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Abstract: The resonance modes in nanophotonic structures, such as plasmonic oscillations in metals
and Mie resonances in semiconductors, govern their optical responses. Yet, directly linking these modes
to perceptible colors at the single-particle level remains difficult. Here, we investigate gold nanoplates
(Au NPs) as plasmonic resonators and silicon nanospheres (Si NSs) as dielectric resonators, and
establish a systematic method to retrieve and visualize the colors associated with their resonant modes.
Single-particle dark-field scattering spectroscopy was combined with a quantitative conversion
framework based on the CIE 1931 color space. Au NPs were synthesized via wet-chemical anisotropic
oxidation, and Si NSs by nanosecond laser ablation in liquid, enabling precise tuning of their
resonances across the visible spectrum(454~769 nm). Scattering spectra of individual nanoparticles
were acquired and converted to CIE tristimulus values and sRGB colors following ASTM E308
standards. Si NSs exhibit broad Mie resonances that produce a diverse color palette, whereas Au NPs
support narrower plasmonic resonances that yield highly saturated colors. This work establishes a
general framework linking nanoscale resonances to macroscale color perception, providing a guideline
for designing nanostructures for applications in displays, imaging, and sensing.
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Nanophotonics, which focuses on controlling
light-matter interactions at the nanoscale, is central to
the advancement of emerging optical technologies
such as sensing(Jain et al.,2006), communication(Sar-
dar et al., 2009),and nano-/micro-display systems. At
these dimensions, resonance modes ranging from plas-

monic oscillations in metals(Jain et al.,2006;Eustis et
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al.,2006) to dielectric Mie resonances in semiconductors
govern the optical response of nanostructures. These
resonances dictate the spectral positions, scattering effi-
ciencies, and near-field distributions that define how
nanostructures interact with light. Importantly, retriev-
ing and visualizing the "colors" associated with these

modes provides a direct and intuitive link between struc-
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tural resonances and observable optical effects. Such
color-based interpretation not only aids in the under-
standing of fundamental nanophotonic processes but
also facilitates the rational design of nanoscale compo-
nents foroptical applications.

Although resonances play a central role in nano-
photonic structures,directly linking their properties to
perceptible colors remains challenging, particularly at
the single-particle level. Resonance modes often over-
lap and extend across broadband spectra(Child, 1985),
making it difficult to disentangle their individual con-
tributions to the observed optical response. Conven-
tional approaches typically rely on far-field spectros-
copy of ensembles(Jans et al.,2010;Li et al., 2010) or
advanced near-field measurements on single particles
(Zhou et al.,2010). While these methods are rigorous,
they do not readily translate resonance characteristics
into a colorimetric or application-oriented framework.
Developing methodologies that connect resonance
features with perceptible color signatures can provide
a bridge between fundamental nanophotonic physics
with practical optical perception,with implications for
imaging, display, and sensing technologies.

This work investigates two archetypal nanopho-
tonic systems: Au NPs(as plasmonic resonators) and
Si NSs(as dielectric resonators). Au NPs exhibit
strong localized surface plasmon resonances(LSPRs),
which are highly tunable through geometry and sur-
face chemistry(Min et al., 2020;Qin et al., 2016;Cui et
al., 2018). In contrast, Si NSs, owing to their high re-
fractive index, sustain well-defined electric and mag-
netic multipolar Mie resonances(Palik, 1997;Staude et
al., 2013;Kuznetsov et al., 2012). By comparing their
optical responses, we establish a general framework
for retrieving and visualizing modal colors across dif-
ferent resonance types. The objective of this study is
to develop and demonstrate a methodology for retriev-
ing resonance colors from individual nanostructures
using dark-field scattering imaging and spectroscopy
(Gao et al., 2021). By directly linking spectral infor-
mation to perceptible colors within the CIE 1931
color space(Ohno, 2000), this approach provides an
intuitive visual representation of resonant modes.
Such visualization not only complements traditional
spectral analysis but also makes the phenomena of

nanophotonic resonance more accessible. In addition,

this work deepens the understanding of light-matter
interactions, guides the design of nanophotonic struc-
tures for color generation and display, and offers a na-
noscale versatile tool for illustrating structural color

phenomena in applied optics(Yang et al., 2019).

