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In Situ Integration of Stable Glass Microdevices on Optical
Fiber Tips via Ultrafast Laser 3D Nanolithography

Shangben Jiang, Dezhi Zhu, Haoqgiang Huang, Haorui Fang, Dejun Liu, Ying Wang,

Yiping Wang, and Changrui Liao*

Integrating microdevices on optical fiber tips possesses significant potential
for sensing, imaging, and related fields. However, their fabrication has long
been constrained by incompatibility and the chemical and thermal instability
of polymeric materials. This study proposes a novel fabrication strategy for
stable glass microdevices in situ integrated on optical fiber based on
femtosecond laser 3D nanolithography. Through optimization of siloxane
materials and robust structural design, unstable organic structures can be
transformed into stable glass structures. Synergizing interfacial tension with
optimized contact surfaces ensures uniform shrinkage of the functional
structure during annealing. The devices exhibit appreciable thermal stability
and organic solvent resistance, withstanding prolonged acetone immersion.
Experimental results demonstrate the high performance of the fabricated
glass microdevices in optical microsystems, along with sustained stability in
harsh environments. This study offers a promising approach for fabricating
fiber-integrated inorganic functional structures, paving the way for significant

advancements in fiber-integrated functional microdevices.

1. Introduction

With the continuous advancement of optical fiber sensing tech-
nology in recent years, functional microstructures on fiber tips
have found widespread applications in sensing and imaging, of-
fering advantages such as compact size, high sensitivity, and im-
munity to electromagnetic interference.['®! The optical fiber tip
is a platform for integrating expandable micro/nanostructures
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and facilitates interactions between emit-
ted light and functional structures on
its end face. However, the 3D fabri-
cation of stable functional structures
in situ integrated on optical fibers re-
mains challenging. Most polymers tend
to deform and fail at elevated tem-
peratures, and their inherent degrad-
ability further compromises the long-
term performance of fiber-tip functional
microdevices in harsh environments.
In contrast, inorganic nanostructures,
driven by their tremendous application
prospects, are positioned at the fore-
front of both fundamental research and
industrial innovation.*®/ Among inor-
ganic substances, silica is prominent due
to its diverse applications across science,
industry, and society. In particular, its re-
markable mechanical robustness, high
optical clarity, and strong resistance to
thermal and chemical challenges sig-
nificantly contribute to its widespread
utility.’-13] Several strategies, including stereolithography!'*l and
digital light printing,!*>] have been proposed for processing glass
micro/nanostructures. Although they enable the fabrication of
silica components, their feature sizes are generally confined
to tens of micrometers. Because these methods rely on silica
nanoparticle loaded composites, high-temperature sintering is
unavoidable, creating a significant challenge. Additionally, to
bond silica nanoparticles into a coherent structure, a sintering
process must be conducted at up to 1300 °C in a vacuum or inert
atmosphere, often taking several days to complete. This sintering
temperature, which exceeds the softening point of optical fibers,
makes conventional additive manufacturing strategies using sil-
icananoparticle-loaded composites generally unsuitable for fiber-
based fabrication.

Two-photon polymerization (TPP), which represents an ad-
vanced form of 3D printing, makes it possible to construct intri-
cate 3D architectures, enabling new functionalities through the
added spatial dimension.!'®'7] Exceeding the limits of traditional
3D printing, this method utilizing femtosecond laser pulses
with nonlinear effects achieves the fabrication of submicron-
precise structures. These detailed features are vital for both ef-
fective light confinement and the enhancement of high-speed
optical communications. Through direct laser writing in pho-
toresist, TPP facilitates the single-step, precise manufacturing
of optical components at micro- and nanoscales,['*22] thereby
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Figure 1. Ultrafast laser 3D nanolithography for in situ fabrication of fiber-integrated stable glass microdevices. a) Schematic illustration of stable glass
microdevices on the fiber tip for organic solvent sensing. b) The printing and heat treatment process for fabricating stable glass microdevices on the
fiber integrated. c) SEM image of the as-printed organic structure before the thermal treatment process. d) The cross-sectional view of the as-printed
organic structure is shown in part (c), and e) SEM image of the glass structure after thermal treatment.

