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Quantitative analysis of chalcogenide glass
aging in flexible photonic devices
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Abstract: Chalcogenide glass (ChG) shows significant promise for applications in flexible
integrated photonics due to its excellent optical properties and monolithic integration capability.
However, the long-term stability of chalcogenide materials remains a critical challenge, limiting
the broader deployment of device applications. To date, there has been limited research focused
on flexible photonic devices fabricated from Ge-Sb-Se-based ChGs, particularly regarding their
aging behavior and mechanical robustness under operational conditions. To address this, we
employed the resonant refractometry method to investigate the aging process of Ge-Sb-Se ChG in
flexible integrated photonic devices. Our experimental results reveal that thermal annealing plays
a significant role in accelerating the aging behavior of ChG devices. Devices that underwent
thermal annealing demonstrated enhanced stability, suggesting that thermal annealing serves as
an effective approach to accelerate the aging process in optical performance. Additionally, we
showed that the flexible devices retained their excellent mechanical stability even after undergoing
thermal annealing. The findings of this study offer insights into strategies for improving the
long-term stability of Ge-Sb-Se-based photonic devices.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Flexible integrated photonic devices hold significant promise for optical sensing applications due
to their unique advantages. For example, flexible photonics extends the mechanical adaptability
of optical systems [1], enabling conformal integration on non-planar and dynamic surfaces [2,3].
Compared to flexible electronics, photonic systems offer higher bandwidth [4] and reduced
crosstalk [5], while their high multiplexing capacity [6,7] allows for compact, space-efficient
designs [8]. In contrast to optical fibers, flexible photonic devices provide greater geometric
versatility [9,10] and stronger optical confinement [11], facilitating enhanced light–matter
interactions within compact space. Advances in monolithic integration [9,12,13] have further
enabled the scalable fabrication of flexible photonic circuits. Among candidate materials,
chalcogenide glasses (ChGs) exhibit exceptional optical properties, including broad infrared
transparency [14,15], nonlinear properties [16,17], and fabrication compatibility with CMOS back-
end-of-line processes [18,19], making them well suited for applications in photonic integrated
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circuits (PICs) [20,21] for applications in mid-infrared sensing [22,23], optical interconnects [24]
and nonlinear optics [25,26]. In particular, germanium (Ge)-antimony (Sb)-selenium (Se)-based
ChGs are widely used for fabricating flexible integrated photonic devices due to their high
refractive index (2.60-2.80) [27] and low propagation loss (0.8 dB cm−1) [28]. Moreover, these
materials can be deposited at room temperatures [1,29,30], enabling monolithic integration on
flexible substrates.

Glass materials, including ChGs, exhibit intrinsic aging at room temperature [31–34], which
can compromise the long-term reliability of sensing applications. Understanding their aging
behavior is therefore crucial to ensure stable and reliable performance of ChG-based photonic
devices. The fundamental origins of aging [31] are complex and not yet fully understood. For
example, hydrolysis reactions between sulfur-containing groups and water have been identified
as the primary driver of compositional changes in ChGs [32], while defect migration further
accelerates structural instability [35]. Additionally, surface oxidation caused by oxygen diffusion
has been shown to reduce infrared transmittance, thereby limiting device performance [36].
Despite the progress made in understanding these processes, existing research primarily focuses
on the aging of bulk materials [27,33] and thin films [36]. However, the aging of functional
ChG photonic devices in a practical sensing application remains uncertain. Previous studies
have shown the effect of temperature on the refractive index and extinction coefficient over a
wide spectral range for selected bulk ChGs [27]. Although Hu et al. investigated the aging of
Ge–Sb–S ChG microring resonator devices in 2019 [37] and showed that thermal annealing
stabilizes optical performance more effectively than photo-saturation, the results were analyzed
based on a rigid substrate, leaving the behavior in flexible devices unexplored.

