Maskless fabrication of plasmonic metasurfaces in
polymer film using spatial light modulator
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We demonstrate a high-speed optical technique to fabricate plasmonic metasurfaces in a polymer film. The
technique is based on a programmable spatial light modulator, which is used to spatially-control the photoreduction
sites of gold ions in a polyvinyl alcohol film doped with a gold precursor. After irradiation, annealing was used to
induce the growth of nanoparticles, producing plasmonic microstructures. Using 473 nm excitation wavelength,
microscopic plasmonic gratings and meta-atom arrays with arbitrary orientations, an effective nanostructure size
of ~700 nm and constituent nanoparticles with average size of ~37 nm were created. The technique enables a cost-
effective and straightforward light-based approach to fabricate plasmonic metasurfaces with tunable properties.

Plasmonic metasurfaces are two-dimensional (2D) arrays of
subwavelength metal optical resonators that exhibit an unprecedented
capability to mold light beyond the reach of conventional planar
interfaces, allowing new ways to manipulate light [1,2]. Most
experimentally realized metasurfaces have been fabricated based on
‘top-down’ approaches, including electron-beam lithography [3,4]
followed by metal evaporation and focused ion beam milling [5] to
ablate already deposited metals. While such techniques provide
nanoscale feature sizes, they are expensive and time-consuming and
require extreme environments, hindering speed and scalability.
Recently, thermal nanoimprint lithography [6] and self-assembly [7]
have been used as cost-effective and high-throughput techniques to
fabricate metasurfaces, but these involve many fabrication steps
hampering flexibility, especially where rapid prototyping is sought.
Light-based methods to create metasurfaces have also been of great
interest. Mask-based photolithography has been used to make ultrathin
terahertz planarelements [8] and free-form metasurfaces [9]. While this
method is popular and appropriate for large-area fabrication, it requires
mask preparation and multiprocessing steps. Similarly, interference of
two or more beams [10,11] was used to fabricate structures of high
structural uniformity and sizes as small as 20 nm [12]. However, the
method is limited to 2D nanoparticle (NP) gratings and requires
cumbersome implementation. Also, directlaser writing (DLW) [9,13] is
used for three-dimensional (3D) manufacturing with sizes approaching
100 nm [14], allowing more complexity in the design. However, DLW
relies on serial scanning that is time-consuming, inhibiting speed and
scalability. ‘Bottom-up’ approaches were proposed to simplify the light-
based techniques, relying on the exposure of a metal precursor-doped
polymer film tolaserirradiation to in situ photoreduce metal precursors
in the polymer film [15-18]. This leads to the formation of spatially
organized metal NPs with small feature sizes offering the advantage of
single-step syntheses of metal NPs and their assemblies. Such
approaches are dependent on cumbersome implementations and are

either slow or limited only to periodic structures. Hence, there is aneed
to develop a high-speed and straightforward method to fabricate
plasmonic metasurfaces.

In this Letter, we propose a high-speed technique to fabricate
plasmonic metasurfaces in a polymer thin film. The technique is based
on a programmable spatial light modulator (SLM) used to spatially
control the photoreduction sites ofgold ions in a polyvinyl alcohol (PVA)
film that is doped with a gold precursor. We use a continuous-wave
(CW) laser encoded by an SLM to irradiate the PVA film. Structured light
exposure causes in situ photoreduction of gold ions at the focal plane.
Annealing is performed right after the irradiation to induce further
aggregation of gold NPs in the film. This approach significantly simplifies
the production of plasmonic metasurfaces within a polymer, enabling
low-cost and high-throughput fabrication. Our work opens a new and
direct way to rapidly fabricate plasmonic metasurfaces with a complex
distribution of meta-atoms.

The overview of the fabrication approach is shown in Fig. 1(a). We
used gold (1) chloride trihydrate (Nanopartz, >99.9%) as the gold
source and PVA (Sigma-Aldrich, Mw =89,000-98,000) as the stabilizing
agent. These materials were dissolved in distilled water to obtain a 5
wt% polymer solution with a 10% Au/OH ratio. About 1 ml of the
resulting solution was spun cast on a borosilicate coverslip at 500 RPM.
The samples were kept in a nitrogen desiccatorin the dark for 12 hours
to ensure that the solvent was completely evaporated, leading to a gold-
ion-containing PVA film with ~500 nm thickness.

