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Abstract: We report the tuning of plasmonic colours on silver by controlling the thickness of alumina films depos-
ited via atomic layer deposition. The colours are observed to shift with increasing alumina film thickness. Colour palettes
produced with periodic topographical features are observed to recover their original vibrancy and Hue range after the
deposition of a film thickness of ~ 60 nm while colours devoid of such topographical features are observed to gradually
fade and their colour intensities are never recovered collapsing into a small visually unappealing region of the LCH color
space. Analysis of the surfaces identifies the periodic topographical features as responsible for this behavior. Finite-
difference time-domain simulations of flat and sine-modulated surfaces covered with nanoparticles and covered by a
conformal alumina film were conducted to unravel the role played by the ALD thickness on the colour formation, where
colour rotations and recovery were also observed. The coloured surfaces were evaluated for applications in colourimetric
and radiometric sensing showing large sensitivities of up to 3.06/nm and 3.19 nm/nm, respectively. The colourimetric
and radiometric sensitivities are observed to be colour dependent.
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Computional Nanophotonics

1 Introduction

Plasmonic devices based on the unique optical properties of metallic nanoparticles have been a hot topic in the last
decade, casting a wide net of promising applications in fields such as chemical and biomedical sensing,[1-5] photochem-
istry,[6-8] colouring[9-17], and surface-enhanced spectroscopy[18, 19]. Localized surface plasmon resonances (LSPR)
are due to collective oscillation of the free electrons when exposed to optical radiation and are sensitive to the shape and
size of the nanoparticles, the proximity of any surrounding nanoparticles and the refractive index of the local surrounding
medium.[20-22] The use of plasmonic surfaces in sensing applications exploits the latter for the detection of target
species due to the sensitivity of the LSPR to slight changes in the local refractive index. Research on optimizing the
sensitivity of the plasmonic surfaces by seeking the largest possible LSPR shift has been an important driver in the
development of plasmonic surfaces. Researchers have explored the fabrication of nanowires,[23] nanoshells,[24, 25]
nanodisks[26] and other distinctive shapes and arrangements[27] to achieve the best LSPR sensor. Typical fabrication
methods of such structures include lithography[28,14,29,30,31] and the growth of nanoparticles via chemical means.[32]
While nanoimprint lithography[14,31] has promising scale-up potential, the initial step of mold fabrication is lengthy and
often limited to small surface areas.

Recent advances in ultrafast laser technology and the creation of single step plasmonic surfaces via fast direct laser
writing[11,10,9] of large surface areas[12,33] shows great promise for increasing production and cutting down on the
fabrication time and cost of plasmonic devices. Additionally, compared to the ordered surfaces commonly fabricated
using lithographic methods, surfaces coloured by ultrafast lasers are random. For colouring applications, it means that,
under certain conditions, these surface do not exhibit angle-dependent colours typical of ordered surfaces.[12] However,
using different laser parameters, the exposure of metals to laser light can also result in angle-dependent colours via the
creation of laser-induced periodic surface structures (LIPSS)[9] that originate from the interference of the incoming light
and a surface scattered wave.[34, 35] Recently, Guay ef al.[36] demonstrated that these LIPSS combined with nanopar-
ticles enhances plasmon resonances and could be tuned via different laser burst arrangements. Colour arising from light
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interacting with LSPRs on noble metals is sensitive to the local environment so colour changes can be monitored in
colourimetric[32] sensor applications.

In this paper, we report the tuning of plasmonic colours on the surface of laser-machined silver by varying the
thickness of an alumina layer deposited thereon by atomic layer deposition. The colour palettes investigated are for burst
and nonburst colouring methods.[12,37] We observed with increasing alumina thickness a broadening of the spectrum
of the burst colours and witnessed an initial fading of the colours followed by the recovery of the original colour satura-
tion, unique to the burst colours. Finite-difference time-domain (FDTD) simulations were conducted to understand the
role of the ALD alumina layer on the nonburst and burst surfaces, which are modelled as a flat surface and a sine-
modulated surface, respectively. FDTD simulations identifies the difference in behavior between burst and nonburst
coloured surfaces to originate from the LIPSS that are unique to burst and enables grating-coupling. We also report
sensitive colourimetric and radiometric sensors from the direct colouring of silver surfaces using a picosecond laser. The
sensitivity of coloured silver surfaces is tested by the deposition of different alumina thicknesses via atomic layer depo-
sition (ALD).

