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Abstract: We present a confocal microscopy-based method for constructing power-dependent
optothermal transition (OTT) diagrams of phase-change chalcogenide (PCC) thin films via spatial
light modulation, without diffraction-limited optics, pulse shaping, or temporal modulation.
Optical dosage is engineered through controlled scanning dynamics to systematically map
amorphous, crystalline, semi-crystalline, and failure regimes in Ge,Sb,Tes and Sb,Tes on silicon
and silicon-on-insulator substrates. Substrate-dependent transition setpoints and cycling behavior
are identified and supported by optothermal simulations, while failure mechanisms, including
delamination and dewetting, are experimentally resolved through spatially mapped optical
measurements. Reproducible intermediate optical states are achieved through controlled variations
in incident power and exposure count. Integration of two-photon excitation fluorescence and
second-harmonic generation probes enable single-step discrimination between phase transitions
and degradation, while revealing dynamic nonlinear behavior within the crystalline phase. This
scalable optical platform advances PCC materials characterization and programming for photonic
memory and reconfigurable integrated photonics.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Phase-Change Chalcogenide (PCC) materials have garnered significant interest for photonic
memory [1-7], neuromorphic computing [1,8], and optical reconfigurability [2,3,5,8—17] due to
their non-volatile structural transitions. Optothermal programming of PCC devices using free
space optics eliminates the electronic layer allowing for faster photonic READ/WRITE operations
[1,2,18] and direct probing of intrinsic behavior [19-21]. Utilizing a free space laser beam to map
the complex, multidimensional crystalline transition space offers a versatile approach for rapid
calibration, tuning, and prototyping of PCC integrated devices. Conventional methods such as
Time-Temperature—Transformation diagrams have been used to study crystallization dynamics in
PCCs, enabling PCC phase switching [22-26]. In addition, methods for thermal engineering of
samples in conjunction with laser pulse shaping have demonstrated robust cyclability in SbySes
thin films with improved endurance [27]. Recent demonstrations leverage temporally modulated
single pulse excitation, which employ complex optics such as pulse pickers, to enable reversible
switching in PCCs [28-33].

In this work, we present a technique for extracting power dependent Optothermal Transition
(OTT) diagrams of arbitrary PCCs thin films without the need for diffraction limited optics,
complex pulse shaping, temporal modulation, or thermal engineering of the thin film stack. Our
experimental framework leverages the mechanics of a confocal microscope to engineer optical
dosage (number of pulses per unit area), enabling robust and reversible phase transitions in PCCs.
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Spatially resolved images of PCC thin films using both reflectance and non-linear emission probes
are acquired simultaneously to gain insight into thin film failure mechanisms and non-trivial
crystalline phase dynamics. Our analysis of experimental results is used to extract OTT diagrams,
which reveal empirical trends in the intrinsic behavior of PCCs. We demonstrate OTT diagrams
in the Near-Infrared for conventionally used Ge,Sb,Tes and underexplored Sb,Tes [15,16] on
both Silicon and Silicon-on-Insulator (SOI) substrates, showcasing unique cycling behavior,
failure mechanisms, intermediate (analog-like) transitions, and non-linearity via Two-Photon
Excitation Fluorescence (TPEF) and Second Harmonic Generation (SHG) microscopy.

