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Non-Destructive Thermal Evaluation on Laser-Stimulated
3D Functional Nanomembranes via Stokes and Anti-Stokes

Raman Scattering

Xiang Dong, Ziyu Zhang, Binmin Wu, Zhi Zheng, Yang Wang,* Gaoshan Huang,*

and Yongfeng Mei*

3D nanomembranes, defined as freestanding thin films, exhibit unique optical
and optoelectronic properties under light or laser illumination due to enhanced
light absorption and broad-angle detection. These features enable widespread
applications, including passive (e.g., optical microcavities, sensors, metama-
terial fibers) and active devices (e.g., phototransistors, bolometers, photode-
tectors). However, due to low heat capacity and limited thermal dissipation in
3D nanomembranes with tens-of-nanometer thickness, thermal accumulation
occurs under laser illumination and often compromises device performance.
Here, a systematic, non-destructive thermal evaluation of 3D functional
nanomembranes using Stokes and anti-Stokes Raman scattering is presented.
Laser-stimulated local temperature is experimentally determined from

the Stokes-to-anti-Stokes intensity ratio and validated by finite element sim-
ulations. Both experimental and simulation results reveal significant thermal
accumulation, with local temperature reaching ~1300 K under laser irradiation.

microrobotics,!') and energy harvesting.['?]

For optical and optoelectronic devices, 3D
microstructures offer distinct advantages.
First, their 3D configuration enables higher
integration densities within a compact
footprint, which helps reduce device size
and power consumption.['>1% Second, the
geometry of 3D structures enables unique
light-matter interactions that are unavail-
able in planar structures.['”18] For instance,
tubular geometries can trap light through
multiple internal reflections, thereby in-
creasing light absorption.'”! Third, unlike
planar devices that primarily respond to
near-normal incidence, 3D architectures
interact with oblique and near-parallel
incident light, enabling wide-angle de-

To manage this thermal effect, laser parameters and ambient conditions are op-
timized for precise thermal control. By integrating Raman-based measurements
with simulations, thermal evaluation and management of 3D nanomembranes,
enabling rational design of passive and active devices—such as preventing
thermal damage in 3D Si microtube resonators and enhancing response in
VO,-based bolometers, are achieved. This work provides a promising strategy
for the thermal design of 3D microdevices in photonics and optoelectronics.

1. Introduction

3D microstructures are emerging as key building blocks for
next-generation devices in photonics!'™! optoelectronics,>~1°!
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tection in advanced photodetectors.[?"]
Therefore, such 3D devices have been
widely fabricated using methods in-
cluding 3D printing,?'??  two-photon
polymerization,?*! thin-film buckling and
transferring [1%2?’] Among these meth-
ods, self-rolling nanomembranes (NMs)
have attracted growing interest due to their
material versatility—including metals,!??]
oxides,[®161 semiconductors,®?°) and 2D
materials.[>3%) They have been widely applied in both passive
and active optical and optoelectronic devices. In the case of pas-
sive devices—defined as components that operate without the
need for external electronic power—3D rolled-up NMs have been
particularly effective as optical filters.[3132] For example, oxides
and silicon-based NMs rolled into tubular geometries can sup-
port whispering gallery modes (WGMs) under optical pump-
ing. These WGMs confine light of specific frequencies, enabling
wavelength-selective filtering.[3?] For active devices requiring ex-
ternal bias, such as photodetectors and bolometers, 3D NMs
provide distinct advantages in light absorption and thermal re-
sponse. For instance, the tubular photodetectors can be fab-
ricated by Te/SiN, NMs*¥l and MoS,/Oxides NMs,[”?! which
can achieve wide-angle and polarization-resolved photodetection.
Furthermore, the active tubular bolometer can be fabricated by
vanadium dioxide (VO,) NM.I®l With enhanced light absorp-
tion and superior thermal insulation due to 3D structures, the
VO,-based bolometer boosts infrared detectivity and tempera-
ture sensitivity compared to flat devices.!®! Thus, 3D NM-based
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structures provide a versatile platform for optical and optoelec-
tronic devices.[***]

Despite their unique optical and optoelectronic properties,
3D rolled-up NMs can experience significant thermal accumu-
lation during operation under light or laser illumination.3>-37]
This arises from their low volumetric heat capacity, making
them highly susceptible to rapid heating.[®3#] Furthermore, the
confined 3D geometry limits heat dissipation, causing local-
ized temperature rise from optical absorption.*¥] Such ther-
mal accumulation can easily influence device performance. In
some cases, moderate thermal accumulation enhances perfor-
mance. For instance, the 3D VO, bolometer shows improved
responsivity with increasing temperature when its temperature
stays below the phase transition threshold (=341K).[® How-
ever, excessive thermal accumulation can degrade both pas-
sive and active devices, potentially causing irreversible dam-
age. First, local hotspots induce non-uniform operating condi-
tions and thermal stress, accelerating material fatigue or trigger-
ing unwanted phase transitions.[®*] Second, elevated tempera-
tures affect key material properties—reducing mobility, shifting
threshold voltages, and altering emissivity—resulting in unpre-
dictable behavior.*>*! Third, ultra-high local temperatures can
cause melting or irreversible oxidation, directly damaging the
device.3>*1l Therefore, precise evaluation of local temperatures
in 3D NMs is essential for thermal management and reliable de-
vice design.

