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Abstract

Achieving low-loss optical interfaces between high-refractive-index (n >2) components is critical for mid-infrared
photonic systems, yet hindered by the trade-off between refractive index matching, IR transparency and thermal
stability. Here, we introduce a groundbreaking solution—bonding the optical lenses and fibers with a liquid-like
chalcogenide glass, which possesses an ultra-low glass transition temperature below room temperature, high
refractive index and exceptional mid-infrared transparency. The basic performances of the liquid glass are
characterized and proved by detailed viscosity distribution, mechanical shear and bonding tensile strength
measurements. Most of all, the optical transmission and laser delivery of these bonded chalcogenide glass fiber
devices demonstrate a significant improvement, with transmission efficiency increasing from 36% to 91%, and laser
power delivery from several hundred mW rising to 145W at a wavelength near 4 um. Additionally, the system
demonstrates long-term stability, maintaining performance over at least 3 months and more than 206 heating-cooling
cycles when utilizing this liquid-like glass adhesive. This research not only addresses the challenge of bonding mid-
infrared optical components but also holds immense promise for advancing integrated mid-infrared optics
applications, including spectroscopy, sensing, and imaging.

Introduction

The mid-infrared (MIR) spectral region has emerged as
a critical technological frontier, enabling groundbreaking
applications in sensing, medicine, and industry™* These
advanced applications demand optical systems capable of
high-power transmission, compact integration, and long-
term stability. However, the performance of MIR photo-
nic systems is fundamentally constrained by two persis-
tent challenges: (i) substantial Fresnel losses at high-
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refractive-index (n > 2) optical interfaces (e.g., Ge, ZnSe,
chalcogenide glasses)>*, and (ii) the absence of reliable,
low-loss interconnection technologies for compact system
integration.

Current approaches to minimize interfacial reflections pri-
marily rely on anti-reflection (AR) coatings® or biomimetic
moth-eye micro-structures®. While AR coatings are theore-
tically effective, they are prone to damage under high-power
laser irradiation due to a mismatch in the coefficient of
thermal expansion (CTE) between solid materials’. Biomi-
metic moth-eye structures, despite their broadband anti-
reflection potential, lack experimental validation for high-
power MIR laser applications owing to their inherent struc-
tural fragility®®, More critically, these solutions only address
single-surface reflections while failing to resolve the funda-
mental challenge of achieving low-loss, compact optical
interconnects between discrete components.
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In visible and near-infrared systems, optical adhesives
(e.g., epoxies, UV-curable polymers) are widely employed
for optical components attachment®'®. However, their
organic or related molecular structures containing
necessary active hydroxyl, carbonyl, oxide groups or other
impurities'”'® exhibit strong intrinsic absorption across
key MIR atmospheric windows. Furthermore, the severe
refractive index mismatch (e.g., n = 1.5 for NOA61 optical
adhesive produced by Thorlabs Co. vs. n ~ 4 for Ge lens)
generates interface reflection losses exceeding ~19%,
rendering them unsuitable for high-power MIR applica-
tions. The attempts in the development of high-index
alternatives for applications in the infrared, such as sulfur-
containing polymer systems or sol-gel-derived inorganic
gelslg_M, have their own limits. For instance, sulfur-
containing polymers, while providing refractive indices of
~1.6-1.8 in the visible/near-infrared, suffer from C-H/O-
H absorption beyond 2.5 um, insufficient index matching
for high-index MIR optics, and low tolerance to high-
power irradiation due to limited polymer matrix stability.
Similarly, sol-gel materials, while transparent in certain
infrared bands, generally lack broadband mid-infrared
transmission. They are often brittle and prone to cracking
due to volume shrinkage during the curing process.

Fusion splicing technology faces its own inherent lim-
itations. The significant melting temperature difference
between common MIR materials (e.g., Crystalline Ge vs.
chalcogenide glasses) leads to thermal stress fractures,
while the technique’s poor geometric adaptability hinders
reliable bonding of complex heterostructures (e.g., lens-
fiber-chip assemblies)*>~*’. These fundamental limita-
tions highlight the urgent need for a transformative
interconnection technology that achieves low optical loss,
high-power tolerance, and thermal stability in compact
MIR systems.