2 Experimental Methods

The silver surfaces were coloured by exposing large areas of the samples to laser irradiation by raster scanning the
surfaces in a unidirectional top to bottom fashion (Fig. 1). The machining of the surfaces was carried out using a wave-
length of 1064 nm emitted by a Duetto mode-locked laser (Nd:YVOs, Time Bandwidth® Products) outputting 10 ps
pulses. Two laser colour marking schemes are investigated, the ‘burst mode’ composed of a train of closely time-spaced
pulses and the standard ‘nonburst mode’. The colouring of silver using these two marking techniques is described in
previous work[12,33,17]. The time separation between each of the pulses within the burst train is governed by the oscil-
lator and is set to tp, = 12.8 ns. A selection of 1 to 8 pulses within a laser burst can be selected and the energy distribution
among the pulses can be adjusted using Flexburst™. The burst pattern (i.e. energy distribution) used to create the colours
is shown in Fig. 1 (B). The repetition rate, f = 1/T, of the laser was set to 25 kHz using a pulse picker of 2 for the burst
colours, and 50 kHz for the nonburst colours. After going through the XY galvanometric mirrors (TurboScan 10, Ray-
lase), the light was focused onto the silver surface using an F-theta lens (f= 254 mm, Rodenstock). For accurate focusing,
the surface of a sample was located using a touch probe arrangement. The silver samples were of 99.99% purity with a
diameter of 38 mm and a thickness of 3 mm. For machining, the silver samples were placed on a 3-axis stage with a
translation resolution of 1 pm in the lateral and axial directions. The laser power was controlled by a user interface and
monitored using a power meter (3A-P-QUAD, Ophir). The spot size was measured to be ~28 pm following the semi-
logarithmic plot approach of the modified region following previous work[38].

The colours were quantified using a Konica Minolta CR-241 Chroma meter in the CIELCH colour space, 2 observer
and illuminant C (North sky daylight). The instrument outputs LCH values of the measured colours; where L is Light-
ness, C is Chroma (i.e. colour saturation) and H is Hue (colour value associated with a 360° polar scale). The LCH values
were converted to the XYZ tristimulus colour space using Matlab for the plotting of the Commission de 1’éclairage (CIE)
diagrams. The reflectance measurements were taken via an in-house setup comprising a spectrometer (CCS200,
Thorlabs) and a cold LED source (MCWHF2, Thorlabs). The light was sent and collected via a fibre optic reflection
probe bundle (RP28, Thorlabs).

The ALD of alumina was performed using a Picosun R150 thermal deposition tool. Trimethylaluminum (TMA,
>98%) and distilled water were held at 18°C in stainless steel bubblers for all of the depositions on the silver surfaces.
Purges and line flows used 99.998% N, (150 sccm for TMA, 200 sccm for water). For all the depositions, there were six
initial 1 s pulses of TMA followed by a 30 s purge. After the initial cycle, pulses and purge times for TMA and water
were 1 s and 90 s, respectively. The depositions were performed with the temperature of the chamber set at 60 °C.
Additionally, Si (100) “witness” wafers were placed in the chamber to confirm the expected growth rate of the alumina
films. The silver samples were placed on a stainless steel mesh during deposition in order to support the samples and
ensure complete coverage.
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Fig. 1| Experimental Setup. Schematic representation of the pulse energy distribution used for the (A) nonburst and (B) burst
colours. The nonburst colours were written using a burst of 1 pulse (i.e. nonburst) with a laser repetition rate, f = 1/Ty, of 50 kHz
while the burst colours were written using a burst pulse energy distribution shown in (b) with each pulse separated by 12.8 ns.
The number of pulses within each burst can be set from 1to 8. To increase the time separation between shots within the burst,
the energy of pulses within the burst can be set to zero. (C) Schematic demonstrating the machining of samples using a top to
bottom, unidirectional, raster scanning pattern.

The alumina films were probed by electron X-ray dispersive microscopy (EDX). The alumina layer thicknesses
were estimated by entering the values of the EDX probe, voltage, takeoff angle, element, element k-ratio, and estimated
density in the software GMFilm.[39] The EDX alumina thickness measurements were confirmed with, and the refractive
index of the alumina film was obtained by ellipsometry (FUV-NIR, Horiba Uvisel) with an incident angle of 70° and
measured over the spectral range of 235 — 2000 nm in steps of 5 nm. Grazing angle measurements were performed with
an FT-IR spectrometer (Nexus 870, Thermo Nicolet) with the incident light hitting the surface of the sample at an angle
of 80°.

