Wavelength-selective addressing of
visible and near-infrared plasmon
resonances for SU8 nanolithography

Anouk de Hoogh, Bob Hommersom, and A. Femius Koenderink

Center for Nanophotonics, FOM Institute for Atomic and Moiar Physics (AMOLF),
Science Park 104, 1098 XG Amsterdam, The Netherlands

f.koenderink@amolf.nl

Abstract:  We imprint plasmonic near eld enhancements as nanoscale to
pography in SU8 photoresist using two-photon absorptiomfa spectrally
Itered broadband supercontinuum light source. Imprinpedterns smaller
than 50 nm across are obtained localized at positions of loighl eld
enhancements in gold bow tie antennas, and gold split regfgiant in the
visible and near-infrared. Enhanced exposure only occuvgaselengths
and polarizations that exactly match the plasmonic resmesmrHence our
work demonstrates that wavelength selective addressirtgpopots for
nanolithography using an inexpensive, low peak-powergscond pulsed
source is freely tunable throughout the visible and infilai@ match any
desired plasmon resonance.
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1.

Introduction

Metallic surfaces and scatterers with sub-100 nm featuresvadely pursued for their very
strong response to light [1-3]. Indeed, plasmonic resaggit noble metal nano-scatterers
generate very large cross sections for extinction andesaagt and strongly enhanced near
elds that are desirable for sensing, surface enhanced Ragttering, nonlinear effects, sin-
gle molecule microscopy, as well as for enhancement of plotitic ef ciencies and light emit-
ting diodes [1-5]. In this eld of research, the interactioiplasmon resonances with photore-
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Fig. 1. (a) Our set up consists of a Fianium supercontinuum sourck (8€ed by
acousto-optic tunable lters (AOTFs). We expand the beam(telescogeddrl, L2) and
polarize it (Pol), over Il the microscope objective back aperture, amite lines in SU8 by
displacing the sample on a piezo stage. A CCD monitors the alignment via $y@éter
BS and tube lens L3. (b) Scanning electron micrograph (SEM) of weagAu bow ties
on sapphire, with gap widtg=50 nm and taper half anghg=20 . (c) Bow ties with poly-
merized SU8 at the bow tie tips after exposure with 800 nm, 5 mW, polariped he
bow tie, scan speed Or&m/s .

sists is interesting for two reasons. Firstly, a main qoesti nanophotonics is how to visualize
sub-diffraction near- eld distributions experimentallyithout the perturbative effect of a near
eld probe. Photoresistive polymers can act as homogendielectric, non-perturbative probes
in which a near- eld distribution can be written upon singleoton, or two-photon absorption.
This method was rst demonstrated by Sundaramughwl. [6], who reported the formation
of 30 nm voxels in SU8 at the hot spots of bow tie antennas.|&imésults have been obtained
both with SU8 [7-13], and with azobenzene resists that nantisly deform in response to
light [14,15], rather than having a binary response. Theséceason for which interaction of
plasmons and photoresist is interesting is deep subwaytbleptical contact lithography, since
plasmonic masks allow sub-50 nm patterning at visible lfgiguencies [7, 8, 10-13]. Partic-
ularly exciting is the prospect of programmable lithogngph which a single mask can give
different patterns depending on incident wavelength ardrization [16], or using phasefront
shaping [17,18].

Plasmon-enhanced photolithography naturally requiresttie resist, the light source and
the plasmon resonance are spectrally matched. Sofar, @baghes with standard photore-
sists (i.e., SU8) have used either wavelength-integratetb lexposure [11, 13], or femtosec-
ond pulsed lasers [6, 12]. In the rst case even wavelengtbgrated power densities are so
low that long exposures are required (order 1hr [11]), so awelength selection can possibly
be applied. Exposure is fast for raster scanning confoeatdsecond illumination schemes
as in Ref. [6, 12], but then the wavelength is not widely tdaakVhile the 800 nm band of
Ti:sapphire lasers happens to be matched to, e.g., bowittisshighly desirable to achieve
polymerization using an inexpensive, ultra-bright andcsgadly tunable illumination that can
be matched to any plasmon resonance. In this work we denataiat supercontinuum white
light sources [19] are excellently suited. After spectrlikring, we can generate plasmon-
enhanced resist polymerization in voxels down to 50 nm ie,si# any wavelength below
1100 nm using moderate illumination times, provided themlination exactly matches the res-
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Fig. 2. Scanning electron micrograph (a) and sketch (b) of Au splisromgglass, with
dimensiond=100 nm, thickness =35 nm, gap widtld=40 nm and base widthv=60 nm.
Panels (c,d): Transmission spectra for horizontal and verticalipatamn (directions refer-
enced to panel (b)) redshift when embedding the split rings in polybiee thick curves)
as compared to those for split rings in air on glass (red thin dashedsjuitee feature at
1050 nm in (c) is the LC resonance. The splitting at 700 nm is a grating diffrathat is
not relevant for focused raster scanning lithography.

