Open Access Article. Published on 01 October 2024. Downloaded on 10/24/2025 5:37:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 8464

Received 19th July 2024,
Accepted 18th September 2024

DOI: 10.1039/d4ma00733f

rsc.li/materials-advances

Introduction

ZnO vapor phase infiltration into
photo-patternable polyacrylate networks
for the microfabrication of hybrid
organic—inorganic structuresy

*aC

Lisanne Demelius, €2 2° Li Zhang, 2° Anna Maria Coclite and

Mark D. Losego

Photopatterning of polymers enables the microfabrication of numerous microelectronic, micro-
mechanical, and microchemical systems. The incorporation of inorganics into a patterned polymer
material can generate many new interesting properties such as enhanced stability, optical performance,
or electrical properties. Vapor phase infiltration (VPI) allows for the creation of hybrid organic—inorganic
materials by infiltrating polymers with gaseous metalorganic precursors. This study seeks to explore the
potential of integrating VPI with existing photopatterning techniques to achieve top-down hybridization
and property modification of polymer structures of different complexity. For this, VPI of diethylzinc (DEZ)
is studied for four highly crosslinked acrylate networks that can be patterned by photolithography and
two-photon polymerization (2PP): pentaerythritol triacrylate (PETA), pentaerythritol tetraacrylate (PETeA),
trimethylolpropane triacrylate (TMPTA) and ethoxylated trimethylolpropane triacrylate (ETPTA). The
findings show that for highly crosslinked polymer networks, VPl can be limited by slow precursor
diffusion. However, by introducing flexible segments (e.g., ethoxylated chains), the polymer's free
volume can be increased, and infiltration is accelerated, leading to faster infiltration times and higher
and more uniform inorganic loading. Finally, selective infiltration of ZnO into photolithographically
patterned copolymer networks of TMPTA and ETPTA on non-infiltrating poly(methyl methacrylate)
(PMMA) is demonstrated illustrating the potential of VPI for advanced maskless patterning strategies.

Incorporating inorganics into a polymer can introduce a
variety of new synergistic properties. Such hybrid organic-
inorganic materials® have demonstrated applications in elec-

Photolithographic patterning of photosensitive polymers is
commonly used to fabricate many microdevices. For example,
micropatterned polymers are important in fabricating micro
electromechanical systems (MEMS), microfluidic systems,
optics and flexible electronics, or as etch masks to define and
transfer patterns onto other (inorganic) materials during micro-
electronics fabrication.»* Maskless photopatterning methods,
such as e-beam lithography,® direct laser writing (DLW)*® or
two-photon polymerization (2PP),%” are especially interesting
because they enable the creation of highly customizable nano-
and microstructures of varying complexity.
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tronics,” sensors,'® catalysis,"" biomaterials,">"* and energy
storage."*'> Common synthesis routes rely on solution-based
processes involving dispersions of organic matrices (e.g. poly-
mers, monomers, etc.) and inorganic species (e.g. nano-
particles, metals, clusters, etc.).'® These processes pose
challenges due to agglomeration of the inorganic particles,
non-uniform distribution or poor miscibility of the compo-
nents, as well as solvent-related safety concerns and substrate
compatibility issues.

Vapor phase infiltration (VPI), also referred to as sequential
infiltration synthesis (SIS) or atomic layer infiltration (ALI),
is an emerging technique that allows for the hybridization of
a polymer by infiltrating it with gaseous metalorganic precur-
sors while preserving the polymer’s original macroscale form
and microstructure.’” In VPI, gas-phase inorganic precursors
are sorbed into and diffuse throughout a polymer matrix,
eventually becoming immobilized by either a chemical reaction
with the polymer or loss of volatility, often due to reaction
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with a subsequently delivered co-reactant. Under ideal process
conditions, a uniform distribution of inorganic species in the
polymer matrix can be achieved that exhibits self-limiting
saturation behavior akin to atomic layer deposition (ALD).
Hybridization by VPI has shown huge potential in modifying
material properties such as mechanical strength,'®2°
chemical stability,>* optical emission,**** and triboelectric
response.?®

At present, the library of photo-patternable polymers that
have been studied for modification by VPI is fairly limited. VPI
has been investigated for AlO,,””° TiO,,*! ZnO,,*** and
InO,** into the epoxy-based photoresist SU-8,>'~** poly(methyl
methacrylate) (PMMA)**** and bisphenol A-based dimethacry-
late resins.>**° VPI was mainly employed to enhance pattern
transfer during EUV lithography,’***> e-beam lithography,*®
and UV-NIL**?° by increasing photosensitivity or etch resis-
tance of the polymer mask, or to fabricate inorganic nano-
structures from lithographically patterned polymers by etching
away the organic part after infiltration.**

Only a few rare examples have explored the integration of
VPI with direct writing techniques to create hybrid organic-
inorganic structures with novel properties. Li et al.*® infiltrated
SU-8 nanopillars, patterned by e-beam lithography, with AlO,
and demonstrated a polymer-like Young’s modulus and a
metal-like high yield strength, making the material interesting
for applications in MEMS cantilever mass sensors. Subrama-
nian et al.®>” demonstrated that VPI of AlO, enables control of
the bipolar switching characteristics and stochasticity of SU-8
used in resistive random-access memory (RRAM) devices.
Another example was provided by Singhal et al.*® who used
VPI of DEZ to increase the refractive index of photonic crystals
printed by 2PP using the commercial photoresin IP-Dip
(Nanoscribe).

