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Toward Multispectral Imaging with Colloidal

Metasurface Pixels

Jon W. Stewart, Gleb M. Akselrod, David R. Smith, and Maiken H. Mikkelsen*

Multispectral infrared (IR) imaging, an amalgamation of
imaging and spectroscopy, is a critical tool for chemical and
thermal sensing applications such as monitoring environmental
pollutants,l!l detecting cancerous tissues,? and inspecting
produce.B! Despite the potential impact of multispectral tech-
nologies, its widespread usage has been significantly hindered
by the complex scanning optical systems required. A prom-
ising approach to bypass this issue is to replace the scanning
optical systems with multispectral focal plane arrays, composed
of spectrally selective pixels.*7] However, the poor spectral
selectivity of naturally occurring materials beyond the visible
spectrum makes the fabrication of spectrally selective pixels
exceedingly challenging.®l Recently, metasurfaces consisting
of subwavelength plasmonic resonators have demonstrated
strong and spectrally selective absorption in the shortwave IR
wavelengths,[®8-1% promising for the realization of multispec-
tral optoelectronics. However, to date plasmonic pixels or meta-
surfaces have been unable to simultaneously achieve narrow
spectral selectivity, strong absorption, and scalable fabrication
in the visible to near IR regimes. Here we demonstrate meta-
surface pixels exhibiting greater than 85% absorption and
=100 nm spectral widths by patterning plasmonic resonators in
micrometer-scale pixels using a fusion of bottom-up and top-
down fabrication techniques over wafer-scale areas. The plas-
monic resonators, tuned from 580 to 1125 nm, are composed
of colloidally synthesized silver nanocubes separated from a
gold film with a 4-10 nm spacer layer. To display the capability
of this technique, we fabricate a multispectral metasurface pixel
array consisting of six resonances and reconstruct a red, green,
and blue (RGB) image with a combinatorial pixel scheme exhib-
iting 9261 color combinations.

Current plasmonic pixels in the visible to near IR regime
have exhibited wide spectral ranges, nonfading colors, and have
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been demonstrated for a diverse set of applications ranging
from photodetection to color printing.'-2°! However, the plas-
monic resonators in this wavelength range have either poor
absorption performance or broad spectral features due to their
low quality factors, inherently limiting their applicability. Thus,
plasmonic resonators with high absorption quality factors are
desired to enable the construction of absorptive plasmonic
pixels with narrower spectral features ideal for multispectral
optoelectronic devices. A promising subwavelength element
for constructing strongly absorbing, spectrally narrow pixels
is the gap-plasmon resonatorl!>14-17.19-24 due to its high field
enhancements, 239 strong resonant modes,?!32 and large
electric and magnetic responsivities.}33% More specifically,
plasmonic metasurfaces constructed with large surface area
gap-plasmon resonators have shown many attractive optical
properties including perfect absorption,®33="l strong spectral
selectivity,”! and tunability anywhere from the ultraviolet (UV)
to IR spectrum.[1%38 Thus, these metasurfaces are ideal candi-
dates for integration into multispectral photodetectors, displays,
and other optoelectronic devices.

The creation of multispectral optoelectronic devices based
on plasmonic metasurfaces is contingent upon a fabrication
method providing full control on multiple length scales. First,
the plasmonic gap needs to be fabricated with nanometer accu-
racies in order to consistently control the plasmon resonance.
Second, the subwavelength plasmonic resonators must be
arranged spatially to form an impedance matched metasur-
face, resulting in perfect absorption on resonance. Third, these
metasurfaces must be patterned on the micrometer scale into
individual pixels forming multispectral arrays and finally the
pixels must be patterned over wafer-scale areas to allow the fab-
rication of large-scale devices. To date, such plasmonic devices
have yet to be demonstrated due to the lack of suitable fabri-
cation methods with these multiscale properties. Traditional
fabrication approaches, such as electron beam lithography or
focused ion beam milling, can only achieve patterning resolu-
tions on the order of tens of nanometers!>!1-13172223] and are
not feasible for high-volume fabrication due to the slow write
speeds and high cost. Other promising techniques for large-
scale fabrication such as imprint lithography,>3-161l shadow
evaporation,?3># among other approaches*’* have dem-
onstrated control of plasmonic resonators down to 10 nm
over large areas but lack single nanometer precision and may
introduce other fabrication difficulties, e.g., associated with the
incorporation of active materials into the plasmonic cavity. To
bypass the limitations of these fabrication techniques, resona-
tors can be fabricated through bottom-up colloidal assembly of
film-coupled metallic nanoparticles, where the nanoparticles
can be either cubes,’”] platelets,** disks,*¥ or other geom-
etries.36#401 The accuracy of these vertically oriented gaps
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depend upon the precision of the thin film deposition which
can readily achieve subnanometer accuracies. On top of this,
these vertical resonators can integrate a wide variety of mate-
rials in the gaps such as quantum dots,*’] 2D materials,*8l
organic dyes,*l and other materials deposited with atomic layer
deposition.P% The primary drawback of bottom-up assembly
methods is that the spatial patterning of the metasurfaces into
individual pixels cannot be controlled as needed for multispec-
tral devices.