1 Sample preparation

The Si NSs with various diameters were synthe-
sized using nanosecond laser ablation in liquid
(LAL). LAL technique is widely recognized as an effi-
cient method for producing ultra-pure nanoparticle
colloids(Kuznetsov et al., 2012; Evlyukhin et al.,
2012). During the experiment, 10 mg of high-purity
silicon powder was dispersed and ultrasonicated in a
50 mL mixed solution of water and isopropanol . The
volume ratio of water to isopropanol is 1:3. A single-
crystalline silicon wafer was used as a protective sub-
strate and immersed in the solution. An ultrafast
nanosecond pulsed Nd: YAG laser served as the abla-
tion source, with operating parameters of 532 nm
wavelength, 10 ns pulse width, 10 Hz repetition fre-
quency, and 500 mJ pulse energy. The laser beam
was focused onto the suspension by a 500 mm focal
length lens, and continuous ablation for 1 h yielded a
colloidal solution of Si NSs with a broad size distribu-
tion, where the Si NSs range in 200~1 000 nm.

As shown in Fig. 1b, the SEM image confirms
that the as-grown Si NSs possess a nearly spherical
morphology with smooth surfaces. This indicates that
the surface energy is minimized during the rapid
cooling process in the liquid phase. The particle
diameters range from several tens to a few hundred
nanometers, reflecting the inherent polydispersity of
the LAL method. Larger spheres are likely formed
through coalescence of smaller molten droplets, while
the presence of smaller particles suggests incomplete
aggregation during the ablation process. The
dispersion of size and shape is crucial, as it directly
influences the variation of optical resonances and
colorimetric properties investigated in this work.

The synthesis of circular Au NPs was achieved
through a well-controlled anisotropic oxidation pro-
cess of pre-formed triangular Au NPs(Qin et al., 2016;
Cui et al., 2018), as illustrated in Fig. 1b. Triangular
Au NPs were synthesized via a seed-mediated growth
method(Fig.1c). Briefly,an aqueous solution of HAuCl,
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was mixed with a solution of cetyltrimethylammonium
bromide(CTAB), which acted as a stabilizing and
structure-directing agent. Under vigorous stirring, an
ice-cold NaBH, solution was added to rapidly reduce
Au* ions and generate gold seeds. The resulting seed
solution was then aged for 2~6 h to allow complete
hydrolysis of any unreacted NaBH,. Concurrently,
three growth solutions(denoted as @,2),®) with iden-
tical compositions but different volumes were pre-
pared. Each growth solution contained CTAB,
HAuCl,, KI, sodium hydroxide(NaOH), and ascorbic
acid. The role of KI and NaOH is to promote anisotro-
pic growth by selective adsorption on specific crystal
facets. A portion of the seed solution was sequen-
tially introduced to growth solutions @,2 ,®, with
gentle shaking after each addition to ensure mixing.
After each step, a portion of the mixture was trans-
ferred to the next growth solution. The final com-
bined mixture was left undisturbed at room tempera-
ture for 24 h, enabling the synthesized triangular Au
NPs to precipitate to the bottom of the reaction vessel
via depletion-induced self-precipitation.

The triangular Au NPs synthesized above will au-

tomatically become circular in water. Overgrowth so-

Synthesis of silicon nanospheres (Si NSs) and gold nanoplates (Au NPs)

lutions were prepared, each containing CTAB,
HAuCl,, ascorbic acid, and water. The circular Au
NPs solution was introduced into each overgrowth so-
lution, and the reaction was conducted in an isother-
mal oven at 30 °C for 10 h (Fig. 1b). The thickness of
the Au NPs will increase with the increasing in the
amount of HAuCl,, while the lateral dimensions re-
main almost unchanged. The anisotropic oxidation
was then initiated at room temperature by introducing
a mixture of H,0, and HCI into the NP solution(Jang
et al., 2014). H,O0, is used as an oxidizer because it's
easy to handle and the reaction conditions are mild,
while HCI was used to modulate the oxidation rate by
controlling the concentration of H" ions. This pro-
cess, depicted from left to right in the bottom row of
Fig. 1b, involves the gradual rounding of the sharp
corners and the subsequent reduction in the diameter
of the NPs, ultimately yielding circular NPs. The pro-
gression of the reaction was monitored by the visible
color change of the solution. By precisely terminat-
ing the oxidation at different time points through cen-
trifugation, a series of monodisperse circular Au NPs
with continuously tunable diameters ranging from ap-
proximately 150 nm to 50 nm could be obtained,
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while maintaining a constant thickness of 35 nm in-
herited from the initial NPs.