Accurate temperature evaluation of 3D geometries requires a
reliable, high-resolution method tailored for microscale curved
surfaces. However, conventional techniques—including thermo-
graphic imaging,[*?] contact thermometry,*] and fluorescent
methods!**l—were designed for planar surfaces and face major
limitations when applied to complex 3D geometries. Infrared
thermography offers full-field imaging but is diffraction-limited,
with even specialized micro-infrared cameras achieving ~10 pm
resolution.’] In contrast, laser-induced thermal accumulation
typically occurs over regions as small as 1-5 um.[“®l Contact-based
methods such as micro-thermocouples and scanning thermal
microscopy also face intrinsic limitations. Micro-thermocouples
can disturb the system and average temperatures over contact
areas,[®! and scanning thermal microscopy struggles to main-
tain stable contact on curved or freestanding 3D NMs. More-
over, contact-based methods may physically damage fragile 3D
NMs. Fluorescent thermometry using embedded dyes or quan-
tum dots enables nanoscale mapping,“l but introduces foreign
materials into the device. These additives may undesirably alter
local material properties, such as optical absorption or thermal
conductivity.!%*! So far, conventional methods lack the spatial
resolution, geometric adaptability, or non-invasiveness required
for 3D microarchitectures. These limitations highlight the urgent
need for thermometry techniques compatible with 3D geome-
tries, enabling precise and non-destructive thermal evaluation for
next-generation optical and optoelectronic devices.

In this work, we present a thermal evaluation method for
functional NMs in laser-stimulated 3D rolled-up geometries.
The method combines Stokes and anti-Stokes Raman scatter-
ing with finite element method (FEM) simulations. By analyzing
the anti-Stokes to Stokes intensity ratio from the intrinsic mate-
rial, local temperatures on 3D geometries can be measured in a
non-contact, non-destructive manner with ~5 um resolution.!*’]
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Using this method, we revealed that laser-stimulated 3D archi-
tectures can reach local temperatures as high as #1300 K. To
investigate and mitigate this thermal accumulation, we system-
atically tuned key laser parameters—spot size, power, and am-
bient temperature—and correlated the results with FEM sim-
ulations. This combined experimental-simulation strategy en-
ables effective thermal management in 3D NMs and supports
the design of diverse devices. For passive devices, we stud-
ied a 3D silicon NM-based microtube previously used in opti-
cal resonators,32*®] where local temperature was controlled be-
tween ~700 and ~1300 K. Exceeding 1000 K poses risks of ir-
reversible material degradation, highlighting the need for active
thermal regulation. For active devices, we investigated a VO,
NM-based rolled-up tubular bolometer. Owing to its insulator-
to-metal transition at ~#341 K%l VO, is highly sensitive to tem-
perature variations below this threshold. Local temperature con-
trol was achieved by adjusting wall thickness, laser power, and
ambient temperature, with Raman results in good agreement
with FEM simulations. As a result, we demonstrated a VO,-based
tubular bolometer with enhanced response, highlighting its po-
tential for integration into high-performance infrared imaging
systems. Overall, this study offers a non-destructive strategy for
thermal evaluation and control of 3D NM-based systems, provid-
ing practical guidance for designing thermally robust optical and
optoelectronic devices.

2. Result and Discussion

2.1. Fabrication of Rolled-Up Microtubes and Thermal
Accumulation Under lllumination

To evaluate laser-induced thermal accumulation in 3D architec-
tures, we employed self-rolled-up microtubes as representative
3D NM structures. These microtubes were fabricated via a strain-
engineered self-rolling process, as illustrated in Figure 1a. A sac-
rificial layer and functional NM were deposited sequentially on
the substrate, followed by photolithographic patterning and re-
active ion etching (RIE) to expose the underlying layer.®! Selec-
tive wet etching released the NM, which rolled up into tubular
geometries driven by built-in strain gradients.[>? To validate the
broad applicability of our non-destructive thermal evaluation ap-
proach, we prepared both passive and active device platforms:
silicon NM microtubes representing passive components (e.g.,
optical filters), and VO, NM microtubes representing active de-
vices (e.g., bolometers). The silicon NM microtubes were fabri-
cated following the process described in Figure 1a, and the rolled-
up microstructures are shown in the SEM image in Figure 1b.
For the VO, NM microtubes, the fabrication procedure is illus-
trated in Figure S1 (Supporting Information). A 180 nm-thick
VO, layer was deposited on thermally oxidized silicon using mag-
netron sputtering. To introduce a strain gradient, a Cr layer was
deposited on top of the VO, film, where the difference in thermal
expansion coefficients between VO, and Cr induced an internal
strain gradient during deposition. After removing the patterned
SiO, sacrificial layer, the VO, /Cr NM was released and rolled up-
ward into a tubular structure, as shown in Figure S2 (Supporting
Information).