In our study, we selected Ge–Sb–Se ChG for our flexible integrated photonic devices due to
its higher refractive index [38] and broader infrared transparency window [39,40] compared to
Ge–Sb–S ChGs. We investigated the performance evolution of Ge-Sb-Se ChGs photonic devices
under operational aging, particularly regarding the influence of thermal annealing on flexible
photonic systems. The aging process was monitored by tracking the resonant wavelength shifts in
the side-coupled one-dimensional photonic crystal microcavities. Since the resonant wavelength
shift can be used to extrapolate the refractive index change of the ChG [37]. Under well-controlled
environmental conditions, the study focused on the effect of annealing treatment on the accelerated
aging process. The optical properties and mechanical robustness of the annealed devices were
further assessed before and after transfer to a flexible substrate. The results demonstrated that
the annealed devices retain mechanical integrity and exhibited minimal degradation in optical
performance after transfer and bending. This technique enables the assessment of aging under
conditions representative of actual integrated photonic device operation, ensuring direct relevance
to real-world flexible sensing applications. The findings offer practical guidance for improving
the long-term stability of photonic devices based on Ge-Sb-Se ChG materials, thereby facilitating
the development of more reliable and robust flexible integrated photonic sensors.

2. Material, structure and design, fabrication and testing

2.1. Material

Integrated photonic circuits based on ChGs are commonly used in a diverse range of sensing
applications [41–45]. In this study, Ge28Sb12Se60 (GSSe) was chosen as the material of choice
for designing and fabricating photonic crystal devices [46–48]. The refractive index of thermally
evaporated GSSe film is approximately 2.68 at 1550 nm, as shown in Fig. 1.

2.2. Structure and design

The proposed photonic device is based on a side-coupled one-dimensional (1D) photonic crystal
microcavity, also known as a Bragg grating-based Fabry–Pérot (F–P) cavity. This structure
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Fig. 1. Measurement of the refractive index and extinction coefficient of the GSSe film by
thermal evaporation deposition process.

consists of two distributed Bragg gratings, tapered transition regions, and a central single-mode
waveguide, as schematically illustrated in Fig. 2(a). The side-coupled configuration enables
integration with a curved waveguide, allowing for compact and scalable cascading of multiple
microcavity units. To ensure single-mode operation, numerical simulations were performed to
determine the optimal waveguide dimensions. For a core thickness of 300 nm, modal analysis
confirmed that a waveguide width of 700 nm supports only the fundamental transverse electric
(TE) mode, as shown in Fig. 2(b). Furthermore, simulation results confirm that the cavity supports
a single resonant mode (Fig. 2(c)) across a wide wavelength range of 200 nm, from 1400 nm to
1600 nm. By adjusting the Bragg grating period, the resonant wavelength can be precisely tuned
within a spectral window of 1400-1600 nm (Fig. S1). This leads to a significantly extended free
spectral range (FSR), which is essential for enabling multi-point sensing in a wavelength division
multiplexing (WDM) configuration. The design not only enhances the sensing capability but
also improves the system’s integration potential [8].

Fig. 2. (a) 3D perspective drawing of the schematic design of a 1D photonic crystal
microcavity. (b) TE mode profiles for a 700 nm-width waveguide, GSSe as core material, and
SU-8 as cladding. (c) Calculated transmission of the designed microcavity in the wavelength
range of 1400-1620 nm.

2.3. Fabrication and testing

Figure 3 presents a schematic illustration of the fabrication process for the GSSe devices
used in aging measurements. As an amorphous material, GSSe can be directly deposited via
low-temperature thermal evaporation (below 350 °C [49]). A 300 nm-thick GSSe film was
deposited onto a lower cladding layer of SU-8 (2 µm). The base pressure was evacuated down to
5× 10−4 Pa when deposition. A side-coupled 1D photonic crystal microcavity was then fabricated



Research Article Vol. 15, No. 12 / 1 Dec 2025 / Optical Materials Express 3292

on the ChG film using electron-beam lithography and plasma etching, ensuring a clean and
contamination-free surface for high-quality device performance. SU-8 photosensitive resin is
used as both the top and bottom cladding materials. The cladding layers are fabricated through
standard photolithography and thermal curing processes, forming a symmetrical waveguide
structure that effectively isolates the device from environmental humidity.

 

 
Fig. 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. (a) Fabrication process of the GSSe side-coupled 1D photonic crystal microcavity.
(b) Optical microscope image of the devices. (c) SEM of the side-coupled 1D photonic
crystal microcavity. (d) Optical microscope image of the grating coupler.