Chalcogenide glasses have garnered significant attention
due to their exceptional MIR transparency (beyond
12 um), tunable refractive index (n=1.8-3.5), and low
glass transition temperatures (7, usually below
300 °C)*®*. Since Flaschen’s pioneering report on As-S-I
glass (Ty~50°C) in 1960%°, the chemical stability of
chalcogenide glasses has been enhanced through Se
doping®', and their preliminary applications have been
demonstrated in diamond defect detection® and LED
radiation enhancement for refractive index matching®>.
However, to date, there have been no reports on the laser
irradiation and structural stability of these bonded optical
glass devices, particularly for high-power optical lens or
fiber-integrated systems in critical MIR applications,
which require easier to adhere (lower T,), reliable het-
erojunction interface connections, mechanical stability,
and high-power laser handling capabilities.

In this study, we introduce a breakthrough liquid-like
chalcogenide glass bonding technology using an
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optimized As-S(Se)-I system with precisely controlled
glass transition temperature and refractive index. The
engineered liquid-like material exhibits superior adhesive
and laser anti-irradiation properties, without the risk of
cracking under thermal shock from lasers. It also enables
complete interface conformal filling and high delivery
efficiency of up to 91%, even at high temperatures (120 °C)
and under high laser powers (14.5 W), transitioning into a
robust inorganic glass state upon heating and cooling,
with exceptional bond strength. This innovative approach
facilitates high-efficiency coupling of infrared lens-fiber
heterogeneous assemblies, delivering a mid-infrared high-
power laser output of 11.7 W. The integrated systems
demonstrate remarkable reliability in long-term thermal
shock tests, undergoing 206 cycles of thermal cycling
from 25°C to 120°C over a period of 3 months. This
technological advancement establishes a universal inte-
gration platform for next-generation mid-infrared pho-
tonic systems, providing a transformative solution for
high-density component integration and high-power laser
delivery applications.

Results
Liquid-like glass optimization, preparation and
characterization

A series of liquid-like mid-infrared As,S,I, (10 <x <50,
30<y<90, 0<z<30, S can be partly or all replaced by
Se*") glasses were prepared by the traditional melt-
quenching method, as their glass-transition temperatures
are all below the room temperature. The detailed glass
composition, T, and the refractive index of As;5S(ss.
Sexlzo can be found in Supplement 1, Supplementary
Table S1. During the glass preparation, impurities related
to C-, H-, and O- can be effectively removed from the
glass through a purification process (Supplement 1, SI).
As two typical liquid-like glasses, As;oSgolo and
As155455€40l50, they can tightly adhere to the wall of the
quartz tube under the room temperature. According to
the transmission spectrum shown in Fig. la and the
extinction coefficient data (Supplement 1, S2), the glass
demonstrates excellent optical transparency across the
0.7-10 pum wavelength range. A minor absorption feature
near 4.1 pm is attributed to H-S bonds commonly found
in chalcogenide glasses. There are only slight red-shifts of
Se-contained glass both in the short and long cut-off
wavelength, so the Se-contained glass looks like a darker
red transparent liquid (inset of Fig. 1a). These two kinds
of glasses show nearly the same viscosity-temperature
curve (Fig. 1b) with a steep distribution of viscosity
varying, i.e. a typical value of 10%® Pas at room tem-
perature of 30 °C and this gradually decreases to 10~
Pas at 120°C which are comparable to the common
organic optical adhesives used in bonding optical
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Fig. 1 Characteristics of the liquid-like glass. a Transmission spectrum of the chalcogenide glass As;5S455€0l20 and As,oSsola With a thickness of
~2 mm, the inset is the glass sample. b The measured viscosities for glass As;5S455€20l20 and As,pSeoloo as a function of temperature: the blue and red
lines are the fitting based on Vogel-Fulcher-Tammann (VFT) method, the inset is the bendable glass rod. ¢ DSC of the liquid-like glasses of As,ySeol20,
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monitor. e Refractive indices of the As,0Sgolao, AS155155€50120, AS155305€35020, AS155455€20]0 glasses
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elements. The inset shows that the Se-contained glass can
be freely bent by hand at 55°C, with a viscosity of 10"
Pas.

