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Thermochromic Gires-Tournois Resonators with Tellurium

for Battery Thermal Runaway Warning

Hyun Min Kim, JuHyeong Lee, Juhwan Kim, Gyurin Kim, Jang-Hwan Han, Joo Hwan Ko,

Young Min Song,* and Hyeon-Ho Jeong*

Effective temperature monitoring is crucial for preventing battery

fires caused by thermal runaway, ensuring human safety, and providing
timely warnings. While thermochromic materials offer intuitive, real-time
temperature visualization, their slow response times remain them unsuitable
for battery monitoring. A thermochromic Gires-Tournois (GT) resonator
specifically designed for rapid and accurate battery temperature detection

in the critical range below 80 °C is introduced, where thermal runaway

risks can be effectively mitigated. Central to this design is an ultrathin

(10 nm) thermo-responsive tellurium film, paired with a protective glass layer
and an underlying metallic mirror. This thermochromic GT resonator exhibits
reversible temperature detection over multiple cycles, actively responding

to temperature changes through partial melting of tellurium, which alters

its complex refractive index—a property discovered in the 1960s but now
harnessed for this novel application. Notably, the resonator monitors both
specific temperature points and overall heat transfer across the battery surface,
achieving sub-second response times in an untethered manner. These findings
position the thermochromic GT resonator as a promising platform for direct,

1. Introduction

The rapid transition from the electric to ar-
tificial intelligence (AI) era has accelerated
the development of various Al-assisted elec-
tric personal items (such as mobile phones,
clocks, rings, etc.) and vehicles (e.g., electric
cars and urban air mobility), all of which
essentially require portable energy storage
and conversion devices, commonly known
as batteries.['?] Despite their commercial
success, batteries are prone to recurrent fire
accidents, which pose severe risks to both
personal and public property, as well as to
human life, and thus cause significant so-
cial concern and conflict between users and
non-users alike.}] Specifically, an uncon-
trollable temperature increases within a bat-
tery cell, termed thermal runaway, can oc-
cur due to various factors (such as mechan-
ical damages, electrical overload, and ther-

intuitive, and compact temperature monitoring in energy storage systems.

H. M. Kim, J. Lee, ]. Kim, G. Kim, J.-H. Han, J. H. Ko, Y. M. Song,
H.-H. Jeong

Department of Electrical Engineering and Computer Science
Gwangju Institute of Science and Technology

Gwangju 61005, Republic of Korea

E-mail: ymsong@kaist.ac.kr; jeong323 @gist.ac.kr
Y.M.Song, H.-H. Jeong

Department of Semiconductor Engineering

Gwangju Institute of Science and Technology

Gwangju 61005, Republic of Korea

Y.M.Song

Artificial Intelligence (Al) Graduate School

Gwangju Institute of Science and Technology

Gwangju 61005, Republic of Korea

Y.M.Song

School of Electrical Engineering

Korea Advanced Institute of Science and Technology (KAIST)
Daejeon 34141, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202511261

© 2025 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202511261

Adv. Mater. 2025, 2511261 2511261 (1 of 10)

mal abuse), leading to a chain reaction of
exothermic events.l*] This reaction can ex-
ponentially elevate the temperature to over
500 °C in less than a minute, often result-
ing in unpredictable fires and explosions.!!

A rational approach to prevent such dangerous temperature
spikes and associated hazards is to detect early signs of over-
heating before thermal runaway, typically when the battery tem-
perature is below 80 °C (e.g., Figure 1a).*%l Once the battery
temperature exceeds 80 °C due to mechanical impact, short cir-
cuit, overcharging, or external heat, critical damage can occur
to internal components, such as the solid electrolyte interface
and the separator, triggering rapid thermal runaway. So, for early
detection, thermocouples and infrared (IR) camera are widely
used due to their fast response times (below 1 sec).”°! However,
thermocouples need to be physically attached to the exterior of
the battery, thus only measuring temperature at the specific lo-
cal area of contact.'”) Additionally, in large-scale battery packs
containing hundreds of cells, the number of thermocouples is
typically limited due to cost and integration complexity.['!! Con-
versely, IR cameras provide spatially resolved thermal maps in
an untethered configuration but are often hindered by inaccura-
cies arising from variations in surface emissivity and background
interference.!!?]

