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ABSTRACT: The performance of superparamagnetic poly-
mer composite microdevices is highly dependent on the
magnetic particle content. While high loading levels are desired
for many applications, the UV absorption of these nano-
particles limits the overall thickness of the fabricated
microstructures and subsequently their capability of magnetic
interaction. The combination of a visible-light-sensitive
photoinitiator and particle self-organization is proposed to
extend the exposure depth limitation in Epon SU-8 based
superparamagnetic polymer composites. While superparamag-
netic iron oxide particles strongly absorb iline radiation
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required to cross-link the Epon SU-8 polymer matrix, we propose the utilization of H-Nu 470 photoinitiator to expand the
photosensitivity of the composite toward the visible spectrum, where the dispersed nanoparticles are more transparent. The novel
photoinitiator preserves the composite’s superparamagnetic properties as well as a homogeneous particle distribution. As a result,
particle load or resist thickness can be more than doubled while maintaining exposure time. The self-organization of ordered
magnetic structures allows for an additional increase in exposure depth of up to 40%, resulting in a 2.5-fold saturation

magnetization.
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B INTRODUCTION

The diversity of material properties of polymers has attracted
great attention in the micro- and nanofabrication community
and led to the development of various polymer-based sensors
and actuators.”> The combination of different polymer
materials into copolymers and polymer blends can be applied
to alter mechanical properties of these devices.® Inherently
different material properties can be obtained by the
incorporation of organic and inorganic filler materials into the
polymer network. On the basis of this approach, Jiguet et al.
demonstrated conductive polymer composites by dispersing
silver nanoparticles into an Epon polymer matrix.* Vescovo et
al. reported silver/epoxide composites fabricated by the in situ
synthesis.” Jiguet et al. also demonstrated the dispersion of
silica nanoparticles in order to reduce residual stress in cross-
linked Epon polymer films.® Garcia et al. demonstrated
anisotropic reinforcement of a cured polymer matrix by
dispersing and aligning carbon nanotubes.” Lo et al.
demonstrated ordered arrangements of magnetic nanorods
dispersed in microphase-separated diblock copolymers.®
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Metwalli et al. as well as Yao et al. demonstrated hybrid
nanoparticle polymer films with ordered particle configura-
tions.” !

Suter et al. and Peters et al. demonstrated the incorporation
of superparamagnetic iron oxide nanoparticles into an Epon
SU-8 polymer matrix, enabling remote actuation of cantilevers
and untethered swimming microrobots by applying magnetic
force and torque, respectively.'>”'* The magnetic force/torque
that can be exerted on these actuators depends on the strength
of the external magnetic field, the actuator volume, and the
actuator magnetization.'® The strength of the external magnetic
field is generally limited by the magnetic setups. Subsequently,
magnetic force and torque may only be increased by increasing
the overall device volume, i.e., thickness, or device magnet-
ization, which is related to the particle load."

Received: August 22, 2014
Accepted: December 5, 2014
Published: December 5, 2014

DOI: 10.1021/am5056728
ACS Appl. Mater. Interfaces 2015, 7, 193—200


www.acsami.org
http://dx.doi.org/10.1021/am5056728

ACS Applied Materials & Interfaces

Research Article

A general problem during lithographic processing of Epon-
based superparamagnetic composites is that the dispersed
particles absorb i-line radiation required to initiate the cross-
linking process and, thus, limit exposure depth and particle
load. For instance, Suter et al.'” and Gach et al.'® demonstrated
Epon composite thicknesses and maximum particle loads of 2.9
pum/5% vol and 12 pm/1% vol, respectively. As a consequence,
the performance of superparamagnetic composite actuators is
greatly reduced in comparison to those fabricated from bulk
magnetic material.'>"®

To fabricate more competitive superparamagnetic composite
sensors and actuators, the nanoparticle-induced UV absorption
must be overcome or avoided. As the particle-induced
absorption of the filler materials decreases with increasing
wavelength,'> expanding the composite’s photosensitive region
toward the visible spectrum is expected to increase the
penetration depth of the photoactive radiation, enabling an
increased film thickness and particle load. While visible light
curin§ of pristine Epon has been established over a decade
ago,2 21 yisible light curing of Epon nanocomposites has been
neglected, to date.

