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We report on high-quality infrared (IR)-resonant plas-
monic nanoantenna arrays fabricated on a thin gold film
by tightly focused femtosecond (fs) laser pulses coming
at submegahertz repetition rates at a printing rate of 10 mil-
lion elements per second. To achieve this, the laser pulses
were spatially multiplexed by fused silica diffractive optical
elements into 51 identical submicrometer-sized laser spots
arranged into a linear array at periodicity down to 1 pm.
The demonstrated high-throughput nanopatterning modal-
ity indicates fs laser maskless microablation as an emerging
robust, flexible, and competitive lithographic tool for ad-
vanced fabrication of IR-range plasmonic sensors for envi-
ronmental sensing, chemosensing, and biosensing. =~ ©2019
Optical Society of America

https://doi.org/10.1364/0OL.44.000283

Large- or lab-scale arrays of different nanophotonic elements
are key building blocks of plasmonic or all-dielectric metasur-
faces that enable nanoscale light control [1—4], as well as che-
mosensing and biosensing modalities [5—7]. A key concept
underlying the metasurface functionalities is the use of con-
stituent elements with spatially varying optical properties.
Quite recently, two-dimensional pixelated all-dielectric meta-
surfaces exhibiting ultra-sharp discrete-frequency infrared (IR)
responses were demonstrated [8], used to detect surface-bound
analytes via broadband IR illumination, with nondestructive
and label-free surface-enhanced IR absorption or reflection
(SEIRA/R) at multiple spectral sensing points [8]. This ap-
proach paves the way toward efficient and versatile miniaturized
mid-IR SEIRA sensors capable of resolving molecular finger-
prints without any spectrometry tools.

0146-9592/19/020283-04 Journal © 2019 Optical Society of America

Currently, both plasmonic and all-dielectric metasurfaces are
commonly fabricated by optical, electron, or ion-beam lithog-
raphy [7,8]. However, multiscale elements of metasurfaces,
when fabricated through traditional lithographic procedures,
become dramatically more expensive and require significantly
longer fabrication cycles. Alternatively, near- or mid-IR-range
metasurfaces can be fabricated by versatile high-performing
laser-based approaches, including single-shot multi-beam laser
interference lithography of moderately focused laser pulses
[9,10] and shot-per-spot nanopatterning and micropatterning
that use tightly focused multikilohertz laser repetition rates and
fast scanning/positioning systems [11,12]. With fs-pulse lasers
that provide ultimate spatial resolution via a reduced heat-
affected zone [13], multibeam laser interference capability is
considerably diminished by coherence length constrictions,
limiting the size of single-shot fabrication areas and introducing
a stitching problem. The stitching is complicated owing to non-
uniform intensity distribution along the interference pattern
area, resulting in further reduction in the effective processing
area.

In contrast, throughput of laser nanopatterning and micro-
patterning can be additionally increased via beam multiplexing
achieved by means of robust solid-phase diffractive optical
elements (DOEs) [14—16] or cooled liquid-crystal spatial light
modulators [17-20]. Scanning and multiplexing modalities
provide broad flexibility during ultrashort-pulse laser nanopat-
terning and micropatterning for fabrication of multiscale plas-
monic and all-dielectric metasurfaces. Apart from the mid-IR
spectral region, where typical characteristic vibration bands of
proteins and smaller organic molecules are located [7], there is
also a need for high-quality surface textures resonating at near-
IR excitation wavelengths, where various plasmonic-based
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biosensor designs can be readily realized with a range of in-
expensive telecom-band laser sources and spectrometers. However,
ultra-fast galvanometric scanning systems with F-theta lenses can
hardly be applicable to produce submicrometer-scale structures
at micrometer periodicities.

In this Letter, we report on advanced high-throughput laser
micropatterning of a gold film by highly multiplexed, tightly
focused submegahertz-rate fs laser pulses, optimized to achieve
submicrometer-sized structures with minimal array periodicity.
We demonstrate an ultrafast (up to 10 million structural fea-
tures per second) fabrication of highly ordered arrays of various
nanoantennas (from nanobumps to microholes), which exhibit
specific IR plasmonic responses, determined by a nanoantenna
shape and arrangement.

