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ABSTRACT: “Lab on Fiber” technology integrates different | Homemase optical !

: . . photoresist —
micro- and nanoscale structures or materials onto optical fibers |
to create additional functionality. With the advanced femtosecond o‘a\
(Fs) laser-induced two-photon polymerization (TPP) technology, | %
polymer microstructures printed on a fiber tip have great potential
as micro-optical sensors. However, additional functionalization is
usually required, which is costly and complex. Based on the o, r“ —
advanced four-dimensional (4D) printing theory, for the first time,
a successive multimaterial on-fiber TPP strategy is proposed here,
and a fiber-tip polymer microcantilever-based magnetic sensor is
prepared in one step. First, the cantilever and the supporting base
on the fiber tip are printed by TPP, and then the magnetically
responsive cube on the cantilever tip is printed with a self-made
magnetic fluid photoresist. The whole process is completed in one step without additional treatment. The prepared sensor shows a
minuscule size and a high magnetic sensitivity of 119 pm mT ™" in the range of 0—90 mT, suitable for weak or microspace magnetic
field measurement at high spatial resolution. Especially, the proposed 4D successive on-fiber TPP strategy can be extended to other
stimulus-responsive materials, providing new guidance for manufacturing various stimulus-responsive microsensors and
microactuators on the fiber tip.
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H INTRODUCTION such as electron beam sputtering and chemical coating cannot
achieve precise functionalization of a local microstructure and
require additional postprocessing, which limits its further
appliC'ation.‘Q’é_"'9 Four-dimensional (4D) printing is a process

. . . 1,2
Magnetic sensors are widely used in power systems,’
. . .. 3 . 4
magnetic navigation,” space science,” controllable nuclear
o s S 6 . . .79
fusion,” mineral exploration,” medical diagnosis,’~ and other

fields.'”"" With the “Lab on Fiber” technology developing where 3D-printed objects autonomously change their config-
further, optical fiber sensors have been widely applied in uration or function in response to environmental stimuli, such
magnetic sensinglz’13 due to their immunity to electromagnetic as exposure to heat, magnetic field, light, liquid, gas, and
interference, miniaturized structure, high sensitivity, quick prestress.‘w’41

response, and the potential for remote sensing.'* The optical Here, we report a successive multimaterial on-fiber TPP
fiber end facets are inherently extensible platforms for strategy for 4D microstructure fabrication and prepare a fiber-
multifarious micro- and nano-optical sensing structures.' >~ tip polymer magnetic sensing microcantilever in one step. First,
Femtosecond (Fs) laser-induced two-photon polymerization the polymer cantilever beam and the supporting base are

(TPP) is a three-dimensional (3D) printing technology with
nanometer resolution, widely used to print polymer micro- and
nanostructures of an arbitrary shape.'”**™*' With the
advantages of high integration and short response time, the
fiber-tip polymer microcantilever sensors have been widely Received: March 14, 2023 Epdtonlcs
used for highly sensitive measurement of microforce,””*” Published: May 18, 2023
hydrogen,33’34 organic solvent,"® and microfluid.*® After being
functionalized with magnetically responsive materials, the
fiber-tip polymer microcantilever is expected as a highly
sensitive magnetic sensor. However, traditional treatments

printed by Fs-laser-induced TPP on the end facet of a single-
mode fiber (SMF). Then, the magnetic photoresist containing
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Figure 1. Characterization of MPS—Fe;0, nanoparticles. (a) TEM image of the synthesized MPS—Fe;0, nanoparticles. (b) SAED pattern of a
single MPS—Fe;O, nanoparticle. (c) XRD pattern of MPS—Fe;O, nanoparticles at 300 K; bottom: JCPDS card (007-0322) data for magnetite. (d)

EDS spectrum of MPS—Fe;0, nanoparticles.
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Figure 2. Magnetic property characterization. (a) Hysteresis curve of MPS—Fe;O, nanoparticles. (b) Images of the photoresist before and after

doping with MPS—Fe;O, nanoparticles.