VPI is also chemically selective and can be used to selectively
modify certain polymer structures while leaving others unal-
tered. This ability is similar to area-selective deposition (ASD)
where the chemistry present on a substrate surface dictates
deposition.*® However, the mechanisms that can lead to
volume-selective infiltration are more varied and include differ-
ences in solubility,* reactivity’® or precursor kinetics.** Selec-
tivity in VPI has been extensively explored for self-assembled
BCP structures, where, for certain copolymer combinations,
the metalorganic precursor preferentially infiltrates into one
polymer phase versus the other.*” The most widely studied
system is probably TMA in PS-b-PMMA, where infiltration
occurs only into the PMMA phase.**** McGuinness et al.°
demonstrated that selective VPI can also be achieved for larger
volumes and structures by patterning a PS thin film on PMMA
and showing that TMA infiltration was effectively blocked in
regions covered by PS.

The present work aims to extend the VPI library of photo-
patternable polymers by investigating the infiltration of ZnO
(DEZ + H,0) into a set of highly crosslinked polyacrylate net-
works that are common components of 2PP photoresins.®
Within this system, we demonstrate that designing the poly-
mer’s flexibility and free volume is important to promoting
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precursor infiltration and inorganic loading. We also show the
ability to selectively infiltrate a photo-patterned polyacrylate
structure on a non-infiltrating PMMA supporting layer.

Methods

Preparation of crosslinked polyacrylate thin films

Crosslinked polyacrylate thin films were prepared from four
different monomers: pentaerythritol triacrylate (PETA, Santa
Cruz Biotechnology, Inc.), pentaerythritol tetraacrylate (PETeA,
Sigma-Aldrich) with a PETA content of >30 to <50%, trimethy-
lolpropane triacrylate (TMPTA, Sigma Aldrich), and ethoxylated
trimethylolpropane triacrylate (ETPTA, average M, ~428, Sigma
Aldrich). 2-(Dimethylamino)-2-(4-methylbenzyl)-1-(4-morpholino-
phenyl)butan-1-one (Omnirad 379, >95.0%, TCI), which has its
main absorption at 233 and 320 nm, was used as photoinitiator
for UV polymerization.

Two different recipes were used for spin-coating thin films
of the acrylate monomers. For Recipe A, 4 wt% monomer with
6 wt% photoinitiator with respect to the monomer were dis-
solved in 50:50 toluene (>99.5%, Sigma Aldrich) and chloro-
form (>99.0%, stabilized with Ethanol, TCI) and spun-cast on
single-side polished (100) silicon wafers (p-type, GlobiTech,
Inc.) at 3000 rpm for 60 s with static dispensing. For Recipe
B, an 8 wt%-solution of monomer in ethyl acetate (>99.5%,
Sigma Aldrich), again with 6 wt% photoinitiator with respect to
the monomer, was prepared, which was then diluted with
10 wt% 1-butanol (>99.4%, Sigma Aldrich) for better spin-
coating results. 30 pl of the solution were spun-cast at 6000 rpm
for 10 s with dynamic dispensing. Recipe B was developed as an
optimization step to eliminate the use of the hazardous sol-
vents toluene and chloroform. Both recipes produced thin films
of comparable uniformity and thickness (between 100 and
250 nm depending on the monomer), as determined by eye
and ellipsometry, and had the same chemical composition, as
measured by FTIR. Copolymerized films of p(TMTPA-ETPTA)
were prepared by mixing the two monomers in solution in a
1:3 weight ratio of TMPTA to ETPTA.

The as-spun acrylate films were polymerized under a Dymax
2000-EC UV lamp with a 400 W Metal Halide flood bulb for 1 to
30 minutes at ambient conditions. Isopropyl alcohol (IPA,
>99.5%, Sigma Aldrich) was used to test the stability of the
polymerized films.

To pattern the copolymerized acrylate films, a lithographic
mask was positioned on top of the spun-cast acrylate films
(Recipe B with 15 wt% photoinitiator with respect to the
monomer and a weight ratio of 1:3 TMPTA:ETPTA) which
were then exposed to UV for 1 minute, followed by a quick rinse
with isopropyl alcohol (>99.5%, Sigma Aldrich) to remove the
unpolymerized parts of the film. To demonstrate selective
infiltration, the polyacrylate patterns were created on a poly
(methyl methacrylate) (PMMA, Polysciences Inc., 75 k My)
film that had been spun-cast on silicon substrates from a
5 wt% solution of PMMA in toluene (3000 rpm, 30 s, static
dispensing).
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Vapor phase infiltration of DEZ

