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Supplementary Figure 1 | Variation in coupling coefficient £ and phase shift ¢ with 6. Variation in
B and ¢ as a function of both groove-width (w: 50 nm to 400 nm) and free-space wavelength (14: 450 hm
to 750 nm), for illumination at & = 10° (a and b, respectively) and 6 = 20° (c and d, respectively), and
fixed groove-depth (t = 100 nm) at a Ag-air interface. The variation in S8, ¢, ' and ¢’ at 8 = 0° is

summarized in Figure 1 of the manuscript and, for consistency, it was verified that 8’ and ¢’ does not vary
with 6.
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Supplementary Figure 2 | Coupling of free-space mode and SPP into a slit-mode. Variation in a,
amplitude coupling coefficient B(W, 8, A,) and b, phase shift ®(W, 6, 1,) for a plane wave coupling into
guided modes inside a slit of width W = 100 nm at a Ag-air interface for A, = 450 nm to 750 nm at
illumination angles of & = 0°, 10° and 20°. Variations in ¢, coupling coefficient B'(W, 4,) and phase-

shift ®'(W, A,) for SPP modes coupling into a guided mode inside a slit of the same width. Corresponding
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variations in the calculated values of d, B¢ and e, ®@.¢ under identical illumination conditions.
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Supplementary Figure 3 | Spatial-frequency content of the aperiodic colour-filtering device. a, The
real-space waveform representing the groove locations p, and their widths w, as projected onto the plane
of incidence at each of the three angles of incidence (6 = 0°, 10° and 20°), for the aperiodic colour-filter
device described in Figure 2 of the manuscript. As the angle of incidence 6 increases, the perceived groove
location and width of the aperiodic groove array varies as pegs = p(1 — sin @) and wegr = w(l — sin 6)
respectively. b, Spatial Fourier-transform of the real-space groove-waveform depicting the associated
reciprocal wave-vectors in inverse k-space. As expected, the aperiodic device exhibits dominant spatial-
frequency content at wavelengths that agree with the modeled and experimentally measured spectral outputs
(Figure 2c and 2e of the manuscript, respectively).
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Supplementary Figure 4 | Incident-angle dependent transmission spectra for periodic, chirped and
random slit-groove devices. FDTD calculated relative transmission spectra (I'), at incident angles 6 = 0°,
10° and 20°, for slit-groove devices where the grooves are arranged: a, periodically with pitch p = 630 nm;
b, in a linear chirped geometry; and c, in an exponential chirped geometry around a central subwavelength
slit. For the linear chirped device, the distance of each individual groove from the slit, x,,, follows the
equation: x,, = x,_, + 2n/k, where n >0 , k, = 2n/xy + 0.0005n and x, = 630 nm. For the
exponentially chirped device: x,, = x,_1 + 2n/k, wheren >0, k, = (1.01)" (2r/x,) and x, = 620
nm. d, Relative transmission spectra (I'), at incident angles 6 = 0°, 10° and 20°, for a device with random
placement of ten grooves within the 10 um-wide lateral footprint of the device. For each simulated device,
Ag-film thickness h = 250 nm, slit-width W = 100 nm, groove width w = 50 nm and groove depth t =

50 nm was used.
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Supplementary Figure 5 | Spatial-frequency content of an equivalent periodic groove device. a, The

real-space waveform representing the groove locations p, and their widths w, as projected onto the plane

of incidence at each of the three angles of incidence (8 = 0°, 10° and 20°) for a periodic groove device of

periodicity p = 630 nm and constant groove width W = 50 nm. As the angle of incidence 8 increases, the

perceived groove location and width of the periodic groove array device also varies as pegr = p(1 — sin 6)

and wegr = w(1 — sin @) respectively. b, Spatial Fourier-transform of the real-space groove-waveform

depicting the associated reciprocal wave-vectors in inverse k-space.
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Supplementary Figure 6 | Nanofabrication process steps. E-beam resist (PMMA) was spin-coated on a
pre-cleaned 20 nm thick ITO-coated fused silica substrate. E-beam lithography (at 100 keV) was used to
expose the inverse groove pattern on the resist, and the exposed resist was subsequently developed for 60
s in MIBK followed by 30 s rinse in IPA. Using E-beam evaporation, a 5 nm thick Cr adhesion layer,
followed by 100 nm thick Ag was deposited. Following deposition, lift-off was carried out by soaking the
sample in Acetone for twelve-hours. The lift-off procedure leaves Ag islands at the location of the exposed
regions. A second Ag deposition of thickness 150 nm was performed using electron-beam evaporation in
order to elevate the groove pattern by an optically thick layer above the plane of the substrate. Finally,
focused-ion-beam milling was used to create a 100 nm-wide, 10 um-long central through slits (or 150 nm-

diameter circular through apertures). The scale bar in the SEM image represents 2 pum.



