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ABSTRACT: Information display utilizing plasmonic color
generation has recently emerged as an alternative paradigm
to traditional printing and display technologies. However,
many implementations so far have either presented static
pixels with a single display state or rely on relatively slow
switching mechanisms such as chemical transformations or
liquid crystal transitions. Here, we demonstrate spatial,
spectral, and temporal control of light using dynamic
plasmonic pixels that function through the electric-field-
induced alignment of plasmonic nanorods in organic
suspensions. By tailoring the geometry and composition
(Au and Au@Ag) of the nanorods, we illustrate light
modulation across a significant portion of the visible and

infrared spectrum (600—2400 nm). The fast (~30 ps), reversible nanorod alignment is manifested as distinct color
changes, characterized by shifts of observed chromaticity and luminance. Integration into larger device architectures is
showcased by the fabrication of a seven-segment numerical indicator. The control of light on demand achieved in these
dynamic plasmonic pixels establishes a favorable platform for engineering high-performance optical devices.
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n established technology to actively control the
Aproperties of light such as the amplitude, phase, and

polarization is that of liquid crystal (LC) displays, or
more generally, LC spatial light modulators. However, a
significant limitation of LC-based devices is their relatively
slow switching speeds, on the order of tens of milliseconds for
conventional Fréedericksz-transition mechanisms,’ often re-
sulting in undesirable motion-blur artifacts in displays.”’

An emerging alternative for improving information displays
is the utilization of plasmonic nanomaterials."”® While
approaches incorporating a great diversity of plasmonic
materials and geometrical architectures promise to yield
vibrant static images,” *° the development of techniques for
dynamic plasmonic color display’ presents additional chal-
lenges. Researchers have applied several schemes to achieve
active control of plasmon resonances,”” such as modifying the
local dielectric environment of the resonators,”®™>°
ically adjusting the coupling within nanostructures,’" applying
external magnetic fields,”””* and employing chemical and
electrochemical switching.>*~*' Of particular note, many
demonstrations incorporate LC materials to achieve light
modulation,” either by tuning the refractive index,*3°
inducing plasmonic nanocrystal alignment,43 or acting as a

mechan-
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light valve integrated with the plasmonic nanostructure.**
However, these approaches still suffer from either slow
switching times, small amplitude changes, or narrow wave-
length tunability.

We recently proposed the electric-field-induced alignment of
gold nanorods (NRs) in organic suspensions as an alternative
paradigm to anisotropic LC molecules with the potential for
display devices.* A key advantage of these NR suspensions
over conventional LC devices is the decrease of switching time
by at least 3 orders of magnitude due to the absence of near-
neighbor interactions, establishing the effectiveness of this
approach for high-performance optical devices with fast
switching times. """’

Here, we demonstrate a dynamic plasmonic pixel that
modulates the spatial, temporal, and spectral properties of light
on demand. The pixel is composed of a suspension of colloidal
NRs orientable by electric fields. We systematically examine
the implementation of NRs as plasmonic pixels for visible and
infrared (IR) operation. We illustrate the wide tunability of the
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Figure 1. (a) Schematic depiction of the dynamic plasmonic pixel when the applied electric field is OFF (unaligned: 0 V/gm) and ON
(aligned: 6 V/um). (b) Measured pixel extinction spectra of a suspension of polystyrene-thiol-coated Au NRs in toluene when the applied
electric field is OFF (black) and ON (blue). The 60 Hz AC field is applied across a glass capillary of total thickness 0.5 mm and optical path
0.2 mm that contains the NR suspension. The equivalent, unnormalized optical density for a 1 cm path at the LSP resonance peak is

approximately 6.5.
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Figure 2. (a—c) TEM images of Au NRs with three different aspect ratios. (d) Measured extinction spectra of eight different aspect ratio
polystyrene-thiol-coated Au NRs in toluene in glass capillaries with total thickness of 0.5 mm and optical path length of 0.2 mm as the 60 Hz
applied electric field is varied from 0 V/pm (unaligned: thick black) to 6 V/um (fully aligned: thick blue). Absorbance is normalized within
each panel. The schematics at the right depict the NR aspect ratio associated with each spectrum. The TEM images of (a—c) correspond to

the top, fifth, and bottom spectra in (d), respectively.

plasmon resonance wavelength by tailoring both NR geometry
and chemical composition. Choosing from the resulting library
of NR candidates enables color modulation across a significant
portion of perceivable chromaticities, which may facilitate
trichromatic color-mixing schemes in compound pixels.
Finally, we fabricate a seven-segment numerical indicator,
exemplifying the control achievable in our dynamic plasmonic
pixel platform.