Vapor phase infiltration (VPI) of the crosslinked polyacrylate
thin films was performed in a custom-built system described
elsewhere,*>*® using nitrogen (99.995% purified from air) as
purging gas at a flow rate of 250 slpm, diethylzinc (DEZ, STREM
chemicals, 95% purity, DANGER: pyrophoric) as the metal-
organic precursor, and deionized water as the oxidizing
co-reactant. The polyacrylate films were subjected to one VPI
cycle at a process temperature of 120 °C. To remove any
moisture from the polyacrylate films prior to infiltration,
a 2-hour nitrogen purge followed by a 2-hour pump-down of
the system to base pressure was performed. Then, the system
was isolated from the pump and DEZ was dosed for 3 seconds,
resulting in a chamber pressure of approximately 0.75 Torr.
The reactor was held in this static DEZ atmosphere for 5 or
15 hours, and then pumped down to base pressure for 1 hour.
For the water dose, the reactor was once again isolated from the
pump, and water was dosed for 1 second resulting in a pressure
of approximately 3.5 Torr. The system was then held in this
static H,O atmosphere for 30 minutes before being pumped
down for 1 hour.

Characterization methods

FTIR spectra of the crosslinked polyacrylate films on silicon
were measured in transmittance with a Thermo Scientific
Nicolet iS5. A bare silicon wafer was used as background
reference and each measurement consisted of 200 scans in a
wavelength range from 400 to 4000 cm™ ' at a resolution of
4 cm™", All spectra were baseline corrected and normalized
with respect to the film thickness measured by ellipsometry
during post-processing.

The thickness and the refractive index (n) of the crosslinked
polyacrylate films were measured by spectroscopic ellipsometry
(SE, J. A. Woollam Alpha-SE). Spectra were obtained in a
wavelength range from 380 to 900 nm at a 70° angle of
incidence and fitted to a model consisting of a silicon
substrate, 1.7 nm native oxide, and a Cauchy layer using
the CompleteEASE software (J. A. Woollam, Version 5.19).
To achieve better fit results, thickness non-uniformity was
included.

The zinc loading of the polyacrylate films after VPI was
analyzed by X-ray fluorescence spectroscopy (XRF) using a
Thermo Scientific Niton FXL FM-XRF with an Ag anode at a
voltage of 50 kV and a current of 200 pA. Spectra were taken in
general metals mode with a measurement time of 90 s. To get
a measure of the zinc content, the spectra were baseline
corrected by subtracting a spectrum measured before VPI,
and the area of the Zn Ko peak at 8.637 keV was obtained by
fitting it with a Gaussian.

A Thermo Scientific K-Alpha system equipped with a mono-
chromatic Al-Ka X-ray source (1486.6 eV) was used to measure
X-ray photoelectron spectroscopy (XPS). A pass energy of
200 eV, a dwell time of 50 ms and a step size of 1 eV were used
for the survey scans, while high resolution scans were con-
ducted with a pass energy of 50 eV, a dwell time of 50 ms and a
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step size of 0.1 eV. The crosslinked polyacrylate films were
measured without any further surface treatment, and charge
compensation was achieved using an in-built flood gun. The
spot size was 400 pm. Depth profiles were obtained using a
2000 eV mid-current Ar ion beam with etch steps ranging from
35to 60 s and a 5 s pause between etching and measuring. Data
analysis and component fitting was performed with the soft-
ware CasaXPS (Casa Software Ltd, Teignmouth, UK). All spectra
were calibrated with respect to the C-C adventitious carbon
peak at 284.8 eV. For the XPS depth profiles, the etch time was
calibrated to etch depth using the film thickness obtained by
ellipsometry. The position of the polyacrylate-Si interface was
assumed to be at the point where the Si 2p peak reached
50 at%.

To analyze the topography of the patterned polyacrylate
films, a Filmetric Profilm3D Optical Profilometer was used.

Energy-dispersive X-ray spectroscopy (EDX) elemental map-
ping was performed to demonstrate the selective infiltration of
the patterned sample using a Phenom XL G2 scanning electron
microscope (SEM) at 5 kV electron energy and a chamber
pressure of 0.1 Pa in imaging mode. The atomic concentrations
were calculated using the Phenom software.

Results and discussion
UV photopolymerization of acrylate monomers

Scheme 1 displays the chemical structures of the polyfunctional
acrylate monomers (PETA, PETeA, TMPTA and ETPTA) investi-
gated within the scope of this study along with the chemical
structure of the photoinitiator Omnirad 379. While PETA,
TMPTA and ETPTA are trifunctional, ie. each monomer
features three vinyl bonds that can be reacted to form covalent
bonds to other monomers during polymerization, PETeA is
tetrafunctional. Fig. 1 shows FTIR spectra collected from these
four different chemistries upon UV polymerization. The black
lines in Fig. 1(a)-(d) represent the FTIR spectra of the respective
monomer films after spin-coating. The ester groups in these
monomers show up in the FTIR spectra as a carbonyl stretch at
approximately 1720 cm ™" and a series of peaks related to C-O
bonding between 1010 and 1320 em™'. The vinyl bonds are
represented as absorption bands corresponding to C—C
stretching (1625 cm™ ') and =C-H bending vibrations (1405
and 810 cm ). The hydroxyl group of PETA produces a broad
O-H peak at around 3500 cm™'. A weak O-H peak is also
present for PETeA that is due to the fact that the used PETeA is
not pure but contains 30-50% PETA. The methyl groups in
TMPTA and ETPTA show up in the C-H stretch region at
around 2970 cm'. The ethoxy groups in ETPTA result in a
shoulder peak in the C-H stretch region at a slightly lower
wavenumber of approximately 2875 cm™*, and in an additional
peak in the ether region at around 1110 cm™*.*7®