As an alternative, thermochromic materials offer intuitive and
contactless visualization of temperature distributions with min-
imal instrumentation (see Supplementary Table S1, Supporting

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Thermochromic Gires-Tournois (GT) resonators with elemental tellurium (Te). a) Schematic of the thermochromic GT resonator integrated
onto a battery surface (top) to visually indicate temperature changes linked to the battery’s operational status (bottom). b) Thermo-responsive phase
transition of Te between solid and quasi-liquid states. ¢) Corresponding changes in the refractive index during the phase transition. d) Numerically
calculated reflection spectra of the GT resonators (gray: Al mirror, yellow: Au mirror) as the temperature increases from 25 to 80 °C. e) Associated
calculated reflection difference (AR) versus Te film thickness. f) Performances of the thermochromic GT resonator and g) its comparison with 11
different thermochromic materials for the response time versus thermal conductivity, and h) maximum change in refractive index versus operation

temperature (dot: volatile, circle: non-volatile).['3—44]

Information).*™* For instance, organic molecules, such as leuco
dyes and liquid crystals, can exhibit significant color changes
with varying temperatures.!'>'7] However, their response times
exceed 1 min,"®?1) making them unsuitable for preventing rapid
thermal events. Similarly, halide perovskite materials offer large
color changes from red to green as the temperature changes
from 20 to 60 °C, but yet suffer from slow response times
(above 30 min) and poor thermal stability.[2223] In contrast, in-
organic phase-change materials are known for their extremely
fast response times, often within tens of nanoseconds, -3l
and exhibit a large thermo-responsive change in refractive in-
dex (An) exceeding 0.5.3133] Antimony (Sb), for example, has
emerged as a promising thermochromic material with high ther-
mal conductance (%4860 MW m~2eK"! for a 5 nm film) and
large optical tunability (An > 1.5).33] However, Sb-based sys-
tems rely on irreversible crystalline phase transitions, which typ-
ically occur above 80 °C, making them incompatible with early-
stage battery thermal monitoring.3>¢] Moreover, these tran-

Adv. Mater. 2025, 2511261 2511261 (2 of 10)

sitions are nonvolatile,”38! and susceptible to structural vari-
ability due to oxygen vacancies and stoichiometry-dependent
polymorphism,[?*3°] limiting their reproducibility and cycling
stability.

We here propose tellurium (Te) as a novel single-element
volatile phase-change material, effective for thermochromic de-
vices in battery applications. Unlike other inorganic phase-
change materials, the atomic structure of Te sequentially melts
from solid to quasi-liquid phase as the temperature increases to
80 °C, effectively tuning its refractive index over 0.7 in the visible
range. We leverage this property to develop an ultrathin Gires-
Tournois (GT) resonator, requiring only 10 nm thick Te film on
a metallic surface (such as aluminum, commonly used for the
battery casings). This resonator effectively tunes the reflectance
by 2% with small temperature variations within seconds. We
further demonstrate that these thermochromic GT resonators
enable rapid and reversible switching, making them suitable for
integration on the surface of the battery cells and thus providing

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD aA 181D 3|qedldde ayy Aq peussnob afe sajonte YO 8sn JO S3|nJ Joj AkeiqiT 8uluO A8|1IA\ UO (SUONIPUOD-PUR-SW.IAL0D A3 | I Ae.q 1 Buljuo//:SdxL) SUONIPUOD pue Swie | 8u1 89S *[S202/80/L0] Uo ARiqi7auliuo A8iMm ‘(519) ABojouyos | puy 8ousios JO aImisu| nibuems Aq T9ZTTSZ0Z BwPe/Z00T OT/I0p/W0d A3 | Ale.q) 1 puljuo peoueApe//sdny woly pepeojumod ‘0 ‘5607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

real-time visualization of thermal fluctuations in space, a critical
feature for early thermal runaway warnings.

2. Results and Discussion

2.1. Design of Gires-Tournois (GT) Resonators with Tellurium (Te)

To rapidly and reversibly detect the battery temperature in the
critical “warning region” below 80 °C, while providing an in-
tuitive visual indication (Figure 1la), thermochromic materials
must meet two essential criteria (Figure S1, Supporting In-
formation): (i) a fast response time under 1 min, enabled by
high thermal conductivity, a criterion that most organic phase-
change materials fail to meet,'** and (i) a large, reversible
change in refractive index in response to external thermal in-
put within the visible range, which is inadequately provided by
most inorganic phase-change materials.3*”) To address these
challenges, we introduce an elemental Te as a thermochromic
material that satisfies the stringent demands of battery tempera-
ture monitoring. When transitioning between solid and liquid
phases (Figure 1b), Te exhibits an exceptionally large thermo-
responsive shift in its refractive index, exceeding 3 in the vis-
ible spectrum.[*'#2] This significant optical property, first re-
ported in the 1960s, has been surprisingly overlooked despite be-
ing the highest known refractive index transition in the visible
range.[*?l Additionally, Te intrinsically possesses superior ther-
mal conductivity (c.a. 3.38 W m~1-K™1),¥}] resulting in an ex-
tremely fast phase transition time of 12 nanoseconds.[**! Fur-
thermore, it has been recently explored as an electrode mate-
rial in lithium-ion batteries,*>#°] indicating its feasibility and
compatibility for integration into battery temperature sensing
applications.