Here we demonstrate the creation of spectrally selective,
highly absorbing metasurface pixels using a multiscale fabrica-
tion approach. This fabrication method utilizes a combination
of bottom-up colloidal assembly to form the individual resona-
tors and top-down photolithography to define the deposition of
metasurfaces into multispectral patterns over multiple length
scales. The only steps required for this process are dip coating,
photolithography, and colloidal synthesis, which inherently
make this fabrication method appealing for large-scale device
fabrication. Leveraging this fabrication technique, two struc-
tures were fabricated demonstrating the unique capabilities of
this plasmonic system. First, a wafer-scale multispectral metas-
urface pixel array was fabricated with six different resonances
spanning from 580 to 1125 nm. Second, an RGB image was
reconstructed in the near-IR with combinatorial metasurface
pixels that achieve 9261 different color combinations.

The plasmonic metasurfaces are formed from colloidally
synthesized metal nanocubes deposited on top of a metal film
and separated by a polymer spacer with nanometer accuracies
as shown in Figure 1. There are several appealing nanoscale
properties of this plasmonic architecture. First, the plasmon
resonance between the metal nanocubes and the film can be
precisely controlled by varying the thickness of the gap layer,
d, and the cube size, L, enabling the resonance to be tuned
anywhere from 580 to 1420 nm.”] Second, the gap size can be
precisely maintained for individual particles across arbitrarily
large samples through uniform coating techniques such as dip
coating or atomic layer deposition. Furthermore, the effective
properties of the surface can be tuned by varying the density of
the nanocubes or by utilizing other plasmonic materials such
as aluminum or silver.

A summary of the fabrication steps used to create the multi-
spectral metasurfaces is illustrated in Figure 1, where the
process utilizes colloidally synthesized silver nanocubes, layer-
by-layer deposition of polyelectrolytes (PEs), and repeated
lift-oft photolithography. Initially, a gold film is evaporated on a
silicon substrate (i) followed by spin coating of a negative photo-
resist (ii). Next, a photomask is used to determine the nano-
cube deposition area by exposing (iii) and developing (iv) the
photoresist. A nanoscale spacer layer is then deposited using
layer-by-layer dip coating of alternating PE layers composed
of a positively charged poly(allylamine) hydrochloride (PAH)
polymer and a negatively charged polystyrene sulfonate (PSS)
polymer with layers of =1 nm thickness (v).’! Next, the substrate
is incubated in a solution of nanocubes (vi), where the nanocube
stabilizer coating is polyvinylpyrrolidone (PVP), a negatively
charged polymer, which facilitates the nanocubes to electrostati-
cally adhere to the positively charged PE layer. The final film-
nanocube separation distance is the sum of the PE layers and
the 3 nm stabilizer coating. The silver nanocubes themselves
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Figure 1. Fabrication procedure. Diagram illustrating the fabrication
steps used to create multiple different self-assembled metasurface pixels
on a single substrate. On the top right is a schematic of a single subwave-
length absorber consisting of a silver nanocube separated from a gold
substrate with a 4-10 nm polymer spacer layer.