permitting the custom creation of complex optical elements. Ac-
cording to recent studies, polyhedral oligomeric silsesquioxanes
(POSS) with a silicon-oxygen framework is suitable for print-
ing silicon glass.[?}] The hardened gel film state might impose
printing constraints when using hydrogen silsesquioxanes as
precursors.2*%] Utilizing POSS and acrylic oligomer composite
materials and operating under conditions that are both sinter-
less and low in temperature, the technology for producing fused
silica micro/nanostructures through two-photon polymerization
has been successfully realized.[?*?’] Despite achieving outstand-
ing optical and mechanical properties with silica glass devices
produced by this method, directly manufacturing stable glass de-
vices with functional nanostructures on optical fiber tip remains
challenging. Although previous work demonstrated silica glass
structures on the tips of optical fibers,!?®] these structures lacked
functional properties, and their potential applications remain un-
explored (Table S1, Supporting Information). Additionally, dur-
ing heat treatment, as the printed structure converts to its glassy
phase, the bonding between the bottom layer and the substrate
results in nonlinear shrinkage of the overall structure, which war-
rants further study.*2 Thus, in situ fiber-integrated functional
glass microdevices with high stability still require further devel-
opment for microsystem application.

In this work, we propose a fabrication strategy based on fem-
tosecond laser 3D nanolithography that in situ integrates sta-
ble glass microdevices onto optical fibers. Acrylate-functionalized
precursors serve as the foundational material and the structural
design is optimized to enable integration. The synergy of interfa-
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cial tension and enlarged contact surfaces enables the fabricated
devices to form a conformal interface with the fiber tip, result-
ing in a compact configuration. This approach ultimately enables
the conversion of organic structures into stable glass architec-
tures that offer enhanced thermal stability and durability com-
pared to their organic counterparts. In addition, the fabricated
glass microdevices exhibit robust optical performance and main-
tain chemical stability in harsh environments such as organic cor-
rosive solutions, highlighting their suitability for biosensing and
other microsystem applications operating under chemically com-
plex or solvent-rich conditions. This strategy not only advances
inorganic micro-/nano-fabrication but also opens avenues for de-
signing next-generation integrated sensors, with prospective ap-
plications spanning real-time biomedical diagnostics and envi-
ronmental monitoring.

2. Results and Discussion

2.1. Concept of In Situ Fiber-Integrated Glass Microdevices
through Ultrafast Laser

Figure 1a schematically illustrates the concept of in situ fabricat-
ing fiber-integrated stable glass microdevices using ultrafastlaser
3D nanolithography. Efforts have been made in both material
selection and structural design to achieve stable glass microde-
vices. The photoresist employed is a unique negative formula-
tion that comprises two critical components, namely acrylate-
functionalized POSS and a photoinitiator which distinguishes
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it from conventional photoresists. The POSS cage, charac-
terized by its silicon-oxygen framework architecture, provides
structural robustness.3334 Unlike sol-gel counterparts, acrylic-
functionalized components(**37] demonstrate enhanced print-
ability. The photoinitiator Irgacure 369 was selected to reduce
the polymerization difficulty of acrylic monomers under ultra-
fast laser exposure. The compound was chosen based on its dual
functional properties: a high rate of radical generation and a
strong nonlinear absorption response. A stable and clear hybrid
resin was obtained through mixing and heating the two precur-
sor components. 3D nanoprinting was done with a 1030 nm
femtosecond laser using custom-built equipment.[3¥-*1] Figure 1b
demonstrates a stable glass structure fabrication process at the
fiber tip using femtosecond laser 3D nanoprinting. The resin was
deposited onto the fiber tip, and the laser beam was focused into
the material through an objective lens. Within the focal area, mul-
tiphoton absorption by the photoinitiator leads to the cleavage of
covalent bonds and the generation of free radicals. The free rad-
icals initiate the crosslinking of acrylic functional groups, result-
ing in the solidification of the resin into a stable structure.204?]
By controlling the in-plane scanning of the laser beam with a gal-
vanometric scanner and assisting planar stacking with a three-
axis stage, 3D structures are fabricated. The printed structure is
submerged in isopropanol to remove residual resin for 4 min. Af-
terward, through a moderate thermal treatment at 700 °C in an
air environment, the printed structures were transformed into
silica glass, promoting the development of continuous, densely
packed silicon-oxygen network structures. Thermally induced de-
composition of organic constituents liberated volatile byprod-
ucts, while oxidative conditions mediated residual carbon elim-
ination. Stabilized glass microdevices exhibiting high resolu-
tion and structural quality were fabricated on the optical fiber
tip.