Leveraging such Te’s thermo-responsive properties, we de-
velop a simple yet highly efficient thermochromic ultrathin re-
flector, referred to as a GT resonator.[*’] Prior to the structural
design, we validate the changes in Te’s refractive index within the
warning region near 80 °C using in-situ ellipsometry while heat-
ing the sample (Figure 1c). As the temperature rises from 25 to
80 °C, the refractive index (n) of the Te thin film decreases across
the visible spectrum at wavelength 4 < 750 nm, while the ex-
tinction coefficient (k) increases (Figure S2, Supporting Informa-
tion). Using these optical properties, we then design and simulate
tailorable GT resonators for the temperature visualization using
a tri-layer configuration of glass/Te/metallic mirror (top panel of
Figure 1a). Since Te behaves optically as a lossy dielectric, similar
to silicon and germanium,[*®) the combination of a thin Te layer
with an underlying metallic (Au or Al) mirror enables strong op-
tical interference, despite the subwavelength thickness.[*! Due
to its exceptional thermal and chemical stability,[*®! the Au mir-
ror is primarily used to eliminate mirror-induced changes and
focus solely on the thermochromic behavior of the Te film, while
the Al mirror is utilized for battery applications. For example, at
T = 25 °C, a 10 nm thick solid Te film formed on an Au mir-
ror reflects 34% of light at A = 650 nm, which increases to
over 40% as Te partially liquifies at 80 °C (Figure 1d). This
thermochromic behavior remains consistent regardless of mir-
ror material, as shown for both Au and Al mirrors. Moreover,
the reflectance difference (AR) between solid and partial lig-
uid (a.k.a. quasi-liquid) phases is prominent across all Te film
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thicknesses ranging from 1 to 50 nm (Figure le). We here de-
fine the AR as the difference between the reflectance of the GT
resonators at a given temperature and 25 °C. Notably, simula-
tions suggest that the GT resonators made of 10 nm Te film ex-
hibit the maximal AR in visible and exceptional thermal conduc-
tance (338 MW m~2-K™!), one of the highest values recorded,
ensuring rapid thermal response (Figures 1f~h; Figure S1 and
Table S1, Supporting Information). Additionally, the upper silica
layer, which fully covers the entire surface of the GT resonator,
serve a dual purpose (see below): it not only prevents Te evapora-
tion without inducing alloying or other chemical reactions dur-
ing heating,®!] but it also functions as a heat insulator that ac-
celerates Te melting, thanks to its low thermal conductivity of
~1W m—l_K—l.HO,SZ]

