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2D transition-metal dichalcogenides have attracted significant attention due to their unique properties,
which make them highly promising for a variety of applications ranging from quantum technologies, to
electronic and photonic applications. In this context, developing scalable methods for high-quality syn-
thesis is a major research priority, with chemical vapor deposition (CVD) emerging as the most promising
approach. In this work, we reveal the critical role of substrate preparation in the CVD growth of tungsten
disulfide (WS,) on sapphire by comparing the aluminum-rich (\/ﬁ X \/ﬁ)R + 9° reconstructed surface
with a conventionally prepared one. We find that on average the reconstructed sapphire surface provides
a significant 50% increase in crystal size and 125% increase in nucleation density. It also has a strong
impact on the photoluminescence (PL) of WS, crystals, leading to quenching at the center while the
edges exhibit intense red-shifted emission. Correlative Raman spectroscopy, atomic force microscopy
(AFM), and Kelvin probe force microscopy (KPFM) analyses reveal that PL quenching in the center is due
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to a strong coupling between the Al-rich reconstructed sapphire and the WS, crystals, while the edges
appear to be decoupled from the substrate, likely due to substrate degradation during the growth
process. These findings highlight the importance of substrate reconstruction for tuning the morphology
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Introduction

The quality of the growth substrate plays a critical role in the
synthesis of 2D materials. While materials like graphene' and
hexagonal boron nitride® are synthesized on metallic catalysts,
which facilitate their growth by promoting precursor decompo-
sition and crystalline alignment, transition metal dichalcogen-
ides (TMDs) are typically synthesized on insulating substrates,
such as SiO, or sapphire (a-Al,05).> Metallic substrates are in
most cases incompatible with the chemistries involved in the
synthesis of typical TMDs, which are sulfur or selenium based,
because of their chemical reactions with the chalcogen precur-
sors at high temperatures. An exception to this is gold, which
has been successfully used as a growth surface for MoS,,*”
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and optoelectronic properties of 2D materials.

WS, ¥ and WSe,."" However, this approach can be quite
expensive and difficult to scale up.

In this work, we use a simple hydrogen (H,) annealing
process to form an aluminum-rich (v/31 x v/31)R + 9° surface
reconstruction on a-Al,O3 (0001) sapphire to facilitate the syn-
thesis of WS,. In this reconstruction, oxygen atoms are
removed from the first few layers of the material, leaving an
excess of aluminum (Al) atoms on the surface.”>” This
surface, while not the same as bulk aluminum, has metallic
properties, which should be beneficial for the synthesis of 2D
materials. Previously, CVD growth of graphene on sapphire
after Hy-annealing has been reported by our group,'® and later
by others.'®° A few studies have reported TMD growths on H,-
treated sapphire surfaces,>>° however, they did not verify the
presence of (/31 x v/31)R + 9° reconstruction induced by H,
treatment, compare growth on reconstructed versus unrecon-
structed surfaces, nor provide detailed surface characteriz-
ation. In this work we reveal the effect that such an Al-rich
reconstructed surface has on WS, growth by investigating its
properties with different spectroscopic and microscopic tech-
niques and by performing a systematic comparison with WS,
obtained on classically prepared sapphire substrates.
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Results and discussion

WS, crystals were grown on sapphire substrates treated under
standard conditions, referred to in this work as standard sap-
phire, and on H,-annealed substrates, referred to as recon-
structed sapphire. As detailed in the Experimental section,
standard sapphire indicates substrates subjected to solvent
cleaning followed by high-temperature annealing in argon
(Ar). To enable a clear comparison of the effect of the different
growth substrates, WS, crystals were synthesized using tung-
sten trioxide (WO;) and sulfur powder as precursors, without
the use of any growth promoter. Full details of the growth con-
ditions can be found in the Experimental section. Low energy
electron diffraction (LEED) measurements were performed on
the H, annealed substrates to verify the presence of the Al-rich
reconstruction. While standard sapphire surfaces typically do
not produce a measurable LEED pattern due to their insulating
nature, Al-terminated surfaces can be characterized using
LEED. As shown in Fig. 1a, the Hy-annealed sapphire exhibits
a clear diffraction pattern corresponding to the
(v/31 x v/31)R + 9° reconstruction,'® confirming the Al ter-
mination of our growth substrate. Such reconstruction survives
air exposure as confirmed by our observations (the LEED
pattern in Fig. 1 was acquired after exposure to ambient con-
ditions) and by previous literature reports."®

a) LEED

O (V31xV31)R+9
re -hke(1X1)