Using the constructed microtube structures, we conducted
FEM simulations and non-contact Raman thermometry to
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Figure 1. Fabrication of rolled-up microtubes and thermal accumulation of 3D microtubes under laser illumination. a) Schematic illustration of the
fabrication process of a rolled-up microtube. A 2D Si NM is patterned on a sacrificial layer deposited on a silicon substrate. Upon selective wet etching
of the sacrificial layer, the released Si NM self-rolls into a microtube due to built-in strain. b) SEM image of a fabricated microtube with a radius of ~4.14
um and curling number of 2. Scale bar: 1 um. c) Finite element analysis of temperature distribution under 532 nm laser illumination for a planar 2D
nanomembrane (left) and a 3D microtube (right). d) Comparison of the axial temperature profile along the x-direction for the microtube (red) and planar

membrane (blue). e) Measurement process of local temperature using Raman spectroscopy. f) Schema of result of Raman spectroscopy with Stokes
and Anti-stokes signal. g) Schema of result of local temperature under laser spot obtained from the ratio of Stoke and anti-Stokes intensities.

investigate the thermal behavior of self-rolled Si NM microtubes
in comparison with their planar counterparts under laser stim-
ulation. As shown in Figure 1c, we performed FEM simulations
to compare the temperature distribution in a planar Si NM and
a Si NM microtube under focused 532 nm laser illumination. To
exclude the influence of thermal mass, the NMs in both struc-
tures were designed with identical thicknesses (50 nm), and the
planar NM had a patterned area of 300 pum X 300 um, while the
microtube was formed by rolling the same NM into a single turn
with a diameter of ~#95 um. Under 10 mW laser illumination, the
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planar Si NM exhibited moderate local heating, with the maxi-
mum temperature increased to ~295 K near the laser spot. In
contrast, the 3D microtube showed a significantly higher local
temperature rise, with the peak temperature reaching ~855 K
under the same irradiation conditions. To quantitatively eval-
uate this difference, we analyzed the temperature distribution
along the axial direction (indicated by the white dashed lines
in Figure 1c), and the corresponding profiles are shown in
Figure 1d. The microtube exhibited not only a generally higher
temperature across the axial direction compared to the planar
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NM, but also a much greater temperature gradient. Specifically,
the temperature difference between the hottest and coolest points
in the microtube exceeded 400 K, while that in the planar struc-
ture was less than 2 K. This obvious thermal accumulation in the
microtube is primarily attributed to the fundamentally different
heat dissipation mechanisms.!®! In the planar configuration, the
NM is in direct contact with the underlying substrate, providing
an efficient thermal conduction pathway that rapidly dissipates
heat. In contrast, the microtube is surrounded by air, which has
an extremely low thermal conductivity (x0.025 W-m~1-K!). As
a result, heat generated by laser irradiation cannot be effectively
dissipated, leading to localized thermal buildup with temperature
rises exceeding 400 K.

To experimentally assess localized thermal accumulation in
laser-stimulated 3D functional nanomembranes, we established
a non-destructive temperature measurement method based
on Stokes and anti-Stokes Raman scattering, as illustrated in
Figure le. A 532 nm laser simultaneously served as the excita-
tion source and local heating input. Raman spectra were thus
collected from the microtube using a low-wavenumber notch fil-
ter to capture both Stokes and anti-Stokes signals, which arise
from inelastic photon-phonon interactions reflecting the mate-
rial's vibrational energy exchange.*”) Because the anti-Stokes
process depends on the thermal population of vibrational states,
its intensity relative to the Stokes signal follows the Boltzmann
distribution.>® This temperature dependence makes the Stokes-
to-anti-Stokes intensity ratio a reliable, non-contact probe for
quantifying local temperature in 3D NMs. Furthermore, the spa-
tial resolution of this method is determined by the laser spot size
of the Raman microscope. With a 100x objective lens, the fo-
cused laser spot diameter can be reduced to below 5 pm. This spa-
tial precision surpasses that of conventional infrared thermogra-
phy, offering a powerful tool for investigating thermal behavior in
microarchitectures.