Supplementary Note 1 | Plasmonic colour pixel analysis:
The optical contrast I of the aperiodic slit-groove device summarized in Figure 2 of the manuscript for the

three spectral peaks with FWHM linewidths (A4, /,) is calculated as:

Ion — loFr

I¢ €]

" Ton + lore’
where Iy represents the spectral amplitude at the targeted wavelength of interest at corresponding incident
angle (for e.g., 690 nm at 0°) and Iy is the residual spectral amplitude at that same wavelength (690 nm)
for other incident angles (10° and 20°). The device exhibits an optical contrast of up to 93 % and linewidths
as narrow as 60 nm (Supplementary Table 1).

The angle-resolved spectral colour filtering property of the aperiodic plasmonic device has
potential for applications as RGB colour pixels. In recent years, several periodic plasmonic colour-pixel
designs that include array of apertures, slits or slit-grooves have been proposed for high-quality CMOS
digital image sensor applications [1-4]. Here, we quantitatively measure the spectral crosstalk, or bleed,
which is a measure of the performance of a colour-filter, for the aperiodic angle-resolved colour-filters
fabricated in this study (Figure 2 of the manuscript). Spectral crosstalk is a quantitative measurement of the
overlap between various spectra in a device with a multi-band spectral response, and is defined as [4, 5]

C./C; = { f r(6;, 1) dA / f NCWD) dl} @
A AL i%)
where A4; is the integration range extending over the linewidth A4, ,, for a relative spectral transmission
I'(8, 1) peak at A;. Each integrated spectral range is represented by C;,; with i and j =1, 2 or 3 for the three-

peaks, respectively and i # j. The ideal spectral crosstalk for a colour-pixel, given by equation (2), is 0 %
— indicating that there is no spectral overlap between neighboring spectral peaks. The aperiodic plasmonic
device studied here is able to achieve spectral crosstalk values that are comparable to conventional colour
filters (Supplementary Table 2). Note here that the performance specifications of the experimentally

implemented aperiodic colour-filter structuresincluding spectral linewidth, optical contrast and spectral



crosstalk, are all comparable to state-of-the-art plasmonic counterparts that rely on periodic nanostructures
[6-8]. The optimization algorithm incorporating the interference model allows us to achieve angle resolved

full-colour response from a single-pixel device on a micron-scale device footprint.

A4y /2, FWHM Ic (690 nm, 0°) Ic (545 nm, 10°) | I (480 nm, 20°)
(690 nm, 0°) 60 (120) nm N/A 60 (87) % 93 (70) %
(545 nm, 10°) 60 (85) nm 80 (93) % N/A 84 (95) %
(480 nm, 20°) 38 (55) nm 74 (72) % 83 (88) % N/A

Supplementary Table 1 | Linewidth and optical contrast of the aperiodic color filter. Experimentally
measured spectral peak characteristics (linewidth A4,,, and optical contrast I¢) for the aperiodic colour
filter device at 8 = 0°, 10° and 20° corresponding to spectral peaks at 1 = 690 nm, 545 nm and 480 nm. The

values predicted by FDTD-calculations are shown in parenthesis for reference.

Red (690 nm)

Green (545 nm)

Blue (480 nm)

Red (690 nm) N/A 10 (5) 15 (6)
Green (545 nm) 15 (9) N/A 14 (32)
Blue (480 nm) 29 (0) 16 (17) N/A

Supplementary Table 2 | Spectral crosstalk exhibited by the aperiodic color filter. Experimentally
measured spectral crosstalk exhibited by the aperiodic colour filter along with the crosstalk values for

conventional filters shown in parentheses [2].
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Supplementary Figure 7 | Multispectral Plasmonic Response. An aperiodic device designed on Au to
exhibit five angle-dependent spectral peaks spanning the visible-near infrared spectral range. The
simultaneous multi-band spectral response from a micron-scale single-pixel size device suggests

application for spectral colour-sorters in areas such as multiplexed sensing or hyperspectral imaging.
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Supplementary Figure 8 | Design and implementation process summary. The complete process-flow
for the design and optimization, nanofabrication and experimental characterization of an aperiodic
plasmonic device with target performance specifications. The optimization process uses the transmission
model described in the manuscript along with design and target constraints to optimize for the final
aperiodic groove-design. The nanofabrication procedure (outlined in Supplementary Figure 6) is used to
fabricate the device, and experimental characterization using a supercontinuum white-light laser as the
illumination source and a spectrometer coupled to a cooled Si-CCD, is used to measure the relative spectral