2. Optothermal spatial light modulation

This technique enables the systematic exploration of all degrees of freedom associated with
driving optothermal phase transitions using a free space laser, including dosage (number of
pulses per unit area), average power density (mW/um?), and wavelength (A). The pulse train is
engineered and functionalized using spatial light modulation derived from mechanisms commonly
found in confocal microscopy setups, depicted in Fig. 1(a). The spatial light modulation is driven
by the confocal microscope’s galvomirrors which scan the laser over a virtual “pixel grid.” When
considering a laser beam diameter larger than the thermal diffusion length scale (>1um), the
optical dosage can be determined directly from the convolution of the beam’s spatial profile
(diameter and shape), centerline velocity (mm/sec), and laser pulse train (Hz). The average power
density can be controlled independent of the spatial light modulation, only limited by the laser’s
peak power (mW) and resolution of the microscope objective. Our experimental setup for spatial
light modulation utilizes a Ti:Sa Laser with a 140fs pulse width at 80 MHz and an ~6.5 um
gaussian beam. The “High Pulse (HP)” configuration drives amorphous-to-crystalline transitions
using ~222 pulses per exposure with a 7.7 mm/s beam velocity for a prolonged pixel dwell time.
The “Low Pulse (LP)” configuration drives crystalline-to-amorphous transitions using ~12 pulses
per exposure with a 656.1 mm/s beam velocity for a comparatively shorter pixel dwell time.
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Fig. 1. Confocal Spatial-Temporal Modulation. a) Experimental Setup consists of a
commercially available confocal microscope (Leica TCS SP8 MP) with an 80 MHz pulsed
probe laser source (Leica WLL Laser) emitting in the visible range (470-670 nm) and a
140-femtosecond pulsed Ti:Sa laser source (Chameleon Vision MP II) emitting in the near
IR (680-1080 nm). The Leica TCS SP8 MP has both photomultiplier and hybrid detectors,
detecting in the range of 380-800 nm with a minimum bandwidth of 5nm. b) Heatmap
showing the Power Density of an 800 nm Airy Disk, ¢) Reflectance Image of Ge,Sb,Tes,
d) Serpentine Scanning Pattern, e) Pulse Train seen by a single pixel at the center of the
scanning grid for High Pulse (above) and Low Pulse (below) configurations.

The spectral image information is collected concurrently while the pump laser drives the
optothermal phase transitions, where pixel intensity corresponds to the number of photons
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reflected from the pump source itself, reflectance by colinear probe source, or spectra from
non-linear emission, for each pixel in the “pixel grid”. This data forms a spatially resolved
probe image of the thin film, allowing visualization of PCC phase and failure mechanisms.
Noise introduced by laser fluctuations and sample inhomogeneity is significantly suppressed
by extracting the difference between the target and adjacent as-grown (AG) regions obtained
simultaneously in the image data, as illustrated in Fig. S2. When image data is partitioned into
these regions, we take the average of the number of reflected photons from every pixel in that
defined region. This method has an advantage over commonly used single spot measurements
because it isolates the change in reflectivity attributed to the phase change layer and reduces
sensitivity to sample variation, probe laser jitter, and thermal gradient effects. Differential
Reflectance (AR) is obtained by dividing the difference in the number of photons between the
measured target area and the AG region by the number of photons reflected by a mirror standard
(99.8% at 480 nm); AR = measured #of ’;ﬁ;’;"yu} ﬁg):{ ffj”" # of photons e do not assume that the laser
exposure is such that the optical properties and thickness of other sample layers are unchanged as
this assumption is not necessary. Our normalization method for differential reflectance is not
sensitive to this, as it removes the effects of these types of variations. Differential reflectance
data can be combined and plotted as a function of incident average power density to quantify the
PCC’s dynamic optical behavior. Optothermal Transition (OTT) diagrams map changes in a
material’s reflectance with incident optical power density. They enable identification of incident
power setpoints and conditions for phase transitions, supporting precise tuning of reconfigurable
metasurfaces [1,7,10,34,35], optical switches [1,12,18], spatial light modulators [1,9,34], and
tunable filters [36].

Using COMSOL Multiphysics, we created models that simulate the optothermal heating of
Ge,Sb,Tes and Sb,Tes; on Silicon and Silicon-on-Insulator Substrates (See Supplement Section,
Fig. S3). According to literature, we expect the threshold temperatures for Ge,Sb,Tes to be 150
C° for crystalline transition [37,38] and 600 C° for amorphous transition [39—41]; and for Sb, Te;
to be 227 C° for crystalline transition [42] and 620 C° for amorphous transition [43—45]. In our
model, we map the time dependent temperature profile based on single pulse excitation, with
incident power density comparable to those found in experimental results; the peak temperature
and power densities are summarized in Table 1. For all models, we observe that for both
transitions, the sample rapidly cools to near room temperature after each pulse, resembling the
“Melt-Quench” temperature profile needed to reach amorphous transition temperatures for a
short time-period without recrystallizing the sample. From our simulation results (Table 1, Fig.
S3) we expect our technique can be used to reach adequate temperatures needed to induce phase
transitions in Ge,;Sb,Tes and Sb, Tes.