To investigate the internal structural changes of the
glasses, the Raman scattering spectra of AsgSeo,
Asy0Se0la0 and As;5S45Sexolsp glasses were compared, as
illustrated in Supplement 1, S3. Raman scattering spectra
together with the assignment of each peak indicated that
these glasses mainly contained S-S and As-I bonding, but
the existence of As-S and Sg ring structures is also evi-
dent®™". A striking feature is that the ratios of Raman
intensities of Sg and As-I peaks to that of As-S peak
become large in the liquid-like glasses. It is well known
that the halogen element T’ can cut the chemical bonds
due to its relatively strong ionic feature®®, and thus break
the network, leading to the soft glasses of As,(Sgolao and
As15S455€50l50. The detailed softening process and glass
structure can be simulated, and the case of As,ySeolag
clearly shows that most As and S atoms have 3 and 2
nearest-neighbor atoms, respectively (insert in Supple-
ment 1, S4a). According to the partial pair distribution
functions, the coordination number of almost all I atoms
is only 1, as shown in Supplement 1, S4b. The structure of
the glass indicates that introducing I atoms break the
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connection of the glass network, leading to the liquid-like
behavior of AsyoSeolao glass. The same applies to
As155455€20la0.

The primary effect of this structural change is the
alteration in the glass transition temperature. As shown in
Fig. 1c, AsypSeolao exhibits two glass transition tempera-
tures, 14.77 °C and 116.7 °C, within the range of —40 to
200°C. This indicates that the glass of this composition
undergoes significant phase separation, and prone to
hydrolysis or depolymerization, which is the main reason
for its instability and limited usability. However, its rela-
tively high transparency in visible spectrum can increase
the observability of experiments with human eyes, thus,
this kind of glass can be employed as an optical adhesive
for short-term optical experiments.

In contrast, the addition of Se to the glass effectively
inhibits crystallization and phase separation, and the
As15S455€q0]50 glass has only a single, low glass transition
temperature of 8.85°C. Not only this lower transition
temperature creates favorable conditions for glass bond-
ing, but also the glass can maintain good transparency
even after long-term storage of 1 year under room tem-
perature and atmosphere conditions (Supplement 1, S5).
Then, the loss of the weight was measured after the glass
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was placed in a high-temperature environment of 120 °C
for 5 min, without protecting gas condition, as shown in
Supplement 1, S6. After total 37 heating cycles, there is
only 0.1% weight loss under a continuous high tempera-
ture of 120°C and total time up to 185 min, except for
some volatilization at surface. This proved that the
As15S45Seq0lo0 glass is stable enough for next operation of
heating bonding and cold adhering even at an open
environment. These results can lay a solid foundation for
the material being utilized in complex environments,
including repeated high-temperature and high-power
laser bonding experiments.

Moreover, the liquid-like properties of the glass provide
it with excellent ductility. When the temperature exceeds
55°C, the glass can be easily drawn manually without
experiencing stress fractures. The glass could also be
folded and bent sharply as shown by the “V”-shape (Fig.
1d right-down). The output beam profile from this
structure clearly demonstrates that this sharply folded
fiber can guide light with a flexibility not achievable using

conventional fibers (Fig. 1d right-up). The light guiding is
supported by the consistently high refractive index (RI) of
greater than 2 across the entire wavelength range from 2
to 12 um. The RlIs of AsySeolap and As;s5S4s5Sesplsg are
nearly the same (2.1 at a wavelength of 4.7 um), as shown
in Fig. 1e. All these above characteristics hold potential for
application in flexible wearable devices and miniaturized
Sensors.

Adhesive performances based on liquid-like glass

To measure the mechanical properties, the liquid glass
in the syringe was heated to 120 °C and evenly applied to
the surface of the bonding material as shown in Fig. 2a,
where another object was then easily attached under
pressure. Figure 2b is an example where two aluminum
plates with a contact surface of 25 x 25 mm were suc-
cessfully bonded for the measurement of the shear force.
The optical adhesive was used to successfully bond. When
the bonded materials were glass slides, they would be
broken before separation during the measurement.
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Therefore, the aluminum plates were used for the mea-
surements. The test was performed according to ASTM
D3039 standard. When a load force of 561.8N was
applied, the aluminum plates were separated, resulting in
failure at the bonded interface (Fig. 2c).

