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Abstract

of vivid and iridescent colors.

Iridescent color-shift pigments have been used in some industrial applications, e.g., for cosmetics and packaging.

To achieve environmental-friendly and lasting color, thin-film interference is used to generate structural color. By
maximizing the refractive index (RI) difference between the thin films (i.e., using an ultralow RI film), super-iridescent
structural color can be produced. While the lowest refractive index of a naturally occurring solid dielectric is close

to 1.37 (e, MgF,), we synthesized highly porous dielectric SiO, aerogel to achieve ultralow-RI (n~1.06) and demon-
strated a high-refractive index/low-refractive index/absorber (HLA) trilayer structural color. The achieved structural
color is highly iridescent and capable of tracing a near-closed loop in CIE color space. By tuning the refractive index,
thickness, and geometry of the aerogel layer, we control the reflection dip's shape, therefore producing a wide range

Keywords Structural color, Aerogel, Fabry—perot cavity, Iridescence, Sol-gel, Solution process

Introduction

Iridescence, or changes in color with angle of observa-
tion, is an attractive optical phenomenon commonly
found in nature. Insight into the microstructure of insect
wings, bird feathers, and seashells shows that iridescence
is enabled by thin-film interference, a type of struc-
tural color: the interaction of light with layers of differ-
ent refractive indices on a sufficiently small scale [1, 2].
This is impossible to achieve through chemical dye- or
fluorophore-based methods, both naturally and syntheti-
cally. Thus, developing iridescent structural colors based
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on thin-film interference is of contemporary interest in
materials science and engineering.

Structural colors are advantageous because they are
photo- and chemostable, more environmentally con-
scious, and can achieve a wide range of hue, saturation,
and brightness with a very small chemical library [3].
Though angle-tolerant color is often required for con-
sistent color perception in decoration, angle-variable
color is desirable for certain applications (e.g., luxury
packaging, certain types of automotive pigments, anti-
counterfeiting, colorimetric sensing) to give a distinct,
color-shifting appearance. To address this, we developed
a high-refractive index/low-refractive index/absorber
(HLA) tri-layer structural color using SiO, aerogel as the
low-RI dielectric. Due to its high porosity, SiO, aerogel
has many unique properties including ultra-low density
(~1 mg cm™3), ultra-low refractive index, very high sur-
face area, and very low thermal conductivity. This enables
aerogel usage in a wide range of potential applications
including energy storage, optical coating, catalysis, and
thermal insulation [4-27]. Even so, the incorporation of
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aerogel into a cavity structure as a dielectric spacer for
structural color applications has hardly been studied.
Herein, for the first time, SiO, aerogel has been intro-
duced as an ultra-low refractive index dielectric within
a TiO,/SiO,/Si system asymmetric F-P cavity, and its
color performance is investigated. The ultra-low refrac-
tive index of aerogel is close to that of air (n ~1.06). Thus,
the color can travel a large arc on the CIE diagram upon
angle variation.

Structural colors from thin-film interference can be
understood by considering the optical path length dif-
ference between a directly reflected beam and a beam
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undergoing multiple reflections within the film as
shown in Fig. 1a (assuming air as the incident medium).
The optical path length difference between the initial
reflected beam and the beam reflected through the film
dictates which light wavelengths will constructively or
destructively interfere, thereby generating color through
interference effect [28, 29]. The refractive index of the
film plays a very important role in determining the over-
all angle sensitivity %, as a wider angle can decrease the
path length difference, thereby blue-shifting the reso-
nant wavelength. As shown in Fig. 1b, a very large shift
in resonance wavelength is observed with a low refractive
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Fig. 1 a Schematic illustration of Bragg’s law in a thin film. b Resonance wavelength shift with respect to incident angles based on Eq. 1 and ¢

angle-dependent sensitivity based on Eq. 2 with refractive index varying from 1.06 to 2.26. d Schematic of cavity resonance in a high-low-absorber
(HLA) structural color film. e Subtraction of resonant wavelength from perfect reflection results in CMY color. f Schematic of effect of refractive index
on color travel
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index, while the resonance wavelength hardly moves
when the medium refractive index becomes high which
is often exploited for angle-insensitive colors [30-32]. In
addition, the color change becomes more rapid at larger
angles for low refractive index medium (Fig. 1c).