Using this measurement approach, we compared 2D Si NM
with 3D Si microtube under 3.65 mW laser illumination. Raman
spectra in Figure 1f show both Stokes and anti-Stokes peaks, and
the 3D tubular structure exhibits a significantly stronger anti-
Stokes signal than the 2D NM, indicating a higher local tem-
perature due to pronounced thermal accumulation in the 3D
geometry. The temperature T was extracted using the intensity
ratio of anti-Stokes to Stokes peaks, following the Boltzmann-
distribution-governed relation:[>->l

4 ho
% — ‘:Tzs e 5T 1)
where I, stand for intensities of Stokes and anti-Stokes peak,
s, 45 is the wavelength of Stokes and anti-Stokes peak,7 is the
reduced Planck constant, w is the excitation laser wavelength, K;
is Boltzmann constant, T is the temperature. In this situation,

. . -1 .
all variables remain constant except temperature T so ratio = is

s

related directly to T and we can rewrite this equation as:

2rwho

T S R—
measuremen Kb ]n [A :/iﬁp ( !‘:T/':S )4:| (2)

Here we add a factor A for extra Sokes/anti-Stokes inten-
sity ratio introduced by the measurement system (Figure S3,
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Supporting Information; Section 2.2 for the detail calibration).
This factor can be determined by A = % where I, [, stands

sE

for the Stokes and Anti-stokes peak measured in an experiment
at a certain temperature. After calibrating the factor A, we can
process the measurement and get the local temperature for dif-
ferent structures (Figure 1g). For the 3D Si microtubes, the maxi-
mum measured local temperature reaches ~1288 K, whereas for
the planar 2D Si NM, the corresponding temperature at ~300 K.
This substantial temperature difference of 988 K provides direct
evidence of pronounced thermal accumulation in the tubular ge-
ometry. Such localized heating can be effectively managed by tun-
ing the NM thickness, adjusting laser parameters, or modifying
the ambient temperature. For example, under laser irradiation at
a power of 0.1 mW, 180 nm-thick VO, NM microtubes exhibit a
local temperature of 269 K when measured at a base temperature
of 173 K, while 2D VO, NMs with the same thickness only reach
232 Kunder irradiation at a base temperature of 231 K. These ex-
perimental and simulation results demonstrate the effectiveness
of our contact-free thermal probing strategy for 3D architectures
and highlight its value for guiding the design of thermally robust
photonic and optoelectronic devices.

2.2. Temperature Measurement and Calibration Model via Stokes
and Anti-Stokes Raman Spectroscopy

As described in Figure 1, our Raman-based thermal evalua-
tion enables non-contact temperature measurement of 3D mi-
crostructures. However, accurate temperature calibration during
experimental measurements is technically challenging due to in-
herent system errors in the Raman setup (Figure S3, Supporting
Information). These errors primarily originate from wavelength-
dependent transmission differences in optical components such
as lenses, varying sensitivity of the CCD detector to different
wavelengths, and inconsistencies in objective lens focusing con-
ditions. To correct for these factors, we employed a planar 2D Si
NM—which exhibits negligible laser-induced heating (<2 K)—as
a calibration reference. As shown in Figure 2a, the 2D Si NM was
mounted on a temperature-controlled stage and probed with low-
power (0.1 mW) laser excitation, which resulted in an extremely
small increase in local temperature (< 0.1 K, Figure S4, Sup-
porting Information). By gradually increasing the stage temper-
ature from 50 to 300 °C, we acquired Raman spectra at different
thermal states. The anti-Stokes intensity increased systematically
with temperature, governed by the Boltzmann population of vi-
brational states. Lorentzian fitting of the Stokes and anti-Stokes
peaks enabled us to extract their intensities and positions. As
seen in Figure 2b, the Stokes peak redshifted from 521 cm™ to
515 cm™?, primarily due to anharmonic phonon interactions and
lattice expansion, particularly involving three-phonon and four-
phonon interactions.l’®) Meanwhile, we also investigated the ratio
of Stokes to anti-Stokes peak intensities at different stage temper-
atures. For each temperature point, five independent measure-
ments were performed and averaged to ensure accuracy, and the
results are presented in Figure 2c. It can be observed that the peak
ratio decreases rapidly with increasing heater stage temperature.
This trend is consistent with the theoretical prediction described

_
by Equation (1), where Ilﬁ x e %T; thus, as the temperature in-

creases, the exponential term decreases rapidly.
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Figure 2. Raman-based temperature calibration using a 2D Si NM. a) Raman spectra of a planar Si nanomembrane at different temperatures (50-300 °C)
using a temperature-controlled heating stage. b) Stokes peak position shift of different temperature c) Extracted peak intensity ratios as a function of
heater temperature. d) Correlation between measured Raman temperature and heater-set temperature. The dashed blue line indicates the ideal linear

relatlon Tmeaswement = Theater :

Based on the extracted Stokes and anti-Stokes peak positions
and intensity ratios, we performed a temperature calibration of
the Raman system and determined the absolute local tempera-
ture. At a reference temperature of 296 K, the calibration factor
A was calculated to account for instrumental asymmetries, in-
cluding CCD sensitivity and optical transmission. Using this fac-
tor and the Boltzmann-governed intensity ratio, we accurately ex-
tracted the local temperature from Raman spectra, as described
by Equation (2). As shown in Figure 2d, the measured tempera-
tures align closely with the heating stage setpoints, confirming
the validity of our calibration. Minor deviations stem from ther-
mal gradients across the NM-substrate interface. These results
verify that the non-destructive, Raman-based thermal evaluation
approach enables precise local temperature mapping, establish-
ing a robust foundation for applications in laser-stimulated 3D
functional nanomembranes.