The optical setup used to fabricate plasmonic structures in PVA film
is shown in Fig. 1(b). A CW laser (Cobolt 06-01, 473 nm) was used to
illuminate a phase-only Liquid Crystal-on-Silicon (LCOS) SLM
(HOLOEYE, HES 6010 BB-HR, 1920 x 1080 resolution, 8 um pitch, and
87% fill factor) that was calibrated at 473 nm wavelength. A linear
polarizer was used to align the incident polarization to the SLM. Another
linear polarizer was used after the SLM to further clean the outgoing
beam. Specific intensity patterns that mimicked the components of
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optical metasurfaces were generated via MATLAB, and subsequently
encoded by the SLM to the impinging beam. The phase-encoded beam
was passed through relay lenses and a mirror, and then directed
towards a microscope objective (LEICA HCX PL APO 100x, oil). Thelaser
power before the objective was set to be adjustable depending on the
situation (max of 5 mW). The light distribution at the focal plane of the
objective was used to illuminate the PVA film that was mounted on a
computer-controlled 3D stage.
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Fig. 1. (a) Scheme of plasmonic grating fabrication in an Au-PVA
nanocomposite film using structured light. (b) Scheme of the optical
setup used to fabricate metasurfaces and monitor the diffraction from
NP gratings. The components include CW lasers (473 and 632 nm),
lenses (L1 to L5), attenuator (A), polarizers (P1, P2), mirrors (M1, M2),
SLM, flip mirror (FM), flip lens (FL), dichroic mirror (DM), microscope
objective (OBJ), stage (S), and cameras (Cam1, Cam2). Respective paths
ofthe incident, reflected, and diffracted light are color-marked.

the film with ~40 and ~80 W/cm? intensities, respectively. As seen in
Fig. 2(a), the unexposed area contains some NPs, which were already
formed during sample preparation with sizes up to 150 nm. The region
associated with the background of the intensity pattern arising from
unmodulated light (Fig. 2(b)) shows a significant growth in the number
of NPs with sizes between 50-100 nm. The square region that
corresponds to the intensity of ~40 W/cm? (Fig. 2(c)) indicates a
growth in the number of particles with the same range of sizes as in the
background (Fig. 2(b)). However, the last region (Fig. 2(d)) exposed to
more intense light contains about one order of magnitude more NPs as
compared to Fig. 2(c) with an average size of ~37 nm and a standard
deviation of ~24 nm (see Supplement 1). These results are in good
agreement with a previous report for similar materials exposed to
electron-beam, ie, areas exposed to higher electron-beam doses
contained a higher density of smaller NPs [22].
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Fig. 2. SEM images from different parts of the Au-PVA film with a
thickness of ~150 nm that was (a) unexposed, (b) exposed to the
unmodulated beam from the SLM, (c,d) exposed to the modulatedbeam
from the SLM corresponding to (c) ~40 and (d) ~80 W/cm? intensities,
respectively. The beam power was 5 mW, and the exposure time was
120 sec. The sample was annealed after the exposure.

Upon exposingthe film to the incident light, gold ions are reduced into
gold atoms [18]. Prolonged exposure leads to the aggregation of gold
atoms into larger NPs [19]. Thanks to the light shaping capability ofthe
SLM, the photoreduction sites can be spatially structured at will and in
paralle], significantly bypassing the sequential nature of DLW systems
for fabricating microscopic entities in polymers [19-21]. Finally,
annealing is performed to complete the formation of NPs [18].
Accordingly, the samples were placed on a hot plate with a temperature
that was increased progressively to 100 °C within 2 min and keptat 100
°C for an extra 1 min. A CW laser (HeNe, 632 nm) was used to observe
the diffraction from the NP gratings (Fig. 1(b)). The beam was guided
using a flip mirror, passed through a dichroic mirror, and focused using
alens (200 mm focal length) to the back aperture of an objective (50x
LEICA N Plan EPI), leading to a ~10 pum diameter collimated beam. The
diffracted light was captured usinga CMOS camera. Sample morphology
was characterized by a scanning electron microscope (SEM, Zeiss Ultra
55) and an atomic force microscope (AFM, Veeco Dimension 5000,
tapping mode). A photodiode power sensor (Ophir, PD300, > 500 pW)
was used in the diffraction efficiency measurements.

To investigate the effect of light exposure and dosage on the
formation of NPs, we prepared a 150 nm nanocomposite film on a
silicon wafer (see Supplement 1). Silicon was chosen to overcome the
challenges arising from dielectric films that are deposited on glass in
SEM. The film was exposed for 120 sec to a laser beam with 5 mW
power modulated via an SLM into 35 pm x 35 pm square regions with
known grayscale values, and this irradiated film was subsequently
annealed. Figs. 2(a)-(d) show SEM images of an unexposed area of the
film, the supposedly dark regions of the intensity pattern or
unmodulated parts of the beam, and the desired regions or modulated
parts of the beam that correspond to the intentionally exposed areas of

The ability to manipulate the size and density of NPs in
nanocomposite films by merely controlling light intensities prompted
us to generate NPs with engineered patterns in the polymer film and
study their optical responses. To demonstrate the proof-of-principle of
our technique, we fabricated plasmonic diffraction gratings, owing to
their simplicity and great importance for applications like bio-sensing
[23]. We used the SLM to form microscopic gratings on the polymer film.
Figs. 3(a,)b) show SEM images corresponding to a small part of an Au-
PVA film fabricated by 20-sec exposure to a 3-mW laser beam. Since a
50x objective was used to prepare the samples used in SEM, the
exposure was prolonged in order to deliver the same dose of energy as
those made on glass via a 100x objective. The grating pattern was
designed such thata 3.2 um pitch was produced at the focal plane. As
shown, a high density of NPs was found to exist within the region
exposed to the grating pattern. In contrast, the density of NPs was found
to be low in the supposedly dark regions. Ultra-thin films with higher
gold precursor loads exposed to strong light intensities are expected to
lead to higher NP densities.