Table 1. Optothermal simulation results for single pulse heat generation

Amorphous to Crystalline Crystalline to Amorphous
PCC Substrate Power Density Peak Power Density Peak
(mW/, umz) Temperature (mW/ um2) Temperature
Ge,Sby Tes Silicon 0.279 s11ce 1.197 1453 C°
Ge,SbyTes SOI 0.074 310C° 0.246 702 C°
SbyTes Silicon 0.365 371 C° 1.337 2370 C°
Sby Tes SOI 0.289 142 C° 1.034 872 C°

3. Results: optothermal transition (OTT) diagrams

We outline a step-by-step method to identify the optimal parameters for crystalline and amorphous
transitions in PCC thin films using our spatial light modulation technique. First, we select our
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probe wavelength to be 480 nm, guided by ellipsometry (Fig. S4), simulation (Figs. S5, S6,
and S7), and analytical reflection modelling (Fig. S8) of our PCC stacks. In these simulations
and models, we assume constant layer thickness and optical properties to isolate the specific
reflection effects of the phase transition. Optical reflection simulations vary real and imaginary
refractive indices independently, as well as SiO, cladding thickness with fixed refractive indices
corresponding to crystalline and amorphous phases. Analytical reflection modelling predicts
optical contrast between amorphous and crystalline phases of 2.77% for Ge,Sb,Tes on Silicon,
4.19% for Ge,SbyTes on SOI, 1.06% for SbyTe; on Silicon, and 2.75% for Sb,Te; on SOI. Next,
we identified the optimal pump wavelength for our PCCs using the HP configuration at four
laser lines (680 nm, 800 nm, 920 nm, and 1060 nm) spanning the tunable near-infrared source.
After each exposure (full scan of the pixel grid), a probe image was acquired, and the resulting
differential reflectance data are shown in Fig. S9 These sweeps were conducted with the PCC
in its as-grown state. Increases in differential reflectance indicate higher refractive index and
crystalline transition, while decreases at elevated power correspond to failure; minimal increases
imply weak absorption. This procedure was repeated for Ge,SboTes and SbyTes on silicon
using the same probe wavelengths. We found that a pump wavelength of 800 nm was best for
Ge,Sb, Tes samples and 920 nm was best for SboTes samples. A detailed description of the OTT
diagrams is discussed in the Supplement Section.

After selecting the pump and probe wavelengths, a sequential series of power sweeps is
performed. First, an “Initialization Sweep” (Figs. 2(a), 2(d), 2(g), 2(j)), uses the HP configuration
on an as-grown region to identify an “Initialization Setpoint” (Py) for inducing crystallization
with a characteristic rise in reflectance and clear plateau in the trend suggesting saturation of the
crystalline phase. Next, an “Amorphization Sweep” (Figs. 2(b), 2(e), 2(h), 2(k)) is performed
using the LP configuration on a region initialized with Py to determine the “Amorphous Setpoint”
(Pa) with a characteristic weak response at lower power densities followed by a gradual decrease
in reflectance indicating reduced crystallinity consistent with the amorphous state. Here, the
setpoint must be carefully chosen to avoid failure, which can be quantitatively noted by deviations
in the slope of the crystalline to amorphous OTT diagram. A “Crystallization Sweep” (Figs. 2(c),
2(f), 2(1), 2(1)) is conducted using the HP configuration on a region previously initialized and
amorphized with Py and P5. This determines the “Dynamic setpoint” (Pp), corresponding
to a minimal increase in crystallinity from the amorphous state, and “Binary setpoint” (Pp),
representing full crystallization. These setpoints are indicated by the dashed vertical lines
highlighting abrupt changes in the slope, representing the onset of crystallization and maximum
crystallinity.