During photopolymerization, thin films of the four mono-
mers are exposed to UV light for 0 to 30 minutes. The chemical
changes are monitored by FTIR (Fig. 1), while film thickness
(Fig. 2(a)) and refractive index n at a wavelength of 632.8 nm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical structures of the monomers (a) pentaerythritol
triacrylate (PETA), (b) pentaerythritol tetraacrylate (PETeA), (c) trimethylol-
propane triacrylate (TMPTA), (d) ethoxylated trimethylolpropane triacrylate
(ETPTA), and (e) the photoinitiator 2-(dimethylamino)-2-(4-methylbenzyl)-
1-(4-morpholinophenyl)butan-1-one (omnirad 379). The average mole-
cular weight of ETPTA is 428, which corresponds to an averagem, n,o = 1.

(Fig. 2(b)) are tracked by spectroscopic ellipsometry. Upon
increasing UV exposure time, the FTIR spectra show a decrease
in the absorption peaks related to the vinyl bonds (1625, 1405
and 810 cm '), confirming successful reaction of these bonds
through photopolymerization. For pTMPTA (Fig. 1(c)) and
pETPTA (Fig. 1(d)), extended UV exposure also results in the
emergence of a broad O-H absorption band around 3500 cm ™"
which indicates that a certain degree of photooxidation of
the acrylates takes place in addition to the polymerization
reaction.”®™! The effect is stronger in pETPTA, where along
with the appearance of an O-H band, the C-H peak at 2875 cm ™",
corresponding to the ethoxy groups, sees a significant decrease for
UV exposure times longer than 15 minutes.

Fig. 2(a) illustrates the films’ shrinkage upon UV photo-
polymerization. The decrease in film thickness is most pro-
nounced during the first minute of irradiation, after which it
quickly stabilizes. PETA and PETeA exhibit the least shrinkage
(approximately 13-15%) while TMPTA and ETPTA shrink con-
siderably more (up to 30%). The refractive index n (Fig. 2(b))
increases upon UV exposure and saturates after about 5 min-
utes to values ranging from 1.524 £ 0.011 for ETPTA, to 1.526 £
0.002 for TMPTA, 1.542 + 0.001 for PETeA and 1.560 £ 0.015
for PETA. To estimate the ratio of reacted vinyl bonds, the FTIR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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absorption band at 810 cm ™', which corresponds to the =C-H
bending vibration, was selected and the conversion degree
(Fig. 2(c)) was calculated using eqn (1):*’

Conversion degree [%] = (1 - %) x 100% (1)
0

where A,/A, corresponds to the ratio of absorbance at 810 cm ™"
after a time ¢ of UV exposure (4;) to the absorbance of the
unirradiated sample (4).

To account for potential material loss due to evaporation,
the absorbance at 801 cm™ " was normalized by the absorbance
of the carbonyl peak at 1735 cm ™. The results in Fig. 2(c) show
that the conversion of the vinyl bonds begins to saturate after
5 minutes UV exposure, reaching very high degrees of conver-
sion ranging from approximately 85% for PETA and TMPTA to
90% for PETeA, and almost 100% for ETPTA. To test the
stability of the UV-exposed films, TMPTA and ETPTA UV cured
for varying times were immersed in IPA (a good solvent for
the pure monomers) for 15 minutes, and the change in film
thickness was tracked by ellipsometry. The results (Fig. 2(d))
show that films exposed to UV light for 1 and 5 minutes still
partially dissolve in IPA, indicating that they are insufficiently
crosslinked. After 10 minutes of UV exposure, the film thick-
ness remains stable, in good agreement with the saturation
behavior observable in Fig. 2(a)-(c).

DEZ infiltration into crosslinked polyacrylate thin films

VPI of DEZ was first tested for the three acrylate monomers
PETA, PETeA and TMPTA. Thin films of the monomers were
polymerized and crosslinked under UV light for 30 min, then
subjected to one cycle of VPI with a 5-hour DEZ hold at 120 °C.
XRF was performed before and after VPI, and the area of the
XRF Zn Ko peak was used as a measure for Zn loading (see
Fig. S1a, ESIT). Both crosslinked PETA and PETeA (denoted in
the following as pPETA and pPETeA) exhibit almost negligible
inorganic loading after VPI, while the Zn signal for pTMPTA
is significantly stronger (about 5-fold). To put the measured
inorganic loading into perspective, a plane Si wafer, which is
expected to grow a ZnO monolayer under ideal conditions, was
subjected to the same VPI process. The resulting Zn signal
is comparable to that of pTMPTA, indicating that infiltration,
if it has occurred, is very limited. These results are corro-
borated by FTIR spectra (see Fig. S2 in the ESI{) that show no
change in the absorbance for pPETA and pPETeA upon VPI and
a minimal decrease in the carbonyl and ester bands for
PTMPTA that might be an indication of precursor-polymer
reactions.