3 Results and Discussion

3.1 Colourimetric response to the atomic layer deposition of alumina

In a previous study, a multi-layer coating method was developed to minimize morphological and colourimetric
changes on the sample surface while protecting the surface against chemical attacks in order to target a specific industrial
application.[33] The mechanism of island formation and film growth on the silver surface during ALD was discussed.[33]
Here, a layer of alumina is deposited over pre-existing silver colours to investigate its effect on colour changes in order
to compensate or predict the final image canvas. Fig. 2 is a side-by-side comparison of a full color palette (a) without
and (b) with a 90 nm thick film of alumina deposited via ALD. The colours on the surface of the silver samples were
obtained using the nonburst (top in Figs. 2(a) and 2(b)) and burst (bottom in Figs. 2(A) and 2(B)) laser colouring methods,
discussed in a previous publication.[12,36] The nonburst and burst laser parameters used were a marking speed of 100
mm/s with a laser fluence of 5.73 J/cm?, and 150 mm/s with a fluence of 12.12 J/cm?, respectively. The different colours
were obtained by changing the line spacing, L, between successive lines, controlling the density of nanoparticles re-
deposited onto the metal’s surface.[12]



Fig. 2 | Colour evolution with alumina thickness. (A,B) Colour palettes obtained using the (top) nonburst and (bottom) burst
laser colouring methods (A) before and (B) after the deposition of 90 nm of alumina. The different colours were obtained by
changing the line spacing, Ls, in steps of 1 um, creating squares of 4 x 4 mm? in area. The colours were written using a laser
fluence of 5.73 J/lcm? with a marking speed of 100 mm/s and a laser fluence of 12.12 J/cm? with a marking speed of 150 mm/s for
the nonburst and burst colours, respectively. (C) Colour evolution with increasing alumina thickness from 0 to 90 nm in steps of
~7nm.

From Figs. 2(A) and 2(B), the colors are observed to change significantly for both nonburst and burst colors follow-
ing the application of the 90 nm layer of alumina. For the burst case, intense colours are still observed after deposition
of the 90 nm alumina film. Conversely, for nonburst, the colours are observed to be grayish and lighter. In industrial
applications where visual colours are wanted, a smaller change in colour (i.e., AE) is preferred,[40] thereby conserving
the vivid colour palette. Fig. 2(B), suggests that burst coloured surfaces are the preferred choice in applications where
protective coatings or tagging agents are to be placed on the coloured surface. Conversely, in colourimetric sensing
applications, large changes in colour are desired. Fig. 2(C) shows the evolution of colour with increasing alumina thick-
ness in steps of ~ 7 nm for a few selected line spacings. Twelve identical colour palettes on twelve silver samples were
placed in the ALD chamber and one sample was removed after each deposition of ~ 7 nm. The nonburst colours are
observed to gradually lose their Chroma with increasing alumina thickness. Alternatively, for the burst case, the Chroma
of the colours is mostly recovered at larger film thicknesses. Indeed, the burst colours are observed to rotate in Hue by
almost 360° going from blue (H = 249.2) to purple (H = 291.4) with increasing alumina thickness (as discussed further
below). Green colours can be distinctively observed during the colour transition with increasing ALD thickness, e.g.
burst colours in Fig. 2(C) for the case L, =4 um. Green colours with this direct laser colouring method have, in the past,
been difficult to obtain.[12] Thus, the alumina layer can serve as a tuning element to obtain colours over a wider range
of Hue values. For nonburst, only blue is observed to rotate in colour; however, the Chroma of the colours is significantly
reduced and does not recover with increasing alumina thickness.