Figure 2d is a schematic diagram of the bonding tensile
strength measurement. Separation occurred when the
load forces of 93.9N and 217.6 N were applied for the
bonded CaF, lenses, as well as the bonded As,S; and
As,Ses, respectively, as shown in Fig. 2e. The tensile
strength reached 28.25 kg/cm” and kept at the same level
even after 7 days following bonding, which is comparable
with the data of a traditional UV-Curable Noa 61 adhesive
after 7 days storage®.

To evaluate the reliability of adhesive performance, the
CaF, bonded components were tested in accordance with
the MIL-A-3920C standard. As shown in Fig. 2f, a small
number of bubbles formed within the bonded area after
testing, with the coverage of the bubble area being less
than 1% (Supplement 1, S7). The bond remained intact,
exhibiting no edge feathering, separation, or voids. All
these characteristics highlight its capability to bond var-
ious optical elements, including lenses, waveguides, opti-
cal fibers, and thus the liquid-like glasses were
investigated as an optical adhesive in the subsequent
section of this paper.
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Interface reflection reduction via Liquid-like glass gluing
To evaluate the bonding potential of this liquid-like
glass, we conducted a transmission study comparing the
effect of two groups of bonding with and without optical
adhesive on the As,S; glass transmittance, as shown in
Fig. 3a. The first group (Group 1) consists of an As,S3
glass lens (2mm thickness, 10 mm diameter) and two
CaF, crystal lenses (1 mm thickness, 10 mm diameter),
with a 0.1 mm optical adhesive layer. The second group
(Group 2) includes an As,S;3 glass lens (2 mm thickness,
10 mm diameter) and two As,Se; planar lenses (each
coated with a single-side anti-reflection film, 2mm
thickness, 10 mm diameter, see Supplement 1, S8), also
with a 0.1 mm optical adhesive layer. The air interfaces
(F1-F6) cause significant reflections, particularly from the
As,S3 surface due to its high refractive index (RI).
Therefore, filling the gap between the lenses with a high
RI optical adhesive helps reduce the total reflection loss.
Using the Fresnel formula, we calculated the total
reflection for the lens groups with four interfaces (F2, F3,
F4, and F5) as a function of the RI of the filling medium
(Fig. 3b). In line 1, corresponding to lens Group 1, the
largest reflectivity occurs when the gap is filled with air.
As the RI of the filling medium increases from 1 to 1.83,
the reflectivity decreases from 34.8% to 7.0%, then gra-
dually increases. A filling medium with an RI of
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1.83 minimizes reflection, and the liquid-like glass used in
this study, with an RI of 2.1, results in a reflectivity of only
8.7% (black dot), which is close to the optimal scenario,
representing a reduction in reflectivity by a factor of ~4.
In line 2, corresponding to lens Group 2, the largest
reflectivity also occurs when the gap is filled with air. This
reflectivity decreases from 58.5% to 0.59% as the RI of
adhesive increases from 1 to 2.58, and then slightly
increases. A filling medium with an RI of 2.58 is optimal,
and the liquid-like glass with an RI of 2.1 results in a
reflectivity of only 4.8% (black dot), a reduction by a factor
of ~12.2.

Experimental transmission results for the bonded lens
groups, with and without the optical adhesive, are shown
in Fig. 3c. In the 3-9 um wavelength range, the trans-
mission of group 1 (CaF, + As,S3 + CaF,) is only ~62%,
which can be derived from the ~90% transmission for
CaF, lens and ~68% for the As,S; lens in air. When the
interfaces F2, F3, F4, and F5 are filled with the liquid-like
chalcogenide glass adhesive, transmission increases to
~83%, although improvement is limited by the Fresnel
reflections on the outer surfaces F1 and F6 of CaF,.