To demonstrate the flexibility of our technique in fabricating
plasmonic gratings of different pitches without the need for mechanical
intervention, as seen in traditional interference-based approaches and
also in DLW, we fabricated plasmonic gratings with 4, 3.2, 2.8,and 2 pm
periodicities in an Au-PVA film. The gratings were made by 5-sec
exposure of 30 pm x 30 um square regions of the film to a 3-mW beam
thatwas guided through the 100x objective. We found thatthe exposure
of light beyond 5 sec had no impact on the structure of the NPs unless
the light intensity was high enough to elevate the film temperature.
Following the exposure, samples were annealed for 3 min as suggested
in Ref. [18]. Large area optical micrographs of the plasmonic gratings
fabricated through the exposure to an SLM-structured light are shown
in Figs. 3(c)-(f). As seen, there is a clear transmission difference between
the grating lines and the background, which is due to the compact



nature of NPsinthe exposed regions. Asimilarexperimenton PVA films
with no gold loadings has shown no structuring effect (data not shown).
This is because the impinging light intensities were not sufficient to
drive polymerization at the exposed regions. The intensity images on
the right side of each optical micrograph are the diffraction patterns
from the corresponding gratings recorded using a HeNe laser (632 nm)
beam with ~10 pm diameter at normal incidence. The diffraction
efficiency ofthese structures was measured to be around 1-2%, in good
agreement with a previous report [18]. The more compact gratings
exhibit more pronounced and resolved diffraction patterns with
increased diffraction angles that are consistent with the Bragg’s Law of
diffraction. The black spotat the central part of the optical micrographs
is associated with the zeroth-order of the light coming from the SLM.
This spot could be removed by using the spherically and linearly-loaded
phase technique [24]. However, given the negligible impact ofthe over-
exposure ofthe zeroth-order spot, and for the sake of uniformity of the
structures, we performed all fabrication experiments such that the
bright spot existed at the central part ofthe patterns.

Fig. 3. (a) SEM image of plasmonic gratings fabricated in an Au-PVA film
on silicon by 20-sec exposure to a 473 nm structured light with 3-mW
power through a 50x objective, and subsequently annealed. (b) A close-
up view of the marked region in (a). (c-f) Bright-field optical microscopy
images and corresponding diffraction patterns of a HeNe laser (632 nm)
from plasmonic gratings with pitches of (c) 4, (d) 3.2, (e) 2.8, and (f) 2
pm fabricated within an Au-PVA film. The samples in (c-f) were
fabricated on glass substrates by exposing the films to 3 mW power for
5 sec through 100x objective, and then annealed. The bright spots
correspond to zeroth-order, and arrows indicate the first-order mode of
the diffraction patterns.

distributions of meta-atoms were found to significantly modify the
overall second-harmonic generation efficiency of the structures [28]. To
prove this possibility, we encoded the SLM with a range of L-shaped
patterns and exposed the Au-PVA film for only 5 sec (Fig. 5(a)). In
principle, any 1D or 2D arrangement of meta-atoms of arbitrary shape
and orientation is feasible due to the versatile light-shaping capability of
the SLM. Figure 5(b) shows a bright-field optical microscopy image of
the fabricated structure with varied orientations. An AFM image of the
same sample is illustrated in Fig. 5(c), which is expected to have similar
surface relief modulation as in Fig. 4. NPs are visible in the non-
irradiated area formed due to the unmodulated light in the background
(as discussed before). Of note, owing to the Au-PVA film’s absorption
band centered at ~324 nm [17], the photoreduction is remarkably
faster at shorter wavelengths [19]. Hence, a light source with a suitable
wavelength and sufficient intensity could expedite the above fabrication
to occur in the millisecond range, which outperforms state-of-the-art
metal DLW with scanning speeds in the range of a few um/s [29]. This
enables quick and straightforward fabrication within the optical setup
and without the exclusive need for an expensive lithography and/or
cleanroom equipment. Importantly, the technique can be further
developed to fabricate prototypes of metasurfaces that support various
subwavelength functionalities such as beam shaping, manipulation, and
focusing.