RESULTS AND DISCUSSION

The dynamic plasmonic pixel is schematically represented in
Figure la. A suspension of polymer-coated Au NRs in a
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nonpolar solvent is placed between two transparent conducting
electrodes. NR alignment is achieved by applying a voltage
across the electrodes, generating an electric field in the NR
suspension and aligning the long axes of the NRs parallel to the
applied field direction.***>° The optical anisotropy of the
individual Au NRs results in a significant modulation of the
plasmonic pixel’s optical properties upon switching between
the OFF (unaligned) and ON (aligned) states.

Upon illumination, each individual plasmonic NR can
support collective electron oscillations along its transverse

and longitudinal dimensions. These localized surface plasmon
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resonances result in enhanced extinction at certain wavelengths
of light, as pictured in Figure 1b.

Light polarized along the long axis of a NR induces
excitation of the long-wavelength longitudinal surface plasmon
(LSP) mode, while orienting the short dimension along the
polarization direction excites the short-wavelength transverse
surface plasmon (TSP) mode. In a suspension of NRs that are
randomly oriented with respect to the incident light, both the
LSP and TSP modes of each individual NR are excited.
Collecting an extinction spectrum of the entire population
averages the individual NR contributions, resulting in an
ensemble spectrum that displays both TSP and LSP
absorbance peaks (Figure 1, “unaligned”). While for a
randomly oriented NR population the ratio of intensity
between the two peaks is fixed by the intrinsic oscillator
strength of each resonance, the relative proportion of LSP and
TSP response can be controlled by inducing NR alignment. If
the NRs are each aligned along the direction of light
propagation as depicted in Figure la, then the LSP mode is
at a minimum and the TSP mode at a maximum. This results
in suppression of the LSP absorbance peak and enhancement
of the transverse peak in the spectrum (Figure 1b, “aligned”).
As explored in detail below, this modulation of the ensemble
NR extinction spectrum between unaligned and aligned NRs
leads to clearly observable changes in the color and brightness
of light passing through the NR suspension.

Tailoring the NR dimensions and/or chemical composition
enables the operating wavelength to be tuned across a wide
spectral range. To demonstrate, we first prepared a series of Au
NR samples of fixed composition with eight different aspect
ratios ranging from 2.3 to 12.7. Representative transmission
electron microscopy (TEM) images of three such NR samples
are displayed in Figure 2a—c. By changing the NR dimensions,
the position of the LSP wavelength can be varied from ~630 to
2230 nm for the examples shown in Figure 2d. Furthermore,
the modulation of the TSP and LSP resonances in the spectra
upon NR alignment is consistent across the eight examples
pictured.

The applied electric field induces an electric dipole moment
in the NRs, which then creates a torque promoting
reorientation of the NR long axis along the applied field
direction. However, the NRs in suspension also undergo
rotational diffusion due to Brownian motion that randomizes
the NR orientation. Therefore, the degree of NR alignment
depends on the balance between this randomizing effect and
the coupling between the NRs and the externally applied
electric field. To quantify the NR alignment, extinction spectra
are collected across a range of applied electric field strengths. A
scalar order parameter S is then extracted from the spectra,*
with an example shown in Supporting Information Figure S1.
The value of S is seen to increase from O for a randomly
oriented suspension to a value of nearly 1 when the maximum
field strength is applied, signifying that the NRs are largely
oriented along the direction of light propagation (see
Supporting Information Figure S1b).

For the low-frequency alternating current (AC) electric
fields (60 Hz) applied in Figures 1 and 2, the rotational
diffusion time is less than the period of the applied field,
therefore the NRs have sufficient time to randomize during
each cycle.”® When the period of the driving frequency is faster
than the rotational diffusion time, the NRs remain aligned in
the applied field direction.”® The polymer coating of the NRs
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has also been shown to significantly increase the rotational
diffusion time due to hydrodynamic drag effects.***®

The critical electric field strength that is necessary to
overcome randomizing influences in order to align the NRs
theoretically depends on the NR volume and anisotropy.* The
longer, higher-aspect-ratio NRs are therefore expected to
require a smaller magnitude of the electric field to align. By
collecting and analyzing field-dependent extinction spectra of
each NR type, the critical electric field for alignment of each
NR type is extracted, and it is confirmed that the critical
electric field decreases from 1.9 to 0.22 V/um for longer NRs
as anticipated (see Supporting Information Figure S2).