To enhance color perception, we can incorporate the
thin film into a cavity consisting of an optically thin high
refractive index (RI) layer atop a lower RI dielectric and a
partially absorbing and reflecting bottom layer (Fig. 1d).
This high-low-absorber (HLA) structure is a generali-
zation of an asymmetric Fabry—Perot (FP) cavity, thus
similar principles apply [30]. The dielectric forms a cavity
where incident waves partially reflect and partially trans-
mit at the cavity boundaries formed by the top high index
and bottom absorber layers (II-III and III-IV in Fig. 1d).
The perceived color is controlled by varying the thick-
ness of the resonator cavity. Multiple beam interference
produces a resonance condition where light of a selected
wavelength is strongly absorbed by the bottom absorber
layer, leading to subtractive color (Fig. 1le). The low RI
dielectric allows for a wide range of optical path length
differences, resulting in highly angle-dependent colors.
The purity of the subtractive color in the HLA struc-
ture depends on a balance of the absorption loss by the
absorber material and the radiation loss of the cavity [30].

To allow for high optical path length variation, com-
mercial iridescent color-shift pigments use TiO, (RI=2.2)
and SiO, (RI=1.46) and other systems with a large refrac-
tive index difference [33]. However, the lowest refractive
index of a naturally occurring solid dielectric is close to
1.37 (i.e., MgF,), which is still not significantly lower than
SiO, [34-36]. A potential new addition to the material
library is a dielectric aerogel, whose ultralow refractive
index arises from high structural porosity: the air volume
occupancy is typically around 95-99% but could go even
higher to 99.98% [34-38]. SiO, aerogel is synthesized
through sol—gel chemistry via a hydrolysis-condensation
reaction [39, 40]. Hydrolysis of an organosilane precur-
sor (most often tetramethyl- or tetraethylorthosilicate
(TMOS or TEOS)) is followed by condensation into
SiO, nanoparticles, which further undergo agglomera-
tion once the nanoparticles reach a critical size. As more
SiO, nanoparticles join, a highly porous SiO, network is
formed [39-41]. To produce the HLA structural color, we
use titanium dioxide (TiO,, RI~1.8-2.4) or aluminum
(Al, RI~1.37 at 632.8 nm) as a top reflector, and Si sub-
strate as the bottom absorber on which the aerogel layer
is deposited. We achieved a highly iridescent structural
color capable of tracing a near-closed loop in CIE color
space. By tuning the refractive index, thickness, and
geometry of the underlying structures, we control the
reflection dip’s travel, therefore producing a wide range
of iridescent colors.
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Experimental

Materials

Acetone (58.08 g/mol, ACS grade, Fisher Scientific,
Hanover Park, IL), ethanol (46.068 g/mol, ACS grade,
Fisher Scientific, Hanover Park, IL), hexanes (86.17 g/mol
ACS grade, Fischer Scientific, Hanover Park, IL), tolu-
ene (92.14 g/mol, ACS grade, Fisher Scientific, Hanover
Park, IL), chlorotrimethylsilane (TCMS, 108.64 g/mol,
puriss >99.0%, Sigma-Aldrich, St. Louis, MO), tetrae-
thyl orthosilicate (TEOS, 208.33 g/mol, 98% ACS grade,
Sigma-Aldrich, St. Louis, MO), 3-aminopropyl trieth-
oxysilane (APTES, 221.372 g/mol, Sigma-Aldrich, St.
Louis, MO), gold(III) chloride trihydrate (HAuCl,*3H,0,
339.79 g/mol anhydrous basis, Sigma-Aldrich St.
Louis, MO), sodium citrate dihydrate (HOC(COONa)
(CH,COONa),*2H,0, 294.10 g/mol, ACS reagent,
Sigma-Aldrich, St. Louis, MO), nitrogen gas (N,, indus-
trial grade, Metro Welding, Detroit, MI) were used as
received. Milli-Q water with a resistivity of>18.2 MQ
was used throughout. p-Si(100) wafers of 400 um thick-
ness were diced and used as substrate.