Fe;O, nanoparticles is employed to print a magnetically
responsive cube at the cantilever tip. The light traveling in the
SMF is successively reflected at the fiber end facet and the
cantilever, producing a Fabry—Perot interference (FPI) signal.
The magnetic cube is attracted by the magnetic field, which
makes the cantilever beam bend and results in the FPI cavity
length changing. The cantilever beam deformation is tracked
by the dip wavelength in the reflection spectrum. A high
sensitivity of 119 pm mT™" is realized for the microcantilever
magnetic sensor with a test range of 0—90 mT, better than
other optical fiber sensors based on magnetic deformation.*”
The miniaturized structure endows the sensor with the
capacity of high spatial resolution magnetic sensing. Signifi-
cantly, the successive multimaterial on-fiber TPP strategy is
also applicable to process other stimulus-responsive materials.
Therefore, fiber-tip microsensors or microactuators responding
to light, heat, electric field, magnetic field, gas, and liquid could
be developed. Such a strategy provides an innovative direction
for the further development of advanced optical fiber sensors.
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B RESULTS AND DISCUSSION

Material Characterization. With developed Fs-laser-
induced TPP technology, the magnetic photoresist doped
with superparamagnetic Fe;O, nanoparticles has been widely
used for printing magnetic microstructures with an arbitrary
shape.”* The absence of remanence and coercive force
endows the printed microstructure with a fast magnetic
response and good repeatability.” First, Fe;0, nanoparticles
coated with oleic acid are synthesized according to the
reported method.*® Then, the surfactant methacryloxy propyl
trimethoxy silane (MPS) is employed to modify the
synthesized nanoparticles for good dispersibility and photo-
polymerization. The transmission electron microscopy (TEM)
image (Figure 1a) shows that MPS—Fe;O, nanoparticles have
a spherical shape with a diameter of 6 nm. The high-resolution
TEM (HRTEM) image clearly illustrates that the nanoparticles
are cubic Fe;0,, as shown in Figure S1; the lattice fringes with
a distance of 2.96 A ascribe well to the (220) planes of Fe;0,.
Figure 1b shows the selected area electron diffraction (SAED)
pattern from a single MPS—Fe;O, nanoparticle, and the
homogeneous ring patterns are consistent with the lattice
spacings of Fe;O, Besides, the X-ray diffraction (XRD)
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Figure 3. Schematic diagram of the successive multimaterial TPP printed magnetic microcantilever on the fiber end facet. (a) Fiber tip is immersed
in the original photoresist, and a cover glass is employed to keep the oil separate from the photoresist and protect the objective lens. (b) TPP
fabrication of the microcantilever. (c) Developed microcantilever after removing the unexposed photoresist. (d) Secondary integration via TPP. (e)
TPP fabrication of the magnetic cube at the cantilever tip. (f) Magnetic cube-modified fiber-tip microcantilever after development.

pattern (Figure 1c) shows several diffraction peaks of the
synthesized MPS—Fe;0, nanoparticles, which correspond to
the 220, 311, 400, 422, 511, and 440 planes of cubic inverse
spinel, consistent with the standard pattern of Fe;O, from the
JCPDS card (no. 007-0322).*° As shown in Figure 1d, the
energy-dispersive spectrometry (EDS) analysis proves the
presence of the elements C, O, Fe, and Si in MPS—Fe;0,
nanoparticles, giving strong evidence for the successful grafting
of MPS groups.