Based on the present understanding of VPI processes, a lack
of infiltration can be due to a lack of miscibility (ie. the
precursor does not sorb into the polymer), a lack of or too slow
precursor diffusion (e.g. because the polymer free volume is too
small or the precursor molecule too big) or a lack of precursor-
polymer reactions (i.e. infiltrated precursor molecules desorb
during the pumping step). However, it has been demonstrated
that when the density of reactive polymer groups is too high,
reacted precursor molecules can form a barrier layer at the

Mater. Adv,, 2024, 5, 8464-8474 | 8467
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Fig. 1 UV polymerization of the acrylate monomers. (a)-(d) FTIR spectra of the monomer thin films after different UV exposure times. The peak

highlighted in gray corresponds to the =C-H bending at 810 cm™*

surface that inhibits diffusion of unreacted precursor molecules
into the polymer bulk,***>>* thus limiting precursor uptake to the
polymer surface.

In an attempt to improve infiltration of the crosslinked
acrylates by allowing more time for the precursor to diffuse
into the polymer and possibly react with its functional groups,
the DEZ hold time was increased from 5 to 15 hours for
subsequent experiments. Since pPETA and pPETeA showed
similarly low Zn loading after the 5-hour DEZ hold, only Zn
infiltration into pPETA was investigated further. Instead,
ETPTA, an ethoxylated derivative of TMPTA, was included to
investigate whether its longer side chains which are expected to
increase the flexibility and free volume of the crosslinked
network, enhance infiltration. The effect of varying UV poly-
merization time was studied as well. Fig. 3 shows the achieved
Zn loading for the different polyacrylate networks after VPI with
a 15-hour DEZ hold, measured by the area of the XRF Zn Ko
peak. (The original spectra can be found in Fig. S1b and c,
ESIY). Indeed, the longer DEZ hold time slightly increases the
inorganic loading for both pTMPTA and pPETA, but the abso-
lute value is still comparable to that on silicon. It is reducing
the UV polymerization time from 30 minutes to 10 or 5 minutes
that results in a quite significant increase in Zn loading for
PTMPTA to approximately 4 times the amount measured on
silicon indicating the presence of bulk infiltration. pETPTA
exhibits an even higher overall Zn loading and reproduces the

8468 | Mater. Adv, 2024, 5, 8464-8474

used for calculation of the degree of polymerization (see Fig. 2).

trend towards higher Zn loading for shorter UV crosslinking
time. The inorganic loading of pPETA shows only a negligible
increase with reduced UV time.

The occurrence of bulk infiltration in pTMPTA and pETPTA
is corroborated by FTIR spectra collected for films UV polymer-
ized for 10 min before and after VPI with a 15-hour DEZ hold
(see Fig. 4). Both polyacrylate networks show a significant
decrease in the C=0 and C-O-C absorption bands, indicating
the consumption of acrylate functional groups, as well as an
increase in the O-H peak and the emergence of a new peak at
1650-1550 cm ™. The increase in the O-H band can be attrib-
uted to the water co-reaction that likely forms some kind of zinc
hydroxide, while the new peak has previously been associated
with C-O-Zn-R bonds in VPI literature.>***>® pETPTA shows
larger spectral changes compared to pTMPTA, in agreement
with the higher Zn loading measured by XRF. The FTIR
spectrum of pPETA is not affected by VPI, indicating that the
bulk of the material remains unaltered. The spectrum of the
P(TMPTA-ETPTA) copolymer network will be discussed later.
To ensure that the observed spectral changes result from
precursor-polymer reactions rather than being thermally
induced, FTIR spectra of crosslinked polyacrylate films heated
to 120 °C in a vacuum chamber for 24 h were collected (see
Fig. S3, ESI). Although slight heat-induced losses in the C=0
and C-O-C regions can be observed, they cannot fully account
for the much larger changes measured after VPI. It should be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the eye. Error bars in (a)—(c) derive from averaging over 2 samples. Error bars in (d) correspond to the error of the ellipsometry fit for 1 sample.
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Fig. 3 Zn loading of crosslinked acrylate films with different UV exposure
times after VPl at 120 °C with a 15-hour DEZ hold based on the XRF Zn Ko
peak area. The gray area indicates the average Zn loading of a Si wafer
subjected to the same VPI process.

noted that for pETPTA, an additional C—O shoulder peak
emerges at around 1785 cm ™' upon heat exposure. This peak,
which does not occur for pTMPTA, could correspond to the
formation of v-lactones, whose main absorption is at

1780 cm ', or anhydrides, which absorb at around 1800 em™".

