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Abstract

Plasmonic nanoresonators confine and enhance strong electromagnetic fields

beyond the diffraction limit. Under structural variations or environmental perturbations,
such strong confinement enables superior spectral tunability, which serves as the basic
operating principle for nanorulers, sensors, color displays, and broadband
optoelectronic devices. To date, properties of material dispersion have seldom been
exploited in order to achieve a wide spectral tunability. In this work, we propose and
demonstrate that materials with anomalous dispersion, such as germanium (Ge) in the
visible, enable improved spectral tunability for plasmonic nanoresonators. We
theoretically introduce our proposal with a semi-analytical guided mode picture, where
the spectral tunability of open resonators can be evaluated by sampling the plasmon
dispersion of the associated closed systems at resonant wavevectors. Experimentally,
using Ge-based film-coupled gap plasmon resonators as an example, we fabricate two
experimental architectures and demonstrate the improved spectral tunability with
single-particle dark-field scattering spectroscopy and plasmonic color generation. In

single Ge-Au structures, we achieve an absolute and relative shift of ~ 100 nm and
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~ 17%, respectively, in the visible wavelength regime, for a ~10-nm gap size variation.
Such measured tunability achieves a more than 3-fold improvement than that of
materials with normal dispersion (such as Si in the visible). In large array systems made
of inversely fabricated Ge-Ag resonators, we demonstrate the tunability of plasmonic
color generation and wide color gamut under various gap sizes. Our results introduce
anomalous material dispersion as an extra useful degree of freedom to engineer the
spectral tunability of plasmonic systems, especially relevant for actively tunable

plasmonics and metasurfaces.
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Plasmonic nanostructures allow us to manipulate electromagnetic waves at the
subwavelength regime® 2. A few quintessential plasmonic nanoresonators include
dimers®®, trimers® 7, bowtie nanoantennas® °, and film-coupled nanoparticles'® .
These structures play a prominent role in both fundamental studies and relevant
applications!?. Recently, beyond static architectures, tunable plasmonics*® * has
evolved into a research focus and it can potentially enable a variety of applications such
as active metasurfaces®™ ¢, plasmonic color generation'’*°, tunneling transistors?°-22,
plasmonic nanorulers?® 24, and accurate sensors® 26, Among various strategies, the
incorporation  of  micro/nano-electromechanical  systems  with  plasmonic
nanostructures?’ is a promising direction. In this case, the spectral tunability under
structural variations becomes a prominent figure-of-merit to optimize. For this purpose,
the film-coupled gap-plasmon nanoresonators®! 2829 whose resonances are known to
be sensitive to their gap sizes, are natural candidates to consider.

The film-coupled gap-plasmon nanoresonators can be fabricated with relative ease,
by either top-down lithography or bottom-up chemistry synthesis. The upper
nanoantennas can be metals or high-index dielectrics, depending on the wavelength and

radiative efficiency of interest. In such gap-plasmon structures, the fundamental dipolar



resonances, which couple to free-space plane-wave excitations, exhibit superior
spectral tunability in tandem with strong scattering and absorption. For metal-insulator-
metal (MIM) configurations, if patch nanoantennas (such as disks and cubes) are
employed, the spectral tunability by varying gap sizes is limited to the infrared regime®°
for nanoantennas of tens of nanometer sizes and gap sizes of few nanometers.
Alternatively, for tapered-shape antennas®! (such as spheres and ellipses) where the gap
plasmons are no longer confined underneath the entire antenna footprint, the resonance
can be shifted to the visible regime at the cost of reduced spectral tunability®.
Furthermore, nonclassical corrections of different origins can become non-negligible
because of the extremely nanoscopic gap sizes®?°. For noble metals such as Ag and
Au, which are the most commonly used plasmonic materials, these corrections further
blueshift the resonance, resulting in a reduced spectral tunability. On the other hand,
there have been complementary studies of the hybrid dielectric gap-plasmon
nanoresonators®® 37, where high-index dielectric nanoparticles couple to metallic
substrates. This simple reconfiguration enables strong, tunable plasmonic response in
the visible regime and is recently found to exhibit robustness against the detrimental
nonclassical corrections®. So far, the spectral tunability of the gap plasmon resonances
mostly relies on their waveguide/geometric dispersion. In contrast, material dispersions,
which can be of engineering utility as we will show below, are typically neglected
compared to the strong slow-light effect of the gap plasmons.