Before TPP processing, the magnetic property of MPS—
Fe;O, nanoparticles and a magnetic fluid photoresist are
studied. The physical property measurement system is
employed to analyze the magnetic properties of MPS—Fe;0,
nanoparticles at 300 K, and the result (Figure 2a) shows no
remanence and coercive force, indicating it is superparamag-
netic. The saturation magnetization of nanoparticles is ~55
emu g ' at 300 K, which provides a sufficient magnetic
response. To obtain the magnetic fluid photoresist, 2 wt %
MPS—Fe;0, nanoparticles are homogeneously mixed into a
preprepared photoresist, which comprises a photoinitiator (2-
benzyl-2-(dimethylamino)-4'-morpholino-butyroph (IGR-
369)), an inhibitor (4-hydroxyanisole (MEHQ)), and three
acrylate monomers (pentaerythritol triacrylate (PETA), tris(2-
(acryloyloxy)ethyl)isocyanurate (THEICTA) and trimethylol-
propane ethoxylate triacrylate (TMPEOTA)). The clever
combination of these three monomers ensures the structural
strength and no shrinkage during polymerization. As shown in
Figure 2b, the photoresist before doping appears transparent
and clear. After being doped with MPS—Fe;O, nanoparticles,
the photoresist presents a brown-black translucent liquid with
a uniform texture. Even under the attraction of a permanent
magnet, no magnetic nanoparticles separate from the resin
carrier, indicating a stable colloidal dispersion consisting of the
MPS—Fe;0, and the photoresist, namely ferrofluid. Herein,
the MPS ligand on the surface of nanoparticles has a similar
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structure and polarity to acrylate, which endows this organic/
inorganic mixed system with a good dispersion and photo-
polymerizable feature, which will contribute to the following
laser processing.

Successive Multimaterial On-Fiber TPP Strategy. To
endow a 3D microstructure with stimulus-responsive charac-
teristics, additional functional processing is necessary. How-
ever, the traditional treatment, such as electron beam
sputtering and chemical coating, requires additional post-
processing and cannot achieve precise functionalization of the
local microstructure.’®*”*” Based on the advanced 4D printing
theory, here we show a successive multimaterial on-fiber TPP
strategy and realize one-step fabrication of a fiber-tip polymer
microcantilever magnetic sensor. First, with a homemade
photoresist, the polymer microcantilever beam and the
supporting base are printed using Fs-laser-induced TPP on
the end facet of SMF. The detailed process includes a cleaved
SMF (Corning, SMF-28) with an 8/125 um core/cladding
diameter first placed on the glass slide. Then, S0 uL of a self-
made photoresist is dropped on the fiber tip carefully before
being covered with a cover glass. As shown in Figure 3a, the
sample is placed on the 3D translation stage (Aerotech,
ANT130V-5) before the laser process. An Fs laser with a 250 fs
pulse width, a 1026 nm central wavelength, and a 200 kHz
pulse repetition rate is employed in the polymerization process.
The laser beam is focused by a 63X oil-immersion objective
lens (Carl Zeiss, NA = 1.4). The laser power before the lens is
set to 2 mW, and a scanning speed of 0.5 mm s™' is employed
after optimization. The schematic diagram of our TPP printing
system is shown in Figure S2. As shown in Figure 3b, the
cantilever is printed on the fiber tip according to a
preprogrammed model. After polymerization, the optical
fiber is carefully taken off and immersed in a mixed solvent
of isopropyl alcohol and acetone (volume ratio = 3:1) for 3
min to remove the unreacted photoresist. The well-printed
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microcantilever on the fiber tip is shown in Figure 3c.
Subsequently, with a magnetic photoresist containing Fe;O,
nanoparticles, a magnetically responsive cube is printed on the
cantilever tip. The details are as follows: First, the developed
fiber sample was placed on a new slide. Then, 50 uL of a
magnetic photoresist was dropped on the fiber tip before
placing the cover glass above (Figure 3d). All laser parameters
remained unchanged, but the laser power was set to 4 mW.
After the second printing, a 20 gm magnetic cube was printed
on the cantilever tip (Figure 3e). After development for S min,
the well-made fiber-tip microcantilever modified with a
magnetic cube was finished, as shown in Figure 3f.