Lv et al. as well as Xuan et al. investigated the optical
transmission of superparamagnetic ferrofluids (non-cross-
linked) subjected to homogeneous magnetic fields.””*> They
identified particle absorption as the main attenuation
mechanism and argued that the overall film absorption is
dependent on the spatial distribution of the particles. In the
presence of external magnetic fields, the dispersed nanoparticles
are magnetized and form chains along the direction of the
external magnetic field. If the direction of the incident light
coincides with the orientation of the particle chains, the cross-
sectional area which is occupied by the particles is reduced and
absorption incidents are less likely to occur. Increased
transmission in the direction of the aligned particles was
observed experimentally for micrometer wavelengths. Similar
behavior is expected for shorter wavelengths and must result in
an additional increase in curing depth.

In this work, we investigate the potential of the visible light
sensitive photoinitiator H-Nu 470 as well as directed particle
self-organization in order to increase the photopatternable
resist thickness of a previously developed Epon based
superparamagnetic polymer composite. Optical properties of
the proposed photoinitiator H-Nu 470, Epon SU-8, as well as
the ferrofluid are investigated by UV—vis spectroscopy and
related to a first-order cationic photocuring model. Photo-
sensitive polymer composites with different particle loading
levels and different photoinitiators are prepared and cross-
linked in the absence and presence of external magnetic fields.
The related composite curing rates are evaluated and the
magnetic properties of cross-linked films are characterized by a
vibrating sample magnetometer (VSM). The particle distribu-
tion is investigated by preparing focused ion beam (FIB) cuts.

Photoresist Cross-Linking. Cationic cross-linking of a
chemically amplified photoresist consists of four steps:
exposure of the photosensitive component, photoacid gen-
eration, photoacid diffusion, and chemical amplification as well
as network formation during postexposure bake.’* The
irradiation intensity distribution I(z) within the exposed
composite film is given by:

(1)

where I, is the irradiation intensity at the composite surface, o
is the overall composite absorption coefficient, and z is the

I(z) = I, exp(—az)
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depth from the composite surface. Provided that the
absorptions of the composite’s components do not influence
each other, the overall composite absorption « is defined as the
sum of its component’s absorption coefficients:*®

@)

where agyg is the absorption coeflicient of the Epon SU-8
photoresist that includes its standard photoinitiator compo-
nents, Op,qes i the absorption coeflicient of the dispersed
nanoparticles, and oy, is the absorption coefficient of the
proposed photoinitiator H-Nu 470. The concentration of the
generated photoacid H(z) is related to the intensity distribution

I(2):
H(z) = Go[1 — exp(—CI(2)t)] 3)

where G, is the initial photoacid generator concentration, C is
the exposure rate constant, and ¢ is the exposure time. The
characteristic of the chemical amplification is that the photoacid
acts as a catalyst during cross-lining and is therefore not
consumed, i.e., one photoacid molecule can lead to several
cross-linking events with typical numbers between 10 and
100.>* Neglecting photoacid diffusion, a minimum photoacid
concentration Cy,eqnolq iS required to allow for sufficient cross-

linking:
H(z)
Gy

@ = Ugy.g + particles + Y Nu

threshold

4)

The absorption coeflicients in eq 2 are wavelength
dependent and have to be regarded at the relevant wavelengths.
A wavelength is referred to as relevant if it is emitted by mask
aligner’s light source and can generate a photoacid within the
composite at the same time. There are three characteristic
wavelengths emitted by the utilized mask aligner (Karl Suss
MA-6 with UV 400 optics, Munich/Germany): g-line (436
nm), h-line (405 nm), and i-line (365 nm). The Epon SU-8
photoacid generator triarylsulfonium (SbFg) is only i-line
sensitive, and composites containing this initiator possess only
one relevant wavelength. H-Nu 470 photoinitiator is photo-
sensitive beyond 500 nm wavelength. g-, h-, and i-line
wavelengths are considered relevant wavelengths for compo-
sites containing H-Nu 470 photoinitiator.

Absorption coeflicients and intensity distributions are
combined to analytically describe the overall photoresist
conversion utilizing eqs 1—4. Mathematical treatment can be
simplified if dominant effects are identified. Dominant effects
result from a small absorption coeflicient in combination with a
high radiation intensity. Both effects are linked, and only one of
the two effects needs to be significant; i.e., if two wavelengths
possess similar irradiation intensities, the wavelength at which
the composite possesses the smaller absorption coefficient is
considered dominant.

