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A 2D laser lithography protocol for controlled grafting of polymer
brushes in a single-step is presented. A series of polyacrylates were
grafted from silicon substrates via laser-induced copper-mediated
radical polymerization. Film thicknesses up to 39 nm were reached
within 125 ps of exposure to UV laser light (351 nm). Successful
block copolymerization underpinned the controlled nature of the
grafting methodology. The resolution of a small structure of grafted
PHEA reached 270 um and was limited by the type of laser used in
the study. Further, a checkerboard pattern of PtBA and POEGA was
produced and imaged via time-of-flight secondary ion mass
spectrometry (ToF-SIMS), and X-ray photoelectron spectroscopy
(XPS).

The need for polymer-patterned surfaces has been growing over the
past twenty years as interactions between two materials are largely
determined by their surface characteristics.? Grafting of polymer
brushes onto surfaces hereby often provides good control over
optical and mechanical surface properties and is hence ideal to tailor
surface properties in a wide range of applications.
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Polymer brushes are typically obtained via two pathways: Grafting-
from or grafting-to approaches.? Grafting-to reactions proceed via
efficient conjugations, attaching a preformed polymer to the surface.
While overall quite versatile, grafting-to often leads to comparatively
low grafting densities due to steric congestion.3> On the other side,
the employed polymers can be synthesized in solution and therefore
excellent control of the grafted material is obtained. Grafting-from
reactions build polymeric structures from the surface and provide
good control over film thickness, composition and architecture while
concomitantly yielding high grafting densities.® However, grafting-
from usually leads to less defined polymer microstructures because
surface-initiated polymerization kinetics can differ significantly from
Further,
inherently more challenging, which often leaves uncertainty about

solution-based reactions.” surface characterization is

the exact composition and structure of grafted-from brushes.

With the discovery of living and controlled polymerization protocols,
well-defined and tailor-made polymeric architectures have become
accessible.8 Especially reversible-deactivation radical polymerization
(RDRP) with its high tolerance towards chemical functionalities and
the availability of straightforward reaction protocols has become the
tool of choice for surface engineering.® ° The three most widely used
RDRPs are reversible-addition fragmentation transfer
polymerization  (RAFT),10 polymerization
(NMP),11 and atom transfer radical polymerization (ATRP) which is

radical
nitroxide-mediated

often — but not exclusively — conducted with copper catalyst.12

Precise control over chain length, dispersity, and chemical
functionalities is an essential but not sufficient feature to obtain well-
defined polymer patterns. Spatial control on flat substrates is equally
important and can be realized via various techniques,’® such as
microcontact printing,1* dip pen?® or polymer pen lithography,16 17
conventional lithography with a photomask and resist,8 or light-
induced reaction?® to only mention a few. Light-induced reactions
are especially interesting thanks to simple procedures, good

scalability, and additional temporal control.
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Combining tunable material properties with spatial control via the
use of light, photoRDRP has become a powerful tool for surface
engineering.’® PhotoRDRP was successfully employed to graft
polymer brushes of different length and block copolymers of
methacrylates, using iridium catalysts?% 2! and metal-free systems.2%
23 Photo-induced
(photoCMP) polyacrylates?4
polymethacrylates.?> 26 Films up to almost 1 um thickness of

copper-mediated  radical polymerization

has been reported for and
polyacrylates were produced at lowest catalyst concentrations.?* Up
to now, spatial control was achieved via the use of conventional
photomasks. Even though some very convincing examples of spatial
control have been reported recently for iridium catalysts combined
with inkjet-printed photomasks in a stop-flow cell,2! photomask-free
procedures such as laser lithography are more versatile and allow for

fast adaptions.

To date, there are only few examples that combine 2D laser
lithography on flat surfaces and RDRP. Very recently, polymer
brushes with close to 50 nm resolution were grafted in a two-step
procedure by the Barner-Kowollik and Wegener teams: stimulated-
emission depletion was exploited in two photon laser lithography to
graft an ATRP initiator, which was followed by thermal surface-
initiated CMP.?7 Using photoRDRP, also one-step methodologies
towards well-resolved polymer structures were reported, yet actual
photoRDRP characteristics (controlled chain growth and end group
fidelity) have never been confirmed. PhotoNMP of di- and
triacrylates was employed to graft a multilayered, pum-resolved
network structure from a crosslinked polymer film.28 Control over
film thickness was hereby obtained by adjustment of the exposure
time on a millisecond scale and the technique was not tested for
brush-like (hence non-crosslinking monomers) structures. More
recently, the same group reported an iridium-based system to graft
micrometer-resolved structures via laser lithography from
crosslinked polymer films.2® Good control over film thickness was
achieved by variation of laser power for a constant exposure time of
5 ms, however, no information on the used monomer and no proof

of RDRP-like behavior was provided.