Sensor Characterization and the Principle. Figure 4a,b
shows the false-color scanning electron microscopy (SEM)

Figure 4. Morphological characterization of the magnetic microcanti-
lever. (a, b) False-color SEM images of the magnetic cube (orange)-
modified fiber-tip microcantilever (blue) in various views.

images of the polymeric magnetic microcantilever from the top
view and the side view. The whole microstructure is composed
of three parts, a supporting base, a cantilever beam, and a
magnetic cube. The base is ~50 um high, with a 20 X 30 ym*
of cross-sectional area to make reliable contact with the optical
fiber end facet. The top of the base is attached to a cantilever
beam with a width of 20 ym and a thickness of 3 ym. The
length of the cantilever beam is set as 90 um for a smaller
elastic coefficient and higher strain sensitivity. The other end of
the cantilever beam is connected to a magnetic photoresist-
printed cube with a 20 ym side length. The bigger volume of
the magnetic cube ensures a higher sensitivity to a magnetic
field. It could be found that the whole printed microstructure
has a clear contour and smooth surface, proving the high
accuracy of TPP in processing multiple materials. No gap can
be seen in the joint of the magnetic cube and the cantilever
beam, ensuring the stability of the magnetic sensor. Besides,

the good parallelism between the cantilever beam and optical
fiber end facet also assures the contrast of the reflection
spectrum.

Using an amplified spontaneous emission (ASE) light source
with an optical spectrum analyzer (OSA), the reflection
spectrum of the microcantilever sensor at a zero-field condition
is measured, as shown in Figure Sa. Around 1350 nm, the
fringe visibility and free spectral range (FSR) are measured as
~9 dB and ~23 nm, respectively. The interference pattern can
be interpreted with a three-beam interference induced by the
fiber end facet, the lower and upper surfaces of the cantilever.
In fact, three interference cavities are formed total. The first
FPI (FPI,) is the air cavity between the fiber end facet and the
cantilever’s lower surface, the second FPI (FPL,) is the
polymer cavity between the two surfaces of the cantilever, and
the third FPI (FPL,) is the mixed cavity between the fiber end
facet and the cantilever’s upper surface. Considering the
negligible light intensity of FPI; and the fixed cavity length of
FPI, after manufacturing, here, FPI, is selected for
demodulation, and its FSR can be calculated by this equation

2
FSR = /1—
2nL (1)
where A is the dip wavelength, n is the refractive index of the
cavity medium, and L is the cavity length.

In this experiment, Fe;O, nanoparticles in the magnetic
cube are magnetized by the external magnetic field and thus
subjected to magnetic force, resulting in the cantilever beam
bending outward (Figure Sb). The cantilever deflection equals
the increase of the cavity length. The relationship between the
dip wavelength shift (A1) and the cavity length increase (AL =
L, — L,) follows (ref 23)

A1 _ AL

A L ()

Therefore, the magnetic field intensity can be derived by direct
measurement of the dip wavelength shift. When the magnetic
sensor is placed in an external static magnetic field, the
translation force (F,,) on the magnetic cube can be expressed
as follows

E, = V(m-B) 3)

Here, m is the dipole moment of the magnetic cube, B is the
imposed magnetic field strength, and V is the gradient of the
. . 13
quantity (m-B) along the dipole length.
In magnetostatic equilibrium, the magnitude of F,, is equal
to that of the microcantilever restitutive force F,. Therefore,

Reflection (dB)

22 R —

! 123.20 nm
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Figure S. Original spectrum and the sensing principle of the microcantilever sensor. (a) Initial reflected spectrum of the optical fiber sensor at the
zero-field condition with a S0 um cavity length. (b) Working principle of the fiber-tip microcantilever sensor within an external magnetic field,
where L, and L, represent the cantilever cavity length before and after the magnetic field is applied, respectively.

1919

https://doi.org/10.1021/acsphotonics.3c00347
ACS Photonics 2023, 10, 1916—1924


https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

according to Hooke’s law F, = —kAz, the cantilever bending is
proportional to the force on the magnetic cube and linearly
depends on field strength, which can be expressed as the
following equation

_ V(m-B)
Tk (4)

Here, the spring coeflicient of the cantilever beam can be
expressed as K = 3EI/L? where E is Young’s modulus of the
cantilever material, I is the second moment of the area of the
cantilever beam, and L is the length of the cantilever beam.*’

Magnetic Sensing Test. The setup for the magnetic
sensing test is shown in Figure 6a, where an ASE light source

Az

ASE\

Gauss Meter

3dB Coupler

SMF

) sato tge

Figure 6. Experiment setup. (a) Schematic of the experimental setup
for magnetic field sensing. (b) Photograph of the experimental setup.
The magnetic field intensity is adjusted by moving the translation
stage.

