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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 Sb2Se3 

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 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.  

 

Figure S1. AFM image (4×4 µm2) of primary Sb-Se film annealed at 270 °C for 120 s. GaAs substrate directions 

are drawn for reference.  
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Seen in Figure S3, peaks assigned to secondary phases of tetragonal SeO2 (t-SeO2),
1,2 cubic 

and orthorhombic Sb2O3 (c-Sb2O3 and o-Sb2O3),
3 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.  

 

 

  

 

Figure S3. Raman spectra of primary Sb-Se film annealed at 270 °C and 300 °C for 120 s. The main peaks of 

orthorhombic Sb2Se3 are marked in black and secondary oxide phases in gray.   
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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/cm2) were varied. Sb2Se3 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 μm 

diameter crystalline spot using conditions of ~0.5 kW/cm2 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 Sb2Se3 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 10×10 μm2 in Fig. S4(b) vs. 5×5 

μm2 in Figs. S4(c)-(d). On average, the grains are ~500 nm to 1 μm in length.  

 

  

 

Figure S4. (a) OM image of 532 nm laser-crystallized region. (b)-(d) AFM scans showing laser-crystallized Sb2Se3 

microstructure at the (b) center region, (c) near the outer edge, and (d) on the edge. GaAs substrate directions are drawn for 

reference.  
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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 Sb2Se3 phase. One-dimensional 2θ scans were obtained by integrating 

scattered intensity along the detector’s χ-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 2θ. The 

correction was based on three of the strongest Sb2Se3 reflections, namely (120), (230), and (240), 

which were chosen for their high intensity and wide separation in 2θ. 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 2θ, leading to inconsistent indexing of closely spaced reflections of the 

orthorhombic Sb2Se3 lattice. Broad peaks that exhibit insufficient signal-to-noise level or are 

overlapping including shoulder features were indexed with multiple possible (hkl).  

For both main text Figures 2(d) and 2(e), we find that the diffraction patterns along GaAs 

[1�10] 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 Sb2Se3 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 Kα 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 Sb2Se3 grains. 

Specifically, grain misorientation is greater along the GaAs [1�10] direction than the [110] 

direction, as illustrated in Figure S6(a)-(b). We have shown that the grains exhibit mixed (hk0) 

orientations out-of-plane but are oriented in-plane via the relationship Sb2Se3 [001] || GaAs [110]. 

Thus, we see greater misorientation for the (hk0) 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.  
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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 [1�10] must be a 

combination of different Sb2Se3 [uvw] = [ �݇ℎ0] directions. When the incident wavevector is along 

GaAs [1�10], these grains form a collective reciprocal lattice with a higher number of RL points 

intersecting the Ewald sphere.  

 

 

Figure S6. Schematic diagram of the grazing incidence X-ray scattering geometry (incidence angle, α, of 5°) interacting with 

the reciprocal lattice of a sample exhibiting preferential orientation and anisotropic mosaicity. The incident wavevector k0 is 

parallel to the (a) [110] direction and (b) [1�10] direction of the cubic substrate. The grain misorientation Δω is shown to be 

larger in (b). On the left, the substrate directions and Sb2Se3 lattice directions (denoted in gray and red, respectively) are drawn 

to make the crystallographic relationships explicit.  

 

Figure S5. 2θ 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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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 SiO2/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 ~2× 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 Sb2Se3 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 μm 

in length.   

In Figure S8, we present XRD structural data for the two films. Since SiO2 is amorphous, 

the SiO2/Si control template cannot provide a seed for oriented growth of Sb2Se3. The out-of-plane 

symmetrical scan in Figure S8(a) indeed shows weak peaks arising from the film on SiO2/Si, 

whereas for GaAs, the Sb2Se3 (100) orientation is most intense with some minor fractions of other 

mixed (hk0) 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 SiO2/Si shows Debye rings only. As shown in Figure S8(b), two to three 

Bragg diffraction spots of the Sb2Se3 film crystallized on GaAs have been indexed for the two DPs 

along GaAs [110] and [1�10]. The Debye rings for both films are separately indexed in Figures 

S9-S10 using one-dimensional 2θ 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-1, which is characteristic of amorphous-Se (a-Se).4 A weaker intensity 

peak at the same wavenumber appears after annealing, becoming undetectable for the film 

crystallized on SiO2/Si. This supports that Se may have evaporated from the film during the 

annealing process. It is most common to see the 251 cm-1 mode also attributed to crystalline 

monoclinic-Se (m-Se),4 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.5 

Due to the extreme photosensitivity of Se, it is also possible that the 251 cm-1 peak in the as-grown 
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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 Sb2Se3 and have been previously identified in Figure 3 of the main text.  

