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Pigment-free colouration based on plasmonic resonances has recently attracted considerable attention for
potential in manufacturing and other applications. For plasmonic colour utilizing the metal-insulator-metal
(MIM) configuration, the generated colour is not only dependent on the geometry and transverse
dimensions, but also to the size of the vertical gap between the metal nanoparticles and the continuous
metal film. The complexity of conventional fabrication methods such as electron beam lithography (EBL),
however, limits the capacity to control this critical parameter. Here we demonstrate the straightforward
production of plasmonic colour via UV-assisted nanoimprint lithography (NIL) with a simple binary mould
and demonstrate the ability to control this gap distance in a single print by harnessing the nanofluidic
behaviour of the polymer resist through strategic mould design. We show that this provides a further
avenue for controlling the colour reflected by the resulting plasmonic pixels as an adjunct to the
conventional approach of tailoring the transverse dimensions of the nanostructures. Our experimental
results exhibit wide colour coverage of the CIE 1931 XY colour space through careful control of both the
length and periodicity and the resulting vertical gap size of the structure during the nanoimprinting

process. Furthermore, to show full control over the vertical dimension, we show that a fixed gap size can
Received 14th January 2020 b d d by introduci l t ) ities in the vicinity of th truct th
Accepted 9th April 2020 e produced by introducing complementary microcavities in the vicinity of the nanostructures on the
original mould. This demonstrates a simple method for obtaining an additional degree of freedom in NIL

DOI: 10.1035/d0na00038h not only for structural colouration but also for other industrial applications such as high-density memory,
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1 Introduction

Recently, the use of plasmonic nanostructures for structural
colouration has received major attention due to their ability to
selectively absorb and scatter light at characteristic wavelengths
producing subtractive and non-diffractive colour. The advan-
tages of plasmonic, rather than pigment-based, approaches to
colouration include the capacity for single-step, high-resolution
image printing at the diffraction limit," the ultrathin geometry
of plasmonic devices, their mechanical and chemical robust-
ness and stability,” their relatively low toxicity and the reduced
set of materials required facilitating the manufacturing process
and subsequent recycling. These attractive properties have been
studied for a wide range of applications such as colourimetric
sensors, colour filters with subwavelength dimensions and
colouration of consumer products.*”® Plasmonic colouration
originates in the strongly wavelength-dependent scattering and
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absorption of light which arises from the excitation of localised
surface plasmon (LSP) resonances on the surface of sub-
wavelength metallic nanoparticles and nanocavities.® The
resonances of the metal-insulator-metal (MIM) configuration
(Fig. 1) where metallic nanoparticles embedded in a transparent
dielectric ‘float’ above their Babinet complementary screen, are
dependent not only on the transverse dimensions of the
nanostructures,”* but also the size of the vertical gap (g)
between the nanoantenna and the perforated backplane film.
This vertical gap controls the particle-film coupling strength
and, hence, the resulting colouration seen in reflection.” While
many approaches have been proposed to improve the func-
tionality and quality of the resulting colouration, the key chal-
lenge remains controlling both the transverse and vertical
dimensions of the nanostructures in a single nanofabrication
process.

In previous studies, a grayscale technique involving electron
beam lithography (EBL),”*** focused ion beams (FIB) milling*®
and photolithography (PL)” have been utilised to produce
nanostructures with varying vertical dimension (i.e. grayscale)
for structural colouration and 3-dimensional plasmonic
devices. The grayscale approach, however, require meticulous
control of electrons, ions and photon dosage. Additionally, EBL
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Fig. 1 Schematic design of the plasmonic pixel comprising arrays of
the ‘floating’ Ag nanorod and the complementary screen, arranged in
a rectangular lattice. The nanorod has a length [, width w and thickness
t. The array has periodicities in the x- and y-directions P, and P,
respectively, while the gap between the top of the metal film and the
bottom of the Ag nanoparticle is g. Light, linearly polarized in either the
X- or y-direction, is incident normally from the nanorod side, while the
reflected light is collected from the same side of the sample.
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Fig. 2 Schematics of the UV-assisted nanoimprint lithography (UV-
NIL) process: (a) a master mould consist of multiple density of nano-
protrusions used in the UV-NIL which results in the nanocavity with
various imprinting depth, h; as depicted in (b). (c) Scheme showing the
geometry of the Ag ‘floating’ resonance particle and metal back layer
upon metal coating process. Height of the structures in the schematics
are not to be scaled.