2.3. Thermal Evaluation and Management of Passive 3D
Microtube Device

We further investigated the thermal accumulation behavior and
its management in 3D microtube devices. Depending on whether
the devices are externally powered, microtubular devices can be
categorized as passive or active. For passive devices, silicon-based
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microtubes have been widely utilized in optical sensors and op-
tical filters. Therefore, the Si NM microtube was selected as a
representative example of typical passive 3D devices. We charac-
terized and managed the thermal accumulation in Si NM micro-
tubes, as shown in Figure 3. A focused laser beam with a constant
power of 3.65 mW was directed onto 3D microtube surface, serv-
ing simultaneously as both the heat source and the probing light.
By tuning the laser expansion parameter, we systematically ad-
justed the diameter of the focused laser spot; the linear relation-
ship between the spot expansion setting and the actual spot size
is shown in Figure S5 (Supporting Information). Raman spectra
of 3D Si microtubes under different focused laser spot diameters
were measured and are presented in Figure 3a.

As shown in Figure 3a, with the decrease in laser spot size
(indicated by the gray arrow), the anti-Stokes peak in the Raman
spectra gradually becomes more pronounced, indicating a tem-
perature rise in the illuminated region of the 3D Si NM micro-
tube. This temperature increase results from the enhanced laser
power density caused by the reduced spot size, despite the total
laser power remaining constant. The higher power density leads
to an increased heat flux per unit area, thereby raising the local
temperature. By analyzing both the Stokes and anti-Stokes peak
positions and intensities using Lorentzian fitting (Figure 3a),
we obtained the corresponding spectral parameters under dif-
ferent laser spot expansion settings. A comparison of the Stokes
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. a) Raman spectra of the 3D microtube under varying laser spot sizes.

b) Evolution of the Stokes peak position as a function of laser spot expansion. Two zones with a turning point where the tube is damaged are fitted
separately. ¢) Experimentally measured local temperature under different laser spot expansions. d) Simulated temperature profiles as a function of laser

spot diameter.

peak positions with the spot expansion values reveals two dis-
tinct regimes, as shown in Figure 3b. Initially, as the laser spot
expansion decreases, the Stokes peak exhibits a redshift, consis-
tent with the temperature-dependent softening of phonon modes
observed in 2D Si NMs (Figure 2b). However, we observed that
the relationship between the Stokes peak position and the spot ex-
pansion can be divided into two distinct linear regimes, defined
as Zone 1 (35-70%) and Zone 2 (10-35%). This behavior can
be interpreted based on the fundamental relationship between
Raman peak position, temperature, and stress. As described by
Equation (3), the Raman peak shift (Aw) is influenced by both
thermal and stress-induced effects:1"]

Aw = A, AT + KAc (3)

where Aw is the Raman peak shift, A, is the temperature-Raman
shift coefficient, AT is the temperature change. K is the stress-
Raman shift coefficient. Ao is the stress variation. In Zone 1,
where the laser expansion exceeds 35%, the material remains
structurally intact without signs of degradation, melting, or ox-
idation. In this regime, the peak shift is linearly dominated by
temperature-induced changes. In contrast, in Zone 2 (expansion
below 35%), a significant increase in the slope of the linear fit
suggests that the peak shift is governed by both temperature and
stress. This shift is attributed to thermally induced structural de-
formation of the microtube and the melting and oxidation of Si
NM, which alters the local stress state and changes the effective
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value of A,. This transition is also clearly visible under optical mi-
croscopy: near the boundary between Zone 1 and Zone 2 (x35%),
the Si microtube exhibits obvious collapse and structural dam-
age in the irradiated center region (insets in Figure 3b). Further-
more, we calculated the local temperature using Equation (1) and
the intensity ratio of the Stokes and anti-Stokes peaks obtained
in Figure 3a (details provided in Figure S6, Supporting Informa-
tion). The resulting temperature values are plotted in Figure 3c.
As shown, the temperature increases approximately linearly as
the laser spot expansion decreases. Structural damage to the mi-
crotube begins when the local temperature reaches ~1200 K,
and under continued increase in power density, the tempera-
ture can rise further to #1500 K under a total laser power of
3.65 mW.