Fig. 3 shows (CIE) xy Chromaticity diagrams for nonburst and burst colours as the alumina film thickness increases.
Initially, the area covered by the colours on the CIE diagrams for each of the colouring methods is observed to decrease
with increasing alumina thickness. In a CIE xy Chromaticity diagram, the Chroma (i.e. saturation) increases from the
centre outwards. For burst, the area covered by the colours extends to cover more of the green region after the initial
deposition of alumina. Additionally, the decrease in covered area was observed up to a thickness of 55 nm before grad-
ually recovering up to the maximum applied thickness of 90 nm. The reduction in the area is caused by a reduction in
the Chroma. The point of recovery for the burst colours appears to occur around ~ 55 nm of alumina. At 90 nm, the



Chroma is largely recovered. In the nonburst case, the Chroma decreased and never recovered, yielding colours that are
mostly gray. Additionally, the area spanned by the colours continuously decreased with increasing thickness, collapsing
into a small region of the CIE diagram.
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Fig. 3 | CIE of colours with increasing ALD thickness. CIE xy Chromaticity diagrams showing evolution of the (A) nonburst
and (B) burst colours with increasing ALD thickness. The area on the CIE diagram spanned by the nonburst colours is observed
to collapse with increasing alumina thickness. For the burst colours, the area spanned is observed to recover after 55 nm of
alumina.

Fig. 4 shows polar plots of Hue (8) versus total accumulated fluence (r) for the nonburst and burst colours with
increasing alumina thickness. For the nonburst colours, the evolution of the Hue values is observed to follow a brush-
ing/sweeping motion (red arrow) with increasing alumina thickness. The brushing/sweeping motion initially moves to
the right, until the thickness of 55 nm, before reversing direction to sweep left. At the thickness of 90 nm, the Hue values
have almost recovered their original values. It should be pointed out that throughout the motion in the nonburst case new
Hue values are never added. For burst colours, however, the evolution of the Hue values is different, exhibiting a counter-
clockwise rotation with increasing alumina thickness. This counter-clockwise motion allows access to the green Hue
range (90-150°) that is usually very difficult to achieve with direct laser machining alone. A Chroma gain of up to 61%
can be observed in the green colour region (H = 90 to 150) compared to the best green colours obtained to date.[12]
Hence, the burst colours are tunable to cover Hue values outside the normal range depending on the thickness of the
alumina layer. Similarly, to the nonburst colours, the original Hue range is mostly recovered after deposition of 90 nm
of alumina, with a distinctive crossing point at 55 nm.
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Fig. 4 | Hue values of colours with increasing ALD thickness. Polar plots of Hue (8) versus total accumulated fluence (r) for
the (A,B) nonburst, and (C,D) burst colours with increasing alumina thickness. The different points in the plots represent the Hue
range of the colour palette for a certain alumina thickness. The evolution and displacement of the Hue values with increasing
alumina thickness is displayed by the red arrow.

It is widely known that changes to the local permittivity can be used to tune the plasmonic response of nano-textured
surfaces.[22] While both colouring methods recovered their original Hue values (Fig. 4), recovery of the Chroma values
was observed solely in the burst case (Fig. 3). However, since the burst and the nonburst surfaces have similar nanopar-
ticle statistics[17] and alumina film thicknesses it would be expected that both should present a similar behavior. The
only difference between the two lies with the underlying topography unique to the burst surfaces.[17] The LSFL and
HSFL structures found on the burst coloured surface is the key to understanding the different behaviors with increasing
alumina thickness. The structures would serve to increase the area covered by the nanoparticles and cause field-enhance-
ment in the crevices, both increasing absorption.[17] Furthermore, while the coloured surfaces have been previously
shown to be sensitive to heat and to irreversibly degrade with prolonged heat exposure,[33] the recovery of the colours
with increasing film thickness rules out the heat as being responsible for the colour change.

In a colouring application, the passivation of the nonburst coloured surfaces would necessitate the deposition of a
thickness lower than 7 nm in order to minimize the change in the colours and retain the original visual appeal of the
colours, see Fig. 3. For burst, the alumina layer could either be below 7 nm or around 90 nm, see Fig. 3(B), the latter
providing better passivation. In a previous publication it was demonstrated that alumina films deposited at 60 °C required
a minimum layer thickness of 57 nm in order to protect coloured surfaces against chemical attack.[33]

Fig. 5 shows reflectance measurements of selected coloured squares with different alumina thicknesses. The reflec-
tance measurements in Fig. 5 are for blue (Ls = 5 um) and purple (Ls = 8 um) colours prior to the deposition of the
alumina film, produced using the nonburst and burst colouring methods.[12] The features in the reflectance curves appear
to follow similar trends for the different colours. The burst colours showed more defined features and larger variations
between the peaks and valleys, explaining the higher Chroma. With increasing film thickness various features in the
reflectance spectra emerge or shift (dotted lines); some of these features being more active than others. The shifts in the
peaks/troughs are observed to be colour dependent with the blue colours being the most active.