Deriving eqs 1—4 for two composites (denoted 1 and 2)
equipped with the same photoinitiator but different particle
loads yields:

a, DOE, = a, DOE, (s)

where DOE is the depth of exposure, equivalent to the
thickness of the fully cross-linked composite film. Assuming
that a is directly proportional to the volume load of the
particles, Loady, eq S can be rewritten as:

Loady ; DOE, = Loady,, DOE, (6)
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Table 1. Formulation of Epon Su-8 5 Reference Photoresist and Superparamagnetic Poylmer Composites Investigated in This

Work?
composite  Epon [% wt]  GBL [% wt] SBF, [% wt] H-Nu 470 [% wt]
SU-8 § 50.00 47.50 2.50
1 46.76 46.76 235
2 43.90 43.90 221
3 39.52 39.52 1.98
4 45.99 45.99 2.31 0.04
R 43.22 43.22 2.17 0.04
6 38.96 38.96 1.96 0.04

OPPI [% wt]  AN-910-E [% wt]  magnetite [% wt]  Loady; [% vol]®

0

4.13 2

9.99 N

18.98 10

1.1S 0.46 4.06 2
1.08 0.43 9.39 S
0.97 0.39 18.72 10

“Composites 1, 2, and 3 are senstive to i-line irradioation because of the presence of triarylsulfonium salt (SbF). Composites 4, S, and 6 are senstive
to broadband irradiation from g-, h-, and i-line because of the presence of the H-Nu 470 PI system (H-Nu 470 + OPPI + AN-910-E). bSee eq 9.

The volume of a cross-linked Epon network is known to
undergo changes based on the processing conditions.>®
Subsequently, it is imperative to determine the apparent
particle volume load based on the cross-linked network using:

M M,

Loady = . =Y

MADOE M, 7)

where M, is the relative saturation magnetization of the
composite film [emu], My is the reference saturation
magnetization of the iron oxide nanoparticles [emu/cm®], A
is the sample surface area, and My is the volume saturation
magnetization of the composite film. Applying eq 7 to both
sides of eq 6 yields:

Mr,l = Mr,Z (8)
If o is directly proportional to the volume load of the particles
Loady, the relative sample saturation magnetization of two
composite samples containing different particle loads but the
same photoinitiator must be equal.

Particle Distribution and Self-Organization. Surfactant-
coated superparamagnetic nanoparticles possess a homoge-
neous particle distribution throughout the ferrofluid as well as
the cross-linked composite."> When a magnetic field is applied
during composite processing, the dispersed particles are
magnetized, leading to attractive forces between these particles,
initiating the formation of particle chains along the direction of
the external field."> Lv et al. simulated the dynamics of particle
chain formation in non-cross-linked ferrofluids and suggested
that the particle chains become more pronounced with time
until they reach an equilibrium. As the composite’s solvent
evaporates during processing, the particle mobility decreased to
zero and an equilibrium state may not be reached. As the
evaporation time depends on the diffusion length, ie, the
thickness of the spin-coated composite film, particle mobility is
expected to be maintained in thicker composite films, leading to
a more pronounced formation of particle chains.

B EXPERIMENTAL SECTION

Superparamagnetic Ferrofluid. The superparamagnetic Epon
composite discussed in this work is derived from a superparamagnetic
FerroFluid (FF) developed in collaboration with ChemiCell GmbH
(Berlin, Germany)."* The FF consists of superparamagnetic magnetite
nanoparticles (Fe;O4, 11 nm average particle diameter, measured by
TEM'®) dispersed in p-butyrolactone (GBL) with a particle
concentration of 260 mg/mL.

UV-Visible Spectroscopy. In order to assess the optical
properties of utilized nanoparticles, the UV—vis spectrum of the
magnetite FF was recorded using a Varian Cary 500 spectrometer. A
1% vol FF was prepared and further diluted with GBL (puriss.,
>99.0% (GC) (Fluka), Sigma-Aldrich, Switzerland) in ratios of 1/
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1000, 1/2000, and 1/4000 in order to allow for a detectable UV—vis
signal. All UV—vis measurements were performed against a GBL
background signal.