2 Principle of color retrieving from the

single-particle  dark-field scattering

spectroscopy

As shown in Fig. 1b, the scattering images and
spectra of individual Au NPs and Si NSs were
collected using a dark-field optical microscope
(Princeton Instrument Action SP2300) equipped with
a quartz tungsten-halogen lamp (100 W) and a charge-
coupled device (CCD) camera (Princeton Instruments
Pixis 400BR_eXcelon). The CCD was cooled to
=70 °C during the measurements to reduce noise. A
dark-field objective (100x,NA = 0. 80) was used to
illuminate  specific nanostructures with  white
excitation light and collect their scattered signals. To
obtain accurate scattering spectra, background signals
were first recorded from adjacent regions without
nanostructures and subtracted, followed by correction
with the calibrated response curve of the optical
system. Color scattering images were acquired with a
digital camera(ARTCAM300MIC) mounted at the
imaging plane of the microscope.

In dark-field optical microscopy, a bright image
of the nanostructure is formed against a dark back-
ground, which effectively suppresses unwanted reflec-
tion from the substrate. This is achieved by inserting
an opaque disc between the light source and con-
denser lens, which blocks the direct illumination path
(Fig. 2). As a result, the light reaching the sample is
shaped into a hollow cone that strikes the nanostruc-
ture at a large incident angle. Only light that is scat-

tered, refracted, or reflected by the nanostructure
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Fig.2 The custom dark-field microscopy

would enter into the objective lens, while unscattered
light pass it. Consequently, background reflections are
largely excluded, and the nanostructure itself appears
as a bright, well-resolved feature on a dark field of
view. This configuration enables clear visualization
and quantitative spectroscopy of individual nanopar-
ticles while minimizing interference from the sub-

strate or surrounding medium.

After obtaining the scattering spectrum and dark-
field image of an individual nanostructure, its spectral
response can be quantitatively correlated with the
perceived color captured in the dark-field image. This
process involves several transformation steps. First,
the measured scattering spectrum is converted into
CIE tristimulus values(X, Y, Z)(Billmeyer et al.,
1987). These tristimulus values are then normalized
to chromaticity coordinates(x,y,z)(Loesdau et al.,
2017). Next,the chromaticity values are mapped to an
RGB color space, and finally the normalized RGB
values (ranging from 0 to 1) are scaled into 8 bit
values (0~255) for visualization. To determine the
tristimulus values (X, Y, Z) from a given visible-light
spectrum, the spectrum is weighted against the
standard CIE color matching functions(Wyman et al. ,
2013)(Supply: Appendix Fig. 2). For example, Supply:
Appendix Fig. 1 shows the visible spectrum of
potassium permanganate, which can be projected onto
the CIE functions to yield corresponding X,Y,7Z
values. This procedure is described in detail in ASTM
E308(Wyszecki et al.,2000), which specifies how to
transform spectral data into CIE tristimulus values. A
practical consideration is that measured spectra often
have sub-nanometer resolution, whereas the CIE 1931
standard observer functions are tabulated at 5-nm
intervals between 400 and 700 nm. Therefore, the
raw spectral data should be resampled or averaged to

5-nm intervals before integration.

For a given emissive power distribution, P(A),
from an individual nanostructure,the X,Y,Z tristimulus
values are computed as,

X = [50PAA, ¥ = [FOP(VA, Z = [20)P(A)A,
%,y and z denote the CIE standard observer color-
matching functions (available for either the 2° or 10°
field of view, depending on the application). In our
study, we applied the values obtained at 10° field of
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view, because the incident angle of the dark-field
objective is over 50°. The integrals are evaluated over
the visible range 360~830 nm, where the standard
observer functions are nonzero. In practice, the
measured spectral power distribution(SPD) may cover
a narrower wavelength range, depending on the
characteristics of the measuring instrument(Farup et
al.,2007). The spectral sampling interval is typically
between 1~20 nm. To ensure accurate calculation of
the tristimulus values, the wavelength range and
spacing of the SPD must be matched to those of the
standard observer functions. This alignment is
achieved through resampling, interpolation, and, if
necessary,extrapolation of the measured data.

Cases involving reflective and transmissive
samples share similarities with, but also differ from,
the emissive case described earlier. In these cases,the
spectral power distribution of the sample, P(X) is
replaced by the product of the sample's spectral
reflectance (or transmittance), S(A), and the spectral

power distribution of a reference illuminant, 7(A),

x:%ﬁm)su)zu)(m,
v = [r0sran,
R

z =NJ-2(/\)S()\)I(A)CIA,

with the normalization constant, N = fy"()\)[(/\)d/\.