Substrate preparation

Prior to coating, silicon wafers were cut into roughly
1”x1” pieces and then sequentially sonicated in ace-
tone, ethanol, and water for 5 min with drying under N,
flow between each bath.

Aerogel synthesis and deposition

A hydrolysis-condensation sol—gel reaction was used to
prepare SiO, aerogel of RI=1.06 from TEOS. Into a base-
cleaned and dry 100 mL glass media bottle, 11.1 mL etha-
nol (0.190 mol), 0.4 mL water (0.022 mol), and 11.1 mL
TEOS (0.050 mol) were added in order under stirring.
0.5 mL 0.1 M hydrochloric acid (HCI) (0.0005 mol) was
added slowly to adjust the pH to 3, resulting in a molar
ratio of TEOS:EtOH:water:HCl=1:3.8:1.1:0.001. The bot-
tle was capped and left to stir at room temperature for
90 min to ensure full hydrolysis of TEOS. Condensa-
tion was initiated by adding another 102 mL of ethanol
(1.749 mol) followed by 1.25 mL 28 wt% ammonium
hydroxide (NH,OH, 0.010 mol) to give a molar ratio of
TEOS:EtOH:water:HCI:NH,OH =1:38.8:3.6:0.001:0.004.
After mixing, the resulting sol was capped and aged for
7-10 days in a 55 °C oven to complete hydrolysis, con-
densation, and aging, after which a wet porous, trans-
lucent gel is formed. The molar ratio of TEOS can be
changed to increase the refractive index of the aerogel,
adjusting ethanol accordingly to keep the total volume
consistent. Aerogel suspensions with RI of 1.14 and 1.23
were prepared by adding 1.5 (0.074 mol) and 2 times
(0.099 mol) more TEOS, respectively. Full details of this
synthesis are available in Table S1.
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The wet gel was washed 3 times in ethanol at 55 °C at
1-h intervals to remove residual unreacted material, fol-
lowed by a solvent exchange in hexane at 55 °C for 1 h.
To resist network collapse during ambient pressure pro-
cessing, hydrophobization of the wet gel was performed
by submerging into 200 mL of 5 vol% TCMS in hexane
(0.079 mol TCMS) for 24 h at 55 °C. Two additional hex-
ane washes were performed at 55 °C at 1-h intervals to
remove unreacted TMCS. The gel was then redispersed
into 200 mL hexane and subjected to pulsed tip sonica-
tion (Cole-Parmer 500W Ultrasonic Homogenizer) in
cycles of 59 s on, 16 s off totaling 1 h of pulse-on time.
The gel was then vacuum filtered to remove large debris
in the suspension. Drying over a molecular sieve can be
performed to remove infiltrated water if necessary. The
resulting aerogel suspension is mixed with an equal vol-
ume amount of toluene prior to spin-coating. Thickness
control was achieved by diluting the aerogel stock sus-
pension with 1:1 volume hexane:toluene solutions at dif-
ferent volume ratios.

The SiO, aerogel solution was drop-cast onto a sub-
strate followed by spin coating (SETCAS LLC KW-4L
Spin Coater) at 1000 rpm for 60 s with 500 rpm s
ramp-up. The as-coated sample was baked on a 100 °C
hot plate. Various thicknesses were achieved by spin-
coating multiple layers of stock and dilute aerogel solu-
tions. After the desired thickness was achieved, films
were baked at 150 °C for 30 min in a convection oven to
release residual film stress.