Superparamagnetic Polymer Composite. Depth Cure. The i-
line sensitive polymer composites were obtained by dispersing the FF
in commercial Epon-based photoresist (commercial name: “SU-8”,
purchased from Micro Resist Technology GmbH, Berlin, Germany).
The composition of the pristine photoresist is depticted in Table 1.
Particle dispersion is carried out using a Hauschild DAC 150 planetary
mixer for 10 min and sonicated in a Sonics & Materials Inc. Vibracell
VCX 600 ultrasound system for 20 min. The particle content was
adjusted to achieve initial volume loads Loady; of 2% vol, 5% vol, and
10% vol with respect to the solid Epon resin volume:

‘/Partic[es

Loady;, = ———————
‘/Partic[es + ‘/Epon

©)

where Vp,iqe; is defined as the particle volume and Vi, represents
the volume of the Epon resin. Please note that the initial volume load
(eq 9) differs from the particle load of the cross-linked composite (eq
7). This discrepancy is attributed to the fact that the Epon volume
changes during device fabrication. The composites contain triar-
ylsulfonium salt (SbF, standard Epon SU-8 photoacid generator; see
Table 1) and are only sensitive to i-line irradiation.*”

Depth Cure. Visible light sensitive polymer composites are obtained
by dispersing the FF in commercial Epon SU-8 photoresist as denoted
above. Additionally, a visible light sensitive curing system consisting of
H-Nu 470 PI (S,7-diiodo-3-butoxy-6-fluorone), OPPI photoacid
generator (4-(octyloxy)phenylphenyliodium hexafluoroantimonate),
and AN-910-E cationic cure accelerator was added. All PI components
were purchased from Spectra Group Limited (Millbury, OH, U.S.).
The component’s weights were adjusted to achieve concentrations of
0.1% wt, 2.5% wt, and 1.0% wt with respect to Epon mass, respectively.
Three visible light sensitive polymer composites with initial volume
load of 2% vol, 5% vol, and 10% vol were prepared. The exact
formulation of all six composites investigated in this work is depicted
in Table 1.

Radiation Intensity Measurements. All composites discussed in
this work were exposed using a Karl Suss MA-6 mask aligner equipped
with a mercury short-arc lamp and UV-400 optics, emitting g-, h-, and
i-line radiation. The mask aligner was operated in constant power
mode. Radiation intensities were measured using a transimpedance
photoamplifier equipped with hard-coated, narrow-band UV filters and
an optical attenuator. The transmission properties of the filters as well
as transmission properties of the attenuator have been obtained using a
Varian Cary 500 spectrometer.

Evaluation of Exposure Kinetics. All composites were spin-
coated on chrome-patterned, rectangular 38 mm glass wafers at 1000
rpm for 30 s. The low spin-coating speed was selected to produce
composite films that are thicker than the maximum DOE after 400
exposure cycles. The samples were then soft-baked for 1 h at 95 °C,
placed upside down on a silicon carrier wafer, and exposed from the
back side. The silicon wafer caps the composite surface and inhibits
oxygen diffusion into the composite film during exposure. After
defined numbers of exposure cycles, i.e., 4, 8, 12, 40, 60, 80, 100, 200,

DOI: 10.1021/am5056728
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and 400, selected parts of the wafer were covered by silicon die in
order to monitor the DOE progress on a single wafer. A schematic
illustration of the sample preparation is depicted in Figure 1.

VLl

l <€— g, h, & i-line radiation

<— Glass wafer w/ pattern
Exposed composite
<— Depth Of Exposure (DOE)

n exposure steps

<€— Sjlicon wafer

<€— g, h, & i-line radiation

<— Sjlicon die

<— DOE after n steps
<— DOE after n + m steps

n + mexposure steps

Figure 1. Back-side exposure of Epon nanoparticle composite spin-
coated on a chrome-patterned glass wafer. Depth of exposure (DOE)
increases with increasing number of exposure cycles. Reprinted with
permission by © IEEE 2013 (modified version).