© 2024 The Author(s). Published by the Royal Society of Chemistry
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*marks a new peak that appears upon reaction with DEZ. pPETA was UV-
polymerized for 5 min, pTMPTA, p(TMPTA-ETPTA) and pETPTA for 10 min.
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4000

Both structures have been frequently observed during degrada-
tion of aliphatic polymers.*®>">”

To gain insights into the spatial Zn distribution, XPS depth
profiles were performed on infiltrated crosslinked polyacrylate
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Fig. 5 XPS depth profiles of (a) pPETA after 5 minutes UV exposure, and (b)
and VPI with a 15-hour DEZ hold at 120 °C.

films of PETA, TMPTA, ETPTA and a mixture of TMPTA-ETPTA,
the latter of which will be discussed later. The resulting atomic
concentrations as a function of film depth are shown in Fig. 5.
It should be noted that during depth profiling, the crosslinked
polyacrylate films were exposed to a high-energy Ar ion beam,
which may cause chemical changes of the organic material.”®°
Preferential etching, such as faster removal of oxygen compared
to carbon, as well as of organic matter compared to inorganic
species, has also been observed. Therefore, the XPS measure-
ments may not reflect the exact atomic composition of the
undamaged polyacrylate-zinc complex, and sharp interfaces
may not appear as abrupt changes in composition but as
smeared and more gradual transitions. Despite these limitations,
qualitatively investigating the in-depth distribution of zinc is still
meaningful, as also previous studies have shown.'®***! Fig. 5(a)
shows that after 5 min UV polymerization and VPI with a 15-hour
DEZ hold, Zn loading in pPETA is restricted to the surface of the
polymer layer without significant infiltration into the bulk. (Note
that the presence of a small amount of Cl is due to cross-
contamination with other VPI processes and has not been shown
to affect the Zn distribution.) pTMPTA, exposed to UV for 10 min,
shows significant diffusion of DEZ into the polyacrylate layer
(Fig. 5(b)), in agreement with the higher Zn loading measured
with XRF and the chemical changes observed in FTIR. However,
infiltration of pTMPTA after VPI with a 15-hour DEZ hold is only

8470 | Mater. Adv., 2024, 5, 8464-8474

Etch Depth / nm
PTMPTA, (c) pETPTA and (d) p(TMPTA-ETPTA) after 10 minutes UV exposure

partial. The Zn atomic concentration drops to zero at approxi-
mately a third of the total film thickness. The shape of the depth
profile suggests that infiltration is limited by precursor
diffusion.®* The XPS depth profile for pETPTA shows an almost
uniform Zn concentration throughout the entire film thickness
indicating that the material has been fully infiltrated by DEZ.
Again, the XPS result agrees with the XRF and FTIR data, both of
which show that pETPTA achieves the highest Zn loading. When
comparing the XRF results for the different polyacrylates, note
that the absolute Zn loading is given without normalization to
the film thickness. For pPETA and pTMPTA, where infiltration is
non-existent or partial, the absolute Zn loading is independent
of film thickness. However, once the layer is fully infiltrated
(ie. saturated), as assumed for pETPTA, the total Zn loading
becomes dependent on the polyacrylate film thickness. A table
with the thicknesses of all polyacrylate films studied in this work
can be found in the ESIt (Table S1).

Due to the convolution of sorption, diffusion and reaction
contributions, VPI process kinetics can be very complex, making it
challenging to predict and understand why infiltration works for
certain polymer-precursor combinations and process parameters
and why it does not for others. Based on the data presented in this
study, a plausible explanation for the differences in the infiltration
behavior of the 4 acrylates can be found. These differences
in infiltration behavior can be attributed to variations in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemical structure and physical properties of the polyacrylate
networks, such as their crosslinking density, the rigidity of the
polymer network, and the presence of functional groups that
can interact with DEZ. In terms of crosslinking density and
network rigidity, pPETA and pTMPTA can be assumed to
exhibit fairly similar properties, while pPETeA, due to its
tetrafunctionality, can be expected to be more densely cross-
linked. While a high crosslinking density or network rigidity
may limit or inhibit precursor diffusion, more flexible acry-
lates, such as pETPTA, may enhance diffusivity, resulting in
improved infiltration. In terms of reactivity towards the pre-
cursor, all 4 acrylates feature identical ester groups that have
been shown to react with DEZ (see FTIR spectra for pTMPTA
and pETPTA in Fig. 4). PETA exhibits an additional hydroxyl
group, a functional species known to be highly reactive
towards DEZ.®®> In addition, all polyacrylate films contain
6 wt% photoinitiator with respect to the monomer. Due to
the small quantity and because the photoinitiator exhibits
functional groups similar to the acrylate monomers (i.e., C—0O
and C-O-C bonds), it is unlikely that the presence of the
photoinitiator affects the overall infiltration kinetics.
Keeping the just mentioned properties of the acrylates in
mind, it can be concluded that the lack of infiltration into
pPETA and pPETeA must be either due to a lack of diffusion or
due to a lack of sorption, since both monomers have func-
tional groups reactive towards DEZ. Since the chemistry of
pPETA and pPETeA is quite similar to that of pTMPTA and
pETPTA, it seems unlikely (though not impossible) that DEZ
would only sorb into the latter two. A much more probable
explanation is that the density of reactive groups in pPETA
and pPETeA is too high, so that reacting precursor molecules
form a barrier layer at the surface that hinders diffusion. The
XPS depth profile of pTMPTA (see Fig. 5(b)) already showed
that in these highly crosslinked acrylate networks, diffusion is
the limiting factor (as opposed to a reaction-limited process,
see ref. 61 and 63 for comparison). Bamford et al’* have
demonstrated that for TMA infiltration into poly(styrene-r-2-
hydroxyethyl methacrylate) (PS-~-PHEMA) random copolymer
thin films, a ratio of 20 molar % PHEMA, where each mono-
mer unit has 1 hydroxyl group, results in the formation of a
barrier layer and incomplete infiltration. This corresponds
to a density of hydroxyl groups of roughly 0.0019 mol cm 3
(for details on the estimation see ESIt). Based on a similar
ballpark estimation, the hydroxyl density of pPETA is
0.0033 mol em ™ and thus significantly higher. Taking into
account that DEZ is larger in size than TMA, that diffusion can
be expected to be slower in the highly crosslinked acrylate
networks compared to the linear (PS-~-PHEMA) copolymer,
and that interactions between DEZ and the ester groups have
not been considered, it seems reasonable that barrier layer
formation could occur for PETA (and PETeA, which contains
30-50% PETA and is more densely crosslinked than PETA).
In contrast, TMPTA’s lack of hydroxyl groups may facilitate
diffusion of DEZ into the polymer bulk. The simultaneous
consumption of C—=0 and C-O-C peaks and emergence of a
new peak corresponding to an organic-Zn bond in the FTIR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suggest that DEZ reacts with the ester groups but the reactivity
appears to be low enough to still allow for substantial
bulk diffusion. The FTIR spectra (Fig. 4) suggest that DEZ
infiltration in pETPTA follows similar reaction pathways as in
PTMPTA, since measured spectral changes mainly differ in
magnitude. However, a more in-depth study of precursor-
polymer interactions is necessary to be able to completely
exclude the possibility of the additional ethoxy groups affecting
the reaction mechanism or the precursor solubility. Assuming
that the ethoxy groups in ETPTA do not substantially change the
DEZ solubility and reactivity, the main difference between
TMPTA and ETPTA lies in the length of the side chains. It is
hypothesized that the longer side chains in ETPTA increase the
flexibility and free volume of the crosslinked acrylate network
and thus facilitate precursor diffusion. An indication for the
change in flexibility and free volume with increasing ETPTA
content is provided by the thermal expansion of the polymer
networks, which is indeed more pronounced for pETPTA com-
pared to pTMPTA (see Fig. S4 in the ESIf).