The false-color scanning electron microscope (SEM) images
of the as-printed structure were shown in Figure 1c,d, and the
formed glass was depicted in Figure le. The design features a
configuration that wraps around the end face to enhance its in-
tegration with the fiber tip. Furthermore, to reveal the internal
details of the model more clearly, a half-section of the structure
was printed, as shown in Figure 1d. The optical microscope im-
ages of the two structures are shown in Figure S1 (Supporting
Information). A hole was designed at the center of the optical
fiber tip to minimize the reflective surface between the fiber and
the top of the structure. The notch at the base of the structure
served two purposes: first, it allowed the photoresist inside the
structure to be removed entirely during the development pro-
cess; second, it reduced stress accumulation at the base of the
structure during the heat treatment process. The glass struc-
ture after heat treatment, encapsulated at the optical fiber tip,
is demonstrated in Figure le. The designed structure enables
the device to retain structural integrity after the thermal treat-
ment. Ultrafast laser 3D printing technology can fabricate com-
plex models on the optical fiber tip (Figure S2, Supporting Infor-
mation), thereby ensuring the complete processing of intricate
structures. Above all, fiber-integrated silica glass microdevices
with a high dimensional precision can be fabricated through ul-
trafastlaser 3D nanolithography combined with structural design
optimization.
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2.2. Morphology and Performance Characterization of As-Printed
Organic Microdevices

The optical microscopy images of as-printed organic microde-
vices with different heights and their corresponding reflection
spectra are presented in Figure 2a. The reflection spectra were
measured using an amplified spontaneous emission and an opti-
cal spectrum analyzer to optimize the structural parameters. The
Fabry-Perot interferometers (FPIs) originate from reflections at
the fiber tip and the two surfaces of the microdevice. Within the
single-mode fiber, a fraction of the incident light is reflected at
the fiber tip, while the remainder passes through to interact with
the lower and upper surfaces of the microdevice, where partial
reflections occur and return to the fiber. This interaction pro-
duces three distinct FPIs: an air cavity (FPI1) situated between
the fiber tip and the lower surface, a solid cavity (FPI2) located
between the two microdevice surfaces, and a hybrid cavity (FPI13)
formed by the fiber tip and the upper surface. Among these, FPI3
exhibits notably weaker optical intensity compared to FPI1 and
FPI2. Furthermore, the cavity length of FPI2 remains unchanged
after sensor fabrication. Consequently, the air cavity was selected
for signal demodulation. As observed in previous study, the sta-
bility of conventional sensors declines with an increase in base
height, making it more vulnerable to toppling when subjected to
external forces.l?) If the base height is excessively small, the sur-
face tension effects during washing solution evaporation cause
the structure to detach readily, ultimately reducing the fabrica-
tion yield of microdevices. Therefore, in this microdevice design,
to achieve structural stability at different cavity lengths of FPI, a
fixed base fully encapsulating the optical fiber tip has been se-
lected. The relationship equation between the cavity length and
the free spectral range (FSR) is FSR = A2/(2nL), where n is the
refractive index of the medium in the cavity.[*¥] The FSRs of the
three structures were measured as 11.44, 14.48, and 19.34 nm,
corresponding to wavelengths of 1498.4, 1499.7, and 1489.5 nm,
respectively. From these measurements, the base heights of the
three structures were determined to be 98.1, 77.7, and 57.4 pm.
The deviations between the measured and designed heights re-
main consistent, with the top surface of the organic microdevice
maintaining a good parallel alignment with the optical fiber tip
across different base heights. In addition, the FPI demonstrated
a significant reflection spectrum contrast of over 10 dB. The data
suggest that 3D printed devices offer outstanding functionality.
To investigate the sensing performance of the as-printed or-
ganic FPI, the microdevice was immersed in glycerol solutions
with varying refractive indices, and the corresponding reflection
spectra are presented in Figure 2b. Throughout the measure-
ment procedure, the test liquid occupies the open cavity, chang-
ing the internal refractive index and ultimately causing a shift in
the dip wavelength of the single-mode fiber reflection spectrum.
The relationship between the dip-wavelength shift (A4,) and the
variation in refractive index (An,) is AA,/4, = Any/n, where A,
is the dip wavelength, and n, is the refractive index. The wave-
length shift of the interference dip exhibits a linear dependence
on the refractive index variation. Based on this principle, the re-
fractive index variation of a liquid sample can be determined by
monitoring the optical response of the fiber-tip FPI. As shown
in the upper right annotation, the refractive index values of the
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Figure 2. Morphological and performance characterization of as-printed organic microdevices. a) Optical microscopy images of as-printed organic
microdevices with different heights and their corresponding reflection spectrum. b) The refractive index measurements in the index matching fluid. c)
Linear fitting of the dip wavelength with different refractive index fluids. d) Stability characterization of as-printed refractive index sensor under acetone.

