The limitations of extending nature’s color palette in
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Living organisms have developed a wide range of appearances from iridescent to matte textures. Interestingly, angularindependent structural colors, where isotropy in the scattering
structure is present, only produce coloration in the blue wavelength region of the visible spectrum. One might, therefore,
wonder if such observation is a limitation of the architecture of the palette of materials available in nature. Here, by
exploiting numerical modeling, we discuss the origin of isotropic
structural colors without restriction to a specific light scattering regime. We show that high color purity and color saturation cannot be reached in isotropic short-range order structures for red hues. This conclusion holds even in the case of
advanced scatterer morphologies, such as core-shell particles or
inverse photonic glasses—explaining recent experimental findings reporting very poor performances of visual appearance for
such systems.

particle resonances (22). However, this conclusion ignored multiple scattering and coupling effects between particles, which are
known to play a major role in PGs (14, 23). Here we exploit a
numerical approach that provides direct access to the reflection
spectrum of an arbitrary structure and allows us to investigate
intermediate scattering regimes, i.e., in between single scattering and diffusive behavior, without further assumptions. With
this method, we show that nature’s solution is actually optimal
for blue production only: both high- and low-refractive index
contrast PGs show poor color purity in the red. We demonstrate the difficulty in achieving isotropic structural color in
the red spectral region with high saturation and purity even
for advanced morphologies of the scatterers in both direct and
inverse PGs.
Results
Direct vs. Inverse Photonic Glasses. Photonic glasses with tailored
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tructural colors are the results of constructive interference
of light scattered by nanostructured, nonabsorbing media
(1, 2). In contrast to color by pigmentation, where the color
results from wavelength-selective absorption, structural colors
spanning across the entire visible spectrum can be obtained using
only one scattering material in a matrix medium (e.g., air). The
possibility of exploiting such photonic coloration to replace traditional pigments catalyzed the efforts of several research groups
(3–9). Structural colors come with various advantages compared
to conventional pigments: 1) structural pigments do not bleach,
as the color formation is defined by the architecture instead of
the composition; 2) they can be constituted of environmentalfriendly materials (10, 11); and 3) they achieve unconventional color effects, from vivid metallic to isotropic optical
response.
Isotropic structural color is especially appealing when it
comes to replacing traditional pigmentation as it preserves an
angular-independent appearance. Therefore, several methods
were developed to produce hierarchical (6, 12, 13) or shortrange order structures with angular-independent colors (4, 14,
15). Such studies of short-range order structures, often referred
to as photonic glasses (PGs), found inspiration in analogous
two-dimensional (2D) structures exploited in birds (Fig. 1)
(16–19). However, in nature, such PGs have been reported
only to produce blue colors as green and red coloration are
usually achieved with long-range ordered structures or using
pigmentation (20, 21).
In the following, we investigate the limitations of color creation by scattering from disordered, short-range correlated structures. We question whether a saturated, angular-independent
color response can be achieved only in the UV–blue spectral
region or whether nature has missed a trick and developed
other mechanisms for red hues. In fact, while artificial PGs
with red hues have been reported, their optical properties are
rather poor—their color saturation and purity are limited, holding these materials back from applications. These limitations
of red isotropic structural color have been attributed to singlewww.pnas.org/cgi/doi/10.1073/pnas.2010486117