and FIB have relatively low-throughput while PL produces
structures with feature size limited to diffraction.”® Nano-
imprint lithography (NIL),* on the other hand, offers a rapid
nanopattern replication process by means of mechanical
transfer from mould onto a surface at minimal cost without
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compromising the nanoscale resolution.>® Due to these attrac-
tive features, different NIL techniques have been developed and
are widely used for fabrication of various plasmonic devices.*>*
Previously, thermal NIL has been successfully demonstrated to
produce high-resolution surfaces exhibiting plasmonic
colour.”” A more industrial approach has been performed by
Hojlund et al. where thermal roll-to-roll nanoimprint lithog-
raphy (R2R-NIL) was used to mass-produce devices exhibiting
plasmonic colour.”* Thermal NIL, however, involves heating to
high temperatures (typically around 150 °C, depending on the
type of resist) which not only consumes energy but requires
meticulous control over the relevant imprint parameters such
as temperature and pressure. The UV-assisted NIL process, on
the other hand, requires no heating and can be performed at
room temperature and therefore, thermal damage, energy usage
and process time can be minimized. Furthermore, the use of
low viscosity photocurable resist requires a relatively low pres-
sure (<4 bar) to emboss the structures, thus reducing potential
damage to the mould.” Despite the clear benefits of high-
throughput, good quality pattern replication and plasmonic
colour production there has been no discussion in the literature
of any capacity of NIL to vary the vertical dimension, including
the gap size in the MIM structure, across a sample using
a simple, two-step (binary) mould.

The MIM structures considered here are fabricated using
NIL into a resist followed by a single metallisation step. Since
the resulting reflected colour produced by these devices is
sensitive to the vertical gap size'” and this gap correlates directly
with the imprint depth, the capacity to vary the imprint depth
across a sample provides an additional degree of freedom in
NIL-facilitated plasmonic colouration. During the nanoimprint
process, the homogeneity of the imprint depth of the replicated
structure is highly dependent on the resist filling behaviour in
nanoscale cavities on the mould. The mould design (e.g. the size
of the cavities, the density of structures and imprint area) is one
of the significant factors affecting the resist filling process into
cavities in the mould.*®** Previous simulations of the NIL
process performed by Yin et al. showed that an inhomogeneous
imprint depth resulted when a mould composed of both micro-
and nanoscale features was used for NIL due to variations
across the sample in the resist filling rate.** A similar effect was
observed when a mould with various pattern densities was used
in the NIL process.** Although inhomogeneous imprint depth
often caused unwanted artefact appearing in the NIL pattern
transfer process**** we, on the other hand, find that this feature
is an advantage when producing plasmonic colour as such it
permits control over the vertical dimension and add another
degree of freedom for colour tuning.

Here we demonstrate simple, scalable fabrication of multi-
level plasmonic nanostructures via UV-assisted nanoimprint
lithography (NIL) and the capacity to tune the colour of light
reflected from the surface by controlling the vertical gap in the
structure in a single print using a binary NIL mould with
tailored pattern densities. In addition to experimentally
demonstrating the role played by mould architecture in deter-
mining the imprint depth, we investigate the influence on
resulting plasmonic colouration. The details of the building