Gold nanoparticle synthesis

Citrate anion-capped gold nanoparticles (AuNPs) were
prepared by reduction from HAuCl, in aqueous media.
Into a 250-mL double-necked round-bottomed-flask
(double-necked RBF), 100 mL of 1 mM HAuCl, was
added. The small neck was stoppered and a cold-water
condenser was placed in the large neck. The solution was
refluxed at 100 °C under vigorous stirring (~ 800 rpm) for
15 min. Into the small neck, 10 mL of 38.8 mM sodium
citrate solution was quickly added. Over the next 3 min,
the solution changed from pale yellow to dark bluish-gray
to deep burgundy, indicating the growth of AuNPs. The
solution was refluxed at 100 °C for another 15 min, then
cooled to room temperature under continuous stirring,
after which they were ready to use.

Functionalization of aerogel with gold nanoparticles

Functionalization of aerogel with gold nanoparticles was
mediated by APTES. First, spin-coated aerogel films on
Si wafers were baked in a furnace at 500 °C for 6 h to
burn away TMCS and other residual nonpolar organics,
after which the films were submerged in a solution of 10
wt% APTES in EtOH for 1 h. The pieces were removed
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and thoroughly rinsed with EtOH and Milli-Q water,
then dried under N, flow. The aerogel films were then
immersed in AuNP solution for 1 h to ensure adsorption
of AuNPs to the aerogel, followed by rinsing with Milli-Q
water to remove unadsorbed AuNPs.

HLA fabrication

To complete the HLA structure, Al or TiO, were depos-
ited on the aerogel films by electron beam evaporation
deposition (Evovac Evaporator, Angstrom Engineering).
Initial TiO, deposition was performed at a rate of 5 A/s
to 5 nm thickness followed by deposition at 1 A/s until
desired thickness was reached. Al deposition was per-
formed at 5 A/s until desired thickness was reached.

HLA film characterization

Specular reflection spectra at normal incidence were
measured using a thin-film measurement instrument
integrated with a spectrometer (HR4000CG-UV-NIR,
Ocean Insight) and a white halogen light source (HL-
2000-FHSA, Ocean Insight). Angle-resolved specular
reflection spectra were measured with a UV-Vis-NIR
spectrometer (Lambda 1050, PerkinElmer Inc.) inte-
grated with a Universal Reflectance Accessory. Diffuse
reflectance (8°/day), specular+ diffuse reflectance (8°/h),
and transmission measurements were collected using
the 150 mm InGaAs integrating sphere module (Perki-
nElmer, Inc.). Angle-resolved reflection spectra for s- and
p-polarized light between 45 and 75° were collected on
a spectroscopic ellipsometer (M-2000, J.A. Woollam Co.
at angles between 45 and 75° VASE®, J.A. Woollam Co.
at angles between 20 and 45°). Imaging and elemental
distribution were performed using TEM/EDS (Thermo
Fisher Spectra 300 Probe-Corrected S/TEM). The surface
morphology was investigated using FE-SEM (SU8000,
Hitachi) at 2 kV accelerating voltage. Aerogel and TiO,
refractive indices were measured using spectroscopic
ellipsometry (M-2000, J.A. Woollam Co.) and fit using
CompleteEase 6.7. HLA structure models were con-
structed in CompleteEase 6.7 using measured data.

Optical simulation

Simulated reflectance spectra and color appearance
were calculated in MATLAB R2023b based on the trans-
fer matrix method considering the aerogel as an effec-
tive medium [42]. Optical dispersion of each layer was
extracted from spectroscopic ellipsometer data as inputs.
An adjusted model was fitted using the Bruggeman Effec-
tive Medium Approximation method with a gradual
change in volume fraction to account for mixing as a
function of depth.
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Results and discussion