In this work, we propose that anomalous material dispersion (i.e. increased
permittivity/refractive index towards longer wavelengths), such as germanium (Ge) in
the visible regime®® 3°, can be utilized to achieve a wide plasmon tunability.
Theoretically, we explain the intuition with a simple guided mode picture for the gap-
plasmon resonances. Experimentally, we first study in detail the spectral tunability of
Ge-Au gap plasmons by measuring single-particle scattering of Ge nanodisks on Au-
coated substrates with controlled nanometer dielectric gaps. We then extend the concept
to plasmonic color generation and demonstrate its tunability as a function of gap sizes
in an inversely fabricated Ge nanodisk array on a silver reflector, an architecture that

delivers vibrant color and prevents material oxidation. Our work reveals the utility of



anomalous material dispersion for improving the spectral tunability of plasmonic
resonances, which provides a useful design principle for tunable plasmon devices.
Specifically, actively tunable plasmons can be generated by replacing the static spacer
with tunable materials, such as electrically-tunable molecular thin film?2, or including
movable nanostructured components?” 34, This approach could enable future active
plasmonic devices and metasurfaces, such as paper/canvas-like full-color displays and
nanoscale sensors with wide dynamic ranges.

We start by providing a simple theoretical understanding for the utility of
anomalous material dispersion in the spectral tunability of plasmons. The material
dispersions of two common high-index materials, bulk undoped Ge and Si, in the visible
wavelengths are shown in Fig. 1a and b. Si exhibits normal dispersion throughout, while
Ge exhibits anomalous dispersion from 430 to 600 nm. Both Ge and Si nanostructures,
as alternatives of their all-metallic counterparts, have been utilized to achieve gap
plasmon resonances®” %, Intuitively, these gap-plasmon resonances in open systems can
be understood as the surface plasmons of a closed planar multilayer system restricted
to specific quantized resonant wavevectors®®.

Therefore, in Fig. 1c-e, we calculate the dispersion curves of the highly-confined
gap plasmon in three different dielectric-dielectric-metal (DDM) waveguide systems,
where the upper dielectric layers are dispersionless material (refractive index n = 4.5),
Ge, and Si, respectively. We compute the dispersion at different gap sizes (g = 1 nm, 2
nm, and 4 nm) for each multilayer systems. The sampling of the dispersions, at a given

resonant momentum k.., indicates the plasmon spectral tunability of the associated
open system®®. For example, at kK, = 1.6k, (black solid line; k, is the wave vector

of light in free space at the plasma frequency), the fictitious dispersionless material, Ge,
and Si achieve spectral tunability (shaded yellow) of ~140 nm, ~180 nm, and ~100 nm,
respectively. It is thus evident that anomalous (normal) material dispersion increases
(decreases) the spectral tunability of gap plasmons. This conclusion is consistent with
intuition--a smaller gap confines plasmons more tightly in the dielectric gap and causes

redshifts, or equivalently, increases the effective indices and shifts the plasmons



towards longer wavelengths, which is the same (revised) direction of the anomalous
(normal) material dispersion.

We numerically verify the relation between material dispersion and spectral
tunability, predicted from the above analysis of the closed waveguide systems, in open
resonators. Specifically, we truncate the uniform upper dielectric layers into nanodisks.
The DDM waveguides thus become film-coupled nanoresonators. In Fig. 1f and g, we
calculate the reflection spectra, at normal incidence, of Ag thin film-coupled Ge and Si
nanodisk arrays, respectively. The structural parameters are chosen such that the
resonance dips fall within the anomalous dispersion wavelengths of Ge. As the gap size
varies from 8 nm to 1 nm, the Ge gap-plasmon nanoresonator shows a spectral red-shift
of ~230 nm while that of the Si nanoresonator is ~150 nm. The contrasting spectral
tunability in the two cases (Fig. 1f and g) is consistent to that in their closed system
counterparts (Fig. 1d and e). Taken together, our analysis, in both closed and open
systems, reveals the utility of anomalous material dispersion in enhancing the spectral