onances of our bow ties [6, 20, 21] and split ring resonat8RRs) [22—27]. This opens the
possibility of wavelength-selection based programmahlgotithography.

2. Materials and methods

2.1. Electron beam lithography

We have used electron-beam lithography and a lift-off pgecster physical vapor deposition
of gold in order to de ne bow ties as well as split rings on daipp, respectively fused silica
substrates. Bare substrates (sizellcn?) were rst cleaned by ultrasonication in water, and
immersion in base piranha ¢, 30% NHOH, 30% HO,, in 5:1:1 ratio) at 75C for 30
minutes. For e-beam lithography, we spin HMDS primer, adlay@EP-520a resist, and nally
Espacer 300Z (polythiophene) that acts as conductive.ldyer ZEP-520a is diluted 5:2 in
anisole and spun for 45 s at 3000 rpm to obtain a resist thiskoé 120 nm. Substrates are
baked at 180C for 5 minutes after deposition of ZEP-520a. We perform aabb@xposure in
a RAITH e-line electron beam lithography tool by exposingsduositioned on three edges of
an 80 nm square, spaced by 10 nm and with 250 aC dose per dqtdcainie to a line dose of
250 pC/cm typical for ZEP-520a). After exposure we develapresist in N-amyl acetate for
1 minute, and subsequently rinse the sample in methyligtdaione and isopropanol. After
physical vapor deposition of gold (pressure §@nbar, deposition rate 0.05 nm/s), we perform
lift off by immersing the sample in N-methyl-2-pyrrolidoia¢ 65 C for approximately 3 hours.

2.2. SUB8 preparation and development

For photolithography experiments, substrates were cdweithn 300 nm thick layers of SU8
by spincoating (Microchem, 8 wt% ig-butyrolactone) at 3000 rpm for 45 s, followed by two
pre-exposure bake steps at 60and 95C for 60 s each. Samples were mounted in a sample



scanning confocal microscope (SU8 side facing the objert®U8 polymerization occurs due
to photo-acid generation upon photon absorption, whesetife acid catalyzes polymerization.
Final cross-linking is promoted by a post-exposure baké (@8 C and 95C for 60 s each).
After baking, the SU8 was developed in MicroChem SU8 dewaldpr 60 s, and inspected in
SEM (scanning electron microscope).

2.3. Raster scanning confocal microscope

The home-built confocal microscope (Figure 1(a)) in whigpasure was performed consists
of a calibrated piezo-electric scanner (Piezojena Tri®)rtBat holds the sample, an in nity
corrected Nikon objective (CFI S Plan Fluor ELWD 60x/0.7)danspectrally Itered super-
continuum source. The supercontinuum source (Fianium =IERR) provide$=8 ps pulses at

a f=20 MHz repetition rate, and a cw output power of 2 Watt ovgrectrum ranging from 450

to 2000 nm. We use acousto-optic tunable Iters (polychroc@e O, AOTFs, Crystal Tech-
nology) driven with an 8-channel digital RF synthesizer @&20160, Crystal Technology) to
create a band-pass lIter of frequency widbw = 750 cm ! (30 to 50 nm spectral bandwidth),
centered at any desired wavelength from 450 to 1200 nm. Tdiéeint beam (powers up to 6
mW) is focused to an almost diffraction limited spot (qualityited by imperfect correction of
the objective for the absence of a cover slip). We write igoldines at scan speeds set between
v=0.15 and 4.8mm/s that start 2 to 3m outside the e-beam write elds for reference purposes.