Ultrafast surface patterning of 100-nm-thick Au films,
which were e-beam deposited onto commercial silica glass slides
(Kurt Lesker), was performed by second-harmonic (515 nm),
200-fs pulses of a regenerative amplified Yb:KGW-based fs
laser system (Pharos, Light Conversion). The system provided
very high pulse-to-pulse stability (typically 0.15%) with maxi-
mal pulse energy of 100 pJ and repetition rate of 200 KHz. The
laser radiation was converted into linear arrays of 51 identical
diffraction limited laser spots using specially designed DOEs
[Fig. 1(a)]. Such DOEs were designed by calculating their
phase-only transmission functions [typical example is given
in the inset of Fig. 1(a)] using the well-known Gerchberg—
Saxton algorithm [21]. The algorithm allows for reconstruction
of the unknown wavefront from the known intensity distribu-
tions on a few planes of an optical system, for example in the
input and the focal planes. Using a standard combination of
photolithography and plasma etching, the calculated phase pat-
terns were transferred onto fused silica substrates that provide a
rather high damage threshold at a high pulse repetition rate.
The resulting series of DOEs arranged within the motorized
turret system for fast switching provided a linear pattern of
51 identical laser spots with a fixed 1/¢* diameter of
0.78 pm each and periodicities ranging from 1 to 1.5 pm
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Fig. 1. (a) Schematic illustration of the laser fabrication approach,
where 200-fs laser pulses with A = 515 nm coming at 200 kHz rep-
etition rate are converted into a linear array of 51 identical diffraction-
limited laser spots using specially designed DOE. The inset shows a
typical DOE phase pattern providing such an intensity pattern, where
each laser spot has 1/¢* diameter of D, /,, = 0.78 pm cach and array
periodicity (p) of 1.5 pm. (b) Corresponding transverse intensity dis-
tribution captured in the focal plane of the microscope lens with
NA = 0.42. (c) (D) Lateral size of the surface structures (nanobumps,
nanojets, and volcano-like microholes) versus applied (E) pulse energy.
(d) Corresponding side-view SEM images of the laser-printed struc-
tures. These structures are shown with larger markers in (c).
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[at 2 515 nm laser wavelength and focusing with a lens having
a numerical aperture (NA) of 0.42, Fig. 1(b)]. The transmission
efficiency of all fabricated DOEs was measured to be about
70 £ 3%, which is in good agreement with the calculated
value; the fluctuation of the intensity in all the 51 laser spots
within the produced linear array did not exceed 5%, which is
comparable to the short-term pulse-to-pulse stability of com-
mercially available mid-level laser systems. The moderate focus-
ing conditions (NA = 0.42) were utilized as a tradeoff between
the submicrometer spot size (D} /.~ 0.78 pm) and substantial
focal depth, of importance considering large distances of the
sample motion. Overall, the proposed optical scheme signifi-
cantly simplifies fabrication of rectangular-shaped microarrays,
as accurate scanning is only required along one direction, thus
permitting ultrafast, straightforward, and robust fabrication.

The samples were produced using a precise nanopositioning
system (Newport XMS100-S) with a traveling range of 100 mm,
providing the maximal speed of 3 - 10°> pm/s with high moving
accuracy, which permitted use of the maximal pulse repetition
rate of our laser system. Using DOE-generated linear arrays
of laser spots, the printing rate of 10 million elements per second
for array periodicities p < 1.5 pm was achieved.