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM images shows morphologies of the imprinted cavities of
various length, [ and periodicities, P, namely (a) [ =75 nm, P, = 300 nm;
(b) [ = 150 nm, P, = 100 nm and (c) [ = 150 nm, P, = 300 nm. Insets
shows colours generated by the corresponding structures. Cross-
sectional images of nanocavities with length of 150 nm reveals the
imprint depth of (d) h; = 65 nm, (e) h; = 103 nm and (f) h; = 134 nm for
structure with periodicities of P, = 100 nm, P, = 220 nm and P, =
300 nm, respectively. All scale bars refer to 500 nm. (g) Plot shows
relationship between the periodicity, P, and the vertical gap size, g.
Inset: (i) schematic shows mechanism of resist flow during imprinting
process where w and hc is the width and height of the nanoprotrusion,
sis the cavity size and h; is the imprint depth, (ii) illustration shows post-
metal deposition structure (metal thickness of t) with varying vertical
gap size. (h) Position of the resultant colours on CIE 1931 XY colour
space produced due to variation in periodicities and lengths of the
nanorods. Namely, the black, blue, red dots indicate the colour posi-
tions in the CIE space obtained by varying [ from 75-150 nm, and P, =
100, 200, 300 nm respectively.

block of the MIM plasmonic pixel to be considered here is
shown in Fig. 1. The structure comprises Ag nanorods with
length varying from [ = 75-150 nm and fixed width w = 50 nm,
sitting above an aperture in a continuous Ag film with the same
transverse dimensions. The nanoparticle is supported by the
surrounding dielectric. The vertical gap, g between the particle
and the metal film is determined by the imprint depth which, in
turn, depends on the details of the resist filling process. The
particles are arranged in a rectangular lattice with a fixed peri-
odicity in the y-direction, P, = 300 nm, while the periodicity in
the x-direction, P, is varied from 100-300 nm. The thickness of
the particle and metal film is fixed at ¢t = 50 nm. By varying the
length, [ and pitch size, P, of the structure, this generates not
only plasmonic colour variations arising from tailored trans-
verse feature sizes but also from the uneven vertical gap size
across the imprinted structure resulting from variations in
filling rate. Although the ability to vary the gap size of the
structure in a single imprint with a simple binary mould is
useful in some applications such as the surface colouration

This journal is © The Royal Society of Chemistry 2020
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discussed here, this can be problematic in other applications.
We, therefore, suggest a simple solution to avoid gap size vari-
ation in the sample by introducing a complementary micro-
cavity mesh into the original mould architecture permitting
filling-rate compensation in different pattern densities result-
ing in an almost constant gap size and thus the resonance
wavelength.

2 Results and discussion

The plasmonic surface fabrication process involves three major
stages with details provided in the Experimental section. Firstly,
a silicon (Si) master mould is fabricated using electron beam
lithography (EBL) for patterning on a Si wafer and further
etched using reactive ion etching (RIE), producing arrays of
rectangular nanoprotrusions of constant height across the
mould. To produce a variation in the colour of the light reflected
from the final plasmonic structure, both the length, I of the
nanoprotrusions and the array periodicity in the x-direction, P,
are tailored, thus creating a multidensity pattern on the mould
(Fig. 2(a)). The fabrication of the mould using EBL is a ‘one-off’
process and the silicon mould can be cleaned and reused in
multiple nanoimprinting processes. The second stage involve
pattern replication using the UV-assisted nanoimprint lithog-
raphy (UV-NIL) whereby the master mould is embossed onto
a UV resist-coated glass substrate (Fig. 2(b)). The resist is cured
under UV exposure while the pressure is maintained. This
creates a negative of the mould with an imprint depth, #; that is
a function of not only the height of the nanoprotrusions and the
selected NIL parameters, but also the pattern density which
affects the resist filling during the process. To complete the
device fabrication, the replicated pattern was then coated with
thin layer of silver (Ag) using electron beam evaporation,
producing a nanoantenna array and its complementary perfo-
rated film (Fig. 2(c)).