A Hue ~ 263 B Hue ~ 316

nh,LpurpII'l

400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
C Hue ~ 261 D Hue ~ 295
Fh.1.hl:m ' I I ' j ) I I

F

/bblue

[l
th,B,purpI: 1
[

depurple
,:\ {Foa
— T T T T T —
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 5 | Experimental reflectance spectra. Measured reflectance spectra with increasing alumina thickness for blue (left) and
purple (right) colours written using (A), (B) the nonburst method (laser fluence of 5.73 J/cm?, marking speed of 100 mm/s), and
(C), (D) the burst method (laser fluence of 12.12 J/cm?, marking speed of 150 mm/s). The blue colours were written using a line
spacing of 5 um and the purple colours were written using a line spacing of 8 um. The shifting of spectral features with increasing
alumina thickness is tracked with straight lines of different line styles (as a guide to the eye). The original Hue values are identified
at the top of each panel.

3.2 Surface Chemical Analysis

FTIR measurements of coated surfaces, plotted in Fig. 6(A), clearly show the presence of Al,Os3 on the surface of
coloured silver. A peak at 952 cm™ representative of Al-O vibration can be distinguished.[41,42] The alumina film was
deposited at the low temperature of 60 °C in order to limit any colour change caused by thermal damage to the nanostruc-
ture during deposition (the melting temperature of small silver nanoparticles is lower than the bulk[43,44]). Silicon
witness wafers were placed in the deposition chamber and one was removed systematically at the same time as a silver
sample. The thickness of each film was measured using a multi-point measurement approach and determined using



GMRFilm software using K-ratios from electron dispersive X-ray spectroscopy (EDS).[39] The thickness of each film
was also determined by ellipsometry measurements, along with their refractive index dispersion. Fig. 6(B) compares the
refractive index of thin films of Al,O; deposited via pulsed laser deposition[45] to the refractive index of our ALO;
layers deposited by ALD on our witness wafers. The thicknesses obtained by ellipsometry on the silicon witnesses are
in agreement with the EDX measurements obtained on the silver samples. In every case, the measured refractive index
of the deposited films is lower than the films measured by Boidin et al.[45] The low refractive index of our alumina is
explained by the low deposition temperature used.[46] The refractive index of the deposited alumina layer can be mod-
ified by changing the deposition temperature: e.g., see the case for 250 cycles deposited at 100 °C in Fig. 6(B).
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Fig. 6 | Alumina film measurements. (A) FTIR measurement of a coloured silver sample covered with an alumina film depos-
ited by ALD. The peak at 952 cm™ can be attributed to Al-O vibrations. (B) Plot comparing the refractive index of amorphous
Al,O; as measured by Boidin et al.[45] and the refractive index of the deposited films measured by ellipsometry on the witness
silicon wafers and the two silver samples. The difference in the refractive index is attributed to the low temperature deposition of
the alumina film producing lower density and porous films.

3.3 Numerical simulations

Based on AFM scans and SEM images of the coloured surfaces, a computational model was designed and the FDTD
method was applied to calculate the reflectance in the optical regime.[12] This model includes a metallic surface (both
flat and topographical surfaces are considered), supporting metallic nanoparticles, covered by a conformal coating of
alumina. For burst surfaces, two characteristic spatial periods were identified for ripples on the surfaces, i.e., L, ~ 1000
nm (LSFL) and L, ~ 200 nm (HSFL), with HSFL running perpendicular to the LSFL.[36] In simulations the ripples are
modelled by a sine-modulated surface in the x-direction, i.e., by using the function f(x,z) = 4 sin(2zx/L,), where L, is the
spatial period of the sinusoid and A its amplitude, as shown in Figs. 7(A) and 7(B) for LSFL and HSFL, respectively.
The silver NPs of radius R,,= 35 nm are arranged on this surface following a square lattice with centre-to-centre distance
D,,. The NPs are embedded into the surface by 30% of their radius in the direction normal to the surface. The model is
3D, and periodic boundary conditions are applied over a period L, in the x-direction and over a period D,, in the z-
direction. An alumina layer of thickness of #4.p is assumed conformal[47] to the surface and the nanospheres, and its
optical parameters are modelled in FDTD by fitting the data in Fig. 6(B) (case of 250 cycles at 100 °C) to a Lorentz
model. We consider a y-propagating plane wave excitation (normal incidence) for two cases of polarisation (x- and z-
polarization) because the sine-modulation makes the model polarization-dependent. The Ag is modelled using the Drude
model with 2 critical points (Drude+2CP).[48] A space-step of 0.5 nm was used to discretize the simulation domain.