Once the tristimulus values [ X,Y, Z | are determined,
they can be converted to chromaticity coordinates,
x=XAX+Y+Z), y=Y/X+Y+Z), 2=2/(X+Y+Z).
Since x+y+z=1, only (x,y) are needed to plot the
color on the CIE chromaticity diagram. A special case
occurs for black, where X =Y=7=0. In this situation,
(x,y) are undefined, and it is common to assign the
chromaticity of the reference white as a fallback. The
transformation from tristimulus values [X,Y,Z] to
RGB values

transformation as

makes use of a linear matrix

X R
=M\ G
Z B

where the transformation matrix M is calculated from

’

the RGB system's chromaticity coordinates and its

reference white point. Specifically, given the

chromaticity coordinates of the RGB primaries

(x,,5.),(x,.%,),(x,,y,) and the reference white point

(Xy, Yy, Zy),a 3x3 matrix can be derived to convert
between RGB and XYZ spaces according to the

following algorithm,

SX. SX, SX,
M=|SY, S)Y, SY, |
SZ. SZ, S,Z,
Xo=aly, Y, =1, Z=(0-x-y),
Xp=xbly, Y,=1, Z,=(1-x,-y)y,
Xy = 2,0y, Y,=1, Z,=(1 -xl,-%.)/yu.,
YoHY Y Y, S, |.
72,0z, 7z 21,

The final step is to convert the normalized RGB
values into 8-bit values, as is standard in digital
imaging. In most computer graphics systems, each
color channel (R, G, B) is represented with 8 bits.
This corresponds to integer values ranging from 0 to
255, where [0, 0, 0] represents black and [255]
represents white. To achieve this, the normalized
RGB values, ranging from 0 to 1, are scaled by 255
and rounded to the nearest integer. Values outside the
valid range are clipped using a conditional statement,

for example,
0, sR<0;
Rg_,, =1255, sR>1;
round (sR X 255), otherwise.

The same operation is applied to G and B. The
resulting integer values [Rg;, Gy Bsyi] can then be
directly used to render the corresponding perceptible
color on colorimetric

digital displays or in

visualization. In summary, the visible scattering
spectrum obtained from dark-field measurements can
be quantitatively transformed into perceptible color
using the framework of the CIE 1931 chromaticity
system(Fig. 3). By applying the standard color
matching functions and following the procedures
outlined in ASTM E308, the spectral data are
converted into tristimulus values [ X,Y,Z |, which then
be mapped into the RGB color space and finally
encoded into 8-bit color values for visualization. This
workflow bridges the gap between nanoscale optical
responses and macroscale color perception, enabling
intuitively interpreting the resonant scattering
properties of plasmonic and dielectric nanostructures.
In doing so,it provides a direct means of visualizing
how structural colors arise from physical spectra,
offering valuable insights for both fundamental

material studies and applied nanophotonic design.
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Fig. 3 The visible scattering spectrum obtained

from dark-field measurement

3 Dark-field imaging and spectroscopy
characterizations

The as-grown Au NPs and Si NSs were
immobilized onto a silicon substrate covered by a 300-
dark-field

scattering imaging and spectroscopy. A pattern-

nm-thick silicon dioxide layer for
matching method(Kunetsov et al.,2012) was used to
correlate the positions of individual nanostructures
between SEM and dark-field scattering images
(Fig. 4). The scattering spectra were then acquired
from single nanostructures using the dark-field setup

illustrated in Fig.2b. Fig. 4a presents results for three
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representative Au NPs. Their scattering spectra are
characterized by broad resonances in the visible range,
arising from LSPRs(Qin et al.,2016;Cui et al.,2018;
Mayer et al., 2011). The spectral position of these
resonances is highly sensitive to particle size.
Specifically, as the nanoparticle diameter increases
from 84 nm to 134 nm, the scattering maximum
redshifts from 560 nm to 620 nm. This size-dependent
redshift is

reflecting the

a hallmark of plasmonic behavior,
longer oscillation period of the
collective electron cloud in larger particles, agreeing
well with numerical finite-difference time-domain
(FDTD) simulations (Supply: Appendix Fig. 3a) The
influence of LSPRs on color appearance is directly
evident in the dark-field images. The NP with a
resonance peak near 560 nm appears light green,
while the NP with a resonance shifted to 620 nm
exhibits Thus,

nanoparticle size translate into perceptible color

a red hue. subtle variations in

differences, highlighting the intrinsic link between

nanoscale plasmonic resonances and macroscale

optical appearance.

o
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Fig.4 Dark-field imaging and spectroscopy characterizations of gold nanoplates and silicon nanospheres