scatterer properties (represented by the form factor in the calculation of the scattering cross-section; SI Appendix, Section I) and
structural correlation (structure factor) were generated using a
recently developed numerical algorithm; see details in ref. 25
and SI Appendix, Section III. The optical properties of the generated structures were then calculated using a finite difference
time domain (FDTD) method. We limited our calculations to
2D structures, a case often found in natural systems (Fig. 1).
The study of 2D media allows us to probe a large parameter space while limiting computational costs. Nevertheless, we
believe that the same general considerations can be extended to
the 3D case, as we focus on low-refractive index, weakly scattering media—conversely to highly scattering systems where phase
transitions in the light transport regimes strongly depend on the
dimensionality (26–34).
Significance
Scattering from 2D correlated disordered structures is often
at the core of matte color appearances in nature. However, the hues related to this mechanism are restricted to
UV radiation and the blue part of the visible spectrum.
Here we present a numerical study on short-range correlated
materials—photonic glasses—without the restriction to a specific light transport regime. We demonstrate that with these
materials, saturated angle-independent structural colors cannot be reached in the long-wavelength region of the visible
spectrum. In this context, we discuss promising approaches
toward 3D isotropic structural colored materials.
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Fig. 1. Structural color in natural systems. Sketch of light scattered by (A) a photonic crystal, (C) a photonic glass, and (E) an inverse photonic glass.
(B) Transmission electron micrograph of collagen arrays from structurally colored facial caruncles of male asities Philepitta castanea (Lower Left Inset) and
its 2D Fourier power spectra (Upper Right Inset). (D) TEM of collagen arrays from structurally colored facial caruncles of male asities Neodrepanis coruscans
(Lower Left Inset) and its 2D Fourier power spectra (Upper Right Inset) (17). (B and D) Adapted with permission of The Company of Biologists Ltd., from
ref. 17; permission conveyed through Copyright Clearance Center, Inc. (Scale bars: 200 nm.) (F) EM image of sphere-type keratin and air nanostructure from
back contour feather barbs of Cotinga maynana (Lower Left Inset) and corresponding small-angle X-ray scattering data (Upper Right Inset). Adapted with
permission of the Royal Society of Chemistry, from ref. 24; permission conveyed through Copyright Clearance Center, Inc. (Scale bar: 500 nm.)
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The Role of Refractive Index. The dependency of isotropic struc-

tural coloration on the refractive index is shown in SI Appendix,
Figs. S1 and S2, for direct and inverse PGs, respectively. Changing the refractive index affects the interplay between formand structure-factor contributions. High-refractive index systems
are dominated by form-factor resonances preventing them from
reaching good color purity in the red spectral region, for both
direct and inverse PGs. For direct systems, even when the refractive index contrast is low, form-factor resonances lead to an
enhanced reflection in the short-wavelength side of the structural
peak—similarly to Fig. 2A. In contrast, for the case of inverse
PGs, we observe that the structure-factor forms a well-separated
peak in the visible spectrum, even in the red wavelength region.
This allows us to conclude that low-refractive index, inverse PGs
can outperform their direct counterpart in terms of color purity
and saturation.
Reducing the refractive index contrast between the scattering
matrix (nm ) and the scattering centers (np ) can further favor
structural contributions. Fig. 3A shows that increasing np results
in a broadband reduction of the reflectance and a red shift of
the structural peak. Moreover, the structural peak decreases in
2 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.2010486117

width and has a higher intensity compared to its background,
leading to better color purity. The reduction of the refractive
index contrast lowers the role of multiple scattering, which is
anyway present in disordered systems. This limits the isotropic
structural colors to a light propagation regime in between diffusive scattering and ballistic transport. The multiple scattering
becomes dominant when the sample thickness is increased,
leading to a broadband unsaturated response (SI Appendix,
Fig. S3A).
To further investigate the advantages and limitations of
isotropic structural coloration in direct and inverse PGs, we
studied their dependency on different ensemble parameters.
SI Appendix, Fig. S3B, shows the optical response of inverse PGs
is more robust to variations in scatterer size distribution than
the direct PGs. While for direct PGs, polydispersity averages out
the Mie resonances, in inverse PGs, polydispersity only slightly
affects the structure-factor resonance peak. In inverse PGs, the
polydispersity helps to reduce the Mie resonance intensity in
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In the absence of absorption, scattering in PGs emerges from
the interplay between 1) single particle properties such as size,
shape, and refractive index and 2) ensemble properties such as
filling fraction and structural correlations. As depicted in Fig. 2A,
for the case of direct PGs the reflection is dominated by Mie resonances, determined by the scatterer properties. The reflected
color can be, therefore, tuned in the visible by changing the scatterer dimensions. However, as the particle size increases, the
Mie resonance peak red-shifts, and a second peak appears in
the blue part of the spectrum, corresponding to a higher-order
resonant mode (SI Appendix, Figs. S1 and S2). In contrast, light
scattering in inverse PGs is dominated by structural correlations
(Fig. 2B). The reflection peak, whose position corresponds well
to Bragg’s law predictions, is more pronounced than in direct
structures. Moreover, when the structural peak is shifted at red
wavelengths, the form-factor resonance at short wavelengths is
less marked than in Fig. 2A. The occurrence of a separated
peak in the visible spectrum showcases that using inverse PGs
is an effective strategy to minimize the form-factor weight on
the overall optical response of a system in favor of structural
contributions.
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Fig. 2. Simulated optical response for (A) direct and (B) inverse photonic
glasses. Inverse PGs, where scattering is dominated by structural correlations, exhibit a spectral peak whose position can be tuned over the whole
visible range controlling the size of the scatterers. Dotted lines indicate the
position of the first Mie resonance (form factor resonance) in direct PGs and
the Bragg’s law prediction (structure factor resonance) in inverse PGs. All of
the simulated structures have a thickness of 3 µm and ff = 0.5.
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Fig. 3. Simulated optical response for inverse photonic glasses with
advanced designs. (A) Effect of the refractive index of the scatters. Decreasing the refractive index contrast between scatterers and matrix leads to a
broadband decrease of the reflectance, increasing the color purity. The simulated structures have a filling fraction of ff = 0.5. (B) Effect of core-shell
correlation. Decreasing the size of the scatterers (r, core) maintaining a fixed
center-to-center correlation distance (ξ, shell) leads to a blue shift of the secondary short wavelength peak, caused by Mie resonances. To allow for the
same filling fraction for different core sizes, a filling fraction of ff = 0.4 was
employed. (C) The approaches presented in A and B were combined, resulting in both a decrease of the broadband background and a blue shift of the
secondary peak. All simulated structures have a thickness of t = 3 µm.