In addition to the monomer chemistry, UV crosslinking time
was also shown to affect DEZ infiltration (see Fig. 3), with
shorter UV exposure times (5-10 min) resulting in higher Zn
loading and long UV times of 30 min resulting in lower Zn
loading. According to Fig. 2(c), the crosslinking density, and
thus the network’s rigidity, increases from 5 min to 30 min of
UV exposure, which may hinder DEZ diffusion. The FTIR
spectra in Fig. 1 also show the emergence of a broad O-H
absorption band upon prolonged UV exposure, which might be
a result of photo-induced degradation.**>"** A higher density
of hydroxyl groups may also contribute to reduced infiltration,
and thus lower Zn loading. For efficient infiltration, it is
therefore favorable to keep the UV exposure time as short as
possible while still achieving sufficiently crosslinked, stable
polyacrylate networks. According to the solvent stability tests in
Fig. 1(d), the ideal UV crosslinking time for the given recipe and
lamp set up is 10 min.

Overall, pETPTA was revealed to be most suitable for DEZ
infiltration. However, FTIR spectra (Fig. 4) have shown that
PETPTA is prone to heat-induced degradation. To enhance
polyacrylate stability while at the same time maintaining effi-
cient and complete DEZ infiltration, a crosslinked polyacrylate
film consisting of a 1:3 weight ratio of TMPTA to ETPTA was
created and tested. XRF reveals similarly high Zn loading in the
copolymer network film as for pETPTA alone (see Fig. Sic and
d, ESIt) after 10 minutes UV exposure and VPI with a 15-hour
DEZ hold, and the XPS depth profile in Fig. 4(d) demonstrates
that the p(TMTPA-ETPTA) film is fully infiltrated by DEZ after a
15-hour DEZ hold. The FTIR difference spectrum in Fig. S3
(ESIT) shows that the p(TMPTA-ETPTA) copolymer network is
indeed thermally more stable than pETPTA, even though some
changes in the C—=O0 peak can still be observed. The excellent
infiltration characteristics of the p(TMPTA-ETPTA) film suggest
that the ETPTA content in the copolymer network can be
further reduced to further improve stability while still achieving
efficient DEZ infiltration - a hypothesis that needs to be
confirmed by future experiments.
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Selective infiltration into patterned p(TMPTA-ETPTA) on
PMMA

As a proof of concept of how VPI can be integrated with existing
photopatterning techniques to selectively modify certain poly-
mers’ properties in a top-down fashion, patterns of the well
infiltrating p(TMPTA-ETPTA) copolymer network were created
on pMMA by photolithographic masking. PMMA proves to be
non-infiltrating by DEZ under the process conditions used in
this work (see Fig. S1d, ESIt), a result consistent with previous
reports."®® The patterns consist of circles and squares of
different sizes. Fig. 6(a) shows the surface topography of a
selected pattern prior to VPI, as measured by optical profilo-
metry. The patterned shapes have a uniform thickness except
for the outer edges, which form a kind of raised rim. It is
hypothesized that this rim formation is a result of capillary
forces pulling unpolymerized liquid monomer up along the
edges of the shadow mask, an effect that is exploited in
capillary force lithography®® but could likely be avoided using
other methods such as direct laser writing. For this simple
proof-of-concept, rim formation was minimized by increasing
the amount of photoinitiator. This change in chemistry
reduced the UV exposure time needed to obtain stable films
to 1 minute, thus also reducing the time for rim formation.
Height profiles for the red line shown in Fig. 6(a) were
collected both before and after VPI and are reported in
Fig. 6(b). The lateral dimensions of the patterned features
remain unchanged after VPI, but their height increases by

a) C)