The switching time of these materials is the sum of their on-
and off-times. Under a strong electric field approximation, the
randomization due to Brownian motion can be neglected, and
the on-time becomes

wky T
Ton — D)
4DAae,E (1)
and when the electric field is removed the off-time is
L
7 6D )

where k; is the Boltzmann constant, T is the absolute
temperature, Aa = a— @, is the anisotropy of the NR
polarizability, &, is the permittivity of free space, E is the
applied electric field, and the rotational diffusion coefficient, D,
is
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where L and AR are the NR’s length and aspect ratio,
respectively, and 7 is the host medium viscosity. The on-time is
therefore predominantly set by the magnitude of the field
applied, and the off-time is set by the rotational diffusion
coefficient, yielding characteristic switching times on the order
of 10s of microseconds.*® Submicrosecond switching times
have been achieved using nonplanar dynamic plasmonic
pixels."”

The use of AC electric fields and nonpolar solvents is critical
to enable alignment.*> Experiments carried out using direct
current (DC) electric fields did not produce NR alignment,
presumably due to charge screening effects. If the NRs were
dispersed in polar, high-dielectric-constant solvents such as
water and methanol, then NR alignment also did not occur,
whereas nonpolar, low-dielectric-constant solvents have been
shown to be effective hosts for alignment of metal NRs. The
influence of the type of solvent on the alignment behavior is
complex and includes considerations such as the contrast
between the solvent and NR dielectric constants,’°~>° the
effect of the electric double layer at the NR-—solvent
interface,” ™" charge accumulation at the electrodes,®*? and
ionic impurity mobility,”> many of which are frequency-
dependent factors. Applying a uniform electric field across the
suspension is also important to minimize the potential
translational redistribution of NRs that would arise due to
dielectrophoresis in a non-uniform field.*””'

In addition to the wavelength tunability afforded by the
choice of the NR geometry, the plasmon resonance spectrum
can also be engineered by modifying the chemical composition
of the NRs. In particular, the resonance of bimetallic
nanostructures (either alloys or core—shell structures) can be
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Figure 3. (a) Low-, medium-, and high-magnification TEM images of Au@Ag@SiO,@OTMOS NRs. The enlarged, lower-left, annotated
image corresponds to the region outlined in the image on the right. (b) Experimental modulation of the extinction spectrum of Au@Ag@
Si0,@OTMOS NRs in heptane upon alignment through application of external 60 Hz AC electric fields of varying strength (0—6 V/um).
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Figure 4. (a) Color photographs of the indicated NR suspensions (illuminated from the back by white light from a Xe lamp passing through
a ground glass diffuser) when an applied 60 Hz AC electric field is either OFF (0 V/um) or ON (6 V/um). The properties of the Au NRs in
toluene are labeled as “diameter-LSP” (nm), that is, “25—650” and “25—600.” The Au@Ag@Si0,@OTMOS NRs are suspended in heptane.
The NRs are contained in a custom-fabricated cell with an optical path of 0.2 mm and lateral dimension of 1 cm. (b) CIE 1931 x,y
chromaticity coordinates and (c) luminance values (Y) plotted as a function of applied electric field for the three different NR suspensions.
The xyY values are calculated from the spectra of Figures 2d and 3b.

tuned to an intermediate state between those of the two
monometallic resonances.®’ ~®* Here, in order to blue-shift the
resonances of the Au NRs of Figure 2 to access additional
regions of the visible spectrum, we formulated a core—shell NR
structure through the overgrowth of Ag. To stabilize the Ag
coating against the immediate chemical degradation after
synthesis and enable dispersion in nonpolar solvents,”>° the
Au@Ag NRs were coated with a mesoporous SiO, shell. Next,
by functionalizing the Au@Ag@SiO, NRs with alkyl-silane
(octadecyltrimethoxysilane, OTMOS), the Au@Ag@SiO,@
OTMOS NRs were stable in nonpolar solvents such as
heptane.