For Group 2, the AR-coated As,Se; glass exhibits a
higher concentration of H,O-related impurities than
As,S; glass—largely due to differences in processing and
purification. These residual water molecules generate a
vibrational absorption band near 6.3 um*’, causing a
modest dip in transmittance. Despite this, the bonded
glass’s overall transmittance improves dramatically—from
roughly 36% to 91%—approaching the theoretical limit for
low reflection (~95.2% transmittance, corresponding to
4.8% reflection). The remaining ~4% loss is attributable to
residual reflections from the coated surfaces of F1 and F6.
This dramatic enhancement demonstrates the effective-
ness of our bonding technology in reducing interfacial
losses while maintaining excellent optical transmission
characteristics. Although some discrepancies remain
between the experimental results in Fig. 3c and the the-
oretical evaluation in Fig. 3b, due to factors such as
impurity absorption, surface scattering, and measurement
errors, these are the first results showing the effective use
of liquid-like glass as a reflection-reducing medium for
bonding materials with a large RI contrast, thereby
enhancing the transmission of the bonded optical com-
ponents (in this case, the lens group). Besides, this
bonding method is applicable to a broader range of
infrared optoelectronic materials, such as Ge, which
typically has a higher refractive index (~4). Theoretical
verification of transmittance improvement for Ge is pre-
sented in Supplement 1, S9a. Assuming negligible mate-
rial absorption, the transmittance of Ge can be increased
by over 70% above 1 pm, reaching a maximum of ~71%.
As shown in Supplement 1, S9b, experimental validation
further supports this result: the measured transmittance
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after bonding (69% at 4.7 um) shows a 45% enhancement
compared to that before bonding (47.6% at 4.7 um).

In addition to its optical performance, the proposed
bonding glass demonstrates excellent thermal and che-
mical stability. After 10 heating cycles at 120°C, no
noticeable increase in As-O absorption was observed (see
Supplement 1, S10a), confirming negligible oxidation.
Although the glass itself displays moderate hygroscopicity
under high-humidity conditions (see Supplement 1,
S10b), the encapsulation provided by bonding effectively
mitigates moisture-induced degradation, ensuring excel-
lent water resistance in practical applications (Supple-
ment 1, S10c). Combined with its strong anti-reflective
properties and material compatibility, these features
highlight the broad applicability and long-term reliability
of the proposed bonding approach for advanced mid-
infrared photonic systems.

To verify whether the optical adhesive improves the
efficiency of power delivery under high-power conditions,
we further examined the power delivery of the lens groups
before and after bonding at 2.94pum and 4.7 um with
collimated light, as shown in Fig. 3d, e. The delivery
efficiency of the bonded optical component was 80.9% at
2.94 ym and 84.1% at 4.7 pm, representing an increase of
~22.7% and ~16.9%, respectively, compared to the free-
space lens group. The slight difference between the
transmission and power delivery results is due to the
higher accuracy of the power delivery measurements.
Nevertheless, all results confirm that liquid-like glass
plays a crucial role as an optical adhesive, effectively
reducing reflection losses and improving transmission in
high-power laser systems.

Laser power delivery via Liquid-like glass gluing

This clearly demonstrates that the liquid-like glass can
be used as optical adhesive in the mid-infrared. We also
verified the effectiveness of bonding between single-mode
silica fiber and an As,S; multi-mode fiber fitted with FC
connectors using the liquid-like glass (As¢Seola0), where
we used the coupling from single- to multi-mode fiber in
order to reduce the effect of the alignment on the cou-
pling efficiency (Supplement 1, S11). Coupling back from
the multi-mode As,S; fiber to the single-mode silica fiber
was not considered in the paper. The delivery efficiency
between the fibers was improved by 17.3%, which is close
to the estimate based on the reduction in Fresnel losses.

Enhancing the delivery efficiency through bonding
fibers or lenses with this liquid-like glass raises another
pivotal question: can the use of this glass improve the
power handling capacity of an optical fiber from a mid-
infrared laser? This is especially an issue for chalcogenide
glass fibers, given that their weak covalent bonds usually
result in particularly low surface damage thresholds,
typically at the level of kW/cm?. In order to mitigate this
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problem when coupling high laser power to chalcogenide
fibers, we designed a fiber taper that reduced the incident
power density at the chalcogenide surface and was bon-
ded, using our liquid-like glass, to a crystalline window
(CaF,) which has a high laser damage threshold and low
RI as a fiber endcap to replace the air interface just the
same as Fig. 3, and we examined the laser delivery in such
a system.

We simulated the delivery efficiency of the assembly
with different tapers, and found that the best taper had an
outer diameter of 4 mm and a fiber core diameter of 2 mm
at the input and a “tail” fiber core diameter of 500 um at
the output and a taper length of 4 cm (Supplement 1,
S12a). In this case, the simulated delivery efficiency was
about 94% (Disregarding Fresnel reflection). The NA and
minimum loss of the endcap were measured to be 0.34
and 0.1dBm™ " at 4.7 pm, respectively (Supplement 1,
S12b).