1 um
0.8 um §
0.6 um :
0.4 ym

0.2 ym

0 um

before VPI

View Article Online
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approximately 5.6%, consistent with the thickness increase
upon VPI measured by ellipsometry for uniform p(TMPTA-
ETPTA) films (see Table S1, ESIt). Note that an apparent
thickness change of a few percent could also be caused by the
change in optical properties upon VPI. EDX elemental mapping
and XPS confirm the selective infiltration of Zn into p(TMPTA-
ETPTA) while leaving PMMA unchanged. Results of the EDX
elemental mapping are shown in Fig. 6(c) and (d) for one
circular p(TMPTA-ETPTA) feature of 500 nm diameter before
and after VPI, respectively. The contrast visible between the two
materials, p(TMPTA-ETPTA) and PMMA, before VPI is caused
by the limited penetration depth of the incident electrons.
In areas with PMMA, electrons penetrate the entire polymer
layer, and the detector collects signals from both the polymer
and the underlying Si substrate. In areas where an approxi-
mately 150-nm thick layer of p(TMPTA-ETPTA) is patterned on
top of the PMMA, the maximum depth of information lies
inside the polymer layers, and no Si signal is detected. After
VPI, the presence of Zn is observed only in the regions with
P(TMPTA-ETPTA), but not on the surrounding PMMA. The EDX
mapping data is corroborated by XPS survey scans (Fig. 6(e))
performed on both the pattern and pMMA, which exhibit
characteristic Zn peaks on the former and no such peaks on
the latter. An XPS depth profile performed in the region of a
pP(TMPTA-ETPTA) feature (see Fig. S5, ESIt) confirms that DEZ
only infiltrated the p(TMPTA-ETPTA) layer but did not diffuse
into the underlying PMMA.

d) after VPI

Height / um

Intensity / a.u.

"

After VPI
Before VPI l

On pattern
On PMMA

Zn 2s

Zn 2p

0.0 .
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1000
Distance / ym
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Fig. 6 Selective Zn infiltration (5 h DEZ, 120 °C) of a p(TMPTA-ETPTA) pattern on PMMA. (a) Optical Profilometry of the pattern before VPI, (b) height
profile before and after VPI cut along pink line in (a), (c) and (d) EDX elemental maps of a p(TMPTA-ETPTA) feature on PMMA (c) before and (d) after VPI.
(e) XPS survey scan of samples on the p(TMPTA-ETPTA) pattern and on PMMA after VPI. The inset shows a zoom on the Zn LsM4s5M4 5 Auger peak.
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Conclusion

The present study explores vapor phase infiltration (VPI) of DEZ
into four different highly crosslinked polyacrylate networks
based on the monomers pentaerythritol triacrylate (PETA),
pentaerythritol tetraacrylate (PETeA), trimethylolpropane tria-
crylate (TMPTA) and ethoxylated trimethylolpropane triacrylate
(ETPTA) that can be patterned by photolithography and two-
photon polymerization (2PP). Thin films of the crosslinked
polyacrylates were prepared by spin-coating and subsequent
UV polymerization. The polymerization and crosslinking pro-
cess was monitored by spectroscopic ellipsometry and FTIR,
showing that stable films with a high degree of vinyl bond
conversion could be achieved after 10 minutes UV exposure.
The results of VPI with DEZ at 120 °C showed that for such
highly crosslinked polyacrylate networks, infiltration is limited
by the precursor diffusion. While for the hydroxyl-containing
PPETA and pPETeA, the reaction with DEZ was restricted to the
surface with no significant bulk infiltration, partial DEZ diffu-
sion into the bulk could be achieved for pTMPTA after a
15-hour DEZ hold. For pETPTA, whose monomer has longer
and more flexible side chains, complete and uniform infiltra-
tion by DEZ could be obtained, highlighting the impact of
polymer flexibility and free volume on VPI kinetics. Copolymer-
izing ETPTA with 25 wt% TMPTA was shown to enhance the
thermal stability of the material without affecting the inorganic
loading.

Finally, selective infiltration of DEZ into a photolithographi-
cally patterned p(TMPTA-ETPTA) film on non-infiltrating
PMMA was demonstrated, illustrating the potential of integrat-
ing VPI with existing polymer patterning techniques to achieve
selective material-specific top-down hybridization and property
modification. Such volume-selective VPI processes open new
avenues towards advanced maskless patterning strategies. The
2PP-processability of the investigated polyacrylate networks
adds versatility and customizability, enabling the application
of selective infiltration to printed 3D microstructures of varying
complexity.
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