SEM images in Fig. 3 show the nanocavities on the imprinted
sample (a-c) with varying lengths and periodicities. The
morphology of the final fabricated structures are in very good
agreement with their transverse counterparts on the mould,
depicting excellent fidelity of the pattern replication (also refer
Fig. S17). Insets in Fig. 3(a-c) show white light optical micro-
scope images taken in reflection of devices after metal coating.
A variation in resulting colour is apparent. Cross-sectional
images in Fig. 3(d-f) reveal that increasing the periodicity
leads to a larger imprint depth, %; during the imprint process.
This results in a shift in the resonance wavelength and, hence,
the colour of the final structure even if other parameters are
held fixed. The variation in imprint depth (and the resulting
value of g, where g = h; — ¢) is mainly affected by the nanofluidic
channelling behaviour of the resist during the NIL process.>**"%¢
There are two major factors that influence the nanofluidic
dynamics of the resist: (i) the architecture of the mould and (ii)
the physical properties of the resist. For a given resist, the
details of the mould architecture can be used to tune the
behaviour of the gap size across the imprinted structure. Our
results show that the film-nanoantenna vertical gap size, g has
an approximately linear relationship to the periodicity, P, as

Nanoscale Adv., 2020, 2, 2177-2184 | 2179
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Fig. 4 (a—c) Measured reflectance plot as function of periodicity, Py
and vertical gap size, g for fixed length of nanorod [ = 120, 85 and
75 nm respectively. Dashed line indicate blue-shift of the resonance
wavelength (dipole mode). Insets shows the corresponding colours for
each dimensions while colours in black boxes refers to cyan, magenta,
yellow and black (CMYK) colours. (d) Plot shows relation between
periodicities, P,, vertical gap size, g (obtained from linear relation
shown in Fig. 3(g)) and resonance wavelengths, A..s (dipole mode) for
nanorod of length of 85 nm. Insets are the charge density distribution
diagram depicting resonance mode and plasmonic coupling strength
at (i) shorter and (i) longer periodicity; and (iii) shorter and (iv) longer
gap sizes.

depicted in the plot in Fig. 3(g) (see also Table S17 for detailed
analysis of the line fitting). Inset (i) in Fig. 3(g) shows the cavity-
filling mechanism of the resist during imprinting, where the
dynamics of the liquid phase resist depend on the contact
forces between the mould and resist. Contact force is expressed
as the combination of external and capillary forces:**

2v cos §

Pcomact = Pextema] + Pcapillary where Pcapi]lary = 3

1)
where v is the surface tension,  is the contact angle between
the resist and the mould sidewall and s is the size of the cavity
into which resist can flow, in this case, to P, — w.

For a feature-rich mould composed of various cavity sizes,
the resist filling rate can vary greatly across the mould due to the
non-uniform distribution of contact force.** The pitch size of
the nanostructures influences the volume of cavity to be filled
by the resist (inset (i) Fig. 3()). As the pattern density increases
(decreasing periodicities), the resist fills a smaller cavity volume
at a slower rate due to the higher viscous resistance, according
to the Poiseuille law.*” This produces a shallower imprint depth,
h; leading to a smaller film/nanorod gap size, g after metalli-
zation as illustrated in inset (ii) of Fig. 3(g). The change in the
length of the nanostructure however, introduce a relatively
smaller change in the cavity size thus results in a minimum
variation to the imprint depths a shown in Fig. S2.7 The results
of a repeatability test with imprint results given in Fig. S37
indicate that the process is capable of reproducing the same
colour palette even after multiple imprints. It also demonstrates
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that colour variations are not due to random defects occurring
during the imprint process. The experimental results exhibit
a wide colour coverage in the CIE 1931 XY colour space gener-
ated by varying length () and periodicity (P,) and subsequent
vertical gap size, g as shown in Fig. 3(h).