index-matching fluid are provided. In Figure 2c, a linear redshift
of the interference dip is observed with increasing refractive in-
dex, showing a sensitivity of 907.5 nm/RIU. The as-printed struc-
tures exist in an organic-inorganic hybrid state, rendering them
susceptible to organic solvent interactions. As demonstrated in
Figure 2d, immersion in acetone induced significant spectral al-
terations, including the complete disappearance of the FPI peak.
This spectral evolution confirms that despite complete encap-
sulation for structural fixation, organic components within the
hybrid material dissolve upon solvent exposure, leading to de-
vice deformation and subsequent detachment from the fiber tip
(Figure S3, Supporting Information). These findings underscore
the inherent limitations of the as-printed hybrid state, which re-
quires further research.

2.3. Formation Process of In Situ Fiber-Integrated Glass
Microdevices through Ultrafast Laser

Unlike the organic-inorganic hybrid state, inorganic glasses ex-
hibit strong resistance and high optical clarity after heat treat-
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ment. Forming fiber-integrated stable microdevices requires con-
verting the as-printed structures into stable inorganic glass.
To transform the initially printed structures into silica glass
and establish a dense, continuous silicon-oxygen molecular net-
work, the as-printed microdevices need to be heated together
with the single-mode fiber in an air environment. The applied
temperature caused the decomposition and release of organic
compounds, and atmospheric oxygen facilitated the removal of
the remaining carbon. Following heat treatment, cross-linked
acrylic-functional POSS may undergo thermo-oxidative degra-
dation, involving peroxide group formation, random chain scis-
sion, and releasing carbon dioxide, water, and hydrocarbons.[*44]
Our previous research has provided comprehensive material
characterization.[?®! As illustrated in Figure S4 (Supporting In-
formation), a cylinder at the fiber tip after heat treatment, with
a height of 29.3 um and an FSR of 22.3 nm, exhibits a calcu-
lated refractive index of 1.4708, nearly identical to fused silica.
Due to the adsorption force of the substrate, the printed struc-
tures may undergo anisotropic shrinkage during the thermal pro-
cess, as marked in red in the schematic image in Figure 3a,
and the comparison sample on the optical fiber tip is shown

© 2025 Wiley-VCH GmbH
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Figure 3. Formation process of in situ fiber-integrated glass microdevices through ultrafast laser. a) The schematic images of as-printed and post-
annealed structures. b) The simulation results show the geometric changes of the structure during the thermal treatment, and a simplified model is
employed to estimate the deformation. c) Schematic of the interface between the stable glass microdevices and fiber substrate. d) Tilt-view SEM image
of the printed stable glass microdevices before thermal treatment. Tilt-view SEM image of the stable glass microdevices calcinated at e) 350 °C and f)
700 °C. g) The measured sizes of the as-printed stable glass microdevices were recorded under thermal treatment with increasing temperatures.