TEM images of the synthesized Au@Ag@SiO,@OTMOS
NRs are presented in Figure 3a. The images indicate distinct,
and generally conformal, layers of Ag and SiO, around the
central Au NR cores. The thickness of the Ag and SiO, layers
along the sides of the NRs is estimated from the TEM images
to be 3.9 + 2.3 and 27 + 3 nm, respectively. While there is
some variation in the morphology, the Ag coating is generally
thicker and easier to distinguish along the sides of the Au NR
core than at the ends, as seen in the high-magnification image
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of Figure 3a. When an external AC electric field is applied to
the Au@Ag@SiO,@OTMOS NRs under the same conditions
described above for the Au NRs, the Au@Ag@SiO,@OTMOS
NRs align in the field direction, though with a spectral profile
that is intentionally modified due to the presence of the Ag and
SiO, coatings.

To better understand the changes in the spectra induced by
the coatings, we simulated the spectra of Au@Ag NRs with
increasing Ag shell thicknesses. Increasing the Ag thickness
results in a greater blue-shift of the longitudinal plasmon
resonance (see Supporting Information Figure S3a). For the
experimentally determined Ag thickness of ~4 nm, the
simulations predicted a blue-shift of ~70 nm, comparable to
the ~50 nm blue-shift observed experimentally. While the
simulated spectra do show heightened extinction below 500
nm when comparing the Au@Ag to the pure Au NRs, the
effect is more dramatic in the experimental spectrum. This may
be attributed to the presence of Ag impurities in the
experimentally prepared sample that have plasmon resonances
at <500 nm. Simulation of the addition of a SiO, shell and
suspension in methanol (Supporting Information Figure S3b)
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indicates a red-shift of the longitudinal resonance of ~35 nm,
due to the larger refractive index of the surrounding SiO, in
comparison to the environment of the bare Au@Ag NRs. The
magnitude of this shift is somewhat larger than the 5 nm shift
observed in the experimental NR samples. This may be
attributed to the experimental SiO, shell being mesoporous
and therefore potentially having a lower refractive index than
the bulk SiO, value used in the simulation. Based on reports by
Tracy and colleagues®”®® that the refractive index of
mesoporous SiO, is expected to be between 1.33 and 1.4,
we simulate the extinction spectra of Au@Ag@SiO, NRs over
this range (see Supporting Information Figure S3c) and find
that using a value of n = 1.35 most closely matches the
experimental red-shift. The simulations in Supporting In-
formation Figure S3d summarize the spectral evolution as the
layers of the Au@Ag@SiO, NRs are added: a substantial blue-
shift upon adding the Ag, followed by small red-shifts upon
adding the SiO, and upon dispersing in heptane (n = 1.39).

The alignment of NRs chosen from the library of Au and
Au@Ag@SiO,@OTMOS NRs described above provides a
platform to display and modulate color across a significant
portion of the visible spectrum. To demonstrate, Figure 4a
presents color photographs of three different NR suspensions
in unaligned (OFF) and aligned (ON) states. Backlit by a
white light illuminant, each of the NR suspensions transmits a
different distribution of visible light wavelengths as shown in
their extinction spectra above. When the NRs are aligned, the
resulting modulation of the spectrum is manifested as a distinct
change in the observed color and brightness of the light
passing through the NR suspension.

The color rendering properties of the NRs are quantified by
mapping the NR spectra to International Commission on
Hlumination (CIE) 1931 xyY chromaticity and luminance
values.”” In general terms, the chromaticity coordinates x,y
describe the “type” of color (e.g, red, green, blue), and the
luminance Y indicates the brightness. The chromaticity
diagram in Figure 4b illustrates that each of the three NR
varieties modulates light over a different region of
chromaticity. In each case, when the LSP mode is suppressed
upon alignment, more red light is transmitted through the NR
suspensions, and the chromaticity moves toward the red region
of the diagram. The greater transmission of light is further
exhibited as an increase in luminance, as seen in Figure 4c. The
combination of the modified chromaticity and luminance
generates the color change viewed by an observer. Because the
different NR varieties operate over different regions of
chromaticity, subpixels of each NR type can be envisioned to
operate in tandem to constitute a trichromatic color mixing
scheme”® that renders a wider gamut than for an individual
pixel.