To further investigate this phenomenon, we performed FEM
simulations by varying the laser spot diameter from 5 to 18
pm while keeping the total laser power constant. The result-
ing temperature distributions are shown in Figure 3d and
Figure S7 (Supporting Information). As the spot diameter in-
creases, the average temperature in the irradiated region de-
creases significantly—from ~1400 K down to ~#800 K—in good
agreement with the experimental measurements. The slight dis-
crepancy between experiment and simulation mainly arises from
curvature-induced optical effects and additional heat dissipation
pathways. In addition to laser spot size control, thermal accumu-
lation in 3D Si microtubes can be effectively managed by adjust-
ing the laser power and NM thickness, as shown in Figure S8
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(Supporting Information). For example, simulation results show
that when the laser power is reduced from 5 to 1 mW, the maxi-
mum temperature drops sharply from ~1800 to ~600 K (Figure
S9, Supporting Information). Similarly, increasing the Si NM
thickness from 50 to 150 nm results in a reduction of the peak
temperature from ~1400 to ~700 K, as shown in Figure S10 (Sup-
porting Information).

In summary, for 3D Si microtubes functioning as passive mi-
crostructures, we confirm that localized thermal accumulation
can reach temperatures exceeding 1500 K under focused laser
illumination. Once the local temperature exceeds ~1200 K, ther-
mal degradation of the Si NM surface or structural collapse of the
microtube may occur. However, by precisely tuning laser focus-
ing parameters and applying our Raman-based temperature mea-
surement method, we demonstrate that the local temperature can
be controlled and maintained ~600 K. This thermal management
strategy provides practical guidance for the design and optimiza-
tion of passive 3D microtube devices, helping to prevent laser-
induced structural damage.

2.4. Thermal Evaluation and Management of VO, Microtubes as
Active 3D Bolometers

For active devices that require external electrical power, we inves-
tigated a VO,-based bolometer as a representative example. VO,
is a well-known phase transition material exhibiting strong tem-
perature sensitivity, as illustrated in Figure 4a. Below 341 K, VO,
exists in a monoclinic crystal structure (space group P2, /c) and
behaves as an electrical insulator. Between ~293 and ~320K, its
electrical resistance decreases linearly with increasing tempera-
ture, making it suitable for use in active bolometric applications
where temperature-dependent resistance is essential. As the tem-
perature exceeds ~341 K, VO, undergoes a sharp metal-insulator
transition (MIT), accompanied by a structural phase transforma-
tion from the monoclinic phase to the high-temperature rutile
phase (P4,/mnm). This transition is not only associated with a
dramatic drop in electrical resistance but also involves signifi-
cant lattice strain, which can induce macroscopic deformation in
3D VO, structures. Therefore, VO, in this regime is more suit-
able for applications in microrobots or actuators. However, above
~920 K in ambient air, VO, irreversibly oxidizes to V,Os, result-
ing in permanent degradation of device performance.[**) Hence,
precise thermal control is critical for VO,-based active bolometers
to ensure that the device remains within the monoclinic phase
during operation.

However, due to the inherently low thermal conductivity of
VO, (~5 W-m~1-K™!), compared with silicon (~148 W-m~!.K!
at 293 K and ~19 W-m~-K~! at 1500 K),!! VO,-based 3D mi-
crotubes are significantly more susceptible to thermal accumu-
lation under the same heat flux and geometric conditions. As
shown in Figure 4b, FEM simulations reveal that while the maxi-
mum temperature in a silicon microtube remains below ~400 K
under laser irradiation, the temperature in a VO, microtube un-
der identical conditions can exceed 1400 K. This level of heating
is sufficient to trigger irreversible oxidation to V,Os and causes
permanent device failure. Therefore, it is crucial to implement
systematic thermal regulation strategies for VO,-based active
devices.
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We first explored structural tuning through FEM simulations,
focusing on wall thickness effects. As shown in Figure 4c, in-
creasing the VO, tube wall thickness from 60 to 200 nm effec-
tively suppresses thermal accumulation, reducing the peak tem-
perature from x1400 to 2600 K. This thermal shift moves the
material out of the irreversible oxidation regime (Mode A) and
into the rutile phase region (Mode B). The underlying mecha-
nism is attributed to the increase in thermal mass and heat dissi-
pation with thicker structures. Such a thickness increase can be
achieved either by depositing thicker VO, NMs or by designing
planar VO, patterns that form more rolled-up turns during fabri-
cation. Laser power modulation offers another effective method
of thermal control. As shown in Figure 4d, reducing the laser
power from 2 to 0.072 mW decreases the peak temperature from
~933 to ~316 K, thus stabilizing VO, in the monoclinic phase
(Mode C). However, even a slight increase in power to ~0.2 mW
can elevate the temperature to #357 K, exceeding the MIT thresh-
old and driving the material into the rutile phase. This makes
precise power control essential for maintaining VO, in its insu-
lating state, which is critical for bolometric operation. In addition,
we propose ambient temperature regulation as a complementary
thermal management strategy. As demonstrated in Figure 4e,
lowering the background temperature from 320 to 200 K re-
duces the VO, microtube’s local temperature from ~368 K (rutile
phase, Mode B) to ~248 K (monoclinic phase, Mode A), providing
another avenue for preserving phase stability.