In Figs. 7(A) and 7(B) we show the electric field magnitude for the x-polarized excitation at 19p= 500 nm for L,=
1000 nm (D, = 100 nm, 4 = 100 nm, #4p = 50 nm) and for L, = 200 nm (D, = 100 nm, 4 = 40 nm, z4p = 50 nm),
respectively, where the geometric parameters are highlighted, i.e., Du, 4, t4p and L,. Figs. 7(A) and 7(B) reveals two



plasmonic resonant modes for nanoparticles distributed on the surfaces with topography, LSFL and HSFL, respectively.
We also observe that the ALD layer is thick enough to confine the near-field in the vicinity of the nanoparticles. For the
L,=1000 nm case, the field distribution as a function of Ais shown in Media 1 in steps of 10 nm. Fig. 7(A) is extracted
from Media 1 and shows a surface wave propagating in the x direction directly above the ALD layer due to grating
coupling.
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Fig. 7 | Simulation setup and computed near-field for NPs on sine-modulated surfaces covered with a film of alumina.
Electric field (magnitude) distribution at o= 500 nm under x-polarized excitation for (A) L, = 1000 nm, D,, = 100 nm, A = 100 nm,
taro = 50 nm, and (B) L, = 200 nm (5 periods are considered in simulations), Dy, = 100 nm, A = 40 nm, ta,p = 50 nm. The Xy plots
are taken through the center of the spheres

In Media 2 and Media 3, we show the evolution of the electric field in the case of an x-polarized plane wave pulse
interacting with the surface for L,= 1000 nm, D,,= 100 nm, 4 = 100 nm, z4.p= 10 nm and ¢4p= 100 nm, respectively;
whereas in Media 4 and Media 5, we show the case of L,= 200 nm, D,,= 100 nm, 4 = 40 nm, z4p= 50 nm and t4.p=
100 nm. These movies reveal the complexity of the plasmonic resonances that occur when nanoparticles are arranged on
arippled surface and covered by a thin dielectric layer.

In Fig. 8, we show the evolution of the reflectance and the corresponding colour (rendered as the linestyle colour
for each curve) in the non-burst case as #4.p varies from 0 to 100 nm, and for D,,= 75 nm in Fig. 8(A), D,,= 80 nm in
Fig. 8(B), D)= 85 nm in Fig. §(C), and D,,= 100 nm in Fig. §(D). In the non-burst case (4 = 0 nm), the NPs are arranged
on a flat surface and their optical response is polarization independent. For #4;,p smaller than the gap size g = D,,-2R,,
the ALD layer strongly affects the resonance condition because the gap is not fully filled. For example, for D,,= 75 nm
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(Fig. 8(A)) the gap size is g = 5 nm, thus small increments of #4.p between 1 and 4 nm produce a quick fill of the gaps
between NPs and a rapid change in colour; this corresponds to increasing the optical thickness between nanoparticles
and a transition from blue to yellow is observed, as previously reported'’. Once the gaps are filled, there is little further
change in the plasmonic resonances. The colour change as a function of 24 is then due to altered reflection by the multi-
layer system and modified coupling by the grating. This can be observed in the reflectance curves of Figs. 8(A)-8(D) on
the left and the right of the plasmonic resonance dip. For D,,= 80 nm (Fig. 8(B)) the initial violet colour (H = 334) goes
through a rotation (magenta/orange) and recovers for t4.p ~ 80 nm. For D,,= 85 nm (Fig. 8(C)) the initial light orange
colour (H = 32) goes through a rotation (magenta/violet) and recovers for 4.p~ 40 nm. For D,,= 100 nm (Fig. 8(D)) we
see that the initial yellow evolves through orange/red/brown/magenta/violet for increasing ¢4.p, For D,,=75 nm, no colour
rotation and recovery is observed. In our chosen examples, the colour rotations and recovery qualitatively reproduce
some of the trends observed in non-burst experiments, e.g., blue-to-yellow add yellow-to-violet in left side of Fig. 2(C).
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Fig. 8 | Computed reflectance spectra in the nonburst case. Reflectance and colour evolution (Hue and Chroma) in the non-
burst case (A = 0 nm) as a function of tap for (A) D= 75 nm, (B) Dy, = 80 nm, (C) Dy, = 85 nm, and (D) D, = 100 nm. The lin-
estyle colours were rendered by converting the reflectance spectra to a colour and using the associated RGB values.