To evaluate how well the experimentally characterized NRs
perform in comparison to an idealized case, we simulated the
spectra of unaligned and aligned NR suspensions of the three
types presented in Figure 4 (see Supporting Information
Figure S4). The experimental and simulated spectra show
similar modulation behavior, though a noticeable difference is
that in the simulations, the LSP peak is completely
extinguished upon alignment. By contrast, in the experiments
there is some residual LSP absorption even when the NRs are
nearly fully aligned (see Supporting Information Figures S1
and S2). The simulations suggest that a large extinction
contrast ratio, for example, ~140:1 for unaligned:aligned at the
LSP peak for the 25—650 (diameter—LSP) Au NRs in Figure
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4, can be achieved if a sufficiently large electric field is applied
for complete alignment. There were two experimental
contributions as to why the LSP absorption peak was nonzero
when the NRs were fully aligned, for example, Figure 1b. First,
the light was focused through the pixel using a lens, leading to
a small solid angle of light incident onto the fully aligned NRs,
thereby giving rise to a small amount of absorption from the
LSP peak. Additionally, the low frequency of the AC electric
fields (60 Hz) allowed the NRs to have sufficient time to
unalign during each cycle, leading to additional absorption at
the LSP wavelength. In future experiments, if collimated light
is used to probe the pixels in conjunction with higher-
frequency electric fields, then a contrast ratio closer to
simulation values may be experimentally achievable. Another
deviation from the simulations is the presence of non-NR
impurities in the experimental spectra, whose extinction
overlaps with and adds to the measured intensity in the region
of the TSP peak. Finally, polydispersity in the synthesized NR
dimensions leads to inhomogeneous broadening of the
resonances.

The chromaticity modulation calculated from the simulated
spectra is shown in Supporting Information Figure SSa. The
three simulated NR types operate over similar chromaticity
regions as those observed in the experimental results of Figure
4b. The chromaticities of the unaligned Au NR 25—600 and
Au NR 25—-650 originate at different locations but in the
simulations converge to very similar values upon complete
alignment since the TSP resonances are at similar wavelengths.
However, the modulation of the chromaticity for the Au NR
25—600 is notably less in the experiments due to the
incomplete NR alignment discussed above. The Au@Ag@
SiO,@OTMOS NRs modulate over a chromaticity region
distinct from that of either of the pure Au NRs due to the blue-
shift introduced by the Ag coating.

The absorbance of a NR suspension depends linearly on the
concentration, which implies that pixels prepared with different
NR concentrations would exhibit different luminance and
chromaticity values. To explore this relationship further, we
prepare a series of NR suspensions with different concen-
trations and map their spectra to xyY values. Supporting
Information Figure S6a,b presents the experimentally meas-
ured spectra, expressed as both absorbance and transmittance.
To expand the range of concentrations in the analysis beyond
what could be directly measured without distortion by the
spectrometer, extrapolated spectra are generated by following
the linear relationship between absorbance and concentration
determined in Supporting Information Figure S6¢c. From the
experimental and extrapolated transmittance spectra, the
dependences of luminance and chromaticity on concentration
are illustrated in Supporting Information Figure S6d,e. At low
concentration, where the transmittance is high for all
wavelengths of illumination, the luminance is high and the
chromaticity is near the white-point. Increasing the concen-
tration lowers the transmittance at the plasmon resonance
wavelengths, decreasing the luminance but shifting the
chromaticity outward into the blue region of the diagram.
The specifications desired for a given application therefore will
necessitate choices on how to optimize the interrelation of NR
concentration, chromaticity, and luminance. The optical path
length (determined by the cell thickness) plays a similar role to
NR concentration in determining the transmittance through
the pixel. Representative photographs of NR suspensions of
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different concentrations are provided in Supporting Informa-
tion Figure S6f.

To further demonstrate the potential implementation in
display applications, we fabricated a seven-segment numerical
indicator, shown in Figure S. Individually addressable electro-

Figure 5. Composite of photographs of a fabricated seven-segment
numerical indicator containing polystyrene-thiol-coated Au NRs in
toluene. The indicator displays the numerals 0—9 as a 5 kHz
electric field is applied across appropriate combinations of
individually addressable, patterned electrodes. The outer dimen-
sions of the “0” are 12.5 X 22 mm.

des patterned in indium tin oxide (ITO) on glass (see
Supporting Information Figure S7) allow independent switch-
ing of each of the segments that constitute the numerals. Au
NRs are dispersed throughout the entire volume between the
glass plates. The contrast in luminance and chromaticity
between segments to which an electric field is applied (which
appear bright) and regions without an applied field (which
appear dark) enables a clear rendering of each numeral. The
functionality of the numerical indicator emphasizes the spatial,
temporal, and spectral control conferred through the
integration of switchable plasmonic NR materials within a
larger device architecture.