As shown in Fig. 44, b, the main process of bonding the
fiber taper to the endcap is illustrated, and the laser
delivery was measured. First, the liquid-like glass in a
syringe was preheated to ~120°C. Then, a drop of the
glass was carefully squeezed onto the top of a CaF, lens
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preheated to 80 °C, forming an ellipsoidal layer, as shown
in Fig. 2a. The purpose of the preheating was to reduce
the glass viscosity for easier coverage of all the surface and
improve the adhesion. Then the heater for the CaF, was
switched off and the fiber taper was quickly pressed onto
the CaF, cap (Fig. 4a), forming an adhesive layer ~0.1 mm
thick. The bonding process was optimized by fine-tuning
both the direction and magnitude of applied forces during
assembly, ensuring uniform layer thickness and effec-
tively suppressing bubble formation to achieve excellent
optical contact. A well-formed, consistent bonding
interface also enables precise mechanical packaging
after curing—critical for maintaining structural integ-
rity and preventing deformation or misalignment under
thermal stress. This optimized process guarantees both
superior optical performance and long-term mechanical
robustness. The same processing procedure was applied
to the bonding between the output facet of the fiber tail
and CaF, (Fig. 4b). Finally, a setup to measure the
delivery efficiency and power was built (Fig. 4c), where
the laser was incident onto the fiber endcap and then
collected by the power meter via the output tail end of
the fiber.
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To ensure that the bonded fiber endcap can withstand
thermal shock and enhance stability, the overview of the
fiber endcap in a metal enclosure, as illustrated in Fig. 4d,
was designed. The fiber endcap was inserted into a metal
tube, with the connection sealed and secured using pro-
tective adhesive (K704, Kafuter). This well-engineered
enclosure offered robust support for controlling the shape
of the adhesive and maintaining system stability. The
As,S; fiber endcap was enclosed by a wrap-around heater,
and a thermocouple was positioned in proximity to the
metal tube surrounding the fiber endcap. Stable trans-
mission efficiency was recorded by adjusting the heater
temperature while monitoring power output using a
power meter.

The power delivery efficiency of the fiber taper with and
without the optical adhesive were measured (Fig. 4e). A
2.94 um mid-infrared laser with a beam diameter of
1.0 mm, a repetition rate of 15Hz and a pulse width of
400 us was coupled into the As-S fiber taper. In the case
without optical adhesive, the delivery efficiency was 54.1%
with a maximum output average power of 2.5 W, while in
the case with the optical adhesive, the delivery efficiency
increased to 70.5% with a maximum average output
power of 4.2 W. The input fiber taper did not show any
damage due to the low surface power density, however,
the tail end of the fiber showed thermal damage due to an
absorption of OH™ at ~2.9 um as well as poor heat dis-
sipation at the tail end.

The laser delivery efficiency and power at 4.7 pm with
and without the optical adhesive were measured (Fig. 4f).
The beam from 3.7 to 4.7 um mid-infrared solid-state
laser (WP-LA-IV05/M20) with a repetition rate of 10 kHz,
a pulse width of 60 ns, a spot diameter of 1 mm, and a
maximum average power of 14.5 W was coupled into the
input fiber. Without the optical adhesive, the delivery
efficiency was ~62.5% with a maximum output of 7.51 W,
where the maximum working temperature in the conical
region of the endcap was 145 °C. But this increased to
80.1% stably with a maximum output of 11.7 W in the
case of the system with the optical adhesive. The dis-
tribution of the temperature was recorded by an Infrared
Thermal Imager (T3, DALI Technology Co., China)
(Supplement 1, S13), where the maximum temperature in
the conical region of the endcap was 113 °C when working
at the maximum input power. The taper contributes to
most of the loss and the light lost in this region was
absorbed by a PES polymer on the surface of the fiber
taper and this led to the high temperature in the conical
region. The method of preparing the taper made it
impractical to remove the PES coating for these experi-
ments but clearly this should allow the surface tempera-
ture to be reduced in future designs. Nevertheless, such a
temperature is still less than T, of As,S; around 180 °C,
indicating that there still is room to further increase in the
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input laser power that was mainly limited by the laser
available to us for these experiments. The delivery effi-
ciency and maximum output power in the multimode
fiber are 80.1% and 11.7 W, respectively. Compared with
no optical adhesive, the transmission efficiency increased
by ~28%. Moreover, the bonded fiber device enables a
167-fold enhancement in delivery power compared to
traditional mid-infrared coating film’, thanks to the
effective stress-relieving liquid-like adhesive at the
interfaces.