Porosity and refractive index controlled by silica precursor
concentration

Aerogel is a highly porous structure with most of the
space filled with air. As described in detail in the method
section above, aerogel synthesis from TEOS proceeds via
hydrolysis-condensation [39, 40]. Under acidic condi-
tions (pH~3), TEOS is hydrolyzed into Si(OH),(OEt),.
. (L<n<4) [41]. Condensation into SiO, networks is
triggered by raising the pH to slightly basic conditions
(pH ~ 8). First, SiO, particles are formed in solution and
grow to a critical size, followed by assembly of these
particles into a solvent-swollen SiO, network [41]. To
remove solvent and form air voids without collapsing
the delicate framework, fast extraction of the solvent is
typically carried out with either critical point drying or
freeze drying, thus yielding a bulk aerogel [6, 43]. How-
ever, it is neither practical nor feasible to coat a thin (sub-
micrometer thick) aerogel film due to the lack of control
over film thickness or uniformity. To enhance the rate of
solvent removal during spin-coating and therefore enable
processing at ambient conditions, aerogel particles are
dispersed into a volatile solvent like hexane. However,
using hexane alone will cause a thickness gradient along
the radial direction of the film due to the uneven evapo-
ration rate upon spinning. Therefore, toluene is intro-
duced to lower the volatility of the solvent and achieve a

a)
Repeat as necessary to build up
film thickness
Spin & Evaporate
Solvent
// b /// £

83.9% Void
RI~1.06

Final Bake

74
7 [
v
.4 L

Page 5 of 12

uniform layer and thickness. However, simply processing
in volatile solvents will still cause the aerogel network
to collapse due to surface tension. Thus, the aerogel is
functionalized with TMCS to allow for solvent removal
without collapsing the aerogel pores [39, 40]. After sol-
vent evaporation, the aerogel network microstructure is
penetrated by hollow voids. The percentage of the aerogel
layer made up by voids contributes to the low refractive
index of the aerogel. The aerogel cavity layer thickness
can be controlled from 40 to 600 nm thick through a
combination of dilution, layering, and spin speed (Fig.
S2a-b). Through the solution-based process given in the
schematic in Fig. 2a, a low-index dielectric can be fabri-
cated with a high degree of control over both refractive
index and cavity thickness, which is vital in engineering
super-iridescent structural color.

The cross-sectional SEM of fabricated aerogel films
in Fig. 2b—d shows increased network density as TEOS
concentration is increased, while the void percentage and
RI as calculated through spectroscopic ellipsometry is
shown to decrease. This is corroborated by the increase
in refractive index by ellipsometry with increasing TEOS
concentration (Fig. S1). The increasing refractive index is
likely due to the denser SiO, network from an increased
silica precursor concentration. Aerogel RI is controlled
by porosity, which in turn is controlled by TEOS concen-
tration [44, 45]. Through structural engineering, we can

TiO,, Al, Au, or Cu _Si-0 si—¢

3 \ __OH / oH
SiO2 aerogel o—Si o

\ —$j-0

55.9% Void
RIF1.22

Fig. 2 a Schematic of aerogel HLA fabrication. Cross-sectional SEM, refractive index, and percent void of aerogels with refractive index b 1.06, ¢

1.14,and d 1.22. All scale bars are 200 nm
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control the refractive index of the aerogel dielectric and
achieve a refractive index as low as 1.06, close to that of
air (RI=1).

Fabrication and characterization of iridescent structural
color from aerogel

Due to the high porosity of the aerogel, deposition of the
top reflector was done through e-beam deposition or
nanoparticle deposition to minimize infiltration of the
aerogel by the high RI layer. Two sets of samples were
fabricated, with evaporated TiO, and Al as the topmost
layer, respectively. Both the 38 nm TiO,/aerogel/Si and
15 nm Al/aerogel/Si structures are capable of a near-
complete circle on the CIE diagram between 8 and 65°
viewing angles (Fig. 3a) and display distinct colors for the
two types of samples. The color of the TiO,/aerogel/Si
HLA transforms from cyan to blue to magenta to yellow
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at increasing viewing angles, while the color of the Al/
aerogel/Si HLA transforms from purple to pink to green
to blue (Fig. 3a). The reflection dip minima in the corre-
sponding spectra blue-shifts from 650 to 400 nm (TiO,)
or 540 nm into the UV (Al) with increasing viewing angle
from normal (Fig. 3c—d). In either case, the solution-
processable aerogel films help to create super-iridescent
structural colors.

It should be noted that the particulate nature of the
aerogel dispersion can lead to speckling and color non-
uniformity. Stronger sonication can be used to further
break down aerogel colloids or filtration through a finer
mesh can improve the color uniformity of these films.