CONCLUSIONS

By demonstrating the operation of plasmonic pixels through-
out the visible and infrared spectral domains, we highlight the
versatility of plasmonic NRs for high-speed optical applica-
tions. The NR spectrum is engineered both geometrically
(through tailoring NR aspect ratio) and chemically (by
overgrowth of Ag within a protective SiO, shell). We design
NRs with a range of visible light chromaticities suited for color
displays. Our fabrication of a plasmonic NR seven-segment
indicator showcases that the NR materials are readily
integrated into functional devices. Taking advantage of the
highly parallel colloidal synthesis of NRs may confer a
significant advantage over the costly, top-down processing
often required for metasurface preparation. In contrast to
conventional liquid crystal displays where half of the
illumination intensity is automatically lost through polar-
ization,”" the plasmonic pixel implementation shown here does
not require polarized illumination, potentially bestowing
enhanced energy efficiency. We envision the plasmonic NR
pixel not only in display applications but also as a generic
spatial light modulation platform for arbitrarily controlling the
phase, amplitude, and polarization of light on a fast time scale.
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METHODS

Preparation of Au NR Suspensions. Au NRs with longitudinal
plasmon resonances in water at 600, 650, 700, 808, 900, and 1400 nm
were acquired commercially (Nanopartz, Inc. #A12-25-600, A12-25-
650, A12-25-700, A12-25-808, A12-25-900, and A12-25-1400). Au
NRs with longitudinal resonances at 1100 nm in water were prepared
using a modified seedless growth method (detailed in the Supporting
Information). The highest-aspect-ratio Au NRs were prepared
following the procedure of Khanal and Zubarev.”

Purification and Phase Transfer of Au NR Suspensions. A
detailed description is provided in the Supporting Information.
Briefly, excess surfactant was first removed from the as-prepared Au
NR suspensions by centrifugation. Then, the Au NRs were phase
transferred to toluene by functionalizing the NRs with thiol-
terminated polystyrene (PS-thiol).*> The Au NRs were then purified
from excess, unbound PS-thiol by centrifugation.

Preparation of Au@Ag@SiO, NR. Au NR cores were prepared
based on the methods of Park et al.”* The Au NR cores were then
coated with Ag using AgNO; along with ascorbic acid and NaOH,
following a method based on that described by Park et al.”* The Au@
Ag NRs were overcoated with SiO, using a tetraethyl orthosilicate
(TEOS) precursor, following a method adapted from Wu and
Tracy.” Full details are provided in the Supporting Information.

Phase Transfer of Au@Ag@SiO, NRs to Nonpolar Solvents.
In order to make the Au@Ag@SiO, NRs stable in nonpolar solvents,
the SiO, surface was functionalized with OTMOS, utilizing a method
adapted from the report of Pastoriza-Santos et al.”> and described in
detail in the Supporting Information. Following functionalization, the
NRs were redispersed in heptane. A photograph of the phase transfer
is presented in Supporting Information Figure S8.

Transmission Electron Microscopy. Transmission electron
microscopy was performed using a JEOL JEM-2200FS field emission
electron microscope operating at 200 kV accelerating voltage. Samples
were prepared by drop-casting NR suspensions onto holey-carbon-
coated TEM grids (SPI Supplies, Structure Probe, Inc.).