in Figure S5 (Supporting Information). Structural deformation,
which induces heterogeneous mechanical and optical responses,
is detrimental to practical device implementation.[*?] The sac-
rificial support structures were designed to position the sens-
ing structures at a sufficient distance from regions that are tend
to nonlinear shrinkage, thereby ensuring uniform shrinkage in
the critical regions. To optimize the device shrinkage effect and
achieve a stable structure that tightly encapsulates the optical
fiber tip, the geometric changes of the sacrificial structure dur-
ing the thermal treatment process were modeled and calculated,
with the shrinkage rate (SR) as the variable (Figure 3b), where
the indicated temperature refers to the maximum temperature
of the thermal treatment process. The shrinkage rate was defined
by SR = (S, — S,)/S,, where S, is the size of the as-printed struc-
ture and S, is the size of the structure after heat treatment. The
simulation results clearly illustrate the shrinkage behavior of the
as-printed structure. The structure consists of three parts: the bot-
tom claw-shaped support part, the middle hollow flange part, and
the top sensing part. Initially, the claw-shaped part, serving as the
sacrificial substrate, connects the entire structure to the sidewalls
of the optical fiber. As thermal shrinkage progresses, the contact
between this part and the fiber sidewalls increases, gradually en-
hancing stability. The hollow flange part restricts movement in
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both the radial and axial directions of the fiber, ensuring tight con-
tact between the sensing part and the fiber tip and precise align-
ment with the fiber core. The consequences of losing this part are
illustrated in Figure S6 (Supporting Information). In this case,
the shrinkage ratio at the base of the cylinder differs from that of
the top reflective surface, resulting in significant deformation. At
the same time, in order to achieve a better fit between the hollow
flange part and the fiber tip, curvature compensation conditions
are implemented on the upper surface, as depicted in Figure S7
(Supporting Information). The cross-sectional schematic of the
interface between the formation glass and the optical fiber tip
is shown in Figure 3c. Owing to the dimensional design, the
shrunk sacrificial substrate exerted a controlled pressure on the
optical fiber tip and sidewalls, thereby achieving a tightly en-
capsulated configuration. The optical microscopy image of mi-
crodevices after heat treatment demonstrates that the top planar
structure aligns well with the fiber tip (Figure S8, Supporting In-
formation). The dimensional evolution of as-printed structures
during thermal treatment was systematically characterized from
room temperature to 900 °C (Figure 3d—f). Quantitative analy-
sis demonstrated a linear contraction of 36% in the upper re-
gion of the structures throughout the thermal conversion process
(Figure 3g). Remarkably, after reaching 700 °C, the formation
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Figure 4. Optical applications of ultrafast laser-fabricated integrated stable glass microdevices. a) Colored SEM image of the fiber-tip refractive index
sensor. b) Enlarged schematic representation of the refractive index measurement mechanism of the optical fiber-tip sensor. c) The experimental setup
for the refractive index characterization. Temperature stability of the fabricated fiber-tip refractive index sensor: d) applied temperature-time profile,
inset is the original reflection spectra of the fiber-tip microdevices, €) the reflection spectra of the fiber-tip microdevices under different temperature, f)
repeated measurements of the dip wavelength at 500 °C for 2 h, insets are the SEM image of microdevices after 500 °C treatment for 2 h. g) The reflection
spectrum responses of the refractive index sensor in acetone-methanol mixtures. h) Measured values of refractive index at varying molar fractions of
acetone for the mixed solution. The experimental data are fitted with a third-order polynomial model. Refractive index values for mixed solutions at
589 nm, as reported by previous studies, are indicated using yellow!#’] and red!*8] symbols. i) Repeated measurements of the dip wavelength at acetone

for 12 h.

glass microdevices exhibited high geometric stability, showing
no noticeable further shrinkage. Correspondingly, the most in-
tricate nanostructures withstood elevated temperatures without
experiencing distortion or damage.

2.4. Optical Applications of In Situ Fiber-Integrated Glass
Microdevices through Ultrafast Laser

Optical fibers have a softening point at 1000 °C, which makes
the in situ direct integration of silica micro/nanostructures im-
possible when using the traditional 3D nanoprinting strategy fol-
lowed by high-temperature heat treatment. The strategy for ultra-
fast laser fabrication of integrated stable glass microdevices, fol-
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lowed by heat treatment, enables their direct in situ integration.
Stable glass microdevices were fabricated on the optical fiber tip
to demonstrate the optical properties. As shown in Figure 4a,
the silica microdevices consist of three components: the claw-
shaped supporting base, the middle hollow flange aligner, and
the open cavity with red false-color. Figure 4b presents an en-
larged schematic of the sensing mechanism, featuring a sus-
pended glass plate (74.7 X 74.7 X 6.6 pm?®) positioned 62.7 ym
above the optical fiber tip, supported by four 12.5 x 12.5 um
posts. The suspended plate and fiber tip collectively constitute an
open FPI. As depicted in Figure 4c, the experimental setup em-
ploys an amplified spontaneous emission, an optical spectrum
analyzer and a fiber-based paddle-style polarization controller to
generate arbitrary polarized light. To investigate the temperature
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stability of the fabricated fiber-tip silica microdevices, the optical
fiber was placed in a tube furnace with an increase in temper-
ature. Figure 4d illustrates the heating rate of the tube furnace
and the inset shows the original reflection spectra of the fiber-
tip microdevices. At #1495 nm, measurements revealed a FSR of
18 nm and a fringe visibility of over 20 dB. When increasing the
applied temperature from 24 to 500 °C, there was no change in
the reflection spectra of the glass microdevices (Figure 4e). After
heat treatment at 500 °C for 2 h, the dip wavelength of the spec-
trum also did not shift and the glass microdevices maintained
the intact structure, demonstrating the temperature stability of
the fabricated functional structure (Figure 4f).