2.2. Operation of Thermochromic GT Resonators

Based on numerical simulations, we fabricate GT resonators by
depositing a 10 nm thick Te film onto an Au (or Al) mirror, pro-
tected by a 50 nm thick SiO, layer, all of which are fabricated
through physical evaporation techniques (see Figure 2a and Ex-
perimental Section for the fabrication details). The key mecha-
nism behind the GT resonator’s thermal sensing capability lies
in the phenomenon of partial melting, despite Te’s bulk melting
point being 450 °C.1>*5* We observe that melting begins at sig-
nificantly lower temperatures, attributable to localized melting
at the material’s surface or grain boundaries prior to the com-
plete phase transition.[>7] This enables the formation of a quasi-
liquid phase at temperatures well below the bulk melting point,
allowing for temperature sensing based on variations in the lig-
uid volume fraction. We confirm this process using Raman scat-
tering analysis (Figure 2b) and transmission electron microscopy
(TEM, Figure 2¢,d). As the temperature increases from 25 to
90 °C, the Raman bands associated with intra-chain bond bend-
ing (E,;), chain expansion (A;), and bond stretching (E,) of
Te chains progressively weaken (top panel of Figure 2b), in-
dicating that the Te film is partially transitioning to the lig-
uid phase.’®! Notably, the Te film exhibits reversible transi-
tions after repeated heating cycles at 75 °C, with negligible
changes observed at room temperature, confirming its volatile
nature (bottom panel of Figure 2b). TEM images and associ-
ated diffraction patterns further demonstrate that the initial trig-
onal crystal structure of the Te film remains intact at tempera-
tures below 80 °C, suggesting that only specific regions of the Te
film undergo melting, which automatically reverses upon cool-
ing (Figure 2d). However, at temperatures above 150 °C, clear
changes in the crystal structure occur, indicating irreversible
melting, thus limiting the operational temperature range but
still making the resonator well-suited for battery warning appli-
cations. We further confirm the absence of structural deforma-
tion or alloy formation, such as Au-Te or Si-Te, in the GT res-
onator during heating, as evidenced by energy-dispersive X-ray
spectroscopic (EDX) images (Figures S3,S4, Supporting Infor-
mation). To further validate the thermally induced phase tran-
sition of Te, we measure the electrical resistance of Te thin
film deposited on electrically insulating quartz substrates. As Te
is known to exhibit increased electrical conductivity during its
transition from solid to liquid,[**! we observe a corresponding
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Figure 2. Operation of GT resonators below the Te melting point. a) Wafer-scale GT resonators with different Te layer thicknesses. b) In-situ Raman
scattering spectra of the GT resonator during heating. c) Transmission electron microscopy (TEM) images of the GT resonator (right) and corresponding
EDX elemental false color mapping (O: green, Te: red, Au: yellow). d) Transition of Te crystal structure with increasing temperature (inset: diffraction
pattern). e) Reflection difference (AR) of the GT resonator fabricated on an Au mirror (top: simulation, bottom: measurement). f) Changes in reflection
images of the GT resonator with temperature, including analysis of the separated red channel images. g) Temperature visualization using the GT

resonator.

decrease in resistance with rising temperature, providing
additional evidence of the phase transition (Figure S5, Support-
ing Information).

We then perform in-situ reflection measurements of the GT
resonators during heating, typically from 25 to 80 °C, using a
customized optical spectroscopic system and imaging setup com-
bined with a commercial microheater. At T = 35 °C, the GT
resonators with Au mirror exhibit a reflectance change (AR) of
0.6% at A = 650 nm (or 0.4% for the Al mirror), which increases
by ~2% as the temperature rises to 80 °C (Figure 2e; Figures
S6,S7, Supporting Information). The overall trend of AR vari-
ation aligns well with numerical simulation results based on
the temperature-dependent complex refractive indices of solid
and quasi-liquid Te, as measured by in-situ heating ellipsome-
try. Discrepancies in the absolute AR values are attributed to
factors such as surface roughness, grain boundaries, and opti-
cal scattering in the fabricated films, which are not accounted
for in the idealized simulation model. Nevertheless, the consis-
tent trend supports the validity and predictive capability of the
simulation. These dynamic optical changes are also visually evi-
dent. The red channel of the reflection images clearly shows in-
tensity increases that correspond to the AR changes (Figure 2f).
To more effectively visualize spatial temperature fluctuations, we
separate the primary RGB color channels from each reflection
image and focus on the red channel, which exhibits the strongest
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temperature-dependent variation in reflectance. The difference
in red channel intensity (Ared) is then calculated by subtract-
ing the red channel intensity at 25 °C from that at a given tem-
perature and mapped pixel-wise to construct thermal distribu-
tion profiles. This image-based method enables clear and con-
tinuous visualization of temperature changes across the 25 to
80 °C range, as demonstrated in Figure 2g. Additionally, the GT
resonators exhibit negligible color change at sub-room temper-
atures (5, 10, and 15 °C) (Figure S8, Supporting Information),
consistent with the absence of surface melting in this range. The
temperature-dependent thermochromic behavior of the GT res-
onators also closely follows the theoretically predicted trend of the
liquid volume fraction of Te, which varies linearly between the
solidus (25 °C) and liquidus (450 °C) states.[°) This agreement
supports the phase-transition-driven mechanism of the optical
response and enables linear fitting of the color change with tem-
perature (Figure S9, Supporting Information). Note that these
thermochromic behaviors are solely due to the phase transition
behavior of Te. Control experiments confirm that no observable
color change occurs when using either an Au mirror alone or an
Au mirror coated with a 50 nm SiO, layer under identical heat-
ing conditions (Figure S10, Supporting Information). Further-
more, in the absence of the upper SiO, layer, the Te film predom-
inantly undergoes oxidation, forming TeO, bonds, as confirmed
by X-ray photoelectron spectroscopy (Figure S1la, Supporting
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Information). In contrast, the Te film remains stable even af-
ter six months when protected by the SiO, layer, which ef-
fectively acts as a passivation layer (Figure S11b, Support-
ing Information). This SiO, layer also functions as a heat in-
sulator, aiding the thermochromic response by trapping ra-
diant heat and facilitating the partial melting of Te.’?] This
is further evidenced by the fact that unprotected GT res-
onators exhibit significantly smaller reflection changes com-
pared to those with SiO, protection (Figure S12, Supporting
Information).