Fig. 4(a-c) show experimentally-obtained two-dimensional
reflectance spectra acquired from selected plasmonic pixels
with varying periodicity, P, and vertical gap size, g, at three
nanoparticle lengths ie. [ = 120 nm, 85 nm and 75 nm
respectively. The measured reflectance exhibits two minima at
shorter and longer wavelengths. For each nanoparticle size,
these resonance wavelengths can be tuned by varying the peri-
odicity parallel to the short-axis of the nanorods, P, and the
associated gap size g. To further understand features in the
reflectance spectrum, Finite Element Method (FEM) simula-
tions were performed where the periodicity, the length and
vertical gap size of the structure were varied as in the experi-
ments where the geometry was obtained from SEM images. The
simulated 2D reflectance plots as a function of periodicity in
Fig. S41 shows comparable trends in the location of features in
the reflectance spectrum (depicted by the dashed lines) as ob-
tained in experiments (Fig. 4(a-c)). The simulations show that
for structures with periodicities less than 220 nm, the resonance
due to the plasmonic coupling between adjacent nano-
antennas® results in the excitation of a higher-order resonance
(a quadrupole mode) as depicted by the charge density distri-
bution (inset (i) in Fig. 4(d)). This is accompanied by the
appearance of an additional resonance, a quadrupole mode, at
a shorter wavelength. At larger periodicities (P, = 220 nm), the
coupling strength between neighbouring nanoantennas
becomes weaker as the separation increases (inset (ii) in
Fig. 4(d)). This leaves only the lower-order dipole mode that
resonates at longer wavelengths. On the other hand, previous
work" has shown that when the ‘floating’ nanoantenna is
located at the optimal distance from the metal film, (equal to
(2m + 1)A/4, where m is an integer and 2 is wavelength in the
medium) the resulting structure exhibits the strongest reso-
nance (inset (iii) in Fig. 4(d)). A slight increase in the gap size
between the nanoantenna and the film within the near-field
distance therefore significantly blue-shifts the wavelength of
the dipole mode as a result of weaker plasmonic coupling
between film and nanoantenna as depicted in inset (iv) in
Fig. 4(d). Simulations assuming a structure with a fixed vetical
gap size shown in Fig. S5,f however, show either no shift or
a red-shift of the dipole mode thus confirming that the blue-
shift in resonance wavelengths shown in Fig. 4(a-c) is due to
increasing vertical gap size, g.

Optical images in the insets of Fig. 4(a-c) show colours of
various hue and saturation seen in reflection from the structure
with varying transverse and vertical dimensions. Here, we have
demonstrated that by optimising the length and the vertical gap
size via tailoring the particle spacing, we were able to produce
cyan, magenta, yellow and black (CMYK) fundamental colours
(colours in black boxes in inset of Fig. 4(a—c)). The colouration is
strongly dependent on the excitation of the quadrupole and
dipole mode of the structure. For example, both cyan (inset
Fig. 4(a)) and magenta (inset Fig. 4(b)) colours were produced by

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Bright-field optical micrograph of the colour palettes generated from the nanoimprinted samples under linearly polarised light with
direction (a) parallel and (b) perpendicular to the long-axis of the nanorods. Structures in the red boxes have varying length, [ and fixed periodicity,
P, = 300 nm, while structures in the black box have varying periodicities, P, and fixed length, { = 100 nm. Scale bar refer to 0.4 mm. Corre-
sponding reflectance spectra obtained from experiment and simulation of nanorod with fixed P, = 300 nm and [ = 75-150 nm under polarization
direction (c and d) parallel and (e and f) perpendicular to the long-axis of the rod (insets) respectively. The width, w is fixed at 50 nm.

adjusting the length of the nanorod to 120 nm (cyan) and 85 nm
(magenta), while the periodicity was fixed at 300 nm and the
vertical gap size at 85 nm. Decreasing the periodicity, P,
however, results in a change in the saturation and hue of the
reflected colour due to a blue-shift of the dipole mode reso-
nance and the broadband absorption contributed by both
dipole and quadrupole mode. A yellow plasmonic pixel (inset
Fig. 4(c)) was composed of nanorods with a length, / = 75 nm,
periodicity, P, = 180 nm and vertical gap size, g = 39 nm.
Similarly, by simply reducing the periodicity, P, and vertical gap
size, g to 100 nm and 15 nm respectively, while maintaining the
nanorod length at 75 nm, results in broadband absorption
resulting from the excitation of both modes thus producing
‘black’ (inset Fig. 4(c)). The plot in Fig. 4(d) shows the resonance
wavelength (dipole mode) as function of periodicity, P,, vertical
gap size, g (obtained from the straight line fit of Fig. 3(g)) for
devices with nanorods of length, / = 85 nm. The plot indicate
that the resonance wavelength (dipole mode) is blue-shifted
when the periodicity and vertical gap

size increases.