the blue region and broadens the structural peak at long wavelengths. Similarly, reducing the filling fraction in inverse PGs
leads to a red shift of the structural peak, due to an increase of
the effective refractive index of the system. In parallel, the relative intensity of the structural peak decreases compared to the
Mie resonance at short wavelengths (SI Appendix, Fig. S3C). The
result of these effects on the overall appearance of the system is
further studied in Fig. 4.
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Advanced Scatterer Morphologies. Our observations remain valid

also for complex scatterer geometries. Previous works introduced the idea of using core-shell particles to disentangle the
contributions of form- and structure-factor and achieve a separated peak in the long-wavelength spectral region (5, 22, 35,
36). Fig. 3B shows that reducing the scattering center (core)
size while keeping the structural correlation length leads to an
increase of the intensity and width of the long-wavelength (structural) peak. At the same time the short-wavelength contribution
from Mie resonances shifts farther away into the UV. In Fig. 3A
we showed that a lowered refractive index contrast can supJacucci et al.

press multiple scattering, while a separation of the form- and
structure-factor contributions is possible via core-shell particles
(Fig. 3B). In Fig. 3C both approaches are combined, to achieve
higher color purity and saturation by a well-separated peak in the
long-wavelength part of the visible spectrum.
results in terms of color purity and saturation, the reflectance
spectra of direct, inverse, and core-shell PGs are converted to
color hues. Color purity can be defined as the normalized distance from the white point in a chromaticity diagram in respect
to the red point (in case of red colors). Saturation quantifies
how much the reflected intensity is distributed across the spectrum of different wavelengths. A mathematical definition as well
as the details of the spectrum to color conversion is reported
in Materials and Methods. In Fig. 4A the different systems for
red color hues are plotted in the CIE color space chromaticity diagram (see SI Appendix, Table S1, for the xy values). In
Fig. 4B the corresponding purity and saturation values are calculated. Interestingly, all of the inverse PGs show a higher
color purity and saturation value than the direct PG’s red hues
reported in ref. 14. However, both the core-shell inverse structures as well as the low refractive index contrast (e.g., polymer
filled with water) do not lead to a significant improvement compared to the standard inverse PG. Combining both approaches
leads to improved purity and saturation values. Still, the achievable color purity and saturation values remain far from the
ideal (RGB) red color.
Discussion
In summary, we demonstrated that photonic glasses have intrinsic limitations in achieving saturated red hues due to the
interplay between structure-factor–related resonance and formfactor–related scattering and a multiple scattering background,
reinforcing the hypothesis that isotropic structural coloration,
while it can be easily achieved in the UV–blue spectral region, is
challenging to obtain for larger wavelengths. In detail, we showed
that inverse PGs increase color saturation and purity compared
to their direct counterpart. This result is a consequence of an
optical response where the structure factor contribution dominates over the form-factor scattering resonances. Furthermore,
we showed that isotropic structural coloration occurs in a light
propagation regime intermediate between diffusive and ballistic
transport, where resonant ensemble properties (structure factor) are dominating over a multiple scattering background. We
observe that high color purity and color saturation for red hues
cannot be reached in isotropic short-range order structures, even
in the case of advanced scatterer morphologies. Such results,
therefore, indicate that natural system might have been forced
to evolve alternative strategies for production of red coloration,
such as multilayer or diamond structures (37, 38).
While combing different scattering approaches can help
improve color purity and saturation in photonic glasses, they
might be more challenging to realize in natural systems than simply combing different mechanisms, such as adding absorption.