2.3. Temperature Visualization Using GT Resonators

The observed volatile characteristics of Te enable an autonomous
reverse transition back to the solid phase, allowing for fast
and reversible switching dynamics (Figure 3). Given this fea-
ture and the critical importance of early detection of battery
temperature changes, we evaluate the switching performance
of the GT resonator by measuring its spectral changes during
both heating and cooling, in 10 °C increments, while simul-
taneously monitoring the temperature with a commercial ther-
mometer (Figure 3a,b). In both heating and cooling cycles, the
GT resonator successfully tracks temperature variations with-
out noticeable delay, achieving a switching speed limited only
by the measurement intervals, i.e., 1 second (Figure 3b). A lin-
ear fit of the AR values against temperature yields Pearson cor-
relation coefficients exceeding 0.9 for both heating and cool-
ing, indicating a strong linear correlation between optical re-
sponse and measured temperature.®¥) Notably, this response
speed could be further enhanced, as Te has previously demon-
strated nanosecond-scale switching capabilities.**l The GT res-
onators also demonstrate highly repeatable and reversible ther-
mochromic performance across multiple cycles and tempera-
ture ranges, including room temperature to 40, 50, 55, and
60 °C, with no observable delay (Figure 3c). These dynam-
ics are visibly manifested through reflection image sequences
showing consistent color transitions (Figure 3d) and are sus-
tained over at least 50 consecutive heating and cooling cycles
(Figure 3e). Furthermore, the thermochromic response remains
stable even after nine months of storage (Figure 3f), highlight-
ing long-term reliability. The resonators also maintain consis-
tent performance under varying relative humidity levels (40%,
50%, 60%, and 70%), confirming their environmental robustness
(Figure 3g).

To simulate a practical thermal runaway scenario, we ex-
pose the edge of a GT resonator-coated substrate to an open
flame. The resonators successfully visualize heat propagation
across a 2-inch wafer through distinct and progressive color
changes (Figure 3h and Supplementary Videos S1,S2, Support-
ing Information), demonstrating their capability for real-time,
spatially resolved thermal warning. In addition to qualitative
visualization, the GT resonators enable quantitative thermal
monitoring with a rapid response time of 17 ms and a spa-
tial resolution of 35 pum. This exceptional switching fidelity,
combined with scalability and long-term stability, positions the
GT resonator as a strong candidate for integration into next-
generation battery systems for real-time, distributed temperature
monitoring.
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2.4. Battery Temperature Visualization Using GT Resonators

Accurately monitoring and responding to temperature fluctu-
ations in real time is critical for preventing thermal runaway,
making the thermochromic GT resonator a promising tool for
enhancing the safety and performance of modern energy stor-
age devices. To demonstrate this capability, we integrate the
GT resonator onto the Al shell of a commercially used battery
(Figure 4a; Figure S13, Supporting Information). This integra-
tion enables the monitoring of heat distribution, a feature un-
available in bare batteries. Despite the rough and curved sur-
face of the Al shell (Figure S14a,b, Supporting Information),
the straightforward physical deposition method enables uniform
coverage of the Te and SiO, layers across half the battery surface,
producing vivid reflective colors (Figure 4b). In contrast, the bare
battery exhibits no reflection changes when its surface temper-
ature increases to 80 °C. Although the battery’s rough surface
leads to lower reflectance compared to one fabricated on the pla-
nar silicon wafer (i.e., flat and uniform Al mirror, Figure Sl4c,
Supporting Information), the thermochromic GT resonator on
the battery exhibits the effective thermochroic behavior, with a
0.7% AR change as the temperature varies within the warning
region, maintaining strong reversible fidelity (Figure 4c). Given
that the temperature difference between a battery’s internal and
external surfaces is typically < 4-5 °C (Figure S15, Supporting
Information),l®®) integrating the GT resonator onto the battery
surface offers an effective solution for early thermal runaway
detection.