tunability of plasmonic resonances.
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Figure 1 Anomalous plasmon dispersion for wide plasmon tunability. a-b. Material
dispersion of two high-index dielectric materials, Si and Ge (material index taken from
Palik*!) in the visible wavelengths. Ge exhibits strong anomalous dispersion (shaded
yellow in a) while Si shows normal dispersion. c-e. Gap plasmon dispersion relations

for closed systems, specifically, dielectric-dielectric (n = 1.4)-metal (Ag, optical



constant taken from Johnson and Christy*?) waveguides, where the upper dielectric
layers are made from a dispersionless material (n = 4.5), Ge and Si from c to e
respectively (see insets). The plasmon spectral tunability, due to gap size variations, can
be obtained by sampling the dispersions at a fixed resonant momentum k,.... Ge (Si),
showing anomalous (normal) dispersion, exhibit the widest (narrowest) spectral
tunability. We choose the plasma frequency of Ag as 9 eV. The shaded grey regions are
light cones. f-g. Spectral tunability (shaded yellow) of gap plasmon resonances in open
resonators, specifically, film-coupled Ge (f) and Si (g) nanodisks. For the same gap size
variation (1-8 nm), the spectral tunability of Ge is 1.8 times wider than that of Si. Here
the gap has a refractive index of 1.4, the disk height is 60 nm, and the disk diameters
are 75 nm and 105 nm for Ge and Si, respectively. The array periodicities are twice the

particle diameters.

To demonstrate the spectral tunability in the presence of anomalous material
dispersion, we measured the single-particle scattering of Ge gap-plasmon
nanoresonators using dark-field spectroscopy. Figure 2a shows the experimental
structure ---Ge nanodisk arrays atop an Au substrate, separated by an AlOx layer grown
using atomic layer deposition (ALD). The fabrication details can be found in Fig. S1.
Au was chosen as the reflector substrate material instead of Ag (as shown in Fig. 1fand
g) to avoid natural oxidization. Adjacent nanodisks were well-separated (pitch: 5 pum)
to ensure the validity of single-particle treatment in our simulation. As shown in Fig. 2b,
we measured the permittivity of the thermally evaporated Ge thin film using an
ellipsometer. Different from the bulk permittivity*® (tangerine solid line), the
anomalous dispersion of the evaporated Ge (46 nm) spans the entire visible light regime,
which facilitates the verification of our predictions in a wider wavelength window. The
optical constant of 2-nm-thick Ge ultrathin film from Ciesielski** was also plotted for
reference, confirming that the dispersion of Ge film depends on its thickness. A dark-
field optical micrograph of a fabricated Ge nanoresonator array (disk diameter 80 nm
and gap size 8.3 nm) was shown in Fig. 2c¢, showing uniform scattering intensity across

individual nanodisks.



We probed the fundamental dipolar gap plasmon resonances (simulated field
profiles shown in Supplementary Fig. S2) with single-particle dark-field scattering
spectroscopy. Specifically, scattered signals were recorded for single Ge nanoresonators
spanning three diameters (D = 90 nm, 80 nm and 70 nm) and five gap sizes, i.e. AlOx
layer thicknesses (t ~ 11.4 nm, 8.3 nm, 4.9 nm, 2.9 nm and 0 nm). The gap sizes were
ellipometrically determined, in accordance with the nominal ALD cycles (see in
Supplementary Fig. S3). As shown in Fig. 2d, with decreasing gap size, monotonic
~100 nm redshifts of the resonances for all disk diameters were observed. We note that
the measured redshift is about half of the theoretical prediction. The major reason is
that the anomalous dispersion is less strong in evaporated Ge than that in bulk Ge in the
visible regime (see Fig. 2b). The simulated spectra in Fig. 2e adopt the measured
refractive index of Ge and agree well with the measurements in Fig. 2d. We note that
when the gap size decreases, the scattering intensity drops because of the reduced
radiative efficiency under stronger light confinement. In contrast, if the upper
nanoresonators were replaced by Si nanodisks, under normal material dispersion, the
spectral shifts reduce to < 30 nm for the similar range of gap size variation®® (Fig. S4,

Supplementary Information).
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Figure 2 Measurement of plasmon tunability under anomalous material dispersion. a.