The effect of thermal annealing on the aging behavior of GSSe ChG was investigated by
monitoring two groups of devices: a blank control group (Devices 1–8) and a thermally treated
group (Devices A–H). The control group received no additional treatment, while the treated
group was annealed at 250 °C [50] for 2 hours in a nitrogen-protected oven. Subtle resonance
peak shifts are monitored to accurately track the structural changes associated with the aging
process of the GSSe film, enabling high-resolution aging analysis under controlled conditions.
During the measurement process, all devices were placed in a light-shielded environment to
eliminate any influence of ambient illumination (considering the photosensitivity [16]). The
aging behavior was observed over two distinct time intervals: a short-term period (0–7 hours)
and an extended duration (0–168 hours).

All aging measurements were performed in a controlled environment maintained at room
temperature (22.0± 0.5 °C), minimizing external thermal variations. Consequently, the influence
of ambient temperature fluctuation on the observed aging-induced wavelength shifts was negligible,
enabling a more accurate evaluation of the intrinsic aging behavior of GSSe ChGs.
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3. Results and discussion

3.1. Aging evaluation

The unannealed control devices were first studied to understand intrinsic aging before assessing
how thermal annealing affects aging behavior and optical stability. In this experiment, no
annealing treatment was applied, and resonance peak monitoring of the microcavities was
initiated immediately after fabrication. The results are shown in Fig. 4(a), which displays the
aging behavior of Devices 1–8 over a 7-hour observation period (measured hourly). A distinct
red shift in the resonance wavelength was observed (Supplement 1, Fig. S2), indicating an
increase in the effective index of the device resonator due to the aging of ChG glass over time.
All devices exhibited a consistent resonance wavelength shift of 671± 16 pm within a 7-hour
observation aging period. The aging rates varied slightly among devices, indicating some degree
of device-dependent instability. Since no significant reduction in the resonant shift rate was
observed, Devices 1–4 were monitored at additional 0-48, 48-104, and 104-168-hour intervals
to evaluate aging progression over an extended duration. After 168 hours of observation, these
devices exhibited red shifts in resonance wavelength with a mean value of 1312± 126 pm.
The observed red shift in the resonance wavelength is consistent with structural relaxation in
chalcogenide glasses. This behavior is discussed in detail in the Supplement 1 (Fig. S3). The
results show that the rate of resonance peak shift gradually decreases with increasing aging time,
indicating a deceleration of the aging process over time, as illustrated in Fig. 4(b). Notably,
by 104 hours, the shift rate had dropped to less than 20% of the initial rate, suggesting that
the material undergoes a progressive stabilization phase during prolonged aging. The resonant
wavelength shift reported here is directly proportional to the refractive index change of the GSSe
film. Future work will involve detailed optical simulations to extract the exact confinement factor,
enabling the presentation of data in refractive index change units for broader applicability.
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Fig. 4. Temporal aging-induced resonance wavelength shifts in untreated flexible ChG
resonators. (a) Short-term evolution observed within the first 7 hours post-fabrication,
highlighting the initial rapid shift phase. (b) Long-term evolution over 168 hours, illustrating
the progression towards relative stability.

A comparative study was conducted to assess the effect of thermal annealing on the aging
behavior of ChG devices. A second set of eight devices (Devices A–H) was annealed at 250
°C for 2 hours in a nitrogen-protected environment. The resonance peak shifts of the annealed
devices were subsequently monitored over both short-term (0–7 hours) and long-term (up to 168

https://doi.org/10.6084/m9.figshare.30655370
https://doi.org/10.6084/m9.figshare.30655370


Research Article Vol. 15, No. 12 / 1 Dec 2025 / Optical Materials Express 3294

hours) periods. The results are presented in Fig. 5(a) and (b), respectively. Quantitative analysis
revealed that, after 7 hours of aging, the annealed devices exhibited a red shift in resonance
wavelength, ranging from 254 pm (minimum) to 421 pm (maximum), with a mean shift of
341± 61 pm—approximately 50% of the average shift observed in the non-annealed control
group. Extending the observation period to 168 hours revealed that Devices A–D exhibited a
mean resonance peak shift of 729± 25 pm, approximately half of that measured in the untreated
samples. These consistent reductions in resonance peak shifts across both time scales clearly
demonstrate that thermal annealing significantly accelerates the aging process, driving the devices
toward a more stable optical state at an earlier stage. The substantially smaller shifts observed in
both short-term and long-term measurements, compared to those of the non-annealed devices,
suggest that thermal treatment promotes a faster stabilization of the material’s optical properties.