To provide users with fast and intuitive recognition of tem-
perature increases, we fabricate a “warning” patterned GT res-
onator directly onto the battery surface using a shadow mask
(Figure 4d). This design enables vivid visualization of temper-
ature changes with a temporal resolution of 17 ms. Moreover,
unlike thermocouple-based sensing that measures localized tem-
peratures only (Figure S16, Supporting Information), the ther-
mochromic GT resonator allows clear visualization of heat dis-
tribution across the entire battery surface via distinct color vari-
ations (Figure 4e; Supplementary Video S3, Supporting Infor-
mation). This confirms rapid heat transfer within seconds, a ca-
pability that is difficult to achieve with point-based fiber-optic
sensing,! thermocouples,!*! or slow thermo-responsive phase-
change materials.'?] To further enhance the practicality of
GT resonators, we fabricate patterned versions on commercial
thermally conductive tapes (~1.4 W m~!-K™!, Figure 4f; Sup-
plementary Video S4, Supporting Information) and polyethy-
lene terephthalate (PET) label stickers (~0.15 W m~-K™!, Figure
S17, Supporting Information),!t) which are then applied to
battery surfaces. Although the PET label slightly hinders heat
propagation due to its low thermal conductivity/®? resulting
in spatial visualization within tens of seconds (Supplementary
Video S5, Supporting Information), the resonators on conduc-
tive tape enable heat distribution visualization within 1 s. A
key advantage of these GT resonator-coated stickers is their
ease of application to commercial batteries of various shapes
and sizes (Figure 4g), highlighting their strong potential for
scalable deployment in modern electronic and energy storage
systems.

To evaluate the real-time temperature sensing capabilities
of the GT resonators under practical operating conditions, we

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Temperature visualization using GT resonators. a) Experimental
thermocouple as a reference. b) Corresponding AR changes from the GT re

@ Al mirror 9 10 11
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setup for temperature monitoring with the GT resonator, together with a
sonator (top) compared to the temperature measured by the thermocouple

(bottom). c) Reversible switching in reflection spectra of the GT resonator during temperature cycling (top: AR spectra in 2D, bottom: AR intensity at a

wavelength of 650 nm). d) Associated visual representation of the reversibl

e changes in reflection images. e) Reliability during 50 heating and cooling

cycles, f) long-term stability, g) color dynamics under different ambient humidity of the GT resonators. h) Heat transfer visualization across the wafer,
demonstrated using pre-patterned GT resonators on Au mirror (top) and Al mirror (bottom).

attach GT resonators fabricated on thermally conductive tapes to
commercially available rechargeable systems, including a cylin-
drical 18650 lithium-ion battery and a smartphone. The 18650
battery with the GT resonator is connected to a commercial bat-
tery cycler to perform controlled charging and discharging tests
(Figure 5a and Supplementary Video S6, Supporting Informa-

Adv. Mater. 2025, 2511261 2511261 (6 of 10)

tion). The GT resonators successfully detect surface temperature
variations resulting from electrochemical reactions within the
battery, capturing subtle temperature increases of less than 5 °C
during both (i) charging and (ii) discharging processes over a 2-
hour operation (Figure 5b). These results align well with the tem-
perature readings from a surface-mounted thermometer, clearly
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Figure 4. Battery temperature monitoring with GT resonators. a) A camera-based visualization of battery thermal runaway warning using the GT res-
onator on the battery surface (right), compared with one without GT resonator (left). b) Reflection images (top) and spectra (bottom) of bare battery
(gray) and GT resonator fabricated along the whole battery surface (red). c) The reversible operation of the GT resonator on the battery (top: AR spectrain
2D, bottom: AR intensity at a wavelength of 650 nm). d) Heat transfer visualization across the battery surface using “warning” patterned GT resonators
deposited directly on the battery surface and e) associated spatiotemporal temperature increase. f) Heat propagation visualization using a thermally
conductive tape patterned with the GT resonators attached on the battery surface. g) Various types of batteries with patterned GT resonators.

demonstrating that the GT resonators can effectively visualize
temperature changes under normal battery operation.

We further validate the functionality of the GT resonators
by applying them to the backside of a commercial smartphone
(Figure 5¢; Supplementary Video S7, Supporting Information).
During charging at a rate of 10 W, the surface temperature in-
creases to a maximum of 32.9 °C, and corresponding reflectance
changes are tracked in real-time. In addition, when the smart-
phone is discharged by running a mobile application, the tem-
perature rises more rapidly, clearly visualizing the faster thermal
response and enabling intuitive observation of the spatial tem-