Schematic of a Ge-Au gap-plasmon nanoresonator. The substrate is coated with an
ultrathin AlOy layer and an Au back reflector. b. Measured permittivity of evaporated
Ge material (46 nm), compared with bulk and a referenced ultrathin film. c. A typical
dark-field optical micrograph of an 80-nm-diameter Ge nanodisk array with 8.3 nm gap
size. Inset, scanning electron micrograph (SEM) image of an individual Ge nanodisk.
d-e. Measured (d) and simulated (e) spectral tunability of Ge gap plasmon resonators.

Scale bars: 5 um for b and 20 nm for inset in b.

Next, as an engineering example of anomalous material dispersion, we
demonstrate a Ge-based plasmonic color printing to further highlight the spectral
tunability and fabrication scalability. Figure 3a shows the schematic of the cross-section
ofaunit cell. Here, we replaced the Au reflector with Ag and used an inverse fabrication
process to prevent oxidations (see Fig. S5 in the Supplementary Information for details
on the fabrication). In this design, structures were fabricated on a transparent substrate
(quartz) and inspected from the backside. Compared to Au, Ag has a flatter reflection
spectrum in the visible, and therefore provides a purer white background and creates
more vibrant colors****'. Furthermore, the inverse fabrication process encapsulates the

Ge, which also prevents oxidation of Ag (at the Ag-AlOy interface).

a c . ) d
<id "'"I Ag i) Experiment
t i D =80 nm D=70nm D=60nm
o | g \ \/,/ \ 71 nmAlO,
b quartz E A | :"
8 \ \/‘-,/rf ! 7.5nmAIO,
S \ 4
b 3 | kT [\ mmae]
= X ! i 4.5 nmAIQ,|
S 3 |
g | P ey
£ v Png, L e Y~2.4nmAIO,
‘5 e—_— ] Ll
= outAlO
E 500 600 700 500 600 700 500 600 700
@ Wavelength (nm) Wavelength (nm) Wa gth (nm) e
é ii) Simulation .
E @
g g \ \ \
— < M ! L.-11.1 nm AlO,
o B \ Y %
- o AN A \
> ] \/ \/4 \/ﬁ
© = L} .5 nmAIQ,
A £ 4 k \“‘.\/L
Q o '\\“/ \“L/ )
N \ Y 45 nmAIO,
% N_/ ‘\l_/ 4
E iy ] 2.4 nmAIO,
e T e
without AlO,
500 600 700 500 600 700 500 600 700
t=0,29, 4983, 11.4 nm Wavelength (nm) Va (nm) Wa gth (nm im0 oae o N W

Figure 3 Anomalous-dispersion-based Ge gap-plasmon nanoresonators for color

printing. a. Cross-sectional schematic of a unit cell of a film-coupled Ge nanoresonator



array, featured by ultrathin AlOx and optically thick silver film inversely coating the
quartz substrate. b. Color palette with diameter variations (D = 60 to 120 nm) of Ge
nanodisks at a step size of 5 nm for varying AlOx layer thickness (t = 0 nm, 2.4 nm,
4.5nm, 7.5 nm, 11.1 nm). c. Experimental (i) and simulated (ii) reflection spectra of
the color tiles labelled by red (D =80 nm), green (D = 70 nm) and blue (D = 60 nm)
solid frame in b. The black dashed arrows represent the dip shift trend. d. SEM images
of Ge nanodisks with D = 80 nm before the ALD process. e. CIE 1931 chromaticity
coordinates of the measured reflection spectra of the color palette in a. Scale bars: 200

nm for ¢, and 50 nm for inset in c.