Characterization of NR Alignment. To collect spectra of NRs
aligned under an applied electric field, the NR suspensions were first
loaded into rectangular capillaries (borosilicate glass extra wide
microslide, path 0.20 mm, width 4.0 mm, wall 0.15 mm, length 50
mm; Glass Dynamics, L.L.C.). Each capillary was sealed with
ultraviolet-light-curing adhesive (Norland Optical Adhesive 72). For
measurement, a capillary was inserted in a home-built mount
consisting of two inward-facing ITO-coated glass squares epoxied
together with a gap of ~0.5 mm. Electrical leads were connected to
the ITO using indium wire (Sigma-Aldrich) as solder, and the
soldered connections were encapsulated with epoxy for added
mechanical robustness. To prevent dielectric breakdown, the mount
was immersed in silicone transformer oil (STO-50, Clearco Products
Co., Inc.) contained within a transparent glass vessel with flat, parallel
sides. A photograph of the experimental apparatus is provided in
Supporting Information Figure S9. A 60 Hz AC electric field was
applied across the capillary by a high-voltage transformer (France,
15030 PSG-2E) controlled by a variable autotransformer (3PN1010,
Staco Energy Products Co.). The applied voltage was measured with a
high-voltage probe (Fluke 80K-40 probe on a Fluke 73 Series II
multimeter), and the magnitude of the electric field was estimated by
dividing the voltage by the electrode separation distance. We have not
explicitly taken into account the reduction of the field strength
introduced by the presence of the capillary walls. For visible and near-
infrared spectra, light from a halogen lamp (Ocean Optics HL-2000,
24 V) conveyed by an optical fiber was focused by a lens onto the NR
suspension within the capillary. The transmitted light was collected by
another lens and routed by an optical fiber to a spectrometer (Ocean
Optics QEPro). To extend the measurable spectral range into the
infrared for characterization of the high-aspect-ratio Au NRs, a dual-
detector configuration was constructed using the external port of a
Bruker Vertex 70 V Fourier-transform infrared (FTIR) spectrometer.
Light from the halogen source of the FTIR was focused through the
sample and then directed using a 50/50 beam splitter into both the
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FTIR external mercury cadmium telluride IR detector and the Ocean
Optics QEPro visible-light detector.

To account for any temporal variations in NR concentration within
the collection region during the experiments, the spectra were
normalized for comparison by the absorbance at 425 nm, where
extinction is due to interband transitions rather than either the
transverse or longitudinal plasmon resonances. A LOWESS
smoothing algorithm was applied in OriginPro to reduce noise in
the spectra, including fine absorption artifacts at 1696 and 1745 nm.
To determine the CIE colorimetric values from the experimental
spectra, the spectra were converted from absorbance units to
transmittance and then loaded into the color math module of
Ocean Optics’ OceanView software. The xyY chromaticity and
luminance coordinates were calculated using a D65 illuminant with 1
nm resolution and a 2° observer.

Photographs of 1 cm plasmonic pixels (Figure 4a) and the seven-
segment numerical indicator (Figure S) were obtained with a Canon
EOS Rebel T3i digital camera and EF-S 18—S5 mm lens at a focal
length of S5 mm. A “daylight” in-camera white balance setting was
used. Light from a Xe source (Oriel Instruments 68806) passing
through a ground glass diffuser (Thorlabs) was used to back
illuminate the samples.

In addition to using the 60 Hz voltage source described above,
experiments were also carried out using a S kHz source. The terminals
of a high-voltage ignition coil (MSD Blaster 2 8202) were connected
to the NR alignment cell. Voltage was controlled with a custom-built
electronic circuit implementing an IRF 520 N-channel MOSFET, a
function generator (Stanford Research Systems DS340) providing a §
kHz sine wave (10 Vo S Ve offset) and a DC power supply (Leader
LPS-152). The applied voltage signal (~11 kVp-p> was monitored
using a Tektronix P601SA high-voltage probe connected to a
Tektronix TDS1002 digital oscilloscope. While the appearance to
the human eye of the aligned NR suspensions was similar between the
60 Hz and S kHz sources, the 5 kHz source was favorable for
photographic imaging because the higher frequency enabled, for
example, the capture of 30 frame/s video without flicker from the
modulation of the voltage source.

Fabrication of Seven-Segment Numerical Indicator and
Single-Pixel Cells. The seven-segment (Figure S) and single-pixel
(Figure 4 a) displays were fabricated using a combination of laser
micromachining and standard photolithographic techniques. ITO-
coated glass plates (S0 X 75 X 0.7 mm) were laser micromachined to
isolate each segment of the display using an Nd:YVO, diode-pumped
laser (JDSU, Q301-HD, 4 = 355 nm, 30 ns). After patterning, the
ITO was coated with a dielectric layer (Microchem, SU8), and a
spacer was laser-cut (Kapton, 8 mils) to form the liquid reservoir. The
ITO plates and middle spacer were then bonded together using a UV-
curable adhesive (Norland, NOA72). The leads for electrical
connection were then attached with silver epoxy. The NR suspensions
were injected into the liquid reservoir with a micropipette, where the
suspension was evenly distributed by capillary wetting.

Simulations. Simulations were performed using the commercial
finite-element simulation software COMSOL Multiphysics.”® Addi-
tional details are provided in the Supporting Information.
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