Patterned grafting of polymer brushes onto flexible polymer substrates
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Selective exposure of polymer substrates to extreme ultravigléV) radiation followed by graft
polymerization of a second polymer is used to create patterns of polymer brushes. A key feature of
this additive structuring process is the possibility to combine the properties of a polymer substrate
in precisely predefined regions with the properties of the grafted material. Styrene brushes were
grafted onto polgethylene-alt-tetrafluoroethylen€ETFE) substrates after exposure to synchrotron
EUV radiation in an interference lithographic setup. The grafted chains are covalently bound to the
surface, which allows physical or chemical post-processing without deterioration of the grafted
structures© 2004 American Vacuum SocieffpOl: 10.1116/1.1805542

[. INTRODUCTION micro- and nano-patterns of polymer brushes on polymeric
n%Jbstrateg.ln conventional radiation grafting a base polymer

Polymer brushes are polymer chains tethered at one e irradiated with high energy radiation, e.g., gamma-rays or

to a substrate surface with high enough chain density so th V electrons. in order to create radical in the ini
the chains mainly extend away from the surface resembling aef[ efec tcrjw S f? € foﬂf cate ad cals s€ | gas h € ink-
brush formation. These materials attract interest because thé')‘"?‘ ors for th€ gratting ot the second polymer. n such pro-

form strongly adherent films and their properties can be taiCESSes the density of grafted chains is mainly controlled by

lored by the brush composition and structure. In particulatIhe |rrad|aF|on 0,'0561 while the reactpn conditions such as
desired support materials with specific properties such as m&oncentration, time and_temperature influence the length of
chanical strength or thermal stability can be endowed Withthe grafted polymer chairfs. .
such surface characteristics as wetting properties or specific N this work we focus on the use of extreme ultraviolet
binding properties originating from the grafted material. ~ (EUV) light in a synchrotron-based interference séttp

The brushes are usually grown through polymerization ofreate the !n|t|ator rad|c§lls in periodic Ilne_—qucg or dot ar-
reactive monomers starting at reactive sites in the suppofyS(see Fig. . The radicals are created in a limited depth
material. These sites are often created by binding or deposfange of about a few tenths of a micrometer near the surface
tion of specific starter molecules or precursors thereof whictpecause of the high absorption of EUV light by the substrate.
are then activated in a subsequent <i@ép. Compared to exposure wlth electrons no Ilmlta_tlon of the

The spatially resolved activation or deactivation of suchProcess due to the charging of the nonconducting polymer
reactive sites has been demonstrated as a means to creffdnple is expected. The grafting reaction carried out with the
patterns of polymer brushes on specially prepared surfacegxposed samples should be limited to the parts of the surface
On gold or silicon surfaces, self-assembled monolayerg/here radicals had been created.
(SAMs) of precursor molecules were first deposited, fol- The surface micro- and nano-grafting process is clearly
lowed by chemical derivatization to give the surface-bouncdifferent from the conventional lithographic approach in sev-
initiators for the subsequent grafting reaction. Using focusedral ways. Most resists used in photolithography are tuned to
electron beams for selective deactivation of the initiatorsShow a strongly nonlinear dose-sensitivity relation. In this
grafting of structures with a lateral resolution in the 50 nmWay, a binary process is achieved in that the resist after irra-
range has been demonstrafe?djue to the chemical amp"_ diation and development is either Completely dissolved or
fication through the grafting reaction, such grafted patterngolvent-stable. This is a prerequisite for the usually carried
may find app”cation as h|gh resolution photores‘fs[-mw- out Subsequent pattern transfer processes. In contrast, the
ever, this technique has some drawbacks including the limaumber of surface bound polymer chains obtained in a graft-
ited choice of support materials that allow the formation ofing process depends on the irradiation dose over a wide
SAMs, and the potentially weak adhesion of the grafted matange. This leads to the ability to gradually change the sur-
terial, which relies on the interaction between the SAM-face density of the graft material by varying the dose. Pro-
forming molecules and the base material. vided that the growth conditions are maintained in the so-

Recently we reported on first experiments of the adaptaca”ed brush-regime(which is characterized by the linear
tion of well-known radiation grafting processes to createdependence of the thickness on the number of grafted chains

per surface argadose variation can be used as a means to

Electronic mail: celestino.padeste@psi.ch achieve different grafting heights. As an “additive process,”

bpresent address: Swiss Federal Institute of Technology, Department of i€ micro'.and nano-grafting Wf)rks without any Sacriﬁ_Cia|
dustrial Management and Production Technology, CH-8006 Ziirich. layers, unlike the way photoresist are used in conventional
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Fic. 1. Scheme of the process. Selective irradiation of an ETFE-Foil with
EUV radiation creates radicals in the polymer. Subsequent grafting of poly-
styrene leads to the growth of a three-dimensional structure.