We first created color palettes by patterning square arrays of Ge nanodisks with
varying diameter (D) and gap sizes (t). Figure 3b shows the bright-field optical
micrographs of the palette. The disk diameter D increases from 60 nm to 140 nm with
5 nm steps along the y axis, and the gap size (t=0, 2.4 nm, 4.5 nm, 7.5 nm, and 11.1 nm)
increases along the x axis. For each array, the spacing between adjacent nanodisks was
set to be the same as the diameter to ensure a consistent fill factor. The reflection colors
change under various nanodisk diameters and gap sizes. The fact that the colors can be
tuned prominently by only a few nanometer change in the gap size is especially relevant
for active color/spectral control*® using nanoelectromechanical means??, where the gap
size can be controlled dynamically.

Figure 3c shows the measured and simulated reflection spectra of the color tiles
labeled in Fig. 3b (D =80 nm, 70 nm, and 60 nm respectively). For a fixed nanodisk
diameter, e.g. D = 60 nm, the measured spectral shift is ~130 nm for gap sizes t between
0 and 11.1 nm. Taking Ge native oxidation after evaporation into consideration, a 3-
nm-thick GeOx film (optical constant taken from Nunley*®) was added to coat the Ge
nanoresonator in the computational model. Compared with numerical simulations, a
blueshift of the resonant dip was observed in the measurements, which could result
from the imperfections during fabrication process, such as the air-hole defects*™ at the
edge of the nanodisks. Nevertheless, in terms of spectral tunability, the experimental

spectra agree well with simulations. Figure 3d shows a typical SEM image of a Ge



nanodisk array (D = 80 nm, t = 7.5 nm) on quartz substrate before the ALD process. As
shown in Fig. 3e, all the reflection data of the extended color palettes were transformed
into the CIE 1931 chromaticity coordinates. The color palettes enclose a wide gamut.
Therefore, the anomalous-dispersion-based scheme is compatible for the requirement
of vivid color generation and could also be useful for full-color printing applications.
We also exploited the color variation from pitches (P) and disk diameter (D) (see
Supplementary Fig. S6) to form an extended color database. The established database
contains the correlated information about the geometries (D and P) and the RGB values
obtained from the reflection spectra per data element. With this database, we were able
to implement photorealistic color printing. Here, we fabricated two full-color
microprints of a Chinese ink painting with two different dielectric spacer thicknesses
(2.4 nmand 7. 5 nm). The target original digital image shown in Fig. 4a was pixelized
and converted into a final fabrication layout by automatically matching closest RGB
colors using a Python script. Each physical pixel was 1 ym x 1 um, which includes
multiple nanodisks with certain diameter and pitch. The two microprints were
fabricated using the same inverse fabrication process depicted in Fig. 3a. Figure 4b
and ¢ show the bright-field optical micrographs of the fabricated paintings
(250 wm x 150 pwm) with AlOy gap sizes of ~2.4 nm and ~7.5 nm, respectively. The two
paintings show a significant difference in color despite of the nanoscale variation of the
dielectric spacer thickness, consistent the predicted strong spectral tunability. Similar
color tunability was reproduced in another piece of painting with a different color

scheme (see Supplementary Fig. S7).



Figure 4 Reproducing vivid microprints using different AlOx gap sizes. a. The original

Chinese ink painting. b-c. Optical micrographs of Ge nanoresonators with 2.4 nm (b)
and 7.5 nm (c) thick AlOy dielectric layers. d. The corresponding SEM micrograph of
the labelled area by the black solid frame. Scale bars: 20 um for b and ¢; 500 nm for d.

In summary, we have proposed that anomalous material dispersion enables
improved spectral tunability of plasmonic resonances. As an example, we illustrated
our proposal with Ge in the visible wavelengths. Two Ge gap-plasmon resonators
architectures were developed to demonstrate the wide plasmon tunability using single-
particle scattering spectroscopy and reflection measurements. We expanded such a gap
plasmon architecture for color generation. Under few-nanometer variation of the spacer
thickness, the observed color change reveals the potential for tunable color printing.
Future efforts include oxidization prevention, engineering the optical responses of Ge
and other materials for stronger anomalous dispersion at various spectral windows, and
integration of static nanostructures with actuators and controls for tunable plasmonic

and metamaterial devices.
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