with a range from 1250 to 1650 nm is used to guide the light to
the magnetic sensor through the 3 dB coupler, and the
reflection spectrum is recorded by using an OSA with a 20 pm
minimum resolution. The magnetic field is provided by a zinc-
coated NdFeB magnet rod of dimensions 0.1 mm X 1.5 mm
fixed on a manual 3D translation stage (Figure 6b). The optical
fiber sensor is fixed on a base and kept parallel to the axis of the
magnet rod to ensure the maximum magnetic gradient. The
translation stage is employed to adjust the distance between
the magnetic rod and the sensor. By moving the translation
stage, the magnetic flux changes accordingly. A Gauss meter is
used to monitor the magnetic field change in real-time. The
advantage of using an NdFeB magnet as a magnetic field

generator is to avoid electromagnetic coil emitting heat. The
whole experiment is conducted at room temperature (25 °C)
to avoid the influence of temperature on the measurement
result.

By moving the translation stage, the magnetic field intensity
around the sensor increases from 0 to 90 mT in an increase of
10 mT. The corresponding dip wavelength shift was observed
and recorded, and the measurement was repeated three times.
The reflection spectrum of the microcantilever in a magnetic
field is shown in Figure 7a. It can be found that the reflection
spectrum is gradually shifted to the longer wavelength with the
magnetic intensity increasing. When the imposed magnetic
field intensity increases from 0 to 90 mT, the total dip
wavelength shift near 1345 nm is ~12 nm. The dip wavelength
vs magnetic field intensity is plotted in Figure 7b. The result
shows that the dip wavelength shift is an approximately linear
function of magnetic field strength, with a slope of 0.119 nm
mT™" and a fitting confidence of 0.993. The magnetic field
measurement accuracy is calculated as 166.7 uT considering
the OSA with a 20 pm resolution. The results demonstrate that
the magnetic cantilever is deformed under the action of a
magnetic field, which affects the length of the FPI cavity and
leads to the change of the resonance wavelength.

To test the repeatability and stability of the magnetic field
sensor to the magnetic field within the linear range, the
experiments are repeatedly performed in three cycles under
different magnetic field conditions. During this measurement,
the magnetic field first increases from 0 to 90 mT and then
decreases to 0 mT in 10 mT steps. The dip wavelength near
1345 nm under different magnetic fields is plotted in Figure 8.
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Figure 8. Repeated tests of the dip wavelength under different
magnetic fields.

The results show that the dip wavelength is relatively stable to
the externally imposed magnetic field no matter whether the
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Figure 7. Response of the magnetic sensor to magnetic field intensity. (a) Reflection spectrum of the sensor under different magnetic field
intensities. (b) Linear fitting of the dip wavelength against the applied magnetic field.
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magnetic field intensity increases or decreases. The response of
the microcantilever sensor to the externally applied magnetic
field has good repeatability. Compared with other reported
magnetic deformation-based magnetic field sensors, the
magnetic cantilever has excellent magnetic field sensitivity, a
wide measurement range, and high stability."”

B CONCLUSIONS

Here, we report a successive 4D multimaterial on-fiber TPP
strategy for optical microstructure fabrication and prepare a
fiber-tip polymer microcantilever magnetic sensor in one step.
First, the microcantilever beam and the supporting base are
printed on the end facet of an optical fiber with a self-made
photoresist. Then, the magnetically responsive photoresist
doped with paramagnetic MPS—Fe;O, nanoparticles is
employed to print a magnetic cube at the cantilever tip as a
magnetically responsive element. The whole manufacturing
process is completed in one step, avoiding further postprocess-
ing. The sensitivity of the microcantilever magnetic sensor is
up to 119 pm mT " in the range of 0—90 mT, and the total dip
wavelength shift near 1345 nm is ~12 nm. The stability
experiment proves that the sensor has very high repeatability.
Compared with the existing commercial magnetic sensor, our
sensor supplies an ultracompact optical solution, which
effectively avoids the interference of electrical excitation on
the measured magnetic field and maintains an extremely small
size. It is well suited for weak or microspace magnetic field
measurement at high spatial resolution. Significantly, the 4D
successive on-fiber TPP strategy that permits the integration of
multiform materials into 3D microstructures is universal, not
limited to photoresist systems with magnetically responsive
materials. With the rapid development of advanced intelligent
materials, this strategy will be suitable for preparing 4D optical
fiber-tip microsensors and microactuators with various
stimulus-responsive characteristics (light, heat, electric field,

magnetic field, gas and liquid).