4-beam
interference

Fic. 2. Optical micrograph of surface structures produced with the micro-/
nano-grafting technique.
photolithography in most cases. During the process the graft-

ing material with selected properties directly forms the in-
tended structures. In addition, grafted polymer patterns can Sample graftingvas carried out under inert atmosphere in
be subsequently modified with physical or chemical pro-glass reactor tubes placed in a water bath preheated to the
cesses, such as thermal annealing or chemical functionalizgesired reaction temperature. The monomer solution con-
tion without losing the pattern definition thanks to the cova-tained 5% to 20%v/v) of styrene(Fluka, p.a) in an 11:5
lent bonding of the pattern to the substrate surface. mixture (v/v) of isopropanol and water. When the reaction

It is the aim of this article to explore some of these uniquetime was over, the grafted samples were thoroughly washed
features of the micro- and nano-grafting process for the syswith isopropanol. Reaction temperature was 60 °C, and re-

tem of polystyrene grafted onto commercial ETFE films. action times of 15 to 30 min were evaluated in this study.
Atomic force microscopy (AFM)A Digital Instrument

Nanoscope Ill/Dimension 3100 was used in the tapping

Il. EXPERIMENT mode. Samples were mounted on pieces of silicon wafers

ETFE-substratesExtruded Nowoflon ET-6235 films hav- and sputter-coated with a few nanometer thin Au film to
ing thicknesses of 10@m were purchased from Nowofol reduce electrical charging during the measurements.
GmbH, Siegsdorf, Germany. The average molar weight of
the Dyneon ET-6235 copolyrgrl]er used to make these films ifll, RESULTS AND DISCUSSION
approximately 400 000 DaltonTypical physical properties -
of these ETFE films such as their crystallinity, glass transi-A' Process characteristics
tion temperature, melt flow index, and orientation have been The process to generate micro- and nanopatterns of
reported in detail. To obtain a flat test surface, a piece of grafted polymer brushes is schematically depicted in Fig. 1.
ETFE film was placed between two polishetisllicon wa-  From the enormous variety of polymers that could undergo
fers. In a hot press which is optimized for nano-imprint li- such reactions, we selected the grafting of polystyrene onto
thography, this sandwich was heated for 5 min at 230 °CETFE films, a process which was well known in-house from
under a pressure of 200 N/éniThe procedure results in a the bulk grafting of ETFE for fuel cell applicatiofdrradia-
reduction of film thickness of about 5%—10%, and a drastidion sequences with varying EUV dose were carried out on
reduction in surface roughness. No evidence of thermal degndividual samples, which were then grafted at different re-
radation of the polymer was observed due to this treatmentaction conditions, in order to elucidate the critical parameters

EUV exposuresvere done in vacuurt<10™® mbap atthe  for the process.
“x-ray interference lithography” beamline of the Swiss Light  Figure 2 shows an optical micrograph of a sample ex-
Source. The beamline uses undulator light with a centraposed in an interference setting after grafting. A large dy-
wavelength of 13.4 nnf92 eV) and ~4% spectral band- namic range of the process becomes evident in this picture.
width. The incident EUV power on the sample was severalTlhe thickness of the grafted material is highest in the regions
mW/cn? and the delivered dose was controlled in the rangavhere the high-intensity direct EUV beam was incident on
of 2—20 mJ/crh using a fast beam shutter. To define thethe surface. The interference patterns cannot be resolved
exposed areas on the sample a TEM-grid with features in theith visible light microscopy but grafting in this region, in
range of=10 um was used as shadow mask in proximity to which the applied dose is lower by at least one order of
the sample. Sample irradiation by means of x-ray interfermagnitude, is still visible. Moreover, the Fresnel intensity
ence lithography was carried out according to the methodfinges near the edges of the exposed squares are clearly
described in our earlier publicatidnSilicon nitride masks apparent in areas exposed by both direct and diffracted
with gratings of various periods were used to create interferbeams.
ence patterns with periods in the range of 100—1000 nm. The A more quantitative assessment of the dynamic range of
irradiated samples were stored in air in a deep freezethe process is given in Fig. 3. The grafting height of fully
(=80 ° O until further processing. exposed areas was determined as a function of irradiation
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face, then the thickness would correspond to the chain
length. In reality the chains must be considerably longer
singe they are coiled and not all standing upright. This is
evident in a higher-resolution image of grafted structures
[Fig. 4(b)]. Hair-like features in the image are interpreted as
bundles of polymer chains extending in all different direc-
tions at the surface of the grafted structures. The length of

the chains is an important parameter that may have an impact

on the spatial resolution.