are colloidally synthesized following a well-established pro-
cess.’>>3 Lastly (vii), the photoresist is removed, leaving nano-
cubes only in the defined regions. The reflection spectra of the
metasurfaces are essentially unaffected by the solvents used for
the liftoff process as demonstrated in Figure S4 (Supporting
Information). This fabrication process can be utilized to pattern
any number of different nanocube resonances created with dif-
ferent gap thicknesses and nanocube sizes across large-scales
by repeating the process starting with step (ii). The final result
of this process is a sample with film-coupled plasmonic resona-
tors with nanometer gap precisions, patterned into micrometer-
scale pixels via photolithography over wafer-scale areas. This
fabrication method can be extended to high-volume fabrication
by automating the photolithography process with commercially
available machines and by dip coating many substrates in par-
allel in polymer and nanocube baths.

Utilizing this method, a multispectral pixel array with six
different metasurface resonances was patterned as illustrated
in Figure 2. A photomask that consisted of 20 um x 20 um
squares determined the locations of the nanocube deposition
and the fabrication steps depicted in Figure 1 were repeated for
each resonance. Resonances were chosen to vary from 580 to
1125 nm by using three different gap thicknesses, d, and three
different sizes of nanocubes, L (Figure 2b). The scanning elec-
tron microscope (SEM) image in Figure 2a shows the uniform
patterning of the multispectral pixel array over a small region
of the full sample which covers a 1 cm x 1 cm area. The basic
pixel unit of this structure is shown in Figure 2b where the
cube sizes and gap thicknesses for each pixel are also indicated.
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Figure 2. Multispectral pixel array. a) SEM image of multiple pixels showing the uniformity of patterning. b) SEM image of a single pixel labeled
according to their corresponding spectrums. The nanocube size, L, and the gap thickness, d, are labeled for each resonance. c) SEM image of the
uniform distribution of cubes within the 20 um x 20 um squares. d) Angled SEM image showing silver nanocubes (L = 75 nm) on a gold substrate.
e) Spectrum of six different plasmonic resonances across the visible to near infrared patterned on a single substrate.

The SEM image in Figure 2c shows that the metasurfaces are
composed of an ensemble of randomly oriented nanocubes
which also can be seen in an angled SEM in Figure 2d. The
spectral response of each individual resonance was measured
with a spectrometer with an integrated spot size of 5 um in
diameter and is shown in Figure 2e.

By fitting the spectra of each metasurface with a Lorentzian
lineshape, the highest quality factors were determined to be 8.7
for the 580 nm resonant pixel and 6.3 for the 720 nm pixel. An
analysis of the SEM image in Figure 2c reveals that 88% of the
particles in the 720 nm metasurface were cubes with a £6 nm
size distribution as shown in Table S1 (Supporting Informa-
tion). Figure S6 and Table S1 (Supporting Information) dis-
play the analysis results for the other metasurface pixels. The
residual particles in the size distribution statistics are either
clustered nanocubes, pyramids, rods, or other shapes. A peak
absorption upward of 85% on resonance was achieved for each
patterned metasurface. In this sample, the highest absorp-
tion peak of 90% occurs for the 720 nm resonance, which had
the highest nanocube fraction of 88% with a £6 nm size dis-
tribution that filled 16.1% of the surface area. The nanocube
absorbers have previously demonstrated absorptions up to
99.7% at normal incidence and absorptions above 95% out
to 50° angles of incidence using a solution consisting of 91%
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nanocubes with a £6 nm size distribution that filled 19.2% of
the surface area.’”) The smaller peak absorptions observed in
this work might be due to residual photoresist on the gold sur-
face or interference of the photoresist walls with nanocube dif-
fusion and adhesion causing the lower fill fractions exhibited
here. While these factors potentially weaken the absorption per-
formance of the metasurfaces, the performance could likely be
improved with commercial photoresists or filtering the nano-
cube solutions to remove undesired larger particles.