This journal is © The Royal Society of Chemistry 2020

Discrepancies between the measured and simulated reflectance
spectra may be due to the presence of the metal deposited on
the sidewalls.**** This appearance of these artefacts could be
minimized by producing nanocavities with more ideally rect-
angular profiles which is a challenge when using NIL. Some
sidewall deposition should be expected as a result of the trap-
ezoidal geometry of the nanocavities and the surface chemistry
between the metal and the polymer resist film.** In specific
applications, balancing performance and scalability requires
accommodating these defects in the design process. On the
other hand, increasing the length of the rods results in a red-
shift of the resonance wavelength as indicated by the position
of the dashed line in Fig. 4(a—c) (see also Fig. 5(c and d)). Our
approach, therefore, permits fine tuning of the position of the
resonance wavelengths to produce a broad colour palette
enabled by varying the transverse and vertical dimension.
Optical images obtained in reflection with a bright field
microscope and accompanying reflectance spectra were ob-
tained across a range of pixel geometries to investigate their

Nanoscale Adv., 2020, 2, 2177-2184 | 2181
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Fig. 6 (a) Schematic shows resist dynamics during imprinting utilising
mould with additional microcavity. (b) SEM image shows top-view of
the mould design with additional microcavity mesh superimposed on
the original pattern. Scale bar refers to 0.1 mm. Cross-sectional images
reveals the imprint depth of (c) h =80.5nm, (d) h =83.5nmand (e) h =
85.0 nm for structure with periodicities, P, of 100 nm, 200 nm and
300 nm. (f) The measured reflectance of the colours fabricated using
design without microcavity (dotted line) and with microcavity (solid
line), for nanorod with length of { = 100 nm and lattice periodicities of
P, =100, 200, 300 nm.

optical response. Fig. 5 shows optical micrographs of the entire
colour palette with an imprinted area of 0.6 x 0.4 cm? obtained
when the structure was illuminated with linearly polarized light
with electric field either parallel (Fig. 5(a)), or perpendicular to
the long-axis (Fig. 5(b)), of the nanorods. The columns of the
palettes correspond to changes in length, /, ranging from 75 nm
to 150 nm in 5 nm increments, while the rows represent
different periodicities, Py, ranging from 100 nm to 300 nm in
20 nm increments. The colours are clearly sensitive to the
direction of polarisation due to the asymmetric shape of the
nanorod. Colour variations were quantified by experimental
reflection spectra obtained for nanorods with varying lengths, [
but fixed periodicity, P, = 300 nm (red box). Since the structures
in the red box have the same periodicity they also have
approximately the same vertical gap size, g = 85 nm (refer
Fig. 3(f)). The measured reflectance spectra in Fig. 5(c) shows
that when the direction of polarisation is parallel to the long-
axis of the rod, the resonance red-shifts as the length
increases from 75 nm to 150 nm creating distinct colour
changes. For example, a pixel appears magenta when the
nanorod has a length of 80 nm, but cyan when the length is
130 nm (red box in Fig. 5(a)). Using the measured gap size ob-
tained from fabricated devices, the simulated spectra also show
comparable trends in the corresponding measured spectra as [
increases (Fig. 5(d)), consistent with the trend observed else-
where.”"? In comparison, the resonance shift resulting from the
change in periodicity shown previously in Fig. 4 resulted in
a significant impact on the associated plasmonic colouration as
can be seen in the colour variations in the black box of Fig. 5(a).
In contrast to the case where the polarization is parallel to the
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long axis of the nanorods, the colours obtained for the
orthogonal polarization show minimal variation with length as
the width, w, was held fixed at 50 nm (red box in Fig. 5(b)). The
measured reflectance spectra in Fig. 5(e) confirm that the
position of the resonance minima barely changes as the length
of the rods is increased. The simulated results in Fig. 5(e) are
also in good agreement with the measured spectra.