63 eV

b) c)

Fig. 1 H,-annealing of sapphire. (a) Diffraction pattern of H,-annealed
sapphire measured by LEED at 63 eV, showing the (v31 x v31)R + 9°
surface reconstruction. (b) WS, crystals grown on H,-annealed sapphire.
(c) WS, grown on standard sapphire. The scale bars are 20 pm.
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When WS, is grown following the same process on recon-
structed and standard sapphire surfaces, there are clear differ-
ences in the results. A visual comparison of WS, growth on
these substrates is presented in Fig. 1b and c, showing that on
the reconstructed substrate the grown crystals are higher in
number and larger in size. A comparison of the average WS,
crystal size and density on these two surfaces calculated from
several growth batches is presented in Table 1. Representative
images of the samples used for these calculations are pre-
sented in SI Fig. S1. The crystals are, on average, 50% larger
and 125% denser on reconstructed sapphire than on standard
sapphire. In other words, Al-rich reconstruction -clearly
increases both the lateral size of the WS, crystals and the
nucleation density, which is an indication of the increased
catalytic activity of the Al-rich surface.

In order to study in depth the properties of the WS, crys-
tals, we performed photoluminescence (PL) spectroscopy
measurements. The PL intensity and position maps of a
typical WS, crystal grown on standard sapphire are presented
in Fig. 2a and b. The intensity is very consistent throughout
the entire flake, except for the slight decrease at the nucleation
point at the very center of the flake. The peak positions follow
the same trend as the intensity, with only clear variations
occurring at the nucleation point and at the very edges of the
crystal. These variations are evident in the two representative
spectra reported in Fig. 2c, where the spectrum from the
crystal edge exhibits a noticeably more prominent low-energy
tail compared to that from the center. The low-energy tail and
the slight red-shift of the PL peak can be explained by a higher
density of sulfur defects at the edges, which have been
observed before for TMD materials synthesized by CVD.>¢™>°
Fig. 2d and e show the same plots for a WS, crystal grown on
reconstructed sapphire. In particular, the intensity map shows
a drastic difference, with the PL significantly reduced at the
center and the highest PL intensity located at the very edges of
the crystal. High intensity edges are a consistent feature of the
crystals grown on reconstructed sapphire, which can also be
seen from the large-scale PL map in SI Fig. S2. In all measure-
ments reported in Fig. 2, the laser spot size is less than 1 pm
and the step size is 0.5 pm, indicating that the width of the
edge ribbon is in the range of 0.5-1 ym. The map in Fig. 2e
shows that at the edges there is also a redshift of the PL posi-

Table 1 Average crystal size and density values calculated from five
sample batches. The error in crystal sizes is the standard deviation and in
density it is calculated from pixel size calibration error

Standard sapphire Reconstructed sapphire

Crystal size Density Crystal size Density

(k) (1/mm?)  (um) (1/mm?)
Batch 1 14.3 +5.7 72 +2 23.8+£8.9 213 £5
Batch 2 8.0 2.3 45+1 22.0 £8.5 187 + 4
Batch 3 16.8 +7.4 107 +3 22.5+8.4 105+ 3
Batch 4 23.0 £10.0 51+1 27.4£11.6 72+ 2
Batch 5 12.4 +4.7 18+1 15.7+7.3 81+2
Average 14.9 £ 6.0 50+1 22.3£9.0 132 +3

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Different behavior of WS, crystals grown on standard and reconstructed sapphire. (a) PL intensity, (b) peak energy maps and (c) exemplary
spectra of WS, grown on standard sapphire. (d), (e) and (f) are the same for reconstructed sapphire, respectively. The intensity of the spectrum
shown in (f), collected from the center of the crystal, has been multiplied by a factor of 20 to enhance visibility. All scale bars are 5 pm.