3. Results

3.1. Benchmark: bow tie antennas

Motivated by Ref. [6], we rst studied gold bow ties as a bemalrk structure. The bow ties are
fabricated by e-beam lithography in dense arrays of 4810 nm pitch, with a bow tie gap of
50 nm, a taper half-angle of 20 degrees, and a gold thickrd&gsran (Figure 1). Such bow ties
have a resonance at 800 nm when illuminated with polarizationg the bow-tie axis. A large
eld enhancement is attained in the gap, with enhancemdj&jdin the gap ranging from 0
to 10* times, increasing strongly with narrowing gap width as ekited by several workers us-
ing full-wave simulations [6, 20, 21]. Figure 1(c) shows a\&Enage of bow tie antennas after
exposure at =800 nm, with a cw power of 5 mW and a scan speed ofrs. Voxels of SU8
remain after development, with a sub-diffraction limiteziesof 50 nm. These voxels appear
solely when the incident polarization for the exposure beaahtong the bow tie axis, matching
the polarized nature of the resonance, and appear for a baoge of powers, from below 1
to above 5 mW. Such voxels at bow tie hot spots replicate tbbsgned with a femtosecond
Ti:Sapph laser by Sundaramurthy [6]. A signi cant extemsis that they are obtained with a
broadband tunable light source at similarly fast exposatesrdespite the much lower peak
power associated with picosecond sources. SU8 has a simglerpabsorption edge at 365 nm,
so any polymerization is due to multi-photon absorption8Sidlymerization occurs in two
steps. Firstly, multi-photon absorption induces photial@eneration localized in the region
of high intensity. Next, the acid catalyzes polymerizatiwhich is further promoted by a post-
exposure bake [28]. We now proceed to estimate the scaliogtizal exposure parametersin a
line scan geometry. Assuming a total enevigyn each laser pulse (taken Gaussian in temporal
and spatial pro le), the instantaneous irradiance due tegiJ at tlrpet |rhthexysample plane

when writing a line along is given byln(X;y;t) = lgexp % exp X VO°+y ‘”) Y where

lo = W=[(2p)32w?t]. Also, we de nety = N=f as the arrival time of pulsh, andw as the
beam width. We assume that thqqprobablllty for a two-photmuced photo-acid generation
event occurring in pulsl is py 1 dtI3(x;y;t), and that the probability for photo-acid gen-
eration due to a full pulse sequence is proportiond g y pn. In the limit that the sample



displacement is small in between subsequent pulses, thalpiiby for a polymerization event
at distancey from the line center simpli es to

2
p= asusll ) 5+ fexp( YR, @

whereasyg(/ ) is a wavelength and material-dependent two-photon akisarpbef cient. This
expression rstly shows that raster scanning reduces expadmes compared to projecting
a full line onto the sample (which would replagéL by w?L?). Secondly, the pulse duration
enters linearly in the exposure. This calculation con rimattsimilar exposures can be obtained
with a supercontinuum as with femtosecome 10 ps versus 0.1 ps) lasers, provided the pulse
energyW is raised to exceed 5 pJ (above 0.1 mW cw power).

3.2. Split ring resonances from 500 to 1100 nm

Having demonstrated in Figure 1(c) that deep subwavelgrgih=15) near- eld lithography

is possible with a spectrally Itered supercontinuum seudespite its low peak power, we now
demonstrate the main advantage of such a source. Apart fosttbhe main advantage of a
supercontinuum source is that it can be tuned to spectradigtmany resonance. To explore
the large bandwidth over which plasmon-enhanced multtguhpolymerization of SU8 may
succeed, we apply raster scanning exposure to gold spdis.riim this work we simply use
split ring as plasmonic resonators that have a set of didtealized resonances spread over a
wide frequency range [22,23, 27]. The exact near- eld distiion of the eld for the different
resonances, and in particular the resonances with magietiacter, are of large current inter-
est. This interest is evident from numerical studies [28)wall as experimental efforts to map
near elds using near eld scanning optical microscopy [28] and electron energy loss spec-
troscopy in a scanning tunneling electron microscope \2&).use split rings that are arranged
in dilute square arrays of 5000 nm pitch and 11 mm pitch to avoid inter-split ring coupling
(Fig. 2(a)). The split rings have la#100 nm 100 nm size with gold thickneds35 nm, and
gap widthd and depth  w of 40 nm. Figures 2(c,d) show transmission spectra for sueys