The OTT diagrams also reveal unique tradeoffs resulting from differences in substrate and PCC
material. We observe that samples with SOI substrates have lower power setpoints than those on
silicon, along with steeper transitions when transitioning between crystalline and amorphous
phases. This behavior was expected due to the buried oxide layer in the SOI substrate reducing the
thermal diffusivity compared to bulk silicon, allowing for more heat to be absorbed by the PCC
rather than being dissipated into the substrate. We also observe that Sb, Tes required more power
for phase transitions than Ge,Sb,Tes regardless of substrate and exhibited a smaller decrease in
power requirements when switching to an SOI substrate from bulk silicon. We believe this could
be partly attributed to differences in the PCC layer thickness, where the Sb, Tes layers are 5 nm
thick as opposed to the Ge,Sb,Tes layers being 35 nm thick; this results in a relatively reduced
optical cross section in the Sb,Tes, hindering absorption. Our experimental observations agree
with trends predicted by simulation (Table 1) and represent the first reported measurement of
phase transition diagrams on Sb,Tes.
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Fig. 2. Optothermal Transition Diagrams for Ge,SbyTes on Si (a-c), GepSbyTes on
SOI(d-f), SbyTes on Si(g-i), and Sb,Tes on SOI(-1). “AG”, “A”, “C”, and “F” are phase
diagram domains corresponding to “As Grown”, “Amorphous”, “Crystalline”, and “Failure”
states. Vertical Dashed lines indicate Py, P4, Pp, and Pp. Differential Reflectance (arbitrary
units) is plotted against average power density of the near-infrared pump source.

3.1.  Results: PCC programming and cycling

Using the power setpoints (P, P4, and Pg) obtained from the OTT diagrams, we demonstrated
optothermal cycling dynamics on both Ge,Sb, Tes and SbyTes. Each sample was initialized, then
cycled using repeated exposures to HP and LP conditions at setpoints, with probe images captured
after each exposure. The experimental procedure for cycling is illustrated in Fig. S10, where
Na and N¢ denote the number of amorphous and crystalline exposures, respectively. Figure 3
reveals results of the optothermal cycling experiments, showing differential reflectance for the
amorphous (blue) and crystalline (red) states. Optical contrasts shown in Fig. 3 are within the
correct order of magnitude predicted by analytical reflection modeling shown in Fig. S8. All
samples show an initialization region in the OTT diagrams which exhibit a downward drift in
differential reflectance for both states at low cycle numbers, followed by a flattening of the trend
representing stabilization at higher cycle numbers.

Among the four samples, Ge,Sb,Tes on SOI exhibited the lowest power requirements, while
SbyTes on SOI initialized with the least number of cycles, showing minimal signal loss while
maintaining strong optical contrast. SbyTes; on silicon did not fully initialize until after 40
cycles, whereas Ge;SbyTes on silicon continued to drift through 100 cycles without clear
stabilization. Both SOI-based samples showed reduced reflectance jitter compared with their
silicon counterparts while preserving state contrast. Even after initialization, all samples exhibited
a gradual drift toward lower reflectance and slight reflectance jitter under continued cycling.
These results suggest that while some samples may not have reached their full initialization
limit, the boundary between initialization and degradation, and the role of substrate and oxide
cladding in determining it, remains an open question. Our data shows that PCCs on silicon
substrates require more cycles to reach initialization when compared to PCCs on SOI substrates.
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Fig. 3. Optothermal cycling (See Visualization 1) demonstrated on: a) 35 nm Ge,Sb, Tes
on silicon substrate, ¢) 35 nm Ge,Sb, Tes on Silicon-on-Insulator substrate, €) 5 nm Sb,Tej
on silicon substrate, and g) 5 nm Sb,Tes on Silicon-on-Insulator substrate. Reproducible
Quasi-Analog states as a function of exposures of b) 35nm Ge,Sb,Tes on Silicon at
Pp=0.174 mW/umz, d) 35 nm Ge,Sb, Tes on Silicon-on-Insulator at Pp = 0.029 mW/um2
, f) 5nm Sb,Tes on Silicon at Pp =0.219 mW/um?, and h) 5nm Sb,Tes on Silicon at
Pp =0.163 mW/umz. Black arrows indicate the progression of cycles (Cycle 1-N¢).