Postexposure bake was carried out for 15 min at 95 °C. Non-cross-
linked composite was removed using mr-Dev 600 developer (Micro
Resist Technology GmbH, Berlin, Germany). Developed samples were
rinsed with isopropanol as well as DI water and dried with nitrogen.
The particle distribution in all these films is random. The related DOE
profiles were recorded using a Tencor P10 surface profiler.

Evaluation of Magnetic Properties. For the evaluation of
magnetic properties, all composites were spin-coated on circular,
transparent 9 mm glass wafers. All process steps were carried out as
denoted above except that no parts of the wafer were covered and that
the soft bake was carried out for 4 h. The exposure dose matched the
maximum exposure dose of the previous experiments. Samples for
reference magnetization measurements were prepared by drop casting
the ferrofluid on a circular glass wafer and subsequent evaporation of
the composite solvent. Sample magnetization has been recorded using
a Princeton Measurements Corp. MicroMag 3900 VSM. After
characterization of the magnetic properties, the composite films
were partially scratched to obtain a step profile. Film thickness was
measured using white light interferometry and profilometry on these
steps.

Particle Manipulation. Particle manipulation was carried out
using composites equipped with the visible light sensitive photo-
initiator system H-Nu 470 only. After composite spin-coating, the
wafers were transferred to a custom Helmholtz setup, generating a
homogeneous magnetic field of 30 mT perpendicular to the wafer
surface. The Helmholtz coil setup is equipped with a hot plate in order
to combine particle alignment and thermal cycling. The soft-baked
samples were exposed and transferred back to Helmholtz setup for
postexposure bake. Non-cross-linked composite was removed using
mr-Dev 600 developer. All process parameters were used as denoted
above.

Particle Distribution Characterization. The particle distribution
has been characterized by preparing FIB cuts of all composite films.
The cross sections of these samples were assessed using a Hitachi
NBS5000 FIB SEM. For all experiments, composite films fabricated on
circular wafers were used.

B RESULTS

Radiation Intensity Distribution, Absorption Charac-
teristics, and Its Implications. The absorption characteristics
of the utilized FF (magnetite nanoparticles dissolved in GBL)
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are illustrated in Figure 2 for three different dilution ratios. A
Beer—Lambert relation is observed for these low concen-

1.50 — T
[—t—t— i-line —— Dilution 1: 1/1000
1.254 I r*1— h-line — = Dilution 2: 1/2000
|- g-line  =-— Dilution 3: 1/4000
8 1.00- |
c
© |
-g 0.75- 0
17} ™~ < |
Qo ]
< 0.50 I
0.25{ =L, T
|~
0.00 — il -
300 400 500 600 700 800

Wavelength [nm]

Figure 2. UV—vis spectra of 1% vol magnetite nanoparticles dissolved
in GBL. Magnetite nanoparticle solutions become more transparent at
higher wavelengths. Measurements are performed against a GBL
background signal in a 10 mm quartz cuvette. Reprinted with
permission by © IEEE 2013.

trations. As dilutions of at least 1/1000 were necessary to
obtain a detectable UV—vis signal, Beer—Lambert relation may
only be used to obtain an order-of-magnitude approximation
for the particle absorption of a 1% vol ferrofluid (see Table 2).

Table 2. Extrapolated Absorption Coeflicients per 1% Vol
Magnetite in GBL (®tp,yiqes), as Well as Absorption
Coefficients of the Epon-Based Photoresist SU-8 5 (agy.g s)
and PI Absorption (ap;, Concentration 0.43 mg/mL As Used
for Composites 4—6)

a[em™]

Qprticles €xtrapolated from dilution:

A [nm] 1 2 3 mean sus s ap”
365 974.3 963.0 968.2 967 + S 1.8 6.4
405 651.6 645.0 651.5 650 + 3 0.9 7.8
436 451.8 4474 455.0 451 + 3 0.2 12.0

“Extrapolated from a solution containing 0.05 mg/mL H-Nu 470.

The absorption coefficients of Epon SU-8 S (Epon to GBL
ratio similar to the composites discussed in this work; see Table
1) and H-Nu 470 are also displayed in Table 2. A qualitative
comparison of the absorption data identifies the particle related
absorption as the main absorption mechanism. The particle
related absorption coefficient decreases with increasing wave-
length, promoting the expansion of the composites’ photo-
sensitive regime toward the visible spectrum.