of split rings (500 nm pitch). The split rings have a fundataéresonance at approximately
850 nm, when deposited on glass. This fundamental resonsitioe LC-resonance of interest
to the metamaterials community [22—-27], and is only excitéti polarization along the base
of the SRR. Higher order resonances occur around 500-60@mirgre plasmonic resonances
of the base (Fig. 2(c),= 570 nm ) and split ring arms (Fig. 2(d)= 630 nm) [22]. All reso-
nances redshift upon capping with SU8 as veri ed from traission spectra of split ring arrays
with and without capping. For such transmission measurésives use the polymer ma-N2400
rather than SU8 as embedding, since exposure of the SU8HKwhit not be stripped off af-
ter photopolymerization) already during transmission sneaments would render the sample
useless for subsequent exposure runs. Ma-N2400 has arsigfilactive index (=1.67), but
can be stripped off using acetone without any residue or damfss Figure 2c¢ shows, the fun-
damental resonance shifts from 850 to 1060 nm. Also the higiter resonances redshift. A
rather striking feature is that the higher order resonah@@@nm splits upon overcoating with
polymer. We note that this is a grating diffraction anomalgttoccurs when the incident beam
couples into the lowest grating diffraction orders thatdme grazing in the glass substrate at
I = 750 nm. This diffractive effect is prominent only for vedlgolarization, i.e., when the
grating resonance overlaps with a single building bloclomesice [29]. The diffractive effect
plays no role in photolithography measurements (belowgesit is an artefact of transmission
measurements speci ¢ for the use of plane wave incidenmithation. For photolithography
the incident beam is focused on just a single split ring (& far below the grating unit cell).
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Fig. 3. (a) We scan from left to right with polarization along the scan diractiothis paper
“horizontal (vertical) polarization' means: split ring base along (ndtojahe polarization
vector. (b) SEM micrograph of split rings (oriented as in Fig. 2(a), tapgh) exposed
well above the critical dose for SU8 on bare glass7{00 nm, power 3.1 mW=1.15

and 0.46rmm/s for upper and lower line, horizontal polarization). The lower line deves
from 600 nm to 1nm. Similar line broadening was observed for 600, 650 and 700 nm.
(c) SEM micrograph (angled view) of split rings exposed just below titeeal dose for
bare glass/(=700 nm, 1 mW, vertical polarization). Isolated voxels fully enclosing split
rings are observed. (d) Top view of voxels observed under conditisnin (c). (e) For

| =1050 nm (on the LC resonance) exposure also induces voxelstbsplitrings, (power

5 mW, scan speed 0.48m/s, horizontal polarization). Panels (f, g): When exposed well
below the critical dose (0.5 mW), resonance enhancement gen&taésgoxels between
the SRR arms when excited at the LC resonahe&050 nm. (h,i) Feature size versus
wavelength for polarization along the SRR base (h) and along the arrBsagk squares:
line broadeningDy at incident power just above the critical dose Red diamonds: voxel
diameter for exposure just below the bare-glass critical dose. Resultst depend strongly

on scan speed (0.48m/s for all data except square and triangle at 1050 nm ( 0.2 and
0.33mm/s)). Horizontal error bars: AOTF bandwidth.

3.3. Resonance selective exposure

We have performed photolithography experiments on SRR#fateht wavelengths from 550
to 1100 nm, at power densities just above, just below, antlhedw the critical dose for SU8
on bare glass. For wavelengths above 800 nm, only data atrpi@msities just below and well
below the critical dose on bare glass are reported, as o@rcoupinuum laser source did not
provide suf cient power (below 6 mW) to exceed the criticalsécfor SU8 on bare glass at
those wavelengths. In the case (Fig. 3(b)) of exposure athavbare glass critical dose, lines
are already written on the glass next to the SRR arrays, ttinwf which provides a reference
for the exposure enhancement. At speci ¢ wavelengths, sis¢h=700 nm resonant with the
higher order SRR modes, these lines broaden considerablyemtering the split ring arrays,
indicating a signi cant average eld enhancement througtthe array. In the second case, i.e.,
with power density just below the critical dose for SU8 onebglass, no lines appear outside
the split ring arrays. Instead, for speci ¢ wavelengthstétdy /| =700 nm (Figure 3(c,d)) and
1060 nm (Fig. 3(e)) for polarization along the SRR base) allzgopears on the SRR arrays in
which each individual split ring is enclosed in an SU8 voxXajgproximately 150 to 250 nm to-
tal diameter. This observation shows that the eld enharesdns localized at the split rings, as



expected. We attempt to derive a quantitative measure fiiopic enhancement independent of
resist properties from the logarithm of Eq. (1) throydlly  Ygjass= W*2IN(Weld “Wplas9 - FOr
small line broadenin®y = yeilq  Ygiass this expression linearizes By  2win(Wejg “Wyjas9