In contrast, Fig. 4b shows results for Si NSs. Unlike
metals, dielectric nanospheres support well-defined
multipolar Mie resonances due to their high refractive
index(Mie, 1908; Decker et al., 2016; Yao et al.,
2023). For the sizes studied here, the dominant mode
in the visible regime is the magnetic dipolar or high-

order mode resonance(Kuznetsov et al.,2012; Jang et

al.,2014; Decker et al.,2016). As the Si NS diameter
increases from 331 nm to 469 nm, the magnetic
dipole resonance undergoes a redshift from ~480 nm
to ~580nm. Such spectral evolution was further
corroborated by FDTD simulations (Supply: Appendix
Fig. 3b). This shift produces an evolution in perceived

color, with smaller spheres appearing orange and
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larger spheres exhibiting more yellow hues in dark-
field images. It should be noticed that the narrow and
well-resolved nature of the LSPRs in Au NPs
contrasts with the broader Mie resonance peaks of Si
NSs, leading to sharper color transitions (Fig. 4).
Taken together, these results highlight two distinct
mechanisms for structural coloration at the nanoscale.
In metals such as Au, color arises from collective
oscillations of free electrons, which produce relatively
narrow scattering with size-tunable peaks(Rash et al.,
2009). In high-index dielectrics such as Si, color
originates from Mie resonances,in particular magnetic
dipolar modes, which are dictated by geometric
confinement of displacement currents(Evlyukhin et
al.,2012;Rasch et al.,2009; Garcia-Etxarri et al.,2011;
Sugimoto et al., 2020). While different in physical
origin — one rooted in free-electron dynamics and
the other in dielectric wave confinement — both
mechanisms critically determine how a nanoparticle's
optical resonances map onto human-perceivable
colors. This underscores the universality of resonance-
driven structural coloration in nanophotonics and its
utility  for

applications ranging from display

technologies to optical sensing.

4 Retrieving the colors from the single-
particle scattering spectra

To quantitatively connect the resonant scattering
of individual nanoparticles with their perceptible
colors, we applied the colorimetric conversion
formalism described in Section 3. Each measured
scattering spectrum S(A) was treated as a spectral
power distribution and combined with the CIE 1931
standard observer functions under the D65 illuminant.
From this, the CIE XYZ tristimulus values were
obtained, converted into chromaticity coordinates(x,y),
and then transformed into standard sRGB values for
digital visualization. This procedure enables a direct
comparison between the retrieved colors and the hues
observed in dark-field scattering images.

For the Au NPs, the retrieved colors showed
excellent agreement with experimental observations.
For example, an NP with a scattering peak at 580 nm
(Fig. 4a) yielded a light green hue (sRGB=[173,220,

114]), consistent with its appearance in microscopy

(Fig.4a, bottom panel). As the NP diameter increased
and the resonance redshifted to 620 nm,the retrieved
color transitioned to a saturated red (sRGB=[215,75,
57]). Importantly, the narrow linewidth of the LSPR
peaks contributed to high color saturation, which the
formalism accurately captured, yielding vivid and
well-defined hues (Fig. 4a, upper panel). The same
procedure applied to Si NSs confirmed its robustness
for dielectric systems (Fig.4b). A smaller Si NS with a
magnetic dipole resonance near 480 nm produced an
orange color (sRGB= [240, 150, 70]), while a larger
sphere resonating near 580 nm appeared yellow
(sRGB~[230,200,60]). Unlike plasmonic resonances,
the Mie resonances in Si NSs are typically broader
and spectrally overlapping. Despite this, the retrieved
colors closely matched the dark-field image (Fig.4b,
lower panel), demonstrating that the method can
faithfully translate even less spectrally sharp features
into perceptible colors. The results highlight the
differing physical origins of color in plasmonic and
dielectric nanostructures — arising from collective
free-electron oscillations in Au NPs and from high-
index Mie resonances in Si NSs — while showing
that both can be mapped onto a common perceptual

framework.
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Fig.4 Comparison of experimental dark-field images and

0.04

retrieved colors of individual nanoparticles

Overall, the color retrieval formalism proved
effective in translating scattering spectra into accurate
visual colors for both plasmonic and dielectric
resonators. The close match between computed sSRGB
values and microscopy scattering images confirms the

efficacy and universality of this approach for
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nanophotonic color interpretation. Beyond validation,
this framework provides a quantitative bridge between
nanoscale resonance physics and human color
perception,enabling researchers to intuitively visualize
how structural colors emerge from physical spectra.
Future refinements could include more rigorous
instrument-response calibration, improved angular
collection to better approximate the CIE standard
observer, and adoption of advanced color appearance
models(e. g. CIECAMO2) to account for perceptual
differences under varying illumination and viewing

conditions(Moroney et al.,2002;Luo et al.,2000).

5 Conclusion

We established a

quantifying and visualizing the structural colors of

systematic approach for

plasmonic and dielectric nanostructures using dark-
field scattering spectroscopy combined with CIE
1931 color

synthesized via a wet-chemistry route, and Si NSs

space conversion. Au NPs were

were produced by laser ablation, enabling precise
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