Owing to the inherent stability of silica glass, the glass mi-
crodevices exhibit neither swelling nor deformation in organic
solvents. Consequently, they can be utilized to measure the
refractive index of a binary methanol-acetone mixture, which
is infeasible with organic polymer-based devices. Acetone and
methanol were combined to formulate test solutions with their
molar fractions adjusted in 0.1 steps. The reflection spectrum re-
sponses of the refractive index sensor in these varied acetone-
methanol mixtures are depicted in Figure 4g, showing a red shift
as the acetone concentration rises. The sensor was calibrated
for refractive index sensing using the method described above,
and the results are presented in Figure S9 (Supporting Informa-
tion). By employing the previously described method, the refrac-
tive index performance of the sensor was calibrated, while the
relationship between the molar fraction of acetone and the re-
fractive index was derived from the drift of the spectral interfer-
ence peak, as illustrated in Figure 4h. Refractive index values for
binary methanol-acetone mixture with different molar fractions
near a 589 nm test wavelength have been previously reported
and are marked in the figure with yellow and red symbols.[*78]
Due to dispersion effects in the solution, the experimentally mea-
sured refractive indices are lower than those reported under a
589 nm light source. By fitting the experimental data with a cu-
bic polynomial, the relationship between the refractive index and
the acetone molar fraction in the methanol-acetone mixture is
found to follow a trend consistent with that reported in the litera-
ture. Given that the glass microdevices form a continuous silicon-
oxygen molecular network during the thermal process and are de-
signed with a fixed structure clamped at the tip of the optical fiber,
the fabricated micro/nano structures are anticipated to exhibit
high stability. To investigate the chemical durability of the fabri-
cated fiber-tip silica microdevices, the stable glass microdevices
were immersed in a pure acetone solution (Figure 4i). After being
treated in pure acetone for 12 h, the dip wavelength of the spec-
trum showed no shift, and the glass microdevices retained their
intact structure, demonstrating the excellent chemical durabil-
ity of the fabricated functional structure. Above all, the proposed
3D-printed glass refractive index sensor on the fiber tip enabled
the refractive index measurement of aggressive organic solvents.
Moreover, its exceptional robustness allowed for repeated mea-
surements without significant structural deformation.

3. Conclusion

In this study, we proposed a novel fabrication strategy for ul-
trafast laser 3D nanolithography of fiber-integrated glass mi-
crodevices in situ. Siloxane materials were adopted as the foun-
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dational material, complemented by finite element structural
analysis to ensure the stability of the glass structure. Ultra-
fast laser irradiation inducing nonlinear effects facilitated lo-
calized crosslinking in acrylate-functionalized precursors. The
printed micro/nanostructures retained thermal stability and con-
verted to inorganic phases after annealing at 700 °C. The glass
micro/nanostructures maintain structural stability under harsh
conditions, attributed to the continuous siloxane molecular net-
works. Finite element simulations were applied to analyze de-
formation patterns during the thermal treatment of complex
structures, guiding the optimization of glass microdevice de-
signs. The microdevices integrated on the optical fiber tip en-
abled refractive index measurements in corrosive organic solu-
tions and exhibited improved thermal stability compared to tra-
ditional polymeric structures. On the other hand, complex struc-
tural designs present challenges for integration under specific
conditions. This study contributes to the fabrication of inorganic
micro/nanostructures and proposes a strategy for developing sta-
ble functional devices compatible with optical fibers.
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