In order to verify the effect of the working temperature
on the transmission of the bonded fiber endcap, we
examined the stability of power delivery in a 20-cm-long
As-S fiber endcap at different temperatures at 4.7 um. The
main panel (Fig. 4g) presents the temperature-dependent
transmission efficiency measured over 206 heating-
cooling cycles conducted over three months. The upper
half of the figure, highlighted in red, represents the
heating process, while the lower half, shaded in blue,
denotes the cooling process. The black curve shows the
average transmission efficiency across all 206 cycles. Due
to the proximity of the end face of the fiber to the ther-
mistor, the efficiency variation during the heating and
cooling phases is also influenced by the ambient tem-
perature increase caused by the heater. It can be observed
that the efficiency showed little change over different
cycles, confirming the thermal stability of the assembly.

To understand the origin of improved power delivery
when using the optical adhesive (AsyySeolag), We con-
ducted a separate measurement using the 2.94 and 4.7 um
lasers to determine the damage behavior of As,S; bulk
glasses and tapers bonded with and without CaF, lens on
the input facet. No damage was observed under 4.7 um
irradiation. When exposed to a 2.94 um laser with low
repetition rate and high pulsed energy, typical damages
were observed in the glass and fiber taper. The damage, as
well as the maximum input and output pulsed energy
density in the glasses and fiber tapers were presented,
respectively, at 2.94 pm (Supplement 1, Supplementary
Table S2). The damage occurs at the input facet in the
case of the glass without optical adhesive (Supplement 1,
S13a), and this changes to output facet with the optical
adhesive (Supplement 1, S13b). Both the maximum input
and output pulsed energy densities increase when using
the optical adhesive by more than 59%. In the case of fiber
taper, the maximum output pulsed energy density (com-
pared with their respective maximum energy input)
increases due to the small beam size of the output light.
The damage occurs at the taper region because of the
leakage of the light into the polymer coating, where strong
absorption leads to the damage (Supplement 1, S13c). The
output pulsed energy density increases by about 65% with
the use of optical adhesive. Overall, the data indicates that
the optical adhesive contributes to the increased damage
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threshold, leading to high-power delivery. The similar
results have been reported in ref. *' for 1.06 um laser
delivery.

Discussion

In summary, we have developed a novel chalcogenide
glass bonding technology based on an As-S(Se)-I system
with an ultralow glass transition temperature
(Ty = 8.85°C) and a tailored refractive index (n ~ 2.1). The
engineered material exhibits unique behavior at a modest
temperature of 120 °C, enabling effectively fills interfacial
gaps, while forming a robust glass interconnection upon
cooling with excellent mechanical strength. Using this
adhesive, transmission is improved from ~36% to ~91% in
As,S3 + As,Se; bonded lenses (G1), and from 62% to 83%
in As,S; + CaF, bonded groups (G2), achieving a minimal
reflection of only 4.8%, down from 58.5% in traditional
free-space coupling optical systems. Additionally, the laser
damage threshold increases by more than 59%. Most
critically, the laser delivery power of an endcap fiber
bonded with CaF, lenses reaches 11.7 W, marking a 167-
fold enhancement compared to traditional mid-infrared
film-coated fibers. This approach enables high-efficiency
coupling of heterogeneous lens-fiber components, deli-
vering high laser output and exceptional thermal stability.
It represents the first demonstration of low-T, chalco-
genide glass as a high-performance optical adhesive for
mid-infrared systems, overcoming the limitations of
conventional organic adhesives and high-temperature
fusion techniques in this domain. Furthermore, the
unique combination of thermoplastic processability and
stability of the liquid-like glass offers unprecedented
flexibility in photonic packaging, while maintaining a high
laser damage threshold. This technology establishes a
universal platform for the heterogeneous integration of
high-index mid-infrared components, a critical capability
for advancing applications in chemical sensing and
infrared countermeasures. With its exceptional perfor-
mance, this technology opens new pathways for compact,
high-power mid-infrared photonic systems.