Figure 4a shows a cross-sectional TEM and elemental
analysis of e-beam deposited TiO, atop SiO, aerogel. The
TiO, layer follows the contours of the rough aerogel layer
and slightly infiltrates into the aerogel due to the porosity
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Fig. 3 CIE diagrams and photos of a 38 nm TiO,/aerogel/Siand b 15 nm Al/aerogel/Si at viewing angles from 8 to 65°. Photos were captured
outdoors in sunlight through a polarizing lens. Angle-resolved reflection spectra of ¢ 38 nm TiO,/aerogel/Si and d 15 nm Al/aerogel/Si (right) from 8

to 65°
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of the aerogel layer, shown by the blend layer in Fig. 4b.
Compared to a pristine TiO, film on Si (Fig. S3), TiO,
follows the surface topology of the aerogel, resulting in a
rough film (Fig. 4a). The scattering effect of light becomes
pronounced when forming a TiO,/aerogel/Si multilayer
structure due to the roughened interface, with strongest
light scattering in the UV range, the reduced scattering
with increasing refractive index of the aerogel layer due
to reduced porosity and interfacial roughness (Fig. S5b).
The film shows a reflection max of about 50% and a min-
imum of 15% across all angles tested, and an iridescent
structural color was successfully fabricated. The blend
layer and scattering of the fabricated HLA are responsi-
ble for the deviation of the measured reflection spectra
from the simulated reflection spectra based on uniform
layer thickness and sharp interfaces (Fig. S5a).

To investigate the impact of the blend layer and HLA
scattering, we consider TiO, penetration, surface rough-
ness, and fill fraction in our simulation model. The
updated model is shown in Fig. 4a and accounts for the

partial penetration of TiO, into the aerogel layer, lead-
ing to the mixed layer observed in the elemental depth
profile (Fig. 4a and b). This is consistent with the volume
fraction depth profile in Fig. 4c calculated through the
Effective Medium Approximation (EMA) method, show-
ing that the aerogel and aerogel/TiO, blend layers are still
highly porous. Our EMA model is calculated by using
Transfer Matrix Theory, and we considered that each of
layers were partially mixed with SiO,, TiO,, and air, with
more intermixing at the interface of the layers. To calcu-
late EMA for the mixed layers, we implemented Brugge-
man theory, which is used in the context of dielectric
materials consisting of a mixture of two or more different
materials. In our model, the aerogel layer was treated to
be mixed with air and SiO,, and the top portion of the
aerogel layer was divided into several layers that were
mixed with different portions of TiO, particles. The por-
tion of TiO, in the aerogel layers gradually increases from
0 to 20.36%, and the thickness of the bare aerogel layer is
33.2 nm. This represents the fact that the TiO, particles
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penetrate the partial aerogel layer due to the porosity of
the aerogel network.

At the interface between the aerogel and the TiO,
layer, the porosity reduces to 41.3%, indicating a transi-
tion from the aerogel to TiO, (Fig. 4c). Due to the high
surface roughness of TiO, (Fig. 4a), the porosity gradu-
ally increases again towards the surface of the film up to
94.1%. With these considerations, the adjusted model fits
well to the experimental reflection spectrum (Fig. 4d);
thus, the deviations from the ideal case can be attributed
to partial TiO, penetration into the aerogel and surface
roughness.

Aerogel index has strongest effect on reflection dip travel
Iridescence is an optical phenomenon in which hue
changes with angle of observation. In the reflection spec-
trum of a subtractive structural color surface, this mani-
fests as changes to the location of the reflection dip as the
resonant wavelength changes. Notably, as viewing angle
increases, the resonant wavelength decreases, causing the
reflection dip to shift to shorter wavelengths.