The average irradiation intensities emitted by the mercury
short arc lamp of the utilized mask aligner have been measured
to be 3.1 + 0.3 mJ s cm™? (g-line, 436 nm), 2.4 + 0.2 mJ™"
ecm™? (h-line, 405 nm), and 2.5 + 0.2 mJ™" cm™2 (i-line, 365
nm), resulting in exposure doses of 128.7 + 3.4 mW cm™> (g-
line), 99.9 + 6.8 mW cm™ (h-line), and 104.4 + 0.5 mW cm™>
(i-line) per exposure cycle. All results include losses introduced
by the experimental setup.

For i-line sensitive composites, where only a single
photoinitiator sensitive to a single wavelength is used, eqs
1—4 can be solved directly. Surface and depth cure must
progress at the same speed. For composites containing H-Nu
470, iline excitation of SbF4 as well as g-, h-, and i-line
excitation of H-Nu 470 takes place at the same time. Assuming

DOI: 10.1021/am5056728
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Figure 3. (a—c) Exposure kinetics of all composite films investigated in this work. (d) Exposure kinetics ratios. Average doses per cycle: g-line, 128.7
+ 3.4 mJ/cm?% h-line, 99.9 + 6.8 mJ/cm?; i-line, 104.4 + 0.5 mJ/cm?

Table 3. Comparison of Achieved DOE, Relative Magnetizations, Volume Saturation Magnetizations, and Apparent Particle
Volume Loads®

Loady; [% vol]

active component

particle distribution

2 SbF¢ random
H-Nu random
H-Nu aligned

S SbF, random
H-Nu random
H-Nu aligned

10 SbF, random
H-Nu random
H-Nu aligned

“All measurements were performed as triplets.

DOE rectangular [pm]

158 £ 0.1
304 + 04
370 £ 0.1
5.6 £ 0.1
11.6 + 0.1
139 £ 0.1
2.7 £ 0.1
5.8 £0.1
6.2 + 0.1

DOE circular [gum] M, [memu] My [emu/cm®]  Loady [% vol]
179 + 0.4 40+ 0.1 3.6 +0.1 1.6 £ 0.1
337 £ 1.1 72 £ 0.5 33+02 1.5+ 0.1
S3.5 £ 21 10.0 + 0.7 3.0+ 02 14 + 0.1
5.6 +02 32 +0.1 9.0 +£0.2 4.1 £+ 0.1
12.0 + 0.1 6.0 + 0.1 7.8 £ 0.1 3.6 +0.1
173 £ 1.2 7.7 + 0.6 7.0 £ 0.5 32+03
2.6 +0.1 2.6 £ 0.1 15.6 + 0.4 72 +£02
6.1 +0.1 5.6 +0.1 145 £ 0.1 6.7 £ 0.1
64 + 02 5.8 +02 143 + 04 6.6 + 0.1

similar rate constants for both PIs and considering the FF
absorption coeflicients as well as the lamp irradiation

intensities, g-line contribution is dominant for the depth curing

of these composites, while h- and i-line contributions can be

neglected. At the same time, surface curing rates are expected to

increase as g-, h-, and i-line excitation takes place.
Exposure Kinetics. Depth Cure. The exposure kinetics of
all composite films are depicted in Figure 3a—c. The related
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DOE values after 400 exposure cycles are depicted in Table 3.
For all composite films and exposure cycle counts above 40, a
logarithmic relation between the number of cycles and the
DOE can be observed as indicated by the corresponding trend
line. These observations state that depth curing of these films is
governed by a single dominant wavelength as discussed in the
previous paragraph. The logarithmic relation between the
number of cycles and the DOE also confirms that the thickness

DOI: 10.1021/am5056728
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Figure 4. FIB cross section of samples differnet samples equipped with H-Nu 470 photoinitiator and random as well as aligned particle
configuraions. Homogeneous particle distribution is observed for composite films that were processed in the absence of a magnetic field. Chainlike
particle clusters can be observed if thermal cycling is carried out in the presence of a homogeneous magnetic field perpendicular to the surface. All

scale bars are 5 pym.

of the composite films is higher than the DOE for all composite
films.