Materials and methods
Glass preparation and purification

The glass preparation and purification processes can be
described as shown in Supplement 1, S1. High purity 5 N
(99.999%) As and S materials were accurately weighed,
and put into a silicon dioxide ampoule labeled as Al
together with a deoxidizing agent of Mg. The ampoule
was subsequently evacuated to 10~ ° Pa. This assembly was
subjected to heating to eliminate any water molecules
adhering to the surface of the raw materials. Following the
sealing of the ampoule, it underwent a comprehensive
reaction within a rolling furnace to eliminate any
O-related impurities from the raw materials. Once this
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initial phase was complete, the A1 ampoule was con-
nected to A2—-Ab5. Initially, A1 was heated to enable the
raw materials to be distilled into A2 due to the pressure
difference, while the solid impurities like MgO and
metallic Mg were retained in Al. After distillation, the
connection between Al and A2 was sealed. Subsequently,
A2 and A3 were heated to distill As, S, and I source
materials into A4 for further purification, and the con-
nection was subsequently sealed. Finally, the raw materi-
als housed in A4 were distilled into A5 to eliminate nearly
all impurities. The purified materials were then mixed and
melted within a rolling furnace at 650 °C for a duration of
10 h, taken out at 400 °C, following by water quenching,
subsequently annealing at a furnace maintained at around
100 °C, and finally cooling down to room temperature.

Transition temperature of glasses

The glass transition temperatures (Tj) of G1-G4 glasses
were measured using a differential scanning calorimetry
(NETZSCH DSC 214) at a heating rate of 10 °C/min over
a temperature range from —50°C to 200 °C.

Oxidation test

Oxidation tests were conducted on As-S(Se)-I glass
samples with a diameter of 13 mm and a thickness of
3 mm. Each sample was bonded to a CaF, window on one
side, with the opposite side left exposed for direct heating.
The samples underwent ten heating cycles at 120 °C, each
lasting ~60s. To assess potential oxidation, relative
spectral analysis was performed by comparing the
absorption intensities of the characteristic As-O peaks
(154, 12.7, and 9.5 pm) to the strong S-H absorption band
at 4 um, as shown in Supplement 1, S10a.

Water-resistant tests

Two sample configurations were immersed in water
for five days: (1) As-S(Se)-I glass bonded to a 2 mm KBr
window on one side, and (2) the same glass fully
encapsulated between two 2 mm CaF, windows. In the
partially exposed sample, surface water could not be
wiped away but was removed by gentle heating. Trans-
mittance changes were monitored daily for both
configurations.

Fabrication of the fiber taper

High-purity As-S core glass (AsySeo) and cladding glass
(As3gSg>) with a diameter of 23 mm and 46 mm, respec-
tively, were used to fabricate the preform utilizing the
isolated peeling-off extrusion technique as described in
ref. . Subsequently, the preforms, after being cut into
5cm length, underwent a process of being coated with
two layers of polyethersulfone (PES) film to facilitate fiber
taper pulling, a procedure akin to fiber drawing. One end
of the glass rod was stretched to produce a fiber taper
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featuring a core diameter of 2 mm at the input end and
480 pum at the output end.

The temperature distribution of the fiber endcap

The distribution of the temperature was recorded by an
Infrared thermal imager (LT7-P, manufactured by Largan
Precision Co., LTD.) with a measurement accuracy of
+2°C and a resolution of 384 x 288 pixels.

Damage measurement and calculation

The As,S; glass (2 mm thickness, 10 mm diameter) and
another one with input facet bonded to CaF, lens (1 mm
thickness, 10 mm diameter) were illuminated with
focused laser of 2.94 um and 4.7 pm, respectively. The
diameter of the focused laser was both 500 um. Damages
occurred at the input facet of the non-bonded glass and
output facet of the CaF,-bonded glass, under input power
of 74 W and 11.8 W, respectively, at a wavelength of
2.94 um. The pulsed energy densities of the fiber tapers,
with and without adhesive, were calculated based on the
data in Fig. 4e, £.
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