Adv. Mater. 2025, 2511261 2511261 (7 of 10)

perature distribution changes (Figure 5d). During charging with
commercial adapters rated at (v) 5 W and (vi) 10 W, the resonators
clearly visualized differences in the rate of surface tempera-
ture rise, reaching 26.1 and 30.3 °C, respectively, demonstrating
sensitivity to varying power input (Figure 5e,f; Figure S18 and
Supplementary Video S8, Supporting Information). These find-
ings confirm that while the battery casing may moderately at-
tenuate heat transfer from the internal core to the surface, the
GT resonators provide a practical, real-time, and non-invasive
solution for monitoring temperature dynamics in commercial
battery-powered electronics.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Real-time temperature monitoring of commercial batteries using GT resonators. a) GT resonator on a rechargeable 18650 lithium-ion battery.
b) Real-time spatial temperature visualization during (i) charging and (i) discharging (top panels: voltage and current profiles, temperature measured
by a surface-mounted thermometer (middle panels) and the GT resonator (bottom panels)). c) GT resonator attached to the backside of a commercial
smartphone. d) Real-time temperature monitoring of the smartphone during (iii) charging and (iv) discharging (app operation). ) GT resonator applied
to another smartphone. f) Visualization of surface temperature changes during charging with different power inputs: (v) 5 W and (vi) 10 W.

3. Conclusion

We successfully demonstrate a tellurium (Te)-based ther-
mochromic Gires-Tournois (GT) resonator for rapid and pre-
cise temperature monitoring in batteries, particularly within the
critical pre-runaway region below 80 °C, where early detection
is essential for risk mitigation. The simplicity of the GT res-
onator design, combined with a scalable and cost-effective fab-
rication process, ensures its practical applicability across a wide
range of commercial battery systems. Elemental Te serves as a
key thermo-responsive material, effectively modulating the re-
fractive index in the visible spectrum in response to thermal in-
put. While future work could focus on enhancing color perfor-
mance through multi-layered GT resonator designs, such as dis-
tributed Bragg reflectors,[®) or by exploring alternative materials
for passivation and mirror reflection, the current GT resonator
already demonstrates the ability to monitor battery temperatures
with sub-second accuracy. This response time is comparable to
commercial thermocouples, with the key additional advantage of
providing an intuitive, untethered visualization of temperature
distribution across the battery surface. Moreover, the material
cost per GT resonator, even when applied to one-half of widely
used cylindrical battery types, remains economically viable, sup-
porting its potential for large-scale deployment in industrial set-
tings (Table S2, Supporting Information). To ensure long-term

Adv. Mater. 2025, 2511261 2511261 (8 of 10)

stability and robust operation across various use environments,
further investigation is warranted into the GT resonator’s per-
formance under diverse thermal and mechanical conditions,*%]
with particular attention to safety considerations. While elemen-
tal Te is known to be mildly toxic, it is non-lammable and has
been evaluated as a safe material for integration into battery
systems.[*6:66-68] Finally, the potential compatibility of this tech-
nology with fiber-optic remote sensing schemes offers exciting
possibilities for simultaneous monitoring of an array of batter-
ies, paving the way for advanced thermal management in next-
generation batteries.>%°! Such innovations hold promise for a va-
riety of safety-critical applications, including heat pipes, wearable
devices, robotics, aerospace, electric vehicles, smart building, and
automotive systems.[!27071]

4. Experimental Section

Numerical Simulation: Optical properties of GT resonators were cal-
culated using a commercial Finite-Difference Time-Domain (FDTD) sim-
ulation program (Ansys Lumerical solution 2024 R2 version). The inci-
dent light was illuminated as a plane wave propagating toward the GT
resonator with a normal incidence for reflectance. The reflectance spec-
tra were obtained ranging from 450 to 850 nm with ~3 nm intervals.
The refractive indices of Te used for simulation were obtained exper-
imentally by spectrometric ellipsometer (Elli-SEU, Ellipso Technology),
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85UB017 SUOWIWOD aA 181D 3|qedldde ayy Aq peussnob afe sajonte YO 8sn JO S3|nJ Joj AkeiqiT 8uluO A8|1IA\ UO (SUONIPUOD-PUR-SW.IAL0D A3 | I Ae.q 1 Buljuo//:SdxL) SUONIPUOD pue Swie | 8u1 89S *[S202/80/L0] Uo ARiqi7auliuo A8iMm ‘(519) ABojouyos | puy 8ousios JO aImisu| nibuems Aq T9ZTTSZ0Z BwPe/Z00T OT/I0p/W0d A3 | Ale.q) 1 puljuo peoueApe//sdny woly pepeojumod ‘0 ‘5607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

covering a spectral range from 450 to 850 nm, with a step size of 1 nm.
The incident beam of the ellipsometer was positioned at a 70° to the sur-
face of the resonator. The optical properties of SiO,, Au, and Al were ex-
tracted from the literature.[*1] The Te thin film thickness varied, ranging
from 1 to 50 nm with 1 nm intervals, to find the maximum reflectance
difference.