First, we studied single-pulse patterning of a 100-nm-thick
Au film coated onto silica glass substrate. This was done
with a single laser spot having the characteristic size of
Dy, = 0.78 pm, which is equal to those of the spots in
the DOE-generated pattern. This calibration procedure was re-
quired to find the appropriate pulse energy range and lateral
dimensions of the surface structures that can be printed at
near-threshold fluences, as well as the possibility of their denser
arrangement. The lateral size of (D) the surface structures ver-
sus (E) the applied pulse energy is shown in Fig. 1(c), while
some representative surface morphologies are illustrated by
side-view scanning electron microscopy (SEM) images in
Fig. 1(d). In brief, nanobumps are seen to appear first as
the smallest surface modifications [left column, Fig. 1(d)], with
their lateral dimensions and height gradually increasing with £
[12,22]. The specific shape of such surface morphologies results
from the local melting of the Au film section accompanied by
its acoustic relaxation via thermal generated stresses [13]. At
E > 4 n] the fs-pulse irradiation drives substantial redistribu-
tion of the molten material providing its accumulation atop a
nanobump and resulting in formation of a protrusion (nano-
jet). Finally, at higher pulse energies (£ > 5 nJ), the liquid
nanojets decay via ejection of droplets, until volcano-like mi-
croholes appear. Interestingly, Fig. 1(c) shows that all surface
textures observed within the considered range of applied pulse
energies £ have submicrometer lateral dimensions D at such a
beam size. This substantiates the possibility of their close ar-
rangement, at least at the array periodicity of p = 1.5 pm.
Analysis of the data from Fig. 1(c) represented in D*(In E) co-
ordinates reveals that the threshold pulse energy £y, = 2 nJ is
required to irreversibly modify a 100-nm-thick Au film, with
the characteristic energy deposition diameter Dy, ~ 1.04 pm.
Accordingly, this provides the threshold absorbed fluence
Fy =44- Eth/ﬂD%/e ~ 49 m]/cm?, considering a constant
absorbance of 4 ~ 0.2, which is in agreement with an earlier
study [13]. Taking into account the maximal output pulse en-
ergy of the laser source, losses in the optical system (~30%) as
well as DOE conversion efficiency, the remaining energy ap-
pears to be high enough for printing with multiplexed beams.
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Using the proposed beam multiplexing technique, we pro-
duced several well-ordered square-shaped arrays, each contain-
ing 51 x 51 identical elements (nanoantennas) and having
periodicity p = 1.5 pm [Fig. 2(a)]. The shape of the nanoan-
tennas was tuned by simply varying the applied pulse energy £
in accordance with Fig. 1(c). SEM images indicate good perio-
dicity and square-shaped arrangement of the printed arrays.
Fourier-transform IR (FTIR) microspectroscopy revealed the
appearance of some sharp (4,/A4, < 10) spectral features
for the arrays containing nanobumps with the spectral posi-
tion of resonance A, shifting from 1.85 to 2.2 pm upon in-
creasing the structure size. When the shape of structures
arranged as an array evolves from nanobumps to nanojets,
the resonance becomes broader, indicating stronger deviation
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Fig. 2. (a) Representative side-view (view angle of 30°) SEM images
showing fragments of the arrays containing different types of surface
nanoantennas printed at a variable pulse energy (£ = 2.2/7.7 n] in
each laser spot) using linear array of laser beams as well as normalized
FTIR reflectance spectra measured from these arrays. Each square-
shaped array has the identical number of structures (51 x 51) and
the periodicity of p = 1.5 pm. The spectra are vertically shifted for
the reader’s convenience. (b) Normalized FTIR reflection spectra mea-
sured from nanobump arrays printed at three fixed pulse energies
(E = 2.34, 2.65, and 2.9 nJ, from top to bottom) and variable perio-
dicity (p) ranging from 1 to 1.5 pm. (c) Resonance wavelength 4, ver-
sus the array period p and (d) the effective period pg. pg is
determined by an actual period p and the nanoantenna circumference,
as shown in the inset. The dashed line in (d) shows the linear scaling
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of the geometric parameters of the nanoantennas within each
row of the array; this was also confirmed by corresponding
SEM images. The reason for this size deviation can be ex-
plained by extremely high sensitivity of the nanojet height
to even very small energy fluctuations (<5%) within each laser
spot of the linear array. For nanobumps, these energy fluctua-
tions do not cause such extremely high variations in shape,
resulting in much sharper resonances. Another reason for
more reproducible printing of nanobumps is related to their
ablation-free formation mechanism, which involves no nano-
particle ejection and redeposition. Such nanoparticles locally
reduce the ablation threshold of the as-deposited Au film
via near-field EM enhancement, resulting in poorer printing
quality. For the volcano-like microholes, even though their
shape was reproduced much better compared to the nanojets,
no evident narrow spectral features were observed in their
near-IR spectra [black dashed curve, Fig. 2(a)].

To reveal the origin of the observed IR resonances, we have
produced several arrays of nanobumps at applied pulse energy
E = 2.34, 2.65, and 2.9 n] and with array periodicity p from
1 to 1.5 pm [Fig. 2(b)]. The FTIR spectra in Fig. 2(b) shows
that the resonant wavelength 4, depends not only on the pulse
energy but also linearly scales with p [Fig. 2(c)]. This finding
can be understood in terms of surface plasmon polariton
(SPP) interference. Under normal irradiation, the incoming
light polarized along the metal film surface can be coupled
only to SPPs at the protruding laser-printed nanoantennas.
The SPP waves then descend onto the film surface and inter-
fere at mid-points between the neighboring bumps. This ex-
planation predicts a linear scaling of the resonant wavelength
A, versus the effective periodicity p. of the nanoantenna
array, which is extended to include the plasmon path over
the slopes of the bumps as well as the remaining section of
the smooth metal film [inset in Fig. 2(d)]. By carefully meas-
uring the relevant geometry for each nanoantenna array
printed at various values of £ and p, we found that the res-
onant wavelength 4, shows the same linear dependence on the
effective periodicity p.; for all the experimentally measured
spectra [Fig. 2(d)].