Collectively, our observations indicate that substrate choice strongly influences phase transition
dynamics.

We next examined how variations in the number of crystalline exposures (N¢) and incident
power influence partial amorphous-to-crystalline transitions. To assess the effect of increasing
Nc, we conducted cycling experiments as illustrated in Fig. S10, with N¢ >> 1. For these results,
we normalize differential reflectance to an amorphous baseline as opposed to the as-grown
baseline used to normalize the OTT diagrams. Figures 3(b), 3(d), 3(f), and 3 h show differential
reflectance of semi-crystalline states after repeated exposures at the dynamic crystalline setpoint.
Our results reveal a logarithmic increase in differential reflectance with increasing number of
exposures at the same power density without inducing failure. The optical contrast after many
exposures exhibits a lower differential reflectance when compared to results obtained using the
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binary setpoint, indicating that repeated exposure alone cannot achieve full crystallization. We
are the first to report cycling and the programming of analog states using Antimony Telluride
(SbyTes). Next, we performed the same experiment while progressively increasing the incident
average power on the Ge,SbyTes on SOI sample. Figure S10 illustrates this process with Na =1,
Nc =20, and M = 16, where average power ranged from 12.3 to 95.7 wW/um?, incrementing by
5.56 wW/um? per cycle. The OTT diagrams shown in Fig. S11 reveal a linear rise in differential
reflectance with increasing power, with failure occurring shortly after exceeding the binary
crystallization setpoint (Pp).

Overall, results show that higher power density is required to access the full dynamic range
of the amorphous to crystalline transition. Additionally, the number of accessible intermediate
states decreased with increasing power, indicating that distinct combinations of average power
(between Pp and Pp) and number of exposures must be used to maximize the number of
achievable intermediate states. These programmable intermediate states highlight the potential
for multi-level phase-change memory in integrated photonic systems.

4. Discussion: failure mechanisms

While our OTT diagrams enable selection of phase switching setpoints, it is difficult to discern
between phase transitions and material failure solely through data obtained through reflectance
imaging, with different failure mechanisms appearing as deviations in the slope of the OTT
diagram (Fig. 4(a)). To address this, we qualitatively examine reflectance images near inflection
points of our OTT diagrams to ensure that the selected power setpoints are not influenced by
material failure.
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Fig. 4. a) Initialization Sweep on Ge,Sb,Tes on Silicon-on-Insulator Substrate that resulted
in failure b) 480 nm Reflectance imaging of Dewetting (Boxed) and Delamination (Arrows)
at point of failure (See Visualization 2 and Visualization 3) ¢) Cross-sectional Illustrations
of Delamination and d) Dewetting

Ablation refers to the mechanism where the deposited thin film undergoes a solid to gas transition
under very large optical power exposure causing the dielectric breakdown and vaporization
from the substrate. The first way to mitigate this issue is to limit the maximum power exposure
of the sample, however this is challenging because ablation can occur near the power density
required to induce phase transition [33,46,47]. This is addressed by integrating an oxide cladding
layer to all our material stacks, helping to prevent vaporization of the thin film when optically
inducing phase change; this is common practice when creating PCC thin film stacks [48-52]. The
scanning pattern of the beam can also greatly influence failure dynamics on the PCC thin film.
For example, unidirectional rastering, where the beam scans across every line in the pixel grid
in the same direction (i.e. left to right), introduces a non-uniform temperature gradient across
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the pixel grid, leading to significant mass flow lateral to the scanning direction of the beam, as
observed in Visualization 4. This is addressed by introducing a Bi-Directional or “Serpentine”
rastering pattern to reduce spatial temperature gradients, favoring a more uniform temperature
across the scan area and discouraging failure mechanism effects.