a relation which is indeed supported by exposure runs ondlass at different exposure pow-
ersW and writing speeds (results not shown). On this basis, wetlpéodifferenceDy in line
width for different exposure wavelengths and for two pdations in Figures 3(h,i), at inci-
dent power xed just above the critical dose. Line broadggsinf 200 nm are consistent with
a eld intensity (Ej2) enhancement of 30%. It should be noted that this is a lower bound
on the enhancement throughout the entire unit cell of the &RRe, and is not a measure
for the maximum local eld enhancement, which is expectedéanuch higher and which is
attained in the split ring gap far 1050 nm (see below). It should be noted that the SU8
itself limits the dynamic range of eld enhancements that baquantitativelymeasured, since
only runs that have a power density above the critical dosbasa glass directly provide a
reference valuggass From those runs that had a power density below the criticaéan bare
glass, no reference valygassis available. Instead we tak®y equal to the voxel diameter. Fig-
ure 3(h,i) shows that a photonic enhancement of SU8 expoiseirBy > 0, is only observed in
those cases in which both incident wavelength and polémizamatch a resonance that is also
evident in transmission. While the lack of reference meansamenot assess the eld enhance-
ment directly, we note that a comparison of incident powaggssts a local enhancement of
jEj? of at least a factor three throughout the entire polymeriteahain around the split ring
in Fig. 3(c-e). The correlation between polymerization a@sbnance wavelength shows that
nanoscale photolithography is indeed enhanced by plasmesbnances that can be addressed
selectively on the basis of polarization and wavelengtir aveery wide range, including the
full UV/VIS to near infrared. Further improvement of thisnge may be obtained by mixing
the SU8 with red-absorbing photo-acid generating dyes [30]

3.4. Smallest achievable features and programmable lityainy

Our result that different resonances in the same system eaddiressed by wavelength se-
lection opens the road to programmable lithography on €b#im length scales. In such a
scheme, a single mask could give rise to different expos#drpa, simply by addressing dif-
ferent collective resonances, and superpositions thelogdtining incident wavelength, polar-
ization and angle. Our conclusion that using standard St8ga bandwidth from 500 to 1100
nm can be addressed, allows signi cant freedom in desigpingammable lithography masks.
We note that for the resonators and exposure doses used iwdhk, the exposed patterns at
different resonance wavelengths are not highly distineinfreach other, as the exposed pat-
terns consist of fully enclosed split rings (compare Figl)Znd (e)), enclosed in SU8 voxels
of circa 200 nm diameter. These voxels are much smaller thamitfraction limited signa-
ture of each split ring evident in re ection confocal imagif81] of the same structures (spot
sizel /2NA 500 to 750 nm depending on wavelength, data not shown), eiidlg the role
of near eld enhancement in the imprinting mechanism. Itas immediately evident why the
imprinted eld patterns do not appear to show a photonic ati@ristic that is clearly distinct
between resonances. We offer two possible explanatiorssly-indistinct patterns are expected
if polymerization works through some other effect than twm{on absorption. For instance,
one might expect photothermal broadening effects in whidieaced absorption at photonic
resonances would cause a large temperature rise, andyhmlyinerization. Thermal effects
are distinguished from photonic effects by the fact that 8b\8 temperature rise is expected
to be con ned to < 20 nm shell everywhere around the metal structure, as oggodeeing
con ned to the optical hot spots [32]. Our observations leesbow that thermal effects are
certainly negligible for the bow ties, but may play a role 8RRs. We expect absorbed powers



per SRR up to 0.5 pJ per pulse, which could raise the temperafuthe gold by 107 K.
This rise is insuf cient to, e.g., deform the gold. Due to icdithermalization in substrate and
resist, any thermal effect only lasts for a very short curningatime (beam dwell time duty
cycle < 0:1 s) making thermal broadening effects in SU8 due to dirednguor enhanced
photo-acid diffusion unlikely. An alternative mechanishatt could be suspected apart from
two photon absorption in SU8 would be direct absorption ghhénergy photons that could
be created at the metal structures due to non-linear preseisgleed, several workers reported
enhanced second harmonic generation (SHG) at bow ties éihdrsys [33, 34]. We calculate
from the Microchem SU8 datasheet that SU8 requires aboutrbs links to be generated in
a50 50 50 nn? volume for such a volume to remain after exposure. The dpgiesorption
coef cient of SU8, even at its peak in the UV, implies that piéss than 1®photons that are
injected will actually be absorbed to give rise to crossiligk implying that a total SHG pro-
duction of at least 1Dphotons per bow tie or SRR would be required. We provide antinx