We can use Bragg’s law to understand the angle-
dependent reflection spectrum behavior of a thin film
structure (assuming air as the incident medium):

AT
N/ =2nd [1 — () sinzeil (1)
n

where A, 1, d, and N are the resonant wavelength, the
refractive index of the film, the layer thickness, and an
arbitrary integer, respectively (Fig. 1a) [28, 29]. The angle-
dependency can then be described as the change of reso-
nance wavelength with respect to the incident angle:

[

8 -
o _ A [Vl4 — nzsinzél} (2)
60
where:
A = —2Nndsinb;cosb; (3)

According to Eq. 2, we note the refractive index of the
stratified medium plays a very important role in deter-
mining the overall angle sensitivity. As shown in Fig. 1b,
a very large shift in resonance wavelength is observed
with a low medium refractive index, while the resonance
wavelength hardly moves when the medium refractive
index becomes high. A further investigation on the angle
sensitivity g—é reveals a higher sensitivity is achieved when
the incident angle increases until a large angle of 50-60°
is reached (Fig. 1c). In other words, the color change
would become more rapid at larger angles for low refrac-
tive index medium. To determine the influence aerogel
RI on the color travel, reflection spectra were collected
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between 8 and 65° and the dip minima position was
recorded for each angle. The collected reflection spectra
from which these curves were determined are found in
Figs. S6-S8.

Aerogel refractive index has a significant effect on
reflection dip minima shift. Figure 5a plots the reflection
dip minima wavelength against the measured viewing
angle in degrees. A first-order approximation linear slope
is fitted to the plot and compared across different refrac-
tive indices. By increasing the refractive index from 1.05
to 1.22, the slope of the minima wavelength vs. angle plot
decreases, corroborating the inversely proportional rela-
tionship between refractive index and g—g in Eq. 3. Changes
in % with refractive index (Fig. 5b) and viewing angle
(Fig. 5¢) were calculated from the experimental data. The
resulting trends match well to the trends of g—(’; vs. refrac-
tive index and viewing angle calculated from Eqs. 3 and
4 and show that g—(’; decreases with increasing refractive
index and increases with increased viewing angle. This
angle-dependent behavior is also observed in the model
presented in the “Fabrication and Characterization of
Iridescent Structural Color from Aerogel” section with
roughness and blending accounted for. Figure 5d shows
good agreement between the measured data and simula-
tion, with rapid blue-shifting of resonance wavelength at
increased viewing angles. Overall, as the viewing angle is
increased from normal, the reflection dip minima travel
to shorter wavelengths (blue-shifted), and this effect is
strongly dependent on the aerogel refractive index.

Compared to the aerogel refractive index, cavity thick-
ness does not have much of an effect on the slope of the
reflection dip minima vs. angle plot seen in Fig. S9a. As
thickness is increased, the reflection dip minima shift to
longer wavelengths, only to shift to shorter wavelengths
at increasing viewing angles from normal. The change is
more notable as aerogel thickness is increased to 349 nm.
At low film thickness (210 nm), fewer data points were
collected due to the shift of the reflection dip into the
UV range at 30° from normal. TiO, thickness does not
have much of an effect on reflection dip minima shift as
seen in Fig. S9b. Our results demonstrate that the aerogel
refractive index has the strongest effect on reflection dip
minima shift and match the theoretical trends.

Applications involving functional adjustments to refractive
index

Since the porous space gives rise to an ultra-low refrac-
tive index, these pores can also be filled with other
mediums, making the structure a colorimetric sensor to
the filled medium. Also, the aerogel HLA structure can
be expanded upon through the inclusion of plasmonic
nanomaterials. In this example, negatively charged gold
nanoparticles (AuNPs) were deposited partially into the



Paik et al. Micro & Nano Manufacturing (2025) 1:1
a
800 ® n-105
® n=1.14
€700 } ® n=122
£ . A== Linear (n=1.05)
© .‘\\ ----- Linear (n=1.14)
E 600 - \s\! ----- Linear (n=1.22)
i ‘"‘~~ ~\\s o
.9_500 _‘\\ ~~{~ \\\\
a Treea_ TTra T~
c ~——. ‘~.~\s
9 400 | .. -~ ‘\"\
B ®-- e
Q ]
gl
2300
zm 1 ' 1
5 25 45 65
Angle (°)
C) 80
60f

% Reflection
S
o

20k

600 700
Wavelength (nm)