In Fig. 9, we show the computed reflectance response as z4.p varies from 0 to 100 nm in the burst case (4 =100 nm)
for z-polarization (D,,= 75 nm in Fig. 9(A), D,,= 80 nm in Fig. 9(B), D,,= 85 nm in Fig. 9(C), and D,,= 100 nm in Fig.
9(D)) and x-polarization (D,,= 80 nm in Fig. 9(E) and D,,= 90 nm in Fig. 9(F)).

Figs. 9(A)-9(D) and Figs. 8(A)-8(D) show similar trends. The main differences in hue arise from the fact that the
structures modelled in Fig. 9 contain narrowband features in the reflectance around Ao~ 500 nm which enrich the colour
palette. For x-polarized excitation (Figs. 9(E) and 9(F)), these features are due to grating-coupling with the sine-modu-
lated surface. The grating-coupling response is complex due to the large amplitude 4 of the sine function, which
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represents a strong perturbation leading to multiple dips in the reflectance, and new resonance conditions, such as out-
of-plane resonances involving NPs arranged partially along the direction of propagation (y) of the exciting optical pulse.
For z-polarized excitation, the presence of narrowband dips at 4o~ 500 nm is counterintuitive, and they are probably due
to resonances arising from the complex geometries that we are simulating. As in Fig. 9, similar features in the reflectance
responses are observed for the situation of Fig. 7(B), i.e., for L,= 200 nm (not shown). In general, the presence of the
ripples makes the colours without ALD more saturated,[36] whereas increasing #4.p can be exploited as a technique to
further extend the colour palette to Hues which are not accessible using plasmonic resonances only.[12] In Figs. 9(D)
and 9(F), we note the presence of very saturated blue/magenta colours for high #4.p, which is also observed in experi-
ments (right side of Fig. 2(C)).
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Fig. 9 | Computed reflectance spectra in the burst case for x- and z- polarized excitation. Reflectance and colour evolution
(Hue and Chroma) in the burst case (A = 100 nm) as a function of ta.p, for z-polarization with (A) Dy, = 75 nm, (B) D= 80 nm, (C)
Dm = 85 nm, (D) Dy, = 100 nm, and for x-polarization with (E) D, = 80 nm, (F) D= 90 nm. The linestyle colours were rendered by
converting the reflectance spectra to a colour and using the associated RGB values.
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3.4 Surface sensitivity

The visual differences in the colours and the changes observed in the reflectance spectra with increasing alumina
thickness (Figs. 2(C) and 5) suggest that the surfaces could be used in colourimetric sensing applications (e.g., colour
change biosensors). The examine the potential for this application, we plot in Fig. 10 the change in colour AE versus
Hue with increasing film thickness for nonburst and burst colours. The change in colour is defined by the following
relation[40]:

AE = \J(Ly — L1)? + (az — a;)? + (b, — b))% (1)

where a and b are given as

a=C Xcos (ﬂ) 2

360

and

b =C X sin (%) ?3)

L is Lightness, C is Chroma and H is Hue - the three components of the LCH color space. In Eq. 1, subscripts 1 and
2 are used to identify the colours before (1) and after (2) ALD coating.
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Fig. 10 | Colourimetric sensing response of the coloured surfaces. Polar plot of the change in colour (i.e. AE) versus Hue for
the (A) nonburst and (B) burst colours with increasing alumina thickness. The change in colour, AE, increases radially outward as
represented by the red arrow. The change in colour with alumina thickness is observed to be dependent on the initial Hue value.