of 106 fundamental photons per bow tie or split ring. Reported Sk#Big for plasmonic and
split ring structures [33, 34] are not higher than 1 Also after correcting reported yields for
the difference in pulse energy, spot size and pulse duratiennd that photo-absorption after
SHG generation is likely several orders of magnitude weétkan direct two-photon absorp-
tion in SU8. Having excluded exposure mechanisms othertthesphoton absorption, the fact
remains that exposed patterns at different resonance eaytbls are not highly distinct from
each other, as in all cases split rings are fully enclosedJ8.3\s an alternative explanation
for the full enclosure of split rings in SU8, it may be simplyedto the fact that the level sets of
constant electromagnetic energy density that we probedar@ighly distinct for the different
resonances. In that case one expects that lowering of therpesuld allow to zoom in on more
localized features, such as eld enhancement expectedeirsplit ring gap al = 1060 nm.

In several runs where we tuned the incident power with a ramjng line scanning over the
sample, we indeed found a handful of split rings in which \sxauly con ned to the split ring
gap (size between 20 and 40 nm, smaller thaf25, see Figures 3(f,g)) were exposed. These
localized voxels occur at incident powers that are tenfatbyw the incident powers required
to fully enclose split rings, suggesting that they correspto enhancements {#j? that are at
least tenfold. In part, the rarity of the observations okthiocalized voxels may be due to the
fact that such voxels, if generated, are dif cult to locatelectron microscopy, and the fact that
such tall and narrow features show poor adhesion to therstibsin part, we also believe that
such voxels are rare due to the narrow dose range in whichottwyr. This problem is exacer-
bated by inherent variations in geometry, and hence vargigenhancement from split ring
to split ring. The presence of such disorder is also appa®nariations in voxel size in Fig-
ure 3(e). We hence propose that nanoscale photolithogrehpe a sensitive tool to quantify
disorder-induced resonance variations in sets of nonyiddintical resonant nano-structures.

4. Conclusions

To conclude, we reported wavelength- and polarizationctigk plasmon-enhanced pho-
tolithography that allows resonances from 500 to 1100 nmelesagth to be imprinted in
SU8. Viewed as a characterization tool for nanophotontas, hethod allows to image the
near eld pro le of plasmonic and metamaterial resonatoveroa very large frequency band-
width. While photolithographic imprinting of near elds ré#y provides lower bounds on eld
enhancement and the volume throughout which enhancemeutspdt is a major challenge
to obtain reproducible eld enhancement factors in strgrigkalized hot spots. Photolitho-
graphic imprinting may be a useful technique to quantifyd strength variations in fabricated
structures that occur due to ubiquitous fabrication disord nanoscale plasmonic and meta-
material resonators. Viewed in the context of nanolithpfya our result promises signi cant



improvements of the sub-diffraction patterning of SU8 mdfieby plasmonic contact lithogra-
phy as proposed in [6, 7,10, 11, 13]. While the absolute featine that has been demonstrated
with this method remains slightly larger than feature sthes$ can be obtained with state of the
art electron beam lithography (down to 10 nm), it is remal&aibat the achievable feature size
can be as small as 40 nm, i.e.< | =25, even at 1100 nm wavelength. This achievement paves
the way to fabricating truly nanoscale structures by plagmoontact lithography using cheap
light sources, such as modelocked ber lasers. Furtherntioedarge wavelength- exibility im-
plies that programmable lithography is possible if one usasks of heterogeneous rather than
identical resonators. In such a scheme, the same mask acoukkl to de ne very different pat-
terns using wavelength or polarization tuning. Alternelfy programmable lithography can be
based on collective resonances of antenna arrays in whectiiéél resonators are suf ciently
closely spaced to be strongly coupled [16,35]. In such @xlipystems different patterns can be
written via control over incidence angle, wavelength anthgpation [16], or spatio-temporal
phasefront shaping [17,18].

Acknowledgment

We thank Andrej Kwadrin, Ivana Sersic, Chrig€tR, Frank van den Berg, Martin Frimmer
and Leon Huisman for help with sample preparation, expertraad data processing. We are
very grateful to Dries van Oosten and Matteo Burresi forubsions in the initial stages of the
project. This work is part of the research program of thec!t8thg voor Fundamenteel Onder-
zoek der Materie (FOM),” which is nancially supported byetfiNederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO).” AFK was supported bylBIMfellowship funded by
NWO.