The quality of the grafted features could be improved by
0 s 10 15 2 25 increasing the grafting density, and by limiting the chain
Dose (mJjcm’) lengths smaller than the desired feature size. Alternatively

the conformations of the grafted brushes could be modified

Fic. 3. Dose dependence of the thickness of polystyrene patterns grafted {gith post-processing steps taking advantage of the covalent

a 20% styrene solution for 30 min, befoggraight ling and after(dashed . .
line) treatment with toluene. Eolndlng to the substrate as we demonstrate in an example
elow.

Grafting Height (um)

0.0

dose and reaction conditions. The increasing height of the. post-processing
structures with increasing dose is an effect usually assigned )
to the brush-regime. In this range, the grafted chains are Due to the covaler_lt nature of the bondmg to the base
packed in a way, that they mainly extend perpendicular to th@0!YMer, post-processing of the grafted chains, such as ther-
surface. As the dose increases. the number of reactive sitgal treatment, partial dissolution or chemical derivatization
and thus the number of grafted polymer chains increase. This POSSible without losing the grafted material from the sur-
forces the chains to assume more extended conformations A€ _ _
the perpendicular direction, leading to a thicker grafted film. 'oluéne is a good solvent for polystyrenes and is fre-
Figure 4a) shows a grafted micrograting. In this structure duéntly used to remove unreacted monomer from the grafted
the height profile reflects the intensity profile of the interfer-Material. As shown in Fig. 3, toluene treatment leads to a
ing EUV-beams hitting the surface. The high dynamic rangd€duction in thickness of the grafted polystyrene layers,
of the technique will allow its use for the creation of more which can be assigned to a re-ordering of the grafted chains

complex surface topologies. Features irradiated on one suf® resultin a morg densely packed pglymer_. AFM images of
face with different dose show up in different height after then@nostructures with an average grafting height below 20 nm

grafting process. This effect can be used to produce surfac@nfirm this interpretatiogFig. 5). Instead of the hairy struc-
relief structures. tures as described above, little droplets of polystyrene are

found after toluene treatment, which may be explained as
follows: It needs to be noted that the ETFE-polymer exhibits
a very low surface energy. Therefore, the forces between the
At the grafting conditions used in this study, a film thick- polystyrene—toluene solution and the surface are very low,
ness of 100 nm to 1..m was observed at the highest irri- leading to the formation of droplets in the later stages of
tation dose. If the chains were standing upright on the surevaporation of the solvent. These droplets tend to form in the

B. High resolution limitation
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50.0 nm
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Fic. 4. (a) Thickness modulation in a Zm period grid pattern produced with interference lithography grafted at high concentchjiétigh resolution image
of the same structure.
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IV. CONCLUSIONS

The micro- and nano-grafting process represents in many
ways an alternative to conventional lithographic structuring
processes. As an additive process which sensitively reacts to
irradiation dose variations, it allows to grow complex surface
topologies in one chemical reaction step by choosing suitable
Fic. 5. 200 nm period patterdlow dose and grafted at low concentraion beam intensity distributions. The uniformity of the grafted
before and after treatment in toluene. structures is not yet satisfying for possible applications but
this may be improved by better control of the grafting con-

places with the highest density of grafted polymer chainsditions and by adding crosslinkers, which interlink the
After total solvent evaporation polystyrene formed in thedrafted chains leading also to improved mechanical strength.
shape of the droplets remains. When applying this partial [N our first experiments, we did not focus on the different
dissolution process to structures grafted at higher levels, Broperties of the base polymer and the grafted material.
significant improvement of the structure definition was ob-However, the experiments with toluene as the solvent indi-
served and well resolved 200 nm period structures were obate that the grafted chains are firmly bound to the ETFE
tained(Fig. 6). substrate. This stability of the chemical anchoring is a pre-

The covalent nature of the bonding between the basgequisite to chemically modify the grafted chains in order to
polymer and the grafted material allows a post-processing obtain specific biochemical or chemical functionality. To-
the grafted polymer without losing the formed structures. Foigether with all the variety of radically induced grafting reac-
the grafted polystyrene there are many chemical derivatizaions this opens a very wide range of achievable properties of
tion possibilities since the aromatic ring can undergo varioushe grafted regions, and thus to many different applications,
specific chemical reactions. e.g., for smart materials and in biosciences.

5 km

Fic. 6. 200 nm period structures created wigh2 beam and(b) and(c)] 4 beam interference, respectively. Grafted with 20% styrene, 15 min, 60 °C; sample
treated in toluene.
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