Fabrication of the GT Resonator and Integration with Battery: A 150 nm-
thick Au film was deposited on a 2-inch silicon wafer using electron beam
evaporation (KVE-4000, Korea Vacuum Tech.) at a base pressure of 5 x
10~ Torr and a deposition rate of 0.1 nm s~'. Prior to this, a 15 nm-thick
Ti adhesion layer was deposited using the same method. Subsequently, a
10 nm-thick Te film was deposited onto the Au layer via thermal evapora-
tion at a rate of 0.1 nm s~', with the substrate maintained at —35 °C and
azimuthally rotated at 300 rpm during deposition to ensure uniformity. A
50 nm-thick SiO, layer is then deposited on top of the Te film via electron
beam evaporation under substrate cooling conditions, also at a growth
rate of 0.1 nm s™". For wafer-scale structural patterning (e.g., Figure 3h),
a 2-inch aluminum shadow mask fabricated through electroplating (IN-
EXJK.CO.) was positioned in front of the substrate during GT resonator de-
position. For battery integration, “warning”-patterned GT resonators were
fabricated using a customized shadow mask produced with a microscale
laser cutter (LPKF ProtoLaser U4, LPKF Laser & Electronics). These res-
onators were deposited either directly onto the surface of an empty com-
mercial battery frame (Sangsin EDP Corporation) or onto commercial
polyethylene terephthalate (PET) label stickers (LCC 3130, Formtec) and
thermally conductive tapes (9876B-08, 3M). When fabricated on labels or
tapes, the GT resonators were subsequently transferred and adhered to
the battery surface for temperature monitoring. The fabricated resonators
onto thermally conductive tapes were also applied to a commercial 18650
lithium-ion battery with energy capacity of 3000 mAh (LYS18650) and a
smartphone (Galaxy S21 Ultra, SAMSUNG) to realize their real-time tem-
perature monitoring under actual battery operation. The 18650 battery was
connected to a commercial battery cycler (tester 18650) (operation volt-
age: DC 5 V, maximum current: 1A) to conduct both charging and dis-
charging processes. The structures of GT resonators were imaged using
scanning electron microscopy (SEM, Verios 5 UC, Thermo Fisher Scien-
tific) under an accelerating voltage of 10 kV. Also, the cross-sectional views
of SEM images were used to measure the thickness of the GT resonator.
The chemical bonding states of Te and SiO, were analyzed using X-ray
photoelectron spectroscopy (XPS, NEXSA, Thermo Fisher Scientific), X-ray
diffractometer (XRD, SmartLab, Rigaku), TEM (JEM-ARM300F2, JEOL),
and X-ray energy dispersive spectroscopy (EDS, JED-2300T, JEOL).

Thermochromic Characterization: The GT resonators were placed on a
commercial microheater (MC-2550, Sakaguchi electronic heaters) for in-
situ _heating analysis. The complex refractive index of Te thin film under
heating was measured using a spectrometric ellipsometer coupled with
the microheater setup. Optical images and reflection spectra of the GT
resonators during heating were captured using a CMOS camera (STC-
MCS500U3V, Sentech) and a spectrometer (Ocean Optics QEpro) via a
customized microscope (Olympus BX53) equipped with 10x (0.3 NA)
and 20x (0.45 NA) objectives (Olympus LMPLFLN-BD). The spectrom-
eter records reflection spectra of the GT resonators at intervals shorter
than 1 second. A halogen lamp (PHILIPS 7724, 100 mW) was used as the
white light illumination source. Optical images are processed using Im-
age] software by isolating the red color channel, which corresponds to the
wavelength range of maximum thermochromic response. To examine the
thermochromic behavior of the GT resonators at sub-room temperatures,
an aluminum plate connected to a refrigerated circulating chiller (RW3-
0525, ZEIO TECH) was employed. For testing under different humidity
conditions, a commercial humidifier was integrated into a sealed, custom-
designed acrylic chamber, allowing controlled adjustment of relative hu-
midity around the GT resonators. Raman spectroscopy (LabRAM HR Evo-
lution, Horiba) was used to confirm the partial melting behavior of Te un-
der heating, with a 532 nm excitation laser. Throughout all in-situ heat-
ing experiments, sample temperature was monitored using thermocou-
ples (5SC-TT-K-40-36, OMEGA) connected to a commercial thermometer
(OM-CP-QUADTCTEMP-A2, OMEGA), capable of recording temperature
at sub-second intervals.
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