Delamination refers to the changes in the adhesion across the thin film stack, resulting in poor
thermal conduction and eventual loss in cyclability [52-55]. We believe this is driven by the
build-up of stress in the thin film from non-uniform thermal expansion [53-56]. This failure
mechanism, visualized in Fig. 4(b), with arrows pointing to delamination centers, appears as
a fringe pattern due to optical thin film interference from a “bubble” that is formed in the thin
film stack. This failure mechanism was not observed during cycling, when optimal transition
parameters were used; and was most commonly observed when a sample was exposed to
excessively high average power which creates larger temperature gradients.

Dewetting is observed when stress in the thin film causes the formation of “particles” and
“voids” rather than maintaining a continuous layer on the substrate, severely impacting thin film
uniformity which eventually degrades device performance [52,57]. This failure mechanism is
visualized in Fig. 4(b), with boxes enclosing void sites, appearing as pinholes with dark spots
with very little reflectance. We observe that dewetting typically does not occur from a single
exposure, but rather over many exposures, with dewetting slowly appearing and increasing with
the number of exposures over many cycles.

4.1. Discussion: multiphoton microscopy

The nonlinear optical response of PCCs provides insight into the relationship between their
crystalline lattice structure, disorder, and symmetry as these materials transition between
amorphous and crystalline states. Here, we employ Two-Photon Excitation Fluorescence (TPEF)
and Second-Harmonic Generation (SHG) probes, which both require two photon absorption
to produce emission. This absorption is enabled by the highly ordered lattice structure of the
crystalline state, with non-linear emission from either probe suggesting crystallinity of our PCC.
The nature of this emission (TPEF or SHG dominant) allows you to discern between dynamic
transitions within the crystalline phase, as these processes rely on different energy pathways for
emission. Variations in these probes imply a structural change in the PCC thin film.

Second-Harmonic Generation (Fig. 5(a)) is governed by inversion symmetry of the PCCs
crystalline lattice, resulting in a narrow band emission at exactly one-half of the probe wavelength
[58]. The effective medium of amorphous PCCs is centrosymmetric, whereas highly ordered
crystalline PCCs introduce long-range order and breaks inversion symmetry, enabling stronger
SHG emission [59-62]. Alternatively, Two-Photon Florescence Excitation (Fig. 5(b)) is
particularly sensitive to defects in the crystalline structure, resulting in a broad band emission at
a lower wavelength than the probe wavelength [58]. Lattice defects can increase the density of
virtual states, facilitating broadband radiative recombination (see Fig. 5(b), Step 2), enabling
stronger TPEF emission [3,58,63—74]. The formation of a highly ordered lattice, with a reduced
number of defects, reduces the density of virtual states [75] resulting in a decrease in TPEF
emission and an increase in SHG emission.

Figures 5(c) and 5(d) show reflectance and TPEF images of patterned Ge,Sb,Tes. Here, we
see that our multiphoton images are less sensitive to artifacts created by failure mechanisms
and extrinsic materials parameters; they are seen in the reflectance image (Fig. 5(c)) but not
in the TPEF image (Fig. 5(d)), demonstrating the reduction of thin film interference effects on
probe data. This technique allows us to qualitatively differentiate between phase transitions and
material failure. This technique also allows us to utilize our pump source for optical probing,
combining a two-step pump-probe process into a single step. Because the probe emission occurs
relatively far from the pump source, risk of optical crosstalk is minimal. This technique offers
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to the ground state Sy (Step 3). ¢) Reflectance Image and d) TPEF Image of a crystalline
‘HU’ patterned into 35 nm Ge,Sb,Tes on Silicon. Cycling of Ge,Sb,Tes on Silicon using
) 2" Harmonic Generation (SHG) and f) Two-Photon Excitation Florescence (TPEF)
probes. Both probes were excited at 800 nm with photodetectors fixed to 398-403 nm and
575-605 nm respectively. Cycling of Sb,Te3 on Silicon using g) SHG and h) TPEF probes.
Both probes were excited at 920 nm with photodetectors fixed to 456-464 nm and 610-710 nm
respectively.

considerable experiment speedup (~2.28x improvement in cycling acquisition time) and reduced
setup complexity, only requiring a single pulsed laser source.