Surface Cure. For cycle counts below 40, different behavior
has been observed. The DOE values for all composites films
containing an initial particle volume load of 10% vol (for both
random and aligned particle configurations) are below the
extrapolated trend line. The high concentration of particles and
the resulting absorption led to an insufficient photoacid
generation. For i-line sensitive composite films with random
particle distributions and particle volume loads of 2% vol and
5% vol, the DOE values match the extrapolated fit, as these
composites are sensitive to a single wavelength only. For visible
light sensitive composites with particle loads of 2% vol and 5%
vol (for both random and aligned particle configurations), the
DOE values exceed the extrapolation, indicating fast surface
curing due to short wavelength radiation (h- and i-line). The
results are well in agreement with the %eneral understanding of
depth and surface curing mechanisms.”®

In order to evaluate the impact of H-Nu 470 as well as
impact of particle alignment on the exposure kinetics, DOE
ratios are depicted in Figure 3d. DOE ratios are obtained by
dividing the DOE values of two composite films of interest.
The overall performance increase depends on the number of
exposure cycles, the initial particle volume load, and the spatial
distribution of the dispersed nanoparticles. For 400 exposure
cycles, the proposed photoinitiator H-Nu 470 results in an
increase in DOE of 90%, 110%, and 120% for composites with
an initial particle load of 2% vol, 5% vol, and 10% vol,
respectively. With decreasing exposure cycle counts, the DOE
ratios increase. The related absolute DOE values are smaller,
and surface curing effects become more pronounced in
composite films equipped with H-Nu 470 photoinitiator,
leading to an increase in DOE ratio. Similar results were
obtained for composite films with aligned particles. By
comparison of composite films (equipped with H-Nu 470 PI)
with randomly distributed particles and films with aligned
particles, the average DOE increased about 20% for films with
an initial volume load of 2% vol and 5% vol and about 10% for
films with an initial particle load of 10% vol.
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Magnetic Properties. Film Thickness. VSM measurements
only yield relative magnetization values. Thus, sample volumes
need to be evaluated as well. The DOE values of all composites
are depicted in Table 3. For composite films with
homogeneously distributed particles, the DOE values are well
in agreement with the ones reported for rectangular samples.
However, for samples with particles aligned perpendicular to
the wafer surface, DOE values are increased about 40% and
20% for composite films with an initial particle volume load of
2% vol and 5% vol, respectively. Samples used for VSM
measurements were fabricated on circular 9 mm glass instead of
rectangular 38 mm wafers. Because of the smaller wafer
diameter, the centripetal forces on the composite are
significantly smaller during spin-coating, leaving a significant
edge bead behind. This edge bead reflows almost immediately
after spin-coating, leading to a greatly increased film thickness.
The increased film thickness implies an increased diffusion
length for the solvent molecules during subsequent soft-bake.
As the solidification of the composite is prolonged, the
formation of particle chains is more pronounced, leading to a
decrease in optical absorption and subsequently to an increase
in DOE.

Absolute Sample Magnetization. The magnetic properties
of all circular samples are obtained by performing VSM
measurements (see Table 3). By comparison of the mean of the
absolute saturation magnetization of composite films without
visible light sensitive photoinitiator, the absolute saturation
magnetization decreases with increasing particle load. This
observation is in contradiction to the assumption derived in eq
8 and yields direct evidence that Beer—Lambert law is violated;
i.e, the optical absorption must increase with increasing particle
load in a nonlinear manner. This observation has a significant,
counterintuitive implication on the design of future super-
paramagnetic sensors and actuators: If the thickness of the
composite film is not restricted, the highest overall saturation
magnetization is achieved using composites with reduced
particle load as opposed to composites with a high particle load.

Volume Magnetization and Apparent Volume Load.
Combining the DOE values and the related relative saturation
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magnetization values, the volume saturation magnetization of
all samples can be calculated. The results are depicted in Table
3. Comparing samples with similar initial volume load, highest
volume saturation magnetization is observed for samples
fabricated from composites containing SbF¢ only. Volume
saturation magnetization decreases for samples fabricated from
composites containing H-Nu 470. The smallest volume
saturation magnetization is observed for samples with aligned
particles (fabricated from composites containing H-Nu 470).
By combination of the volume magnetization with extrapolated
reference magnetization measurements of the iron oxide
nanoparticles (217.0 emu/cm® or 41.8 emu/g), the measured
particle volume load (see eq 7) of all composite films is
calculated and depicted in Table 3. For all composite films, the
measured volume load is significantly smaller than the initial
volume load (see eq 9). The measured volume load of
composite films with random particle distribution and SbFj is
only about 1.1 times the measured volume load of the
corresponding composite films equipped with the visible light
sensitive photoinitiator H-Nu 470 and random particle
distribution, indicating a systematic difference attributed to
the utilization of the different photoinitiator systems.