tion. The representative spectra in Fig. 2f, taken from the
center and edge of the crystal, clearly show the drastic differ-
ence between the two. Furthermore, both intensity and peak
energy maps acquired on reconstructed sapphire evidence a dis-
tinct 3-fold symmetric PL inhomogeneity in the inner part of
the crystal, which is due to strain variations, as we demon-
strate later in the manuscript. The decreased overall PL inten-
sity and red-shift of the PL peak position of the crystals in the
reconstructed sapphire can be rationalized by the interplay
between substrate coupling and defectiveness. The strong elec-
tronic coupling at the crystal centers enables charge transfer to
the metallic Al-terminated surface, quenching the emission.
This restores radiative efficiency while defect-related trionic
and excitonic recombination produces a redshifted emission.
A similar correlation between interfacial decoupling and
enhanced PL was reported by Zhang et al.,*® who observed an
approximate 0.37 nm increase in WS,-sapphire separation at
the edges. Comparable edge-localized excitonic red shifts
linked to sulfur vacancies or trion formation were also
observed by Carozo et al.,”® Gu et al.,*" and Kastl et al.*®

A possible explanation for the different behavior between
the center and the edge of the crystals is differences in
strain®*7” and charge doping®®*™*° between these regions.
These changes can also be measured using Raman spec-
troscopy; therefore, cross-referencing PL data with Raman data
can give us a good idea of whether the differences are indeed
caused by strain and doping. PL and Raman spectroscopy data
measured from the same crystal and presented in SI Fig. S3,
indicate that there are correlations between the positions of

This journal is © The Royal Society of Chemistry 2026

the E' and A7 Raman peaks and the observed changes in the
PL spectra. There also appears to be a difference in the Raman
peak positions between the WS, crystals grown on the two sub-
strates, which is shown in SI Fig. S4. To study this matter
further, we measured Raman spectral maps from several
different crystals grown on reconstructed sapphire and extracted
the Raman peak position data separately from edge regions
where PL intensity is high and dim central regions. To
compare crystals grown on different substrates, we performed
the same analysis on crystals grown on standard sapphire by
separating the data from the 1 pm wide edge region and the
center. The results of this analysis are presented in the corre-
lation plots reported in Fig. 3. The data from WS, grown on
reconstructed sapphire in Fig. 3a shows that the central regions
of the crystals are strained and some of them slightly p-type
doped. At the edges, the stress is relaxed and the doping
decreased, some of the crystals even becoming slightly n-type
doped. With the flakes on a standard sapphire substrate in
Fig. 3b there is only a slight release of strain toward the edges
of the crystals, while doping does not change. However, in
Fig. 3a the differences among individual crystals are larger
than a shift within any crystal, and some of the edge regions
remain more strained than the central regions of other crys-
tals. Therefore, it is safe to say that, while strain and doping
might be contributing factors, differences in PL are not caused
by them.

The quenched PL intensity in the center and red-shifted
edge regions shown in Fig. 2 resembles the differences
between sulfur- and tungsten-deficient WS, regions, which

Nanoscale, 2026, 18, 281-290 | 283
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Fig. 3 A comparison of E' and A; Raman positions at the center and the
edge of the WS, flakes. (a) WS, grown on reconstructed sapphire and (b)
WS, grown on standard sapphire. Connecting lines between data point
in (@) indicate data from the same crystal. The horizontal dotted lines
with a slope of 0.55 indicate constant doping level and vertical dotted
lines with a slope of 6.16 constant strain. The point with neutral doping
and strain is (E') = 356.7 cm™* and w(Ai) = 418.5cm™! . The slopes and
the neutrality point are based on previous work by Lee et al.*®

have been described 41745

in numerous previous works.
However, we do not see the same Raman behavior reported in
these works, such as differences in the Raman peak intensities
between the two regions (SI Fig. S3). Additionally, in all of the
cases where W deficient regions are present, the crystals have
been grown in a particular way with sodium promoter under
W deficient conditions, which leads to hexagonal crystal
growth. If our results were to be explained by differences in the
concentrations of W and S defects, this would indicate a
sudden rush of W species to the growing crystals at the very
end of the growth process, forming only a thin sulfur-deficient
sliver. However, this is not feasible under the growth con-
ditions used here and is not seen with crystals grown on stan-
dard sapphire, which should be expected since the samples
were grown in the same batch and sitting next to each other.
To better understand the PL behavior observed at the WS,
crystal edges on reconstructed sapphire, we performed atomic