Taking advantage of this multiscale fabrication technique,
a second structure was designed that could reconstruct an
arbitrary macroscopic RGB image through the use of combi-
natorial plasmonic pixels as depicted in Figure 3. Earlier plas-
monic image reconstruction techniques have typically relied
upon small variations in the plasmonic resonator to create up to
100 different colors with spatial resolutions up to =100 000 dots
per inch (dpi).'!-18202123-25] Several recent approaches have
demonstrated the capability of combinatorial plasmonic pixels
to achieve a higher number of colors.'>??l The multiscale fabri-
cation technique presented here is uniquely suited to the crea-
tion of large-area plasmonic images reconstructed through the
combination of multiple elemental colors with different inten-
sities such as in RGB displays. The upper limit on the amount
of colors is determined by the desired dpi and the accuracy with
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Figure 3. Nanocube RGB pixel structure. a) Diagram of the pixel unit cell used to reconstruct an RGB image with the nanocube absorbers. The inten-
sity of each color is tuned by varying the length of the rectangles in 2 um increments. b) SEM image depicting actual pixels of the reconstructed RGB
image. c) SEM image showing pixels with varying rectangle lengths along edge of parakeet head. d) SEM image of the parakeet head. e) Spectrum of
three different colors used to reconstruct the RGB image. f) Images of pixels taken with £10 nm bandpass filters around each resonance.

which the metasurfaces can be patterned. Here, each “RGB”
pixel is mapped to a 45 um x 45 um square where the pixel
color is changed by varying the length of a rectangular-shaped
subpixel metasurface as depicted in Figure 3a. With 2 pm vari-
ations in length and a maximum length of 40 um, each plas-
monic subpixel can achieve 21 different absorption intensities
for each color corresponding to 1% variations in the absorption
of the R, G, or B channels which is easily measurable on com-
mercial spectrometers. Thus with the 2 um variations, this pixel
scheme is readily capable of creating 9261 color combinations
at a resolution of 560 dpi. An SEM image in Figure 3b shows
pixels with varying “RGB” sizes that were fabricated. With this
reconstruction method, each “RGB” channel can be mapped to
any color between 570 and 1420 nm. In this specific case, the
R channel was mapped to 810 nm, the G channel was mapped
to 720 nm, and the B channel was mapped to 570 nm as shown
in the spectrum of Figure 3e. Normalized microscope images
of pixels were taken with +10 nm bandpass filters around each
resonance, shown in Figure 3f. The strong selectivity of the
bandpass filters on the metasurfaces can be seen in the micro-
scope images where the on-resonant pixels appear black.

An RGB image of a rainbow lorikeet was chosen to be recon-
structed with the nanocube absorbers (Figure 4) and the image
was down sampled from 256 intensities to the 21 intensities
possible with the reconstruction method described above. Each
pixel was then converted into three photomasks for the three
different nanocube resonances needed. An SEM image demon-
strating the variation of pixels along the edge of the lorikeet head
is shown in Figure 3d. A macroscale SEM image in Figure 3c
clearly shows how the lorikeet head is composed of individual
three-color pixels. The sample was imaged with a custom built
imaging system, in a white light reflection mode. The same
bandpass filters used for Figure 3d were installed in front of
the charge-coupled device (CCD) camera, and the images were
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normalized for each different filter. Figure 4a shows images
of the lorikeet in the separate color channels, with the images
shown in false RGB color. The reconstructed image of the lori-
keet head is shown in false color in Figure 4c with all three
color channels. The image was reconstructed by resizing and
superimposing the images to account for chromatic aberrations
in the imaging system. The aliasing of the images is a result of
slightly oversampling the image to where the individual pixel
structures could be resolved. The original down-sampled image
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Figure 4. Reconstructed RGB image. a) Absorption images at the three
different resonances taken with same bandpass filters as in Figure 3f.
b) Original down-sampled image used to create the photomasks. c) The
final reconstructed image from the three different absorption images.
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is shown for comparison in Figure 4b. The red hue is observed
to be less vibrant in the reconstructed metasurface image com-
pared to the original, which is likely due to a slight degradation
of the sample that occurred between fabrication and measure-
ment. Typically, the PVP coating around the silver nanocubes
protects them from oxidation for up to a week; however, the
acetone liftoff used in the fabrication process affected the PVP
coating resulting in faster degradation such as in the red pixels.
The spectral effects of further oxidation on the sample can be
seen in Figure S5 (Supporting Information). However, this
image reconstruction is a clear visual demonstration of the pre-
cision with which the nanocube absorbers can be patterned on
a macroscopic scale, with much finer features possible, limited
only by the photolithography resolution.