Comparison. Considering the presence of different
apparent particle volume loads in combination with the
presence of nonlinear optical absorption, the ratio between
exposure depths of composites with comparable initial volume
load, randomly aligned particles, and different photoinitiators is
not constant but yields:

DOE(2% vol, HNu) _ DOE(5% vol, HNu)
DOE(2% vol, SbE,) DOE(5% vol, SbE,)
DOE(10% vol, HNu)
DOE(10% vol, SbE,)

(10)

The impact of particle alignment on the DOE is evaluated by
calculating the DOE ratio between composite films with aligned
particles and composite films with homogeneously distributed
particles (both film types are equipped with the same
photoinitiator H-Nu 470). The average DOE increases 20%
for composite films with 2% vol and 5% vol particle load and
10% for composite films with 10% vol particle load.

Particle Distribution. The particle distribution within
different composite films is illustrated in Figure 4. For visible
light sensitive composite films fabricated in the absence of a
magnetic field, homogeneous particle distribution can be
observed. These observations indicate that H-Nu 470 photo-
initiator does not affect the particle distribution within the
cross-linked composite films. In the 10% vol film that
underwent magnetic particle manipulation, chainlike particle
clusters perpendicular to the wafer surface are observed. This
verifies a successful particle alignment achieved by applying
homogeneous magnetic fields during device fabrication. Similar
results were obtained for all other composite films.

B DISCUSSION AND CONCLUSION

UV—vis measurements of dispersed superparamagnetic nano-
particles have proven that the absorption in Epon based
superparamagnetic polymer composites is solely governed by
the absorption of the magnetite nanoparticles and moreover
that the absorption of these particles decreases with increasing
wavelength. This observation promoted the expansion of the
composite’s photosensitive regime toward the visible spectrum.
Subsequently, we have introduced the visible light sensitive PI
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H-Nu 470 to superparamagnetic polymer composites with a
particle load of 2% vol, 5% vol, and 10% vol. We were able to
more than double the exposure depth while maintaining the
particle load (e.g,, 5% vol, random, SbF4 vs 5% vol, random, H-
Nu) and to double the particle load while maintaining the resist
thickness (e.g., $% vol, random, SbF4 vs 10% vol, random, H-
Nu). The formation of ordered nanoparticle structures has
proven beneficial in increasing the cross-linking depth by more
than 50% (e.g., 2% vol, random, H-Nu vs 2% vol, aligned, H-Nu
vs D2-4). The combination of both approaches allows for cross-
linking composite films with 2.5-fold magnetization (e.g., 2%
vol, random, SbF¢ vs 2% vol, aligned, H-Nu). The highest
overall sample magnetization has been achieved using
composites with the least filling level (2% vol, aligned, H-Nu,
10 memu) instead of composites with the highest filling level
(10% vol, aligned, H-Nu, 5.8 memu). The introduction of the
visible light sensitive photoinitiator H-Nu 470 and the
formation of ordered nanoparticle structures have proven as
effective means to increase the exposure depth limitation in
superparamagnetic polymer composites. The combination of
both can be exploited to fabricate superparamagnetic sensors
and actuators with increased performance, narrowing the
margin between composite devices and those fabricated from
bulk magnetic material. These findings can further be applied to
increase the lithographic performance of any other photo-
sensitive polymer composite containing highly absorbent filler
materials such as carbon nanotubes or graphene.

Superparamagnetic magnetite nanoparticles are prone to
oxidation, forming maghemite (Fe,0;), resulting in a decreased
magnetic performance. Oxidation may take place during
composite processing, film storage, and potential application.
In order to convincingly demonstrate the potential of
superparamagnetic composite actuators for practical, long-
term applications, these issues must be addressed in future
research.
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