284 | Nanoscale, 2026, 18, 281-290
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force microscopy (AFM) and Kelvin probe force microscopy
(KPFM) measurements. KPFM measurements have previously
been used to assess the defectiveness of WS, crystals.>**® A
representative AFM scan of an edge region of WS, grown on
reconstructed sapphire is reported in Fig. 4a and shows that
there is no damage or impurities visible on this scale. On the
other hand, the surface potential image in Fig. 4b and the line
profile in Fig. 4c show a decreased surface potential value at
the very edge of the crystal. The potential gradually becomes
the same as in the WS, center within a distance of about 1 pm
from the crystal edge, which is a perfect match to the width of
the high-intensity edge in Fig. 2. The difference in surface
potential is approximately 400 mV. Interestingly, Wang et al.*®
measured a similar potential difference with the same type of
microscope setup from two WS, regions with different defect
densities. The spatial correlation of the decrease in surface
potential with the red-shift of the PL peak position gives
additional evidence that the red-shift is caused by defect-rich
domains, as mentioned above.

Examination of the high-resolution AFM images in Fig. 4d—f
reveals detailed structural characteristics at the edge of the
crystal. The profile plot in Fig. 4e shows that the WS, height is
about 700 pm, in agreement with what is reported in the litera-
ture. At the edge of the WS, crystal, in Fig. 4d, numerous nano-
scale holes are observed. Fig. 4f taken moving away (about
1 pm) from the very edge of the crystal shows that the density of
holes decreases, while small islands protruding above the base
level become more prevalent. Both the pits and the islands have
approximately the same 200 pm height difference compared to
their base levels, which corresponds to the height of a single O-
Al-O trilayer.*”*® Such pits and an overall increase in sapphire
roughness are distinctive both at the WS, edges and outside the
flakes, and appear only after the growth process (see SI Fig. S5).
In the inner part of the WS, flake even the island features disap-
pear, and the surface is much smoother compared to the edge.
It should be noted that such an uneven morphology is not
observed on standard sapphire and is therefore something dis-
tinctive of growths on reconstructed sapphire.

The measurements described above give a clear indication
that the reconstructed sapphire substrate has a strong effect on
the results. Therefore, next we studied the effect of the sub-
strate on the PL properties of the WS, crystals by doing PL
measurements on crystals transferred onto SiO,/Si substrates.
For details of the transfer process, see the Experimental
section. Fig. 5 presents a comparison of PL intensity maps
measured from the same crystal before and after transfer.
Before transfer in Fig. 5a, the crystal exhibits the same high
intensity edge luminescence described in Fig. 2. This is con-
trasted by the after transfer map in Fig. 5, which shows an
evenly high-intensity PL throughout the entire crystal. This
comparison provides the clearest possible evidence that the PL
behavior seen from the crystals on reconstructed sapphire is
not caused by differences in intrinsic properties within the
crystals, but by interaction with the substrate.

To further study the effect of the substrate on the PL pro-
perties of the WS, crystals, we performed hyperspectral PL