Fig. 4. (a) AFM image ofa plasmonic grating made in an Au-PVA film on
glass with a thickness of ~500 nm, exposed to an excitation wavelength
of 473 nm and power of 3 mW through a 100x lens for 5 sec, and
subsequently annealed. (b) Averaged surface profile along x-axis
corresponding to the AFM image in (a).

To investigate the effect of light exposure on the surface profile, we
acquired an AFM measurementona grating structure with 3.2 pm pitch,
made in an Au-PVA film with a thickness of ~500 nm, exposed to an
excitation wavelength of 473 nm with a power of 3 mW through a 100x
lens for 5 sec, and annealed as described above. The AFM image is
showninFig. 4(a). The average surface profile corresponding to Fig.4(a)
is plotted in Fig. 4(b). This line profile suggests that the exposed parts of
the sample have raised by ~30 nm, which is in good agreement with the
surface relief profile reported in Ref. [18]. Besides, analysis of optical
microscopy images of the grating proved that linewidth is linearly
proportional to the excitation intensity and exposure time (see
Supplement 1). AFM and SEM images (Fig. 3) revealed that the NPsexist
both on the surface and within the polymer film. Since the depth-of-field
in our setup is greater than the film thickness, we expect NPs to existin
the entire thickness.

The key advantage of our technique, as opposed to interference
patterning, is the possibility of making non-uniform patterns of
microstructures within the composite film, which is an indispensable
requirement for metasurfaces that have applications in beam steering
and shaping [25-27]. In the context of nonlinear optics, such

The proposed method also has several limitations. For metasurface
application, the ability to control the size of NPs and features of meta-
atoms are essential. The minimum feature size is always limited by the
diffraction of light. Using the present capabilities of our technique, the
smallest linewidth was found to be close to 700 nm, implying that these
plasmonic metasurfaces could be most useful for long visible to NIR
excitations. To reach linewidths suitable for plasmonics research in the
visible regime, one could exploit methods that allow the fabrication of
sub-diffraction features, e.g, femtosecond lasers via multiphoton
absorption [30] or shaped light fields with sub-diffraction transversal
confinements [31]. Next, the unmodulated light coming from the SLM
leads to the photoreduction of the background film, ie, the regions
hosting the meta-atoms, leading to lower contrast. Therefore,
improving the spatial distribution of the modulated light is expected to
improve the quality and functionality of the fabricated devices [24,32].
Another possible solution could be developing the exposed film in an
appropriate solvent to entirely remove the background, which is
somewhat similar to lithographically-made metasurfaces. We also
anticipate that our technique can be exploited for other metal
precursors (e.g, silver, copper, or aluminum) [33]. However, different
light intensities required to photoreduce other metal ions could ablate
the film, leading to the creation of grooves instead of bumps in the
exposed region [20]. Other polymers (e.g, PMMA) can also be used as



the stabilizing matrix, but with a possible need for additional precursors
to absorb light and induce photoreduction. The diffraction efficiency of
these structures is about 50% lower than that of similar structures in
thicker polymer films [18]. This could be attributed to the smaller film
height modulations and smaller AuNP sizes, which cause suboptimal
coupling of the incident light. We anticipate that a modified annealing
step could fine-tune the plasmon resonance, leading to a higher
diffraction efficiency. Finally, we expect that overcoming such
limitations would be valuable in extending the technique to fabricate
volume elements. In laboratory-scale prototyping, which is already
permitted by moderate quality metasurfaces, it would undoubtedly be
advantageous to exploit such a cost-effective and straightforward
technique and tune fabrication parameters at will. This will be too costly
orlengthy to do intraditional fabrication techniques such as anelectron-
beam lithography or DLW system in tandem with routine sample
preparations in the cleanroom.
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Fig 5. (a) Scheme of plasmonic metasurface fabrication in an Au-PVA
film using structured light. (b) Fabricated arrays of gold NPs in the form
of L-shaped structures of varied orientations on a glass coverslip. The
pattern was made in an Au-PVA film with a thickness of ~500 nm,
through a 5-sec exposure of 473 nm excitation wavelength originating
from an SLM. The sample was annealed right after the exposure. The
power of the input light was measured to be ~3 mW and was delivered
to the sample through a 100x objective. (c) AFM image ofthe L-shaped
structures that were fabricated using the same parameters as in (b).

To conclude, we demonstrated the fabrication of plasmonic
metasurfaces in an Au-PVA nanocomposite film using structured light.
Meta-atoms as small as ~700 nm containing NPs with an average size
of 37 nm were realized. We verified and showed the possibility of
fabricating more complex metasurfaces through the same technique
and material. This simple and cost-effective approach enables the rapid
prototyping of plasmonic metasurfaces with tunable properties. Such
metasurfaces could be useful in applications such as beam shaping and
manipulation, optical communication, and nonlinear optics.
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