 
Fig. 5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Temporal aging-induced resonance wavelength shifts in thermally treated (250 °C, 2
hours) flexible ChG resonators. (a) Short-term evolution observed within the first 7 hours
post-fabrication, highlighting the initial rapid shift phase. (b) Long-term evolution over 168
hours, illustrating the progression towards relative stability.

Based on the comparison results of the untreated (devices 1-4) and annealed (devices A-D,
250 °C, 2 hours) device groups, the evolution of aging rates in the three characteristic time
intervals of 0-48 hours, 48-104 hours, and 104-168 hours was statistically analyzed. Figure 6
presents the time evolution during aging of four representative devices in each treatment group,
and quantitatively compares the statistical aging rates between the two groups. The results of
the statistical analysis indicate that, after annealing treatment, the effect of accelerated aging is
not evident in the early stage (0-48 hours), but becomes apparent in the middle stage (48-104
hours). The shift rate of the resonant peak significantly slowed down, approximately 1/5 of
that of the untreated device. In the later stage (104-168 hours), it gradually stabilized, and the
shift rate of the resonant peak began to approach zero. Presenting this comparative analysis
provides quantitative insights into how annealing affects aging kinetics across different stages of
the stabilization process.

3.2. Performance of the flexible device

The optical performance under mechanical deformation was monitored through controlled
experiments. First, annealed devices were carefully delaminated from their rigid silicon
substrates and transferred to flexible polyimide (PI) substrates using an optimized transfer process
(Fig. 7(a)). The detailed transfer process information is demonstrated in Supplement 1 and Fig.

https://doi.org/10.6084/m9.figshare.30655370
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Fig. 6 

 
 
 
 
 

 

Fig. 6. Resonance wavelength shift rate comparison between annealed and unannealed
devices during aging

Fig. 7. (a) Schematic drawing of the flexible transferring process and physical picture of
flexible device. (b) Optical performance of Device A on a rigid substrate, after transferring
to a flexible substrate, and after 100 bending cycles. (c) Loaded Q-factors and extinction
ratios of devices with annealing treatment before and after 100 bending cycles (statistical
results of device A∼D).

S4. Comprehensive optical characterization was then performed on four representative devices
at three key stages: (1) pre-transfer, (2) post-transfer, and (3) after repeated bending cycles
(Fig. 7(b)). During the bending tests, the devices were subjected to 100 cycles of mechanical
deformation under a bending radius of 1 mm, simulating demanding operational conditions.
Our comparative spectral analysis revealed excellent mechanical stability of the device. The
extinction ratio varied by less than 1 dB, and the quality factor (Q-factor) decreased by less than
3% after 100 bending cycles (Fig. 7(c)). These results provide strong evidence that the thermal
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annealing process not only improves aging stability, as previously demonstrated, but also enables
the realization of flexible photonic devices that maintain outstanding optical performance under
significant mechanical stress. The minimal degradation observed in both extinction ratio and
Q-factor conclusively demonstrates that the annealed ChG devices retain exceptional structural
integrity and optical functionality under substantial mechanical deformation.

4. Conclusion

In conclusion, we have quantitatively evaluated the aging behavior of ChGs in flexible photonic
devices through the resonant cavity refractometry technique. The devices, based on a side-
coupled 1D photonic crystal microcavity fabricated using GSSe glass as the core material, enable
high-resolution analysis of refractive index for device aging study. Our results demonstrate that
thermally annealed devices show a significantly slower resonance peak shift rate compared to
untreated counterparts, indicating that controlled thermal treatment effectively enhances the
long-term stability of flexible integrated photonic devices based on ChG. Furthermore, we proved
that the annealing process does not compromise the mechanical robustness of the flexible device.
The minimal degradation in extinction ratio (<1 dB) and quality factor (<3%) after 100 bending
cycles under a 1 mm curvature radius conclusively confirms that annealed ChG devices maintain
exceptional structural integrity and optical performance under mechanical deformation. These
findings validate their suitability for mechanically demanding flexible photonic applications.
This study further supports the effectiveness of resonance peak shift monitoring as a reliable and
sensitive method for assessing the aging performance of ChG-based photonic devices. While
the current work focuses on GSSe-based microcavities, the methodology can be extended to
other glass compositions and device architectures to explore the generality of the observed aging
behavior and thermal stabilization effects.
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