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 AFM and KPFM measurements of WS, on reconstructed sapphire. (a) Height image and (b) surface potential image from a WS, crystal edge.
(c) A line profile, which position is indicated by the white line in (b). (d) High resolution height image from the crystal edge and (e) line profile, taken
along the white line in (d). (f) High resolution height image measured moving towards the central region of the crystal. White regions in d and f and
black region in f are due to sapphire terrace edge step being larger (>2 nm) than color scale, which is meant to showcase the small (200 pm) holes
and protruding island features. Scale bars are 2 um for (a) and (b) and 200 nm for (d) and (f).
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Fig. 5 PL intensity maps of the same WS, crystal (a) before transfer
from Al-rich reconstructed sapphire surface and (b) after transfer onto
SiO,/Si surface. The scale bars are 5 pm.
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measurements of the crystals grown on reconstructed sapphire
and after transfer to the SiO,/Si surface, and performed stat-
istical analysis of the spectral data. The results of these
measurements are presented in Fig. 6. The crystal before trans-
fer in Fig. 6a exhibits much more variations in the peak posi-
tion of the neutral exciton compared to the transferred flake in
Fig. 6d. The threefold symmetric blue-shifted lines in Fig. 6a
and d going from the centers to the tips of the triangle crystals
are tungsten deficient lines that are mechanistically known to
appear when WS, is synthesized with CVD.>**' This can also
be seen when comparing histograms derived from the maps in
Fig. 6b and e, where the distribution is very broad before trans-
fer and decreases significantly after transfer, as can be seen
from the standard deviation values. This is a further indication
that the main PL features described earlier are due to the inter-
action with the substrate since after the transfer the substrate
is electrostatically uniform the crystal.
Furthermore, the intensity histograms in Fig. 6¢ and f clearly
show that the mean PL intensity increases after transfer,
which is the result of the removal of the quenching effect
when crystals are transferred from the Al-terminated recon-
structed sapphire to the SiO, surface.

These observations provide valuable insight into the growth
dynamics of WS, on reconstructed sapphire. The CVD synthesis
of WS, from solid precursors is characterized by rapid reaction
kinetics between tungsten and sulfur.*~>" We propose that the
bulk of WS, formation occurs early in the process on the

across whole
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sapphire, (b), (c) histograms of peak position and intensity distribution for

measured area with crystals on reconstructed sapphire, (d), (e), and (f) are the same for transferred crystals. All scale bars are 5 pm.

catalytically active, Al-rich reconstructed sapphire surface.
However, during the final stages of growth and subsequent
cool-down, the prolonged exposure of this surface to a sulfur-
rich environment likely leads to its partial sulfurization, result-
ing in morphological inhomogeneities. As a consequence, the
lateral expansion of the last micrometer of the WS, crystals
likely proceeds on a chemically altered substrate, where wea-
kened interfacial coupling at the edges reduces PL quenching
and enhances edge emission.”*?° Indeed, surface modifi-
cation during growth is confirmed by LEED analysis per-
formed on a reconstructed sapphire substrate after a pro-
longed WS, synthesis (15 min), which reveals a (1 x 1) surface
termination, indicating the loss of the initial (v/31 x /31)R +
9° reconstruction (see SI Fig. S6). Also, one should note that
aluminum sulfide hydrolyzes in air, which might further
enhance the decoupling at the crystal edges during exposure
of the sample to ambient conditions. Furthermore, as sup-
ported by the KPFM analysis — and plausibly due to the local
variations in substrate composition during growth - the edges
of the crystals exhibit a higher density of defects compared to
their central regions. This increased defectiveness is expected
to enhance trion and biexciton recombination, contributing to
the observed red-shift in the PL signal.>®*®*?3! The simul-
taneous occurrence of reduced interfacial coupling and higher
defect density at the crystal periphery offers a coherent expla-
nation for the distinct PL behavior observed at the edges.
Finally, confirmation that the PL quenching observed in
the center of the crystals is to be assigned to the strong coup-
ling arising during growth between WS, and the metallic-like

286 | Nanoscale, 2026, 18, 281-290

reconstructed sapphire is supported by PL maps acquired after
transferring these WS, crystals onto various substrates (i.e., SiO,,
fresh reconstructed sapphire and silicon nitride (SiN))(see SI
Fig. S7). In all cases, the PL intensity is uniform across the crys-
tals, with no apparent difference between the edge and the
center, as expected if the emission is primarily influenced by the
interaction with the substrate. Notably, when transferring WS,
on a fresh reconstructed sapphire substrate the PL intensity is
lower than on SiO, or SiN, as can be expected when placing WS,
on a substrate with metallic character. However, the fresh recon-
structed sapphire surface is homogeneous, since none of it has
reacted with sulfur, and thus the PL measured from the crystal
transferred onto it is also homogeneous. On the other hand, the
coupling between the WS, crystal and the fresh reconstructed sap-
phire surface cannot be assumed to be high, since they have not
undergone a high-temperature process together. In order to
reproduce the PL behavior on a new substrate, both high sub-
strate/TMD coupling and substrate degradation at the edges are
needed. This stronger adhesion is further evidenced by the trans-
fer process: while crystals grown on standard sapphire readily
detach in deionized water, those grown on reconstructed sapphire
require a more effective NaOH treatment, in line with a stronger
interfacial interaction developed during synthesis.