500 800

Page 9 of 12

b) 300
& ® 25° measured
® 40° measured
250 | ® 50° measured
© ® 65° measured
.. meema- 25° calculated
320 Te NN, o =--- 40° calculated
§ ‘\“\_ “Sis._----- 50 calculated
= 150 | \:‘::1‘:::.:‘\\
» T~
--___~- @ ‘
100 B
o
50 . : !
1.05 1.1 1.15 1.2 1.25
Refractive Index
d)
700 T T T T !
€ 650}
®
E 600}
£
=
a 550
o
c
©500f
©
2
© 4501
1'd
400+ ' * ’ ’ :
10 20 30 40 50 60
Angle (°)

Fig. 5 a Reflection dip minima of aerogel HLA from 8 to 65° viewing angles at RI 1.06-1.22. b Refractive index effect on % at viewing angles
from 25 to 65° as measured (dots) and calculated from Egs. 3 and 4 (dotted lines, N=1, d=180 nm). ¢ Agreement between experimental (solid lines)
and simulated (dashed lines) angle-resolved reflection spectra of Rl 1.06 aerogel HLA. d Agreement between experimental and simulated angle

travel of RI 1.06 aerogel HLA

aerogel after functionalization with positively charged
groups through ionic interactions. The resulting films
and their reflection performance can be seen in Fig. 6a—b.
Deposition of AuNPs does not negatively affect the color
travel, but expands the range of achievable colors towards
purple, orange, and yellow as seen in Fig. 6a. AuNPs
also impart absorption around 500-530 nm, which can
be seen as a dip in the reflection spectrum whose loca-
tion remains constant even with changes to the viewing
angle as seen in Fig. 6b [46, 47]. As the dip caused by cav-
ity resonance blue-shifts with increased viewing angle,
the dip caused by AuNP absorption remains relatively in
place, leading to multiple dips observed in the reflection
spectrum at high viewing angles and thus generation of

unique colors such as orange at certain angles as seen in
Fig. 6b. Thus, the shape of the reflection spectrum and
therefore the observed color can be tuned by adding
absorbing nanomaterials, thereby expanding the range of
achievable colors without sacrificing iridescence.
Replacing the pores with other mediums can also
impart sensing abilities through changes in refractive
index. We therefore carefully cast a drop of solvent
onto the 15-nm Al/SiO2 aerogel/Si film where the sol-
vent gets quickly absorbed into the porous structure
followed by a quick color change. As shown in Fig. 6c,
a higher-order reflection peak shows up once the film
gets soaked in ethanol. This can be understood as a
surge in average refractive index once the air voids are
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replaced with ethanol (RI=1.36) while maintaining the
overall thickness of the film, which leads to a larger
optical path length and therefore a higher-order reso-
nance. Once the ethanol gets evaporated, the reflec-
tion spectrum recovers to its pristine value, indicating
the porous structure has not been destructed. Similar
behavior is observed with toluene (RI=1.50) but with
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a red shift in the higher order resonance as the higher
refractive index of toluene gives an even longer opti-
cal path. Again, the reflection spectrum recovers to the
original pristine film upon toluene removal. We can
then expect such porous aerogel based could poten-
tially serve as a colorimetric index sensor with further
device engineering taken into play [48, 49].

Conclusion

In summary, we have successfully fabricated and char-
acterized iridescent structural color using an ultra-low-
index aerogel dielectric as a cavity and high-index TiO,
as a top reflector in an HLA cavity. We have demon-
strated control over reflected color, reflection spectrum,
and color travel through changes in aerogel thickness
and refractive index. We have expanded the possibili-
ties of this porous aerogel network by demonstrating its
potential for functionalization by plasmonic nanomateri-
als through a simple solution process and its potential for
use as a chromatic index sensor. Further work will move
towards complete solution fabrication of aerogel-incor-
porated materials for use in pigments on a larger scale.
The ultra-low index aerogel can impart new possibilities
otherwise unattainable in other optical elements, and
hope this can inspire other researchers to explore these
functionalities.
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