transmission intensity. Finally, model calculated relative transmission spectra for the optimized device
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design are compared with the target specification and experimentally measured spectra.
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Supplementary Figure 9 | Absolute power transmission efficiency of a single-slit. a, FDTD calculated
power transmission efficiency n of a single-slit of width W = 100 nm fabricated on a Ag substrate of
thickness h = 250 nm. Power transmission efficiency here is defined asn = P/ Pi, Where P, is the power
of a normally incident TM-polarized wave on the slit and P, is the power transmitted by the slit into the
far-field. b, Variation in n as a function of W for h = 250 nm at three incident wavelengths (1, = 690 nm,
550 nm and 460 nm). As expected, n increases with increasing slit-width W. ¢, Variation in n as a function

of h for W =100 nm at A, = 690 nm, 550 nm and 460 nm where the oscillatory modulation in transmission
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vs. h is due to Fabry-Perot interference of the guided-mode propagating within the slit.
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0=0° 6= 10° 0 = 20°

Target 700 nm 500 nm

¢ =0° Model 695 nm 495 nm
Measured 702 nm 535 nm

Target 640 nm 555 nm 460 nm

¢ =90° Model 620 nm 520 nm 454 nm
Measured 628 nm 532 nm 484 nm

Supplementary Table 3 | Designed, modeled and experimentally measured spectral peak positions.
Targeted spectral-peak positions for the aperiodic bullseye structure (Figure 4 of the manuscript) under
various illumination conditions, compared to the peak-positions from the interference-model for the

optimized structure, and to those measured experimentally from the fabricated device.

Supplementary Note 2 | Effective index calculation of a bi-layer dielectric medium:

In order to accurately determine the figure-of-merit (FOM) of the aperiodic plasmonic sensor (studied in
Figure 5 of the manuscript), an accurate determination of the effective change in refractive-index (An),
when the metal (Ag, medium 1) surface is coated with nanometer-scale thick dielectric (AlOs, medium 2)
layer, is required. This is achieved by converting the bi-layer Al.Os/vacuum dielectric over-coating

(medium 2 and 3 in Supplementary Figure 10a) into an effective bulk dielectric of refractive index neg

(Supplementary Figure 10b).
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Supplementary Figure 10 | Effective medium approximation of dielectric bi-layer into a single
effective dielectric medium. a, A 3-layer system. Medium 1 (described by complex dielectric permittivity
&; and free-space permeability uy) and medium 3 (&3, up) are assumed to be of semi-infinite thickness on
either side of medium 2 (&5, 1) of thickness d. All three mediums are assumed to be non-magnetic, linear,
isotropic, and homogeneous. b, Mediums 2 and 3 together are approximated to be semi-infinite effective

medium of complex dielectric permittivity .¢ and free-space permeability p,.

The conversion requires the calculation of the lowest order bound modes in Supplementary Figure 10a.
Assuming TM polarization, Ampere’s law VxH = —iweogE gives the full field expressions for each
medium j (j =1, 2, 3). This is expressed in equations 3, 4, and 5 using Cartesian unit vectors a,, d,,, and
a, where w is the angular frequency, &; is the medium dielectric constant, and &, the permittivity of free-
space. The field amplitudes for each region are given by H; (region 1), H, 4, H; , (region 2), and H; (region

3). The wave-numbers for each region are given by k; = \/s_jko where ko = w/cy and ¢y is the speed of

light in free-space. Each k; obeys the relation k7 = k7, + k7.

(z<0)
H, = a,H e *raZetkix (3.9)
— —H ~ ~ . .
E; = wSO; (axkl,z + azkx)e thzZ gtk (3.b)
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(0<z<d)

H, = ay(Hyqe'*22% + H, e~ 227 )ehax (4.2)

- 1 ~ . B ' ) |
By = (kg (Ha et 4 Hypem oo — e, (Hy oot 4
st -
(z>4d)
ﬁ3 = ayH3eik3'ZZ€ik3.x (5a)
- H R R ' '
E3 = (4)8583 (—axk3,2 + azkx)elks'zzelk&x (5b)

The boundary conditions for this system are given by:

Hy(z=07)=H,(z=0%)
H,(z=d")=H,(z=d")
Ex(z=07)=Ex(z=0")
Ex(z=d7) = Ex(z=d")

(6)

Applying these boundary conditions to equations (3), (4) and (5) gives k; , = k; , = k3, = k, and:

Hy =Hy; + Hy, (7a)
kiz K2z
j’Hl = ;_2(H2,1 - Hz,z) (7b)
H3eik3'zd = Hz'leikz'zd + Hzlze_ikz'zd (7C)
ks, ; ko, : i
gi;H3e”‘3.zd = 82—2 (—Hyq e 2z + H, ,e~t2z) (7d)

Eliminating the four H-field amplitudes from equations (7a) to (7d) gives the dispersion relation:

(ks,z , kz,z)(kl,z \ kz,z)
i2k,,d _ 13 €2 &1 &2 (8)
(k3,z kz,z)(kl,z k2,z)

&3 &2 &1 &2

e
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A similar dispersion relation is obtained in [9], however, in equation (8) no initial assumptions about k,, in
the three-regions is made.

Supplementary Table 4 shows the solutions of equation (8) for various medium 2 thicknesses d,
ranging fromd = 0 nmto d — oo. For the aperiodic sensing device (in Figure 5 of the manuscript): medium
1is Ag, medium 2 is Al,Os, and medium 3 is free-space. At the sensor operating wavelength of 540 nm,
this corresponds to & = —10.5760 + 0.8383i, ¢, = 3.1364, and &3 = 1, using published values of
dielectric constant for Ag [10]. For d = 0 nm, medium 2 makes no contribution and the values of k, , and
ks , that satisfy equation (8) are complex and represent a bound-mode (Supplementary Table 4). The
calculated value for k, (Supplementary Table 4) also agrees with the theoretical prediction for a bound
SPP-mode in a two-layer metallo-dielectric system, k. /ko = \/e1e5/ (e, + £5) = 1.0505 [11]. In the limit
d — oo, medium 3 makes no contribution, and the values of k, , that satisfies equation (8) is large and

imaginary. The calculated mode for k, (Supplementary Table 4) in this case also agrees with the theoretical

prediction k, /k, = €16,/ (&1 + &) = 2.1079 [11]. For intermediate values of d, an effective medium

dielectric constant can be calculated by setting k,/k, = \/sleeff/(el + &o¢r). Recognizing that the

refractive index of a non-magnetic, isotropic medium is given by n; = /e gives ky/ko =

Ny Negr/ |n% + nZe, and so:

Kk
nq x/
Neff = ) ©)

n%—(kx/ko)z

The refractive index values for Al,Os and free-space at 540 nm are n, = 1.7701 and n3 = 1, respectively.
Using equation (9), Supplementary Table 4 shows excellent agreement with the expected values for ngg in
the limiting cases of d = 0 nm and d — co. Using the experimental values for the wavelength shift and
linewidths (from Figure 5c¢ of the manuscript) and the data in Supplementary Table 4, the bulk sensitivity

and FOM can be directly calculated.
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d (nm) ky,/ko k,2/ko ks ./ko ky/ko Real{neg}
0 0.1226+3.4198i 1.4257 0.3223i 1.0506 1.0000
1 0.1225+3.4209i 1.4230 0.3338i 1.0542 1.0031
2 0.1225+3.4221i 1.4202 0.3456i 1.0580 1.0066
3 0.1224+3.4233i 1.4172 0.3577i 1.0620 1.0099
4 0.1224+3.4246i 1.4140 0.3700i 1.0662 1.0135
5 0.1223+3.4260i 1.4107 0.3825i 1.0706 1.0172
6 0.1223+3.4274i 1.4071 0.3954i 1.0753 1.0213
7 0.1222+3.4290i 1.4034 0.4086i 1.0802 1.0255
8 0.1222+3.4306i 1.3994 0.4219i 1.0853 1.0298
9 0.1221+3.4323i 1.3952 0.4356i 1.0907 1.0344
60 0.1131+3.7047i 0.0101 1.4616i 1.7709 1.5562
70 0.1118+3.7483i 0.5700i 1.5688i 1.8604 1.6159
d— 0.1081+3.8777i 1.1457i 1.8571i 2.1092 1.7709

Supplementary Table 4 | Effective refractive index of a bilayer dielectric medium surrounding a
metal film. Effective index ne¢ vs. dielectric layer thickness d (medium 2) for the three-layer system shown
in Supplementary Figure 10a assuming medium 1 to be silver Ag, medium 2 to be Al;O3, and medium 3 to

be free-space.
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Supplementary Note 3 | Refractive index sensing:

In addition to demonstrating the versatility of the optimization algorithm, incorporating the interference
model, to perform linewidth optimization necessary for sensing applications at any arbitrary wavelength
and angle of incidence (Figure 5 of the manuscript), we summarize here the sensing capabilities of the
multi-spectral response of an aperiodic device designed on Au-film for operation spanning the visible
wavelengths. Simultaneous illumination of the sample at multiple angles of incidence would result in
multiple discrete pre-defined spectral peaks in transmission thereby allowing for multiplexed sensing
capabilities, which can result in higher-sensitivity than is possible from devices that exhibits only one
spectral peak [12]. The aperiodic Au device was designed to fit within the same lateral foot-print as the Ag
aperiodic slit-groove device (< 10 um), and is theoretically implemented here to exhibit spectral peaks at
790 nm, 725 nm, 665 nm, 630 nm, and 560 nm for incident angles 0°, 5°, 10°, 15° and 20°, respectively,
(Supplementary Figure 7). As the refractive index of the medium surrounding the patterned side of the
device is varied from 1.00 to 1.02, each of the five-spectral peaks were found to red-shift with comparable
index-sensitivities. Representative spectral-shifts as a function of change in refractive index for two spectral
peaks corresponding to angles of incidence of 6 = 5° and 15° are shown in Supplementary Figure 11a, and
the device sensitivity response is plotted in Supplementary Figure 11b. For the Au multi-band device
operating at & = 0°, the bulk sensitivity is calculated to be S, = 532 nm/RIU. Combining this with the

resonance linewidth of A4, , =24 nm at 4; = 615 nm gives a figure-of-merit, FOM = 22. For other angles

of incidence, the FOM values are 35, 42, 25, and 25 at 8 = 5°, 10°, 15° and 20°, respectively. These FOM
values for the multiband structure over multiple angles of incidence are comparable to the typical values

for plasmonic sensors [12-16].
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Supplementary Figure 11 | Multiplexed plasmonic sensing. a, Representative shift in spectral response
of the five-peak Au device (shown in Supplementary Figure 7) as a function of change in refractive index
of the surrounding media when illuminated at multiple angles of incidence (6 = 5° and 15°). The spectra in
a are offset vertically for clarity. b, Summary of the shift in spectral peak as a function of change in
refractive index for the Au slit-groove array devices at the five pre-defined angles of incidence. The slope
of each curve corresponds to the index-sensitivity of the device which in conjunction with linewidth is used

to calculate the FOM.

Supplementary Note 4 | SPP propagation length and Ag degradation:

The SPP propagation decay length Lgpp is experimentally measured (using the method described in ref. 17)
to be = 7 um at 4o = 690 nm on an evaporated Ag-air interface used in the manuscript (Supplementary
Figure 12, blue squares). For an equivalent Ag-air interface fabricated using the template-stripping
approach, the SPP propagation decay length Lgpp is experimentally measured to be = 30 pm at Ao = 690 nm
on an evaporated Ag-air interface used in the manuscript (Supplementary Figure 12, purple spheres), a
value that closely matches the theoretical SPP decay length calculated using the bulk effective permittivity
of template-stripped Ag measured by a spectroscopic ellipsometer (Supplementary Figure 12, dashed black

line).
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Supplementary Figure 12 | Propagation decay length of SPPs propagating on a Ag-air interface.

Experimentally measured 1/e decay length Lgpp of SPPs for free-space wavelengths ranging from 500 nm

to 800 nm on an evaporated Ag-air interface (blue squares) and a template-stripped Ag-air interface (purple

spheres). The theoretical SPP decay length calculated using the bulk effective permittivity of template-

stripped Ag (dashed black line).

Note that oxidation of Ag can also have a detrimental issue on device performance when operated

under ambient conditions for long periods of time. We have not observed any degradation of Ag films used

in our experiments as they were only exposed to air for the duration of the experiments (few minutes to an

hour) and stored in a dry-environment. A few-nm thick atomic-layer-deposited protective overcoat of low-

loss oxide (Al.O3) or use of doped-Ag films has been shown to dramatically improve the stability of Ag
films without any compromise on the optical performance [18, 19].
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Supplementary Figure 13 | Number of Grooves Dependence. Optimized relative spectral transmission
(T') through an aperiodic plasmonic device as a function of increasing number of grooves on both sides of

the slit (N, M =1, 1) to (N, M =5, 5) for the three angles of incidence 8 = 0°, 10° and 20°.
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Supplementary Figure 14 | Relative transmission at off-angle incidence. Relative spectral transmission
(T') through the aperiodic plasmonic device (Figure 2 of the manuscript) at non-optimized angles of
incidence of @ = —10° and —20° (dotted lines) along with the spectral transmission at optimized angles of

6 = 0°, 10° and 20° (solid lines).
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