Conclusions

In conclusion, we demonstrate that sapphire substrates with
Al-rich surface reconstruction significantly enhance the CVD

This journal is © The Royal Society of Chemistry 2026
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growth of WS,, resulting in larger crystal domains and higher
nucleation density compared to conventionally prepared sub-
strates. Considering TMDs with similar chemistry (such as
MoS, or WSe,), one could anticipate a comparable trend when
employing reconstructed surfaces for their synthesis, provided
that the growth parameters are properly optimized. The
reported results highlight the critical role of pre-growth sub-
strate engineering in optimizing the morphology and yield of
2D semiconductors. Beyond structural improvements, the
reconstructed surface also has a marked influence on the
optical response of the grown crystals, notably inducing photo-
luminescence quenching in most of the crystal with the excep-
tion of the edges. Correlative analyses point to a strong elec-
tronic coupling at the WS,—sapphire interface as the origin of
this effect, with weakened coupling at the crystal periphery
caused by substrate degradation during growth. Such substrate
degradation takes place at the very edges (about 1 pm) of the
WS, crystals, and it is likely the reason for increased defective-
ness in this peripheral region. These findings establish Al-rich
reconstructed sapphire not only as a growth-enhancing plat-
form for WS,, but also as a means to modulate interfacial pro-
perties, offering new opportunities for the controlled inte-
gration of 2D semiconductors into advanced optoelectronic
and photonic architectures.

Experimental
Sapphire preparation

An AIXTRON cold-wall MOCVD reactor (CCS2D) was used for
high-temperature annealing of sapphire substrates. To form
the (v/31 x v/31)R + 9° surface reconstruction, sapphire sub-
strates (C-plane (0001) 0.2° off M-axis, 2-inch wafers, Silian
optoelectronics) were heated >1200 °C temperature.'® The sub-
strates were kept at processing temperature for 10 minutes
under 40 slm H, gas flow at 150 mbar pressure.

For comparison purposes, sapphire substrates prepared in
a standard method (C-plane (0001) 0.2° off M-axis, Silian opto-
electronics) were annealed before growth at 1000 °C tempera-
ture for 1 hour under 800 sccm Ar flow at 5 mbar pressure.

CVD details

WS, crystals were synthesized by Chemical Vapor Deposition
(CVvD) from powder WO; (99.995%, Sigma-Aldrich) and sulfur
(99.998%, Sigma-Aldrich) sources on sapphire substrates pre-
pared as described above. Growths on both sapphire substrates
were conducted in exactly the same way. The sapphire growth
substrates were placed directly above the WO; precursor
powder with sapphire spacers. The distance between the pre-
cursor powder and the growth substrate was controlled with
the thickness of the spacers. The samples and precursors were
then loaded into a quartz tube furnace (Carbolite Gero TS1 12/
200/600) for synthesis. The atmosphere of the reaction
chamber was replaced with Ar by performing three consecutive
pump-purge cycles to ensure an inert environment prior to
deposition. The chamber was filled to about 950 mbar
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pressure and heated to a temperature of 930 °C with a ramp of
10 °C min~" under 125 sccm of Ar flow. Right before reaching
the growth temperature, the pressure was lowered to 100 mbar
and both pumping and injection gas flow was stopped, so that
the growth was carried out under quasi-static conditions,
similar to what was previously reported by Xia et al.** The dur-
ation of the growth step was 15 min and once the time had
elapsed, the chamber was let to naturally cool under 125 sccm
Ar flow.