The above explanation, as well as the modulation of the res-
onance amplitude with the nanobump size [Figs. 2(a) and 2(b)],
indicates the key role of the prepared nanoantennas in SPP
coupling. More specifically, the growing size and slope of a nano-
bump increase coupling efficiency and effective periodicity p.g-.
Furthermore, the spectrum measured from the nanojet array
[gray-dashed curve in Fig. 2(a)] also supports the proposed
model, with the effective period p.4 of the nanojet structure
fitting nicely to the same linear trend. On the contrary, for
volcano-like microholes, the broken shell does not provide effi-
cient coupling of the incident IR radiation to the SPP waves,
resulting in the absence of sharp features in the measured IR
spectra. Importantly, the volcano-like microhole arrays also
exhibit no resonant characteristics as one could expect from the
ordinary hole arrays. Indeed, the broken shell around the micro-
hole could be removed at higher £ and larger laser spot sizes [23].
However, the increase of £ was found to provide a scalable in-
crease in the lateral size of microholes’ D [see Fig. 1(c)] hindering
the ability to print arrays with small periodicity, as discussed
above. To overcome this problem, we take advantage of the
fact that cupola walls have a thickness <10 nm. Thus, to pro-
duce hole arrays of good quality, we can fabricate volcano-like
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Fig. 3. Normalized FTIR reflectance spectra measured from array
of volcano-like microholes (51 x 51 elements) (a) before and (b) after
their treatment with Ar™-ion beam for 2 min. Insets show correspond-
ing closeup SEM images of the arrays.

microhole arrays and then process these using either chemical
or jon-beam polishing to remove the broken shell.

To illustrate the possibility of such postprocessing, we pro-
duced arrays of volcano-like microholes at fixed applied pulse
energy (£ = 7.7 nJ) and period varying from 1.3 to 1.5 pm.
Then, we treated the produced arrays with accelerated argon
(Ar™) ions for 2 min [24], almost completely removing the thin
shell and giving rise to an array of high-quality microholes
(Fig. 3). The series of FTIR reflectance spectra in Figs. 3(a)
and 2(b) compares the IR response of the volcano-like micro-
hole arrays recorded (a) before and (b) after the treatment. The
spectra in panel (a) have no pronounced resonant features irre-
spectively of the period p, whereas the spectra of the postpro-
cessed arrays demonstrate a pronounced resonance peak with
the position red shifting with an increase of p. For a perforated
surface with relatively large holes, where the diameter is
comparable to the structure period, plasmonic resonances are
expected to be directly related to the period of the structure,
being the same for reflection and transmission. As it was recently
predicted [25] for such arrays, one of the factors contributing to
resonances is plasmonic excitation on the outer interface, but
not on the interface of incidence, so the resonance is expected
when the plasmon wavelength [26] Asp = Ao(1/e; + 1/€,)%°
equals the array period. On the outer interface, plasmons are
running between Au film (permittivity &, between -130 +
157 and -250 + 407 in the range from 1.8 to 2.5 pm) and glass
substrate (permittivity &, between 2.074 and 2.045), so we
expect the resonances at 4g equal to 1.89, 2.03, and
2.17 pm for periodicity of 1.3, 1.4, and 1.5 pm, respectively.
As shown in Fig. 3, this falls within the accuracy of 5% from the
measured spectra shown in panel (b). A possible explanation for
this systematic discrepancy may be related to the geometry of
the holes: as the latter holes were produced from jet-like forma-
tions, they might still keep some traces of the preceding cupola.
That is, some parts of the Au layer could be slightly uplifted
away from the substrate around the holes. As a result, this would
shift the resonance wavelength toward higher magnitudes,
consistent with the spectra in Fig. 3(b).

In conclusion, we have demonstrated an ultrafast (up to 10
million structural features per second) robust laser printing of
plasmonic nanoantenna arrays. The produced arrays of either
nanobumps or postprocessed microholes demonstrate strong
plasmonic response in the near-IR spectral range, and the spectral
position of the resonance can be controlled by varying nanoan-
tenna geometry and/or array periodicity. The proposed struc-
tured arrays are quick and inexpensive to fabricate and
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possess well-defined resonances, so we believe this approach is
promising for the realization of various plasmonic-based devices,
refractive index plasmonic sensors, and label-free, luminescence-
free SEIRA molecular/gas biosensors for routine chemosensing
and biosensing measurements. Similar structures can be also pro-
duced using thin films of other plasmonic materials (e.g., Ag or
Cu [12,27]), as well as with multicomponent alloys, opening a
route toward further functionality and application range.

Funding. Russian Science Foundation (RSF) (16-12-10165).
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