rise to
higher-order diffraction in grazing-incidence geometry. The presence of a particular symmetrical
reflection when imaged along one direction, and the absence of the same reflection when imaged
along another direction, therefore indicates an anisotropic mosaicity to the SboSes grains.
Specifically, grain misorientation is greater along the GaAs [110] direction than the [110]
direction, as illustrated in Figure S6(a)-(b). We have shown that the grains exhibit mixed (/#40)
orientations out-of-plane but are oriented in-plane via the relationship SbaSes; [001] || GaAs [110].
Thus, we see greater misorientation for the (4k0) planes lying perpendicular to the [001] or
covalently-bonded c-axis, which may reflect the weak van der Waals bonding along the a, b
directions of the unit cell.



The (hk0)-oriented grains in the film further contribute to the appearance of multiple
higher-order diffraction spots. The third direction lying in-plane along GaAs [110] must be a
combination of different SbaSes [uvw] = [kh0] directions. When the incident wavevector is along
GaAs [110], these grains form a collective reciprocal lattice with a higher number of RL points
intersecting the Ewald sphere.
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Figure S5. 20 pattern for diffraction rings in primary Sb-Se film on GaAs after 250 °C anneal, integrated from the GIXS
pattern in main text Figure 2(d). The asterisk indicates an artifact peak which does not arise from the film but from a bright
isolated pixel on the camera.
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Figure S6. Schematic diagram of the grazing incidence X-ray scattering geometry (incidence angle, a, of 5°) interacting with
the reciprocal lattice of a sample exhibiting preferential orientation and anisotropic mosaicity. The incident wavevector ko is
parallel to the (a) [110] direction and (b) [110] direction of the cubic substrate. The grain misorientation Aw is shown to be
larger in (b). On the left, the substrate directions and SbaSes lattice directions (denoted in gray and red, respectively) are drawn
to make the crystallographic relationships explicit.



D. Crystallization of Se-rich Films on GaAs vs. SiO2/Si Substrates

Two additional amorphous Sb-Se films with intentionally increased Se content were grown on the
same GaAs substrate and a Si0»/Si substrate for comparison. To enter a higher Se sticking regime,
we prepared films with the substrate cooled down further to thermocouple temperatures of 10-15
°C. (Thermocouple readings colder than room temperature are possible because of the liquid
nitrogen cooled shroud surrounding the MBE chamber.) The BEPs, as well as Sb and Se open
shutter duration, were kept the same as the primary film. The Se-rich films were thicker at
approximately 200 nm, indicating the deposition rate was increased more than ~2X at the lower
temperature due to greater incorporation of the incident flux, particularly Se.

AFM and SEM characterization for Se-rich recrystallized films after a 250 °C (120 s)
thermal anneal are shown in Figure S7. Both films suffer from non-contacting grain boundaries,
we suspect primarily due to rapid lateral diffusion of excess Se and subsequent evaporation of
volatile Se. The crystalline film on the SiO2/Si substrate shows smooth Sb,Se; grains with a
sinuous grain shape. This is in contrast to the film on GaAs, which has partly crystallized into high
aspect ratio grains, some fraction of them aligned parallel to GaAs [110]. These grains are ~1 um
in length.

In Figure S8, we present XRD structural data for the two films. Since SiO; is amorphous,
the Si02/Si control template cannot provide a seed for oriented growth of SbzSes. The out-of-plane
symmetrical scan in Figure S8(a) indeed shows weak peaks arising from the film on Si0,/Si,
whereas for GaAs, the SbaSe; (100) orientation is most intense with some minor fractions of other
mixed (4k0) reflections. Grazing incidence scattering measurements in Figures S8(b)-(c) confirm
the crystallinity of both films, and reveal a two-fold structural symmetry for crystallization on
GaAs in contrast to the randomly oriented polycrystalline (isotropic) film observed on SiO2/Si. We
find that the GIXS pattern on GaAs exhibits a combination of polycrystalline rings and textured
spots, while the pattern on Si0,/Si shows Debye rings only. As shown in Figure S8(b), two to three
Bragg diffraction spots of the Sb2Ses film crystallized on GaAs have been indexed for the two DPs
along GaAs [110] and [110]. The Debye rings for both films are separately indexed in Figures
S9-S10 using one-dimensional 20 scans integrated from the respective 2D GIXS patterns. (The
procedure is identical to that described in SI, Section C.)