Figures 5(e)-(h) show optical cycling results using this single step pump-probe technique. The
HP configuration delivers far more pulses per pixel and thus higher intensity dose than the LP
configuration. Because the non-linear responses scale with the square of intensity and dwell
time rather than total power, the HP configuration produces much larger non-linear signals than
the LP configuration [51]. Using this technique in conjunction with proper normalization for
differing spatial light modulation configurations, we were able to obtain M = 830 Cycles on
Ge,Sb, Tes on Silicon and M = 1000 cycles on Sb,Tes on Silicon with clear and consistent optical
contrast between phases shown in both the TPEF and SHG signals. Trends in the Ge,;Sb,Tes
data show initialization drift and jitter similar to that seen in reflectance cycling demonstrations,
however, the sample appears to settle into consistent states at M < 400 Cycles. This implies that
proper sample initialization may take hundreds of cycles, highlighting the utility of this single
step technique. We observe minimal change in the non-linear response of the crystalline phase,
implying consistent lattice structure of the crystalline phase when cycling.

For Sb,Tes (Fig. 5(h)), an inversion in state contrast is observed at ~100 cycles. The observed
decrease in crystalline state TPEF emission, and increase in SHG emission, may arise from a
dramatic restructuring of the crystalline phase during initialization of the thin film, with the
crystalline phase transitioning from a defect dominated structure to a more highly ordered
crystalline structure. As the material initializes, the formation of a more highly ordered lattice
in the crystalline phase reduces the density of virtual states, suppressing radiative relaxation,
resulting in a decrease in TPEF emission and increase in SHG emission. Our non-linear probes
for SbyTes (Figs. 5(g) and 5(h)) reveal inverse trends in the crystalline state, one decreasing
and the other increasing, while the reflectance probe (Fig. 3(e)) shows consistent crystalline
phase contrast with the amorphous state, emphasizing the utility of non-linear optical probes
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when characterizing phases of PCC thin films. For all samples, we observe consistent minimal
non-linear responses in the amorphous phase. We are the first to demonstrate phase diagrams of
the non-linear response revealing dynamic PCC behavior in the crystalline phase.

5. Conclusion

We have demonstrated a fully optical, confocal microscopy—based platform for the intrinsic
characterization and programmable control of phase-change chalcogenide thin films through
spatial light modulation. By constructing Optothermal Transition (OTT) diagrams, we directly
map phase boundaries, semi-crystalline regimes, and failure domains as a function of incident
optical power, revealing clear substrate-dependent tradeoffs between silicon and silicon-on-
insulator platforms. This approach enables reproducible identification of crystallization and
amorphization setpoints, as well as stable access to intermediate optical states essential for
multilevel photonic memory.

Beyond linear reflectance measurements, the incorporation of two-photon excitation fluores-
cence and second-harmonic generation microscopy provides a powerful nonlinear probe that
distinguishes phase change from degradation and uncovers dynamic restructuring within the
crystalline phase itself. These nonlinear signatures reveal behaviors that are not apparent through
reflectance alone, including defect-mediated initialization dynamics and lattice ordering during
extended cycling. Notably, this work presents the first experimental demonstration of OTT
diagrams, reversible cycling, and analog state programming in Sb,Tes, an underexplored yet
promising phase-change material for photonic applications.

Overall, this work establishes spatial light modulated confocal microscopy as a scalable and
experimentally accessible tool for PCC characterization, optothermal programming, and materials
discovery. The methodology is broadly applicable to a wide range of optical phase-change
materials and thin-film stacks, offering a direct pathway toward the development of robust
photonic memory, neuromorphic computing elements, and reconfigurable integrated photonic
systems.
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