This work demonstrated the creation of a large-scale
multispectral metasurface pixel array and the reconstruction of
a detailed macroscopic image through the use of a hybrid top-
down, bottom-up fabrication approach. The resonance of the
film-coupled resonators could be extended beyond the near-IR
by utilizing colloidal nanocubes larger than 150 nmP* or other
large faceted nanoparticles. The patterning resolution could
be significantly improved through the use of deep-UV lithog-
raphyP! promising for diffraction-limited plasmonic structures.
Furthermore, the integration of bolometer-based photodetec-
tion schemes with the multispectral metasurface pixel arrays
demonstrated here may be promising for the construction of
multispectral image sensors. Similarly, semiconductor thin
films could be inserted into the gap region of this nanocube
structure to capture the hot electrons generated from the decay
of the localized surface plasmons. Finally, thermally or electron-
ically active materials could be integrated into the nanocube
gap region for the creation of tunable, diffraction-limited plas-
monic devices spanning from the visible to the mid-IR.

Experimental Section

Sample Preparation: The steps in this section will follow the outline
provided in Figure 1. A smooth substrate, in this case a silicon wafer,
was prepared and a thin metal film of 50-100 nm was deposited in
step (i). In the samples presented, evaporated gold was used as the
ground plane because of its low oxidation. The substrate used was a
5 mm p-type silicon wafer with 50 nm of gold and a 5 nm chromium
adhesion layer deposited by electron beam evaporation. Initially, the gold
substrate was oxygen etched in a reactive ion etcher (RIE) to remove
organics from the surface. A negative photoresist, NFRO16D2, was spun
onto the sample with a thickness of =3 um in step (ii). In step (iii), the
photoresist was baked and then exposed with the desired photomask on
a mask aligner. After baking again to develop the resist, it was etched
with MF-319 to remove the unexposed areas in step (iv). The sample
was then rinsed in DI water and dried. The sample was oxygen etched
once again in the RIE to remove residual photoresist at the bottom of the
unexposed areas. Next in step (v), cationic and anionic polymer layers
were deposited. Both polymers were suspended in a one molar NaCl
solution. The sample was alternately dip coated between the two ionic
polymer suspensions and rinsed after each dip coating in a one molar
NaCl solution to remove residual polymer. The sample was then rinsed
with deionized (DI) water and dried. In step (vi), a nanocube solution
was pipetted on top of the sample. A coverslip spacer was used to
ensure uniform thickness of the solution over the sample and was kept
in a refrigerator to reduce evaporation for 60 min. The silver nanocubes
in this experiment were synthesized and provided by nanoComposix,
Inc. in San Diego. The nanocube sizes varied between 50 and 140 nm
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by controlling the parameters of the synthesis. In the last step (vii), the
sample was sonicated in acetone for 10-30 s to remove the photoresist.
The steps were repeated for each different resonance starting with step
(i), the spin coating of the photoresist.

Optical Measurements: The optical characterizations of the samples
were carried out using a custom-made bright-field fluorescence
microscope setup. A 20X magnification microscope objective was
used for both the excitation and collection of reflected light. A pin-hole
aperture is placed in the intermediate image plane to select light from
certain areas of the sample. The white light reflectance measurements
were conducted on this system at near normal incidence and were
captured with a commercial spectrometer. The light source is a spectrally
broad lamp emitting from the visible to the near-infrared regimes. The
images of the pixels were collected using the same setup above with a
50% objective and a CCD camera. A diagram of the setup is shown in
Figure S3 (Supporting Information).

The macroscopic reflectance images were captured using a custom-
made reflection imaging setup. A 4f imaging system was constructed
using a 1.2x stereoscope objective such that the white light is normally
incident on the sample. Once again, a spectrally broad light source
was used for the measurements. The reflected light collected from
the objective was focused onto a CCD camera with an achromatic 4x
objective lens. This allowed for the imaging of a 4.5 mm portion of the
total 15 mm sample. Background images with no substrate and a gold
substrate were used to extract the images of the sample independent
of illumination intensity. The imaging setup is shown in Figure S2
(Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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