Based on simulation insights, we fabricated 3D VO, micro-
tubes and demonstrated their functionality as active bolometric
devices, as illustrated in Figure 5a. 180 nm-thick VO, films were
deposited on Si/SiO, substrates via magnetron sputtering, and
their layered structure was confirmed by cross-sectional TEM
(Figure S11, Supporting Information). By patterning a Cr stressor
layer partially overlapping the VO, film, we induced controlled
self-rolling to form tubular geometries. To evaluate the thermal
behavior of the 3D VO, microtubes, we conducted a comparative
study with 2D planar VO, NMs. As shown in Figure 5b, Raman
spectra of the 2D VO, NM at room temperature (293 K) exhibit
two prominent peaks at ~#196 and ~224 cm™', corresponding to
Ag vibrational modes of V - V bonds in the monoclinic phase.[5?!
With increasing background temperature to 348 K, both Stokes
and anti-Stokes peaks gradually diminish and eventually vanish,
consistent with the phase transition from the monoclinic (M) to
rutile (R) phase of VO,, which lacks Raman-active modes (Figure
S12, Supporting Information).[>?!

In contrast, 3D VO, microtubes measured at 293 K exhibited
no detectable Raman peaks, indicating that thermal accumula-
tion in the tubular geometry had already induced a phase tran-
sition to the rutile state. To investigate this further, we system-
atically lowered the background temperature. At 263 K, weak
Stokes peaks began to emerge, and at 213 K both Stokes and
anti-Stokes peaks became clearly visible, indicating a complete
transition back to the monoclinic phase. By fitting the Raman
peaks and applying Equation (1) after system calibration, we ex-
tracted the local tube temperature to be ~#297 K at a background
of 213 K. At a lower base temperature of 173 K, the local temper-
ature was estimated to be ~269 K, suggesting a 28 K difference
from the base, likely caused by convective disturbances from ni-
trogen flow during cooling. To validate these findings, we con-
ducted FEM simulations to map the relationship between laser
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Figure 4. Thermal characteristics and simulation of local heating in a 3D VO, microtube bolometer structure. a) Schematic illustration of the VO, phase-
state changes under increasing temperature: below ~341 K the VO, remains in the monoclinic (insulating) phase with a linear temperature-resistance
dependence (operational bolometer regime); between ~341 K and elevated temperatures (up to ~10° K) the material undergoes an insulator-to-metal
phase transition into the rutile phase; at higher temperatures the VO, structure is damaged. b—e) FEM of the microtube’s local temperature rise as a
function of various parameters: (b) material thermal conductivity (comparing a high thermal conductivity Si microtube versus a low thermal conductivity
VO, microtube under identical laser power), (c) nanomembrane wall thickness, (d) incident laser power, and (e) ambient (base) temperature.

power, background temperature, and resulting VO, tube temper-
ature, as shown in Figure 5c. The white contour line represents
the M—R phase boundary. Experimentally measured phase states
are overlaid: red squares correspond to the monoclinic phase and
blue squares to the rutile phase. The experimental data closely
match the simulation predictions. From this, we determine that
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under ambient conditions (293 K), the operational laser power for
VO, microtubes must remain below ~0.05 mW to prevent phase
transition—critical for bolometer design.

To realize bolometric functionality, interdigital electrodes were
patterned on the VO, film (160 nm thick) prior to rolling, yield-
ing a 3D tubular VO, bolometer (Figure 5d, inset: optical image).
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Figure 5. Experimental thermal evaluation and management of 3D VO, microtubes for active bolometer applications. a) Schema of VO, Raman test
on microtube structure. b) Raman spectroscopy of VO, 2D NM and 3D microtube at different temperatures. c) The simulated temperature of different
background temperature and laser power, blue and red points show the experiment data of VO, microtube and their corresponding phase. d) Schema
of infrared photoelectricity test for tubular bolometer. €) Output current of 3D tube bolometer operating in work temperature with increased 940 nm
laser power, the insetx show the controlled region for work temperature. f) Simulation of temperature distribution along axis of 3D tube bolometer with

electrodes. Scale bars in (d), 100 um.