AE ~ 1 is the minimum colour change that the human eye can discern.[40] A significant change in colour can be
observed for both the nonburst and burst colours with increasing alumina thickness. The AE is observed to depend on
the starting colour before deposition of the alumina film. In both cases, the most sensitive Hue region is in the purple
colour range (H = 270 to 330). The sensitivity of the burst colours are observed to be higher in the blue (H = 210-270)
and purple region (H = 270 to 330), by 96% and 75%, respectively, compared to the nonburst colours of the same Hue
regions. The Increase in AE for the burst colours are believed to come from the periodic structures unique to the burst
coloured surfaces. The ability to tune these structures with different burst arrangements[36] could potentially serve to
increase their sensitivity for better performance in colourimetric sensing applications. Yellow (H =30 — 90) and red (H
=330 — 30) colours do not produce a significant enhancement in AE for burst, yielding 13% and 64% increases, respec-
tively. The similar sensitivities of the nonburst and burst surfaces in the yellow and red Hue regions is attributed to the
disappearance of the periodic features present in burst with increasing line spacing.[36] Interestingly, the improvement
in sensitivity of the burst colours follows the improvement in Chroma compared to the nonburst colours. These results
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suggest that burst purple, (Fig. 10(B)), is the ideal choice for colourimetric sensing applications with a sensitivity of
3.06/nm (2.02/nm for nonburst - AE is dimensionless), implying that less than 1 nm of material on the surface is required
for the change in colour to be perceived by the human eye. The sensitivity of the coloured surfaces are, however, not
linear with increasing alumina thickness. For a film thickness of 90 nm, the sensitivity of the purple colours drops to
0.56/nm and 0.30/nm for burst and nonburst, respectively, requiring about ~2 nm of material to produce a perceivable
change in colour. Blue colours are observed to change the least with increasing film thickness.

Interestingly, while blue surfaces do not perform well as a colourimetric sensor, the surface is best as a radiometric
sensor, see Fig. 5. For the blue surfaces, the highest sensitivities observed are for the resonant features identified as
Fob,1blee and Fy 2 pie yielding 2.58 and 3.19 nm/nm for the nonburst and burst cases, respectively. These sensitivities rival
sensors fabricated via nanolithography techniques. For the purple cases, the features producing the highest sensitivities
are Fup4 purple and Fo 4 purpie yielding 0.63 nm/nm and 1.02 nm/nm. The sensitivity of the different features identified in the
reflectance spectra vary significantly with thickness. For example, Fyp,2 piue and Fp 3 pive produce sensitivities of 0.31 nm/nm
and 0.35 nm/nm, respectively. The plasmon shift, with increasing alumina thickness, is observed to decrease for
colours produced with larger line spacings (i.e. lower nanoparticle densities — blue to yellow) making the blue colours
better for radiometric sensing. Additionally, while the current colours were chosen because they were esthetically pleas-
ing to the eye, colours can be produced with marking speeds as fast as 3000 mm/s making this process viable for indus-
trial applications and the marking of large surface areas. Furthermore, while silver cannot be used directly in biosensing
applications due to its reactivity, a thin passivation layer could be formed by ALD on the surface.

4 Conclusion

Colour palettes produced on the surface of silver using nonburst and burst colouring methods were modified by
alumina films produced via ALD. The colour and reflectance changes were characterized as a function of alumina film
thickness. For burst, the colours first degrade with increasing film thickness but recover at larger thicknesses and the
colour range is expanded, whereas for nonburst the colours keep degrading. Underlying periodic structures specific to
burst are responsible for this behavior. FDTD modeling of representative surfaces, including a conformal alumina layer,
helps explain the colour rotation and recovery observed in experiments with increasing alumina thickness. For alumina
thicknesses smaller than the nanoparticle gaps, the changes in the perceived colours are due to the perturbation of plas-
monic resonances. For alumina thicknesses larger than the nanoparticle gap, the change in colours originates primarily
from the complex reflectance response of the alumina coated structures and modification of the refractive index for
grating coupling.

Additionally, the surfaces are thought to be good candidates for colourimetric sensing. The sensitivity of the surfaces
depend on the initial colour prior to deposition. The colourimetric response of the burst surfaces are increased by up to
96% relative to the nonburst surfaces. The purple colours are the most sensitive, yielding a sensitivity of 3/nm, which
implies that less than 1 nm of alumina is needed to produce a colour shift perceivable by the human eye. The coloured
surfaces could also perform well as radiometric sensors, yielding sensitivies as high as 3.19 nm/nm for the blue colours.
The ability to tune the structures for grating-assisted coupling and improve colours using burst makes laser-written sur-
faces very versatile for specific sensing application.
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