Herein, we pioneer the combination of photoCMP with laser
lithography, specifically for grafting-from of polymer brushes. RDRP-
like behavior was convincingly demonstrated: Following a general
grafting of polymer brushes for various acrylates, the kinetics for the
grafting of PtBA brushes are block
copolymerization is evidenced via XPS and grazing angle attenuated
total (GAATR-FTIR). Finally, the
generation of different surface patterns is described and the

investigated. Successful

reflection Fourier-transform

resolution is assessed via ToF-SIMS.

The formation of polymer brushes on surfaces comprises a two-step
procedure: first, the formation of a self-assembled monolayer of a
covalently bonded suitable initiator and, second, the grafting-from
polymerization. Stable self-assembled monolayers leading to high
grafting densities of polymer brushes are generally obtained for
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Scheme 1. Photoinduced copper-mediated radical polymerization for surface
grafting of polyacrylates.

initiators with undecyl spacers between anchor group and initiating
site.>® We have chosen to work with 11-(trichlorosilyl)Jundecyl 2-
bromo2-methylpropanoate to avoid poorly defined monolayers that
are often obtained for triethoxysilanes.3® PhotoCMP laser
lithography was carried out with a pulsed excimer laser of 351 nm
wavelength and a galvo scanner with focus lens to graft patterns of
polymer onto modified flat silicon substrates.

We found the reaction to be oxygen sensitive, but insensitive
towards water. Scheme 1 depicts the performed grafting reaction. A
range of acrylate monomers ranging from hydrophobic t-butyl
acrylate (tBA) over more hydrophilic 2-hydroxyethyl acrylate (HEA)
and oligo(ethylene glycol) methyl ether acrylate (OEGA) to very
hydrophilic [2-(acryloyloxy)ethyl] trimethylammonium chloride
(AETMAC) was polymerized in the presence of copper(ll) bromide
and tris[2-(dimethylamino)ethyl] amine (MegTREN) in DMSO upon
exposure to laser light. For simplistic reasons and to account for non-
ideal focus adjustment, we assume a focused beam size of 250 x
250 um?2. The writing speed was set to 0.02 m's! to achieve a
homogenous light exposure despite the pulsed nature of the laser.

At first, the general feasibility of laser-induced copper-mediated
radical polymerization was assessed. The above listed acrylates were
grafted homogenously on a silicon substrate and confirmed by XPS.
The left side of Fig. 1 depicts the C 1s XPS spectrum of PtBA whose
peak ratios are in excellent agreement with the theoretical values.
XPS data for the remaining polymer grafts, additional ToF-SIMS, and
GAATR-FTIR measurements are described in the Supporting
Information (Fig. S3, Fig. S5, Fig. S7, and Table S1). Subsequently, the
grafting kinetics of PtBA were investigated. On its right, Fig. 1 shows
the film thickness evolution of PtBA as a function of exposure time
to direct light. Film thicknesses range from O nm after 8 us up to
39 nm after 125 ps of laser light. Film thicknesses up to 190 nm could
be obtained for longer reaction times (Fig. S2).
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Fig. 1. (left) C 1s XPS spectrum of PtBA. (right) Evolution of PtBA film thickness with
direct exposure time to laser light. Film thicknesses were determined via AFM
scratch tests.
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The film thickness evolution follows a linear slope, which is usually
considered as indication for the livingness of the grafting process,
since there is no noticeable decrease in monomer concentration and
molecular weights can hardly be determined on flat surfaces. We
note that kinetics in SI-CMP can different significantly from solution
experiments.3! The induction period of 8 us was potentially caused
by oxygen, similar observations are reported in literature.?®
Consequently, no film was grafted in the areas not exposed to laser
light according to AFM. Interestingly, AFM did not show sharp
edges but smooth transitions. While linear evolution of film
thickness is a good indicator of controlled chain growth, block
copolymer formation is typically regarded as further proof since it is
used to assess reinitiation capabilities (and hence retention of the
active chain end). Here, a rectangle of PtBA was grafted onto a silicon
substrate and subsequently a smaller rectangle of PHEA was grafted
in the middle of the larger one. A clearly visible change of
hydrophilicity was observed during the subsequent washing
procedure according to the grafted structure. GAATR-FTIR, ToF-SIMS
and XPS confirm the successful formation of the block copolymer
(Fig. S4, Fig. S6, and Table S1). The XPS spectrum of the diblock
copolymer shows a mixture of both polymers since PtBA and PHEA
are not phase separating. A carbon ratio C-O / O—C=0 of 1.24 was
found which corresponds to =56% PtBA and =44% PHEA within the
uppermost 8 — 10 nm. In literature, 120 nm-thick PHEA-b-PtBA (with
only 47 nm PtBA as first block) showed only 60% PHEA contribution
to the XPS C 1s spectrum.?* Therefore, we conclude that diblock
copolymerization was successful also for laser lithography.