Once absorption is added, more pure and saturated colors can
be achieved (8, 39). However, in synthetic systems, especially in
the case of metallic nanoparticles (40), one might question the
need of adding a structural component as it plays a redundant
role in the overall visual response. In this context, we believe that
approaches aimed at designing the scattering elements, making use of the interplay between absorption and scattering via
Kramer–Kronig relations, might be more suitable to increase
scattering in the red spectral region (41). Although most efforts
to fabricate systems exhibiting isotropic structural colors focus
on the self-assembly of colloidal particles (8), other promising
approaches have recently been explored combining the purity
and saturation advantages of coloration from ordered structures
PNAS Latest Articles | 3 of 5
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Fig. 4. Color purity and saturation. (A) Zoom-in to the CIE chromaticity diagram (inset). The xy values of the isotropic structural colors for various systems
are displayed (see SI Appendix for values): direct, the ECPA multiple scattering model (see ref. 14 and SI Appendix, Fig. S3, r = 128 nm); inverse, an inverse
PG with an isolated peak in the high-wavelength region (red curve in Fig. 2B); poly, the same structure with 20% polydispersity (dark red in SI Appendix,
Fig. S3C); low ∆n, an inverse PG with lowered refractive index contrast (dark green in Fig. 3A); coated, a core-shell inverse PG (r = 115 nm in Fig. 3B); and
combined, a combined coated and lowered refractive index approach (Fig. 3C). For comparison, RGB red color is displayed (RGB). (B) The corresponding
saturation and purity values.

with the morphological isotropy of spherical systems. In this context, block copolymers represent a promising candidate (42).
Similarly, introducing disorder to ordered multilayer films gives
rise to angle-independent structural coloration (12, 13). In conclusion, as convincing absorption-free, angle-independent, pure,
and saturated red hues have not been obtained, we believe there
is still space for further theoretical and experimental investigations to come up with strategies to produce viable alternatives to
red pigments.

polarization-independent (43). Each of the presented curves was obtained
averaging the optical simulations of seven different ensembles of particles
with identical parameters.
Purity and Saturation of Color. To quantify color purity and saturation,
reflection spectra are converted in color space coordinates assuming a
standard observer (CIE 1931 2◦ ) and a standard illuminant (Daylight
D65 ) (14, 25).
In particular, color purity can be calculated from
s

Materials and Methods
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Numerical Calculations. To generate the 2D, disordered structures we
used an inverse-design algorithm consisting of two steps (25): first, hard
(nonoverlapping) particles are added using a random sequential approach
until the desired filling fraction was reached, and second, the positions
of these particles are gradually changed in order to minimize the difference between the targeted S(q) and the one of the structure. This code is
available at the University of Cambridge data repository (https://doi.org/10.
17863/CAM.54926).
To simulate the optical properities of the generated designed we used
LUMERICAL 8.22 (Lumerical Solutions Inc.), a commercial-grade software
using the FDTD method. Periodic boundaries conditions in the lateral direction, i.e., perpendicular to the incoming beam, Y and perfect matching
layer boundaries in the X direction were used in all of the calculations.
The excitation source was set as a plane wave. The simulations were performed in a purely 2D geometry, and their numerical stability/convergence
was ensured by choosing an adequate simulation time and boundary conditions (assuring that the electric field in the structure decayed before the end
of the calculation and that all of the excitation light was either reflected
or transmitted). The 2D geometry of the simulations constrains light to
a p-polarization (TM) state. This, however, does not represent a limitation for our study, as the scattering from isotropic, disordered systems is
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