The initial presence of Se is confirmed in Figure S11 through Raman spectroscopy. Raman
spectra of the as-grown and 250 °C annealed film are shown. In the as-grown spectra, we observe
a strong signal at 251 cm’!, which is characteristic of amorphous-Se (a-Se).* A weaker intensity
peak at the same wavenumber appears after annealing, becoming undetectable for the film
crystallized on SiO»/Si. This supports that Se may have evaporated from the film during the
annealing process. It is most common to see the 251 cm™ mode also attributed to crystalline
monoclinic-Se (m-Se),* although we acknowledge this assignment is not definitive. There lacks a
consensus on the various unstable and complex ring vs. chain structures adopted by elemental Se.’
Due to the extreme photosensitivity of Se, it is also possible that the 251 cm™ peak in the as-grown



spectra partially arises from m-Se since some slight color change was observed at the laser focus
position on the sample. The rest of the vibrational modes appearing after an anneal belong to
orthorhombic SbxSes and have been previously identified in Figure 3 of the main text.

250°C
anneal

250°C
anneal

Figure S7. Morphology characterization of Se-rich Sb-Se films following a 250 °C thermal anneal. (a)-(b) AFM and
secondary electron SEM images of thermally crystallized Sb-Se on GaAs. (c)-(d) SEM and AFM of thermally crystallized
Sb-Se on SiO2/Si. The layer structure and in-plane substrate directions are drawn for reference.
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Figure S8. (a) Symmetrical out-of-plane XRD scans of Se-rich Sb-Se films on SiO2/Si and GaAs substrates, thermally
annealed at 250 °C for 120 s. Substrate peaks and related spectral reflections are denoted with an asterisk for GaAs, and
a closed circle for Si. (b)-(c) GIXS patterns of Se-rich films collected along the cubic in-plane [110] and [110] azimuths
of (b) GaAs substrate and (c) SiO2/Si substrate. The substrate reflections and Kikuchi lines (K.L.) are indicated with
white circles and arrows, respectively, and the Sb2Ses (%k7) reflections are indexed in blue.
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Figure S9. 20 scan of the Se-rich Sb-Se film on GaAs after annealing at 250 °C (120 s), integrated from the GIXS pattern
in Fig. S8(b).
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Figure S10. 26 scan of Se-rich Sb-Se film on SiO2/Si after thermal annealing at 250 °C (120 s), integrated from the GIXS
pattern in Fig. S8(c). The asterisk indicates a secondary phase, which has been identified as a possible cubic-Sb203 (111)
reflection.

x10?
24 ]
- GaAs(001)
] Si0,/Si(001) A 250°C 1
20+ 9 anneal -
1B J
=Bt Ay p 25T cm’
216+ ‘/\\/+ Aq m-Se ]
= »‘../HM‘ M\M
314
2124 ]
% 10 as-grown |
= 84 a-Se/m-Se |
- i
6-*‘*/’*‘\\)/ i
4 i
24 ]
04—

50 100 150 200 250 300
Raman Shift (cm™)

Figure S11. Raman spectra collected for Se-rich Sb-Se films in the as-grown condition and after annealing at 250 °C for
120 s. The peaks for amorphous-Se (a-Se) and monoclinic-Se (m-Se) have been highlighted.
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E. Estimating Reflection in Crystallized Sb2Se3 Films

71 = complex refractive index

n = refractive index (real part)

k = absorption coefficient (imaginary part)
A = wavelength

d = film thickness

A

reflection coefficient

Standard polarized reflection

The interaction of 532 nm light on the film and substrate layer structure is illustrated in Figure
S12. The refractive indices of SboSes and GaAs are tabulated in Table S1. We used refractive
indices reported in prior work on (/k0)-oriented Sb>Ses films.®