Transfer

Before transfer, the samples were spin coated with PMMA
support at 4000 rpm for 60 seconds and baked at 90 °C for
2 minutes, followed by placement of the PDMS frame on the
PMMA. The support polymers with the WS, crystals were dela-
minated by immersing the sample in deionized (DI) water or 1
M NaOH. Then, the entire stack was rinsed in DI water and let
to dry in air before placing the stack on the target substrate.
The samples were heated to 100 °C to detach the PDMS frame
and the PMMA was dissolved in acetone, followed by a rinse in
isopropyl alcohol and drying with a nitrogen gun.

Optical microscopy

Optical microscope images were taken with Zeiss Axioscope 7
equipped with Axiocam 208 color camera. The crystal sizes
and densities were calculated from the optical images using
Gwyddion 2.66 software by applying a threshold mask and cal-
culating the statistics using the grain analysis tools of the
software.

LEED

Low-energy electron diffraction (LEED) measurements were
carried out at room temperature at a base pressure of 87'°
mbar with a Specs GmbH ErLEED 150 instrument. The sample
was mounted on a VacGen Ltd transfer arm, with 4 movable
axes.

Raman and photoluminescence spectroscopy

Spectroscopic characterization was performed using a
Renishaw inVia Raman microscope setup. Raman spectra were
collected using a 473 nm laser, a 2400 1/mm diffraction
grating and a 100 x 0.85 NA objective, yielding approximately
0.68 pm spot size. Photoluminescence measurements were
performed with the same setup, except that the laser and
grating used were 532 nm and 1800 1/mm, respectively, yield-
ing an approximately 0.77 pm spot size.

Fourier transform hyperspectral photoluminescence
measurements

Hyperspectral photoluminescence (PL) measurements were
performed using a commercial epi-illumination optical micro-
scope (Leica DMRBE) that was customized to enable fiber
coupling.®®*** The standard eyepiece was replaced with a
Translated Wedge-based Identical Pulses eNcoding System
(TWINS) common-path birefringent interferometer,> follow-
ing the implementation described by Trovatello et al.>® Above
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the interferometer an EMCCD camera (Andor LucaEM R, 1004
1002 pixels, 8 pm pixel size, 14-bit depth) was mounted to
capture the interferometric signal. For excitation, a green
diode laser (1 = 532 nm) with a power density of approximately
10 uW pm ™2, delivered through a 300 pm core diameter multi-
mode fiber, was used. This configuration produced an illumi-
nation spot size of approximately 98.4 pm on the sample
surface. A filter cube within the microscope directed the exci-
tation light toward the sample and transmitted the emitted or
reflected light toward the detection path. Light from the
sample was collected using a 50x HC PL FLUOTAR objective
lens with a numerical aperture (N.A.) of 0.8. For hyperspectral
data acquisition, the birefringent wedges of the TWINS interfe-
rometer were translated over a +1 mm range centered around
the zero-path delay position, with a step size of 5 um. This
resulted in a total of 400 steps. The Fourier transform of the
temporal interferometric data to generate the spectral hyper-
cube was performed on a standard commercial PC (Intel i7
CPU, 16 GB RAM), requiring only a few tens of seconds.

Statistical analysis

A decomposition method based on the Turbo colorscale—a
256-color gradient, was employed to convert the RGB pixel
values into the corresponding numerical indices ranging from
0 to 1. Each color along the Turbo scale represents a unique
scalar value, enabling the transformation of RGB color infor-
mation into a one-dimensional numerical format. For both the
wavelength and intensity maps, each pixel was assigned a
scalar value by matching its RGB color to the closest entry in
the Turbo colormap. This allowed for a quantitative analysis of
color-coded image data. To remove background contributions,
a filtering step was applied to the intensity maps. Pixels with
values below a defined intensity threshold were excluded from
further analysis, ensuring that only signal-relevant regions
were retained.

AFM and KPFM

Atomic Force Microscopy and Kelvin Probe Force Microscopy
measurements were performed with Bruker Dimension Icon
tool using PFQNE-AL probes with a nominal spring constant
of 0.8 N m™ and a nominal tip radius of 5 nm. All measure-
ments were performed in ambient air.
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