Although we have demonstrated that a variable imprint
depth provides an additional degree of freedom in creating
plasmonic colouration, in many applications this can be
undesirable. Several approaches have been proposed to reduce
the global variation of imprint depth such as increasing the
applied pressure,*” increasing the imprinting time,*>* intro-
ducing additional microcavities or protrusions in proximity to
the original design® and utilising a cavity-equalized mould.** To
address this issue, we propose the addition of a novel mesh-like
microcavity architecture to the multi-density mould to facilitate
resist flow. The structure considered here has microcavities
with a width, s;icro = 5 pm and periodicity of 25 pm (schematic
shown in Fig. 6(a)). The additional microcavities promote
a more uniform distribution of resist by aiding the long-range
transport of resist over various pattern densities.** At the
same time, the resist travels locally into the microstructure to
assist cavity filling into the nanostructure in order to compen-
sate and stabilise the filling rate as depicted in Fig. 6(a).*' This
permits an almost constant resist filling rate over the sample
producing a consistent imprint depth and resulting gap size in
the final structure. Fig. 6(b) shows the top-view of the mould
with mesh-like cavities, dividing the pixel into sub-pixels. Cross-
sectional images in Fig. 6(c-e) reveal that cavities with almost
the same imprint depth were produced regardless of the size of
the lattice period through the use of this strategy. Fig. 6(f) shows
the measured reflectance from the metallized nanoimprinted
plasmonic pixels using the mould without (dotted lines) and
with the microcavity mesh (solid lines), for nanorods with
lattice periodicities, P, = 100 nm, 200 nm and 300 nm. As seen
previously, the reflectance spectra exhibits a significant shift in
the resonance minimum with increasing periodicity in the
absence of the microcavities. In contrast, the spectra in Fig. 6(f)
show no obvious resonance shift with additional microcavities
since the gap (Fig. 6(e)) has a constant size. There is, however,
a reduction in the depth of the reflectance minima as the
periodicity increases due to a decrease in structure density.
Ongoing work is aimed at optimizing the mesh to ensure
uniform print depth while maximising particle density. Our
results show that the mesh-like sub-pixel design is not only
applicable to the generation of plasmonic colouration but can
useful for other NIL processes to control imprint depths when
utilizing a mould with a pattern of various densities.

3 Conclusions

In conclusion, we demonstrate control over plasmonic coupling
between film and nanoantenna using a specifically designed
two-step NIL mould in a single print to produce wide-gamut
plasmonic colouration. Our process is repeatable and shows
that the coupling distance can be tailored by tuning the cavity

This journal is © The Royal Society of Chemistry 2020
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volume of the mould. In the case where the array pitch affects
the vertical gap size between the film and the nanorod, our
results show that the resonance is not only sensitive to the
length of the nanorods but also to the periodicity, P, of the
arrays and the corresponding coupling distance i.e. vertical gap
size, thus producing wide-gamut polarization-dependent plas-
monic colour palettes. Alternatively, in the case where addi-
tional mesh-like microcavities are introduced adjacent to each
subpixel, the filling rate of the resist throughout the sample is
compensated regardless of pattern density. Consequently, there
was no observable variation in the size of the gap between the
top particle and bottom metal layer across the sample, and the
resulting colour remains almost constant with periodicity. Our
results demonstrate a novel approach to tailoring the resist
filling mechanisms in multi-density moulds during NIL
processes. This is particularly important for production of
plasmonic devices which require nanoscale precision across
surfaces orders of magnitude larger. From a fabrication point-
of-view introducing a microcavity structure into the mould,
suggests a simple solution to a longstanding issue in NIL.
Future work involves an investigation of how the depth can be
controllably varied across the pattern by modifying the
compensating mesh across the mould and optimizing the
relationship between the mesh design and colour brightness.