The I-V characteristics, confirming device stability, are shown in
Figure S13 (Supporting Information). At 298 K, we compared pla-
nar VO, devices with 3D tubular counterparts (Figure S14, Sup-
porting Information). The microtubes exhibited a clear photocur-
rent response that scaled with laser intensity, highlighting the
role of thermal localization in enhancing responsivity. Neverthe-
less, as shown in Figure 4, excessive thermal accumulation can
drive the device into nonlinear operation. To ensure stable per-
formance, we correlated laser power with local temperature using
simulations (Figure 5c; Figure S15, Supporting Information) and
resistance—temperature measurements (Figure S16, Supporting
Information), thereby defining an operating window between
298 and 318 K (inset of Figure 5e). Within this regime, both the
local temperature and the net photocurrent increased linearly
with power (Figure 5e). At a high incident power of 55 uW, the
VO, bolometer exhibited an enhanced photocurrent response.
These results confirm that Raman-based temperature mapping
enabled effective thermal regulation, allowing VO, to remain in
the monoclinic phase during bolometric operation and enhanc-
ing the IR photoresponse. Finally, to explore the implications for
thermal imaging, we simulated the spatial temperature distribu-
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tion in the microtube upon laser irradiation (Figure 5f). The sim-
ulation revealed localized temperature increases near the center
of the structure (=341 K), while the surrounding channels re-
mained significantly cooler, enabling spatially resolved IR detec-
tion. These results highlight the unique advantage of our Raman-
based thermal management method in both tuning and calibrat-
ing VO,-based bolometric devices and offer a promising path to-
ward the development of high-resolution 3D thermal imaging
systems.

3. Conclusion

In this work, we developed a non-destructive, high-resolution
thermal evaluation strategy for 3D rolled-up NM structures un-
der laser stimulation. By combining anti-Stokes to Stokes Ra-
man scattering analysis with FEM simulations, we achieved local-
ized, contact-free temperature mapping on curved 3D geometries
with high spatial resolution. Experimental results revealed signif-
icant thermal accumulation in 3D microtubes, with local temper-
atures rising up to ~1300 K—substantially higher than in planar
counterparts. For passive devices, we demonstrated temperature
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control from %700 to 1300 K in silicon NM-based microtubes,
where exceeding 1200 K poses a risk of irreversible material
degradation. For active devices, we realized phase-sensitive ther-
mal modulation in VO, NM-based tubular bolometers near the
341 K metal-to-insulator transition, enabling enhanced response.
This Raman-based strategy is broadly applicable to 3D NMs com-
posed of diverse functional materials—including 2D materials,
III-V semiconductors, and perovskites—owing to the intrinsic
nature of Raman scattering, which requires no contact probes
or surface modifications. The technique also offers a powerful
platform for precise thermal management in next-generation 3D
optoelectronic and photonic microsystems, where thermal accu-
mulation can lead to nonlinear optical effects, phase instability,
and degraded device performance.

4. Experimental Section

Si Microtube Fabrication: A solid-source molecular beam epitaxy
(MBE) system was used to grow the 40 nm Ge epi-layer followed by a Si
epi layer with thickness of 30 nm. The growth is pricess under tempera-
ture of 280 °C. The epitaxial Si layer was cleaned by hydrofluoric acid (HF)
to remove the oxide layer on its surface. The etching window is defined
by photolithography using the following steps: 1) photoresist with 2 um
thickness is coated on the cleaned Si layer. 2) the pattern is developed
then exposed under reactive ion etching(RIE) for 40s (35 sccm SFg and 18
sccm CHF; flow, 30m Torr chamber pressure, 50 W etching power) to cre-
ate an etching window. 3) The photoresistor is removed by acetone then
the sample is steep in 30%H,0, solution at 70 °C for 15 min to remove
the sacrifice layer (Ge layer) enable the Si nanomembrane released from
the substrate and the stress will make the released film rolled up itself. 4)
Critical point dryer (CPD) was used to dry the microtube.

VO, Microtube Fabrication: A magnetron sputtering system was used
to deposit the polycrystalline VO, layer directly on Silicon substrate with
oxide layer cleaned with acetone and deionized water. The deposition is
under 500 °C for 1800 s in argon—oxygen flow, with 15 mtorr Campman
pressure, and the rate of oxygen—argon is 5% and the sputtering power
is 200 W, then a Cr layer is deposited by electron beam evaporator to in-
troduce extra stress. The microtube rolled up process is similar to Si mi-
crotube, the electrodes were defined by photolithography and the etching
window is etched by RIE for 100 s with 30 sccm Ar flow and 30sccm CFy
flow. The release step use HF to remove the sacrifice layer (SiO,).

Raman Spectroscopy Measurement: A RENISHAW InVia Qontor Ra-
man system is used to process the measurement. Before every test the Si
wafer was used to calibration the system by set the Si peak to 520.5 cm™!
and ensure the center of laser spot stay on the center of view under the
microscope. Before low wave test, a Low Wavenumber Notch Filter and
a slit was used to filter the Rayleigh scattering. Before every Stokes and
anti-Stokes test on microtube the Raman spectroscopy of Si wafer was ob-
tained using a laser power of 1% (~0.1 mW) in room temperature (297K)
to find its Stokes-Anti-stokes ratio and contrast with the calculated ratio
under this temperature to calibrate the extra ratio caused by the system.
The precise heating stage for controlling the temperature is the Linkam
THMSG600 Temperature Controlled Geology Stage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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