B MATERIALS AND METHODS

Materials. Fe(acac),, 1,2-hexadecanediol, oleic acid, oleyl-
amine, benzyl ether, and methacryloxy propyl trimethoxy silane
(MPS) were purchased from Aladdin. Pentaerythritol
triacrylate (PETA), tris(2-(acryloyloxy)ethyl)isocyanurate
(THEICTA), trimethylolpropane ethoxylate triacrylate
(TMPEOTA), 2-benzyl-2-(dimethylamino)-4’-morpholino-
butyroph (IGR-369), tetraethyl thiuram disulfide (TED), and
4-hydroxyanisole (MEHQ) were purchased from Sigma-
Aldrich.

Synthesis of Fe;0, Nanoparticles. Fe;O, nanoparticles
are synthesized according to the reported method in ref 46. In
brief, Fe(acac); (0.706 g), 1,2-hexadecanediol (2.58 g), oleic
acid (1.904 mL), oleylamine (1.974 mL), and benzyl ether (20
mL) were added in a round-bottom flask and stirred in an
argon atmosphere (1000 rpm). The temperature of the evenly
stirred reaction system was increased to 200 °C for 2 h and
then heated to reflux (~300 °C) for 1 h. Meantime, the
solution color changed from brown to black. After the reaction
system cooled to room temperature, ethanol (40 mL) was
added to precipitated Fe;O, nanoparticles under an argon
atmosphere; then, the black precipitation was separated via
centrifugation (6000 rpm, 3 min). The product was
continuously washed with 40 mL of hexane/ethanol (1:3).
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After centrifugation (6000 rpm, 3 min) three times, the Fe;O,
nanoparticles were redispersed into hexane (10 mL).

Preparation of MPS—Fe;0, Nanopatrticles. For further
grafting, the Fe;O, nanoparticles (0.46 g) were mixed with
toluene (20 mL) in a three-neck flask, and then MPS (0.3 g)
was added under Ar protection. The reaction system was kept
stirring at 50 °C for 24 h. Then, the product was centrifuged
(6000 rpm, 3 min) and washed with ethanol three times, giving
MPS—Fe;0, nanoparticles.

Preparation of an Original Photoresist and a
Magnetic Photoresist. A homemade photoresist is prepared
by mixing 40 wt % PETA, 30 wt % THEICTA, 25 wt %
TMPEOTA, 2.5 wt % IGR-369, and 2 wt % TED with 0.5 wt
% MEHQ. The magnetic photoresist was prepared by adding
the synthesized MPS—Fe;O, nanoparticles (2 wt %) into the
homemade photoresist with full ultrasound mixing.

Characterization. Transmission electron microscopy
(TEM) images of Fe;O, nanoparticles were derived from a
transmission electron microscope (HT7700, Hitachi). In
detail, 10 uL of a Fe;0, nanoparticle suspension was dropped
on a TEM grid. After dying, the grid was observed under a
TEM with a 200 kV accelerative voltage. The XRD pattern was
obtained by using a high-resolution X-ray diffractometer
(X'pert pro, Philips) with Cu Ka radiation at a 20—80°
measuring range and a 2° min~' scanning speed. Magnetic
measurements were obtained from a Physical Property
Measurement System (DynaCool, Quantum Design). High-
resolution TEM (HRTEM) spectroscopy, selected area
electron diffraction (SAED), and energy-dispersive X-ray
spectroscopy (EDS) were performed by an HRTEM (JEM-
F200, JEOL).

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00347.

HRTEM image of MPS—Fe;O, nanoparticles and the
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