4 Experimental
4.1 Master mould fabrication

Rectangular nanoprotrusions of 160 nm height with varying
length (/) from 75 nm to 150 nm and periodicity in x direction
(P,) from 100 nm to 300 nm were fabricated on the surface of
a polished 4-inch Si master wafer using electron beam lithog-
raphy (EBL), using 110 nm thick PMMA A4 film (MicroChem) as
a positive resist. After exposure and development, 50 nm of Al
was deposited as a masking layer for the etching process using
deep reactive ion etching (DRIE). Post-etching process produces
160 nm height nanoprotrusions. The wafer was then cleaved
into 2 cm smaller piece to match the size of the substrate.

4.2 Sample fabrication

The UV curable resist was spun coated on the glass substrates at
1000 rpm. A 100 nm thick of underlayer resist (NXR-3023,
Nanonex) was spun-coated onto the surface of cleanroom
grade glass slides as an adhesion layer before soft-baked at
temperature of 160 °C for 3 minutes to let the solvent evaporate.
The UV curable resist (NXR-2030, Nanonex) was then spin-
coated twice, layer-by-layer, producing an approximately
200 nm thick film. Prior to the nanoimprinting process, the
mould was deposited via vapor phase deposition with a layer of
trichlorosilane layer as an anti-adhesive layer. The pattern
replication was performed using the NX B200 NIL tool from
Nanonex. The mould was pressed on the glass substrate by air
cushions at a pressure of 50 psi for 3 minutes. The resist was
then cured under UV exposure for 40 seconds. The demoulding
process was performed manually using a razor blade. The
imprinted samples were subsequently deposited with 2 nm of
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Ge as adhesion layer and 50 nm of Ag film using electron beam

evaporation at a rate of 0.05 nm s~ .

4.3 Characterization

The FIB-SEM images shown in Fig. 4 and 5, were obtained with
a FEI Helios NanoLab 600 Dual BeamSystem. Firstly, a 400 nm
layer of platinum (Pt) was deposited on the structures to protect
the soft surface and increase the conductivity. A low electron
current at 43 pA was used for SEM imaging through the whole
process. FIB milling was performed at 52° stage tilt (perpen-
dicular to the ion beam). Both standard cross-section and
cleaning cross-section with Ga ions were used for patterning.
Subsequently, the cross-section SEM images were taken at 52°
stage tilt.

4.4 Optical measurements

Optical image of the patterned surfaces were obtained using
a Nikon N1 camera attached to an optical microscope (Olympus
BX60). A rotating linear polarizer located in the path of the light
source was used select the linear polarization state thus
showing the colour switch with direction of polarization. The
reflectance spectra were obtained with a custom built optical
cage setup. A broadband halogen lamp (HL-2000-FHSA, Mik-
ropack) was used as a light source. Unpolarized light passed
through the first objective lens with NA = 0.15 (10x UPlan,
Nikon) and the calcite linear polarizer (GTH5M, Thorlabs),
producing a collimated and linearly polarized light beam. The
polarized light passed through the second objective lens of NA
= 0.5 (20x UPlanFl, Nikon) before illuminating the sample. The
light reflected from the sample was split by the first and second
50/50 non-polarising beam splitter cubes (CCM1-BS013, Thor-
labs) to a USB CMOS camera (DCC1645C, Thorlabs) and cali-
brated spectrometer (QE6500, Ocean Optics Inc.). Reflectance
spectra were obtained from the nanoparticle side of the
resulting structures to optically characterise the samples.

4.5 Simulations

The three-dimensional simulations of nanostructure models
shown in this work were performed using the Finite Element
Method (FEM) implemented in the Wave Optics module of
COMSOL Multiphysics 5.4. Periodic boundary conditions were
used on the sides of the unit cell. The material data for Ag was
obtained from ref. 32 by Rakic et al. A mesh with maximum
element size of 15 nm was used in detailed areas such as the
nanorods and nanoaperture. Reflectance spectra were calcu-
lated using normal incidence port excitation of a plane wave
linearly polarized either parallel or perpendicular to the long-
axis of the rods and the reflectance calculated from the S-
parameter |Sy;|*. Another port on the rear surface of the model
prevented reflections back into the model. The refractive index
of the resist and glass were both assumed to be n = 1.45.
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