SbaSes is not transparent to the visible wavelengths. In Table S2, we calculate the absorbed
fraction of 532 nm by the crystalline film for a thickness, d, of 85 nm. (This thickness was
estimated based on the ~90 nm thickness of the amorphous film and AFM height measurements
near the crystalline-amorphous boundary in the laser-crystallized regions.) We find that the
absorbed fraction is near 1 for linear polarization aligned to either in-plane axis of SbzSes. Since
negligible intensity is transmitted to the film-substrate interface, the film may be effectively treated
as a semi-infinite medium and back reflection can be neglected.

(a) c (b)
A g Top view
©
S =
air 2 < GaAs, Ay,
n=1 o i T
= birefringent
AC b,S
Sb,Se, _g’ d 5| 4. Sh,Se;
birefringent o = A | Nab
2 n
<
GaAs 3 —p—
n=4.13,k=0.30 O >

0, Ga 0
// >

Figure S12. (a) Layer structure of Sb,Ses of thickness d on a GaAs substrate. A linearly polarized 532 nm light
incident on this structure can undergo two reflections, one at the film-substrate interface (back reflection) and
another at the air-film interface (front reflection). (b) Top view of the Sb,Se; film on GaAs, with the refractive
indices labeled with respect to substrate crystallographic directions. The a*b notation represents a combination
of van der Waals directions in Sb,Ses.
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Table S1. Refractive indices for crystalline SboSes and GaAs at 532 nm.

Wavelength (nm) Material Reft. Index Source
532 SbaSes ne+ ike Xiao et al., [6]
54443271
Ha*b + Ukarp
4.67+2.161
GaAs 4.13+0.301i G.E. Jellison Jr., [7]

Table S2. Calculations of the absorbed fraction of 532 nm light by Sb,Ses for the two in-plane polarizations, using a

thickness, d, of 85 nm.

Wavelength Polarization relative to SbaSe; Absorbed Fraction
(nm) A=1—exp<—#-d>
532 Ellc 1.0

Ell (a*b) 0.99

The primary reflection therefore occurs only at the upper air-film interface. The reflectance is
calculated at normal incidence for polarization aligned to the in-plane GaAs [110] vs. [110]
directions, and the resulting maximum reflectance modulation:

2

~ ﬁ'air - ﬁ'c, ilm
Rizo = If10l? = |7—L =058
110 110 +
Nair nc,film
fl fl 2
- air — "taxb,film
Rizo = |F10)? = |22 — g 49
110 110 +
Nair na*b,film

~ |AR| ~ 0.15

Cross-polarized reflection

For white light cross-polarized microscopy, we calculate the polarization ellipse parameters of the
reflected beam at an example wavelength of 532 nm. The parameters relevant to our discussion
are illustrated in Figure S13a. First, the absolute phase difference, ||, generated upon reflection
at the upper air-film interface between the waves polarized along the GaAs [110] and [110]
direction is found to be very small (see calculations below). Therefore, the resulting wave is
weakly elliptically polarized. We also calculate the ellipse orientation angle, 1. When the incident
polarization is 45° relative to the sample, the ellipse is rotated by 2° towards the GaAs [110] axis.
The polarization ellipse is illustrated in Figure S13b.
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Figure S13. (a) Illustration of phase difference § between two perpendicularly polarized waves and a
polarization ellipse at orientation angle ). (b) Illustration of the incident light and after reflection by the in-
plane anisotropic sample, when the sample is rotated to 45°.

18] = larg(f110) — arg(F110)|
<ﬁair - ﬁc,film) <ﬁair - ﬁ'a*b,film>‘
arg\ ———=— | —arg| = =
Ngir + nc,film Ngir + na*b,film

= 0.003rad = 0.2°

an(ay) = 22obor oo ZPuofro o 2ol o s
Ex — Eoy Eto — By [F1101% = [F110/?

= 1 = 42.6° or ~2° from the reference 45° position
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