 

 

 

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 [1�10] 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 Sb2Se3 (hkl) reflections are indexed in blue.  

 

 

Figure S9. 2θ 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 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.  

 

 

Figure S10. 2θ 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-Sb2O3 (111) 

reflection.    
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E. Estimating Reflection in Crystallized Sb2Se3 Films �݊ = complex refractive index  ݊ = refractive index (real part)  ݇ = absorption coefficient (imaginary part)  ߣ = wavelength  ݀ = film thickness ̃ݎ = 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 Sb2Se3 and GaAs are tabulated in Table S1. We used refractive 

indices reported in prior work on (hk0)-oriented Sb2Se3 films.6 

Sb2Se3 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 Sb2Se3. 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.   

  

 

Figure S12. (a) Layer structure of Sb2Se3 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 Sb2Se3 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 Sb2Se3.  
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Table S1. Refractive indices for crystalline Sb2Se3 and GaAs at 532 nm.  

Wavelength (nm) Material Refr. Index Source  

532 

 

Sb2Se3 nc + ݅kc   

5.44 + 3.27 ݅ 
 

na*b + ݅ka*b 

4.67 + 2.16 ݅ 
Xiao et al., [6] 

GaAs 4.13 + 0.30 ݅ G.E. Jellison Jr., [7] 
 

Table S2. Calculations of the absorbed fraction of 532 nm light by Sb2Se3 for the two in-plane polarizations, using a 

thickness, d, of 85 nm.  

Wavelength  

(nm) 

Polarization relative to Sb2Se3 Absorbed Fraction ܣ = 1 − exp �− ߣ𝜋𝜋ߨ4 ⋅ ݀� 

532 

 
⃗�ܧ ∥ ⃗�ܧ 1.0 ܿ ∥ (ܽ ∗ ܾ) 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. [1�10] 

directions, and the resulting maximum reflectance modulation:  

ܴ110 = 2|110ݎ̃| = � �݊௔௜௥ − �݊௖,௙𝑓𝑓௟௠�݊௔௜௥ + �݊௖,௙𝑓𝑓௟௠�2 = 0.58 

ܴ1�10 = 2|10�1ݎ̃| = � �݊௔௜௥ − �݊௔∗௕,௙𝑓𝑓௟௠�݊௔௜௥ + �݊௔∗௕,௙𝑓𝑓௟௠�2 = 0.49 

∴ |Δܴ| ≈ 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, |δ|, generated upon reflection 

at the upper air-film interface between the waves polarized along the GaAs [110] and [1�10] 

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, ߰. 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.  



13 

 

 

|δ| = |arg(̃110ݎ)− arg(̃10�1ݎ)| 

= �arg� �݊௔௜௥ − �݊௖,௙𝑓𝑓௟௠�݊௔௜௥ + �݊௖,௙𝑓𝑓௟௠� − arg� �݊௔௜௥ − �݊௔∗௕,௙𝑓𝑓௟௠�݊௔௜௥ + �݊௔∗௕,௙𝑓𝑓௟௠�� 
= 0.003 rad = 0.2∘ 

 

tan(2ψ) =
0௫2ܧ0௫௬ܧ0௫ܧ2 − 0𝑦𝑦2ܧ cos δ =

1102ܧ10�1ܧ110ܧ2 − 102�1ܧ cos δ =
|110ݎ̃|)2 ⋅ (|10�1ݎ̃|

2|110ݎ̃| − 2|10�1ݎ̃| cos δ 

⇒ ߰ = 42.6∘ or ~2∘ from the reference 45∘ position 

 

 

 

 

  

 

Figure S13. (a) Illustration of phase difference ߜ 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°.  
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