Finally, the resolution of the grafted polymer was assessed with
a test structure typically used in photolithography (Fig. 2, top
left): Starting from a small rectangle of 236 x 236 um? in the
upper left corner, a series of rectangles with increasing sizes and
inter-rectangle distances along the respective x- and y-axis was
created. Thus, we are able to monitor not only the lateral
resolution, yet also the influence of the structure size. Each
structure was exposed to laser light for 9 us per surface area
and HEA was used as monomer. The upper row of Fig. 2 depicts
the combined intensity patterns of the sum of CH3O- and
C,HsO- fragments from the PHEA of the whole structure on the
left and of its smallest spot in the middle. The leftmost image
was obtained under static SIMS condition with a probing depth
of a few nanometres only. The image of the smallest patterned
spot in the middle, was obtained from a dynamic SIMS
experiment, eroding the polymer layer down to the silicon
wafer. Therefore, the obtained depth-integrated signals of
CH30" plus C;HsO- are a measure of the thickness of the
deposited polymer spot. The rightmost graph in Fig. 2 shows the
combined intensity of CH30- and C;HsO- across the centre of the
smallest structure. The intensity profile has a Gaussian shape
with a full width at half of the maximum intensity (FWHM) of
around 270 um and hence no sharp edges. Even though all
target structures were rectangles, sharp edges were completely
rounded. This smoothing was most pronounced for the smallest
structure which was turned into a circle (Fig. 2, middle).
Increasing the size of the rectangles or grafting of subpatterns
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Fig. 2. top: ToF-SIMS data of patterns of PHEA. Intensity patterns of sum of PHEA
characteristic CH;0 and C,HsO, secondary ions of (left) the whole structure and (middle)
of its smallest spot. (right): The pseudo profile of the smallest spot from dual beam depth
profiling with argon cluster ion erosion. bottom: ToF-SIMS spectra of a checkerboard
pattern of PtBA and POEGA with the intensity patterns of C;Hy0- (left), C;H30™ (middle)
and their overlay (right).

in the centre of a bigger pattern led to a loss of lateral
resolution, which might be attributed to some low intensity
optical artefacts due to undesired reflections. Furthermore,
bigger structures showed better-resolved edges and much
higher intensities in ToF-SIMS, indicating thicker polymer layers.
In contrast to 2-photon direct laser writing, which gains a large
portion of its remarkable resolution from the non-linearity of
optical susceptibility and light intensity,32 1-photon 2D laser
lithography completely relies on the beam quality parameter
M? of the employed laser. The beam quality parameter M? gives
the deviation factor from a perfectly focusable, thus diffraction
limited laser. Our excimer laser featured a rectangular beam
with M? = 18 and 54, respectively. The minimal theoretical spot
size of our set-up ranges around 185 x 96 um? (refer to the S|
for experimental set-up). Given this limitation and the size of
the target structure of 236 x 236 um?, a FWHM-diameter of
only 270 pm is surprisingly good. Therefore, it is more likely that
the resolution of small structures at short exposure times is
actually limited by the inhibition by oxygen. Since many
commercially available lasers such as diode-pumped Nd:YAG
solid-state micro laser have M? < 1.5, resolutions in the range of
10 pm can be expected for the presented methodology.

In another experiment, a checkerboard pattern of PtBA and
POEGA was produced. The bottom row of Fig. 2 shows the
corresponding ToF-SIMS images: the C4Hs0" intensity pattern
for PtBA (left), the intensity pattern of C,Hs;O- for POEGMA
(middle), and an overlay of both patterns (right). From the latter
two it appears that the secondly grafted POEGA formed a
better-resolved and more pronounced pattern. In general, the
lateral resolution within the checkerboard was much lower than
at its borders. This loss of lateral resolution probably led to
formation of block copolymers in the centre of the pattern with
likely longer inhibition times as similar observations were made
for diblock copolymer formation with non-laser UV-light.24
Inhibition might also be the reason the structures of the first
block were more pronounced in the centre of the pattern,
whereas the second block was more at its borders. Contrarily to
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lateral resolution, film thicknesses close to the edges of the
checkerboard pattern seemed much lower than at the centre as
evidenced by the presence of a silicon signal in XPS mapping
(Fig. S9). Similar to the ToF-SIMS results, XPS mapping evidences
a much better resolution for the secondly grafted POEGA at the
edges of the checkerboard pattern and concomitantly a much
higher presence of PtBA in the centre of the checkerboard.

In conclusion, we introduce the direct grafting of polymer
chains in predefined patterns using a focused laser to initiate
and control chain growth. Specifically, laser-induced copper-
mediated radical polymerization was employed to graft various
acrylate monomers from silicon substrates. XPS, ToF-SIMS and
GAATR-FTIR evidenced the successful grafting. A linear
dependence of the film thickness on direct exposure time to
laser light was observed, reaching almost 40 nm after 125 us of
laser light exposure. The controlled nature of the grafting was
further demonstrated via block copolymer formation.
Moreover, a checkerboard pattern was produced and imaged
via ToF-SIMS and XPS. The present methodology is strongly
influenced by beam quality of the employed laser and
resolutions in the range of 300 um could be realized according
to ToF-SIMS. Better optical set-ups and UV laser with higher
beam quality should significantly improve the resolution.
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