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Abstract

We employed a convenient evaporation ap-
proach to fabricate photonic crystals by nat-
urally drying droplets laden with nanoparti-
cles on a superhydrophobic surface. The fi-
nal drying morphology could be controlled by
the concentration of nanoparticles. A dilute
droplet resulted in a torus, whereas a quasi-
spherical cap with a bottom cavity was made
from a concentrated droplet. Remarkably, the
nanofluid droplets maintained high contact an-
gles (! 120◦) during the entire evaporation
process due to inhomogeneous surface wet-
ting. Bottom-view snapshots revealed that dur-
ing evaporation the color of the contact area
changed sequentially from white to red, orange,
yellow and eventually to green. Scanning elec-
tron microscopy and Voronoi analysis demon-
strated that nanoparticles were self-assembled
to a hexagonal pattern. Finally, based on the
effects of particle size, material, and volume
concentration on the reflected wavelengths, a
model has been developed to successfully pre-
dict the reflected wavelength peaks from the
contact area of evaporating colloidal droplets.
Our model can be easily adopted as a man-
ufacture guide of functional photonic crystals
to predict the optimal reflected color made
by evaporation-driven self-assembly of photonic
crystals.

†Supplementary Material is available online.

Introduction

A significant step toward effective use of nano-
materials in a variety of applications, such as
flexible electronics,1 optical,2 thermal3,4 and
nanofluidic devices,5 is the fabrication of robust
nanostructures. Photonic crystals (PhCs), in
particular, have attracted a great deal of atten-
tion due to their ability to control and guide
photons in a manner analogous to the capa-
bility of electronic crystals to manipulate elec-
trons. The ability to control photons makes
PhCs ideal candidates for a range of appli-
cations, including a colorimetric detection of
protein,6 catalyst supports,7 as well as ther-
mal, magnetic, electrical, mechanical, chemi-
cal and optical sensing.8,9 Photonic crystals can
be manufactured using top-down and bottom-
up methods in two (2D) and three (3D) di-
mensions.10–12 Top-down approaches consist of
lithography with ions, atoms, electrons, and
photons. Bottom-up techniques consist of par-
ticle assembly driven by gravitational,13 elec-
tric14 and magnetic fields,15 as well as assembly
through (solvent) evaporation.16

Bottom-up assembly techniques are increas-
ingly preferred, on account of the ease of pro-
cess, the lower cost, and the production poten-
tial at an industrial scale.17 Among bottom-up
methods, using the evaporative self-assembly
mechanism is a well established technique
for the fabrication of 2D photonic crystals.
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Figure 1: (a) Scanning electron microscopy (SEM) image of the top-view superhydrophobic surface
used. Scale bar corresponds to 30 µm. (b) Side-view snapshots of an evaporating droplet containing
5 wt% silica nanoparticles on superhydrophobic substrate. The scale bar in (b) corresponds to 1
mm, and the time-scale of complete drying, tf = 4770 s. Optical microscope images of fabricated
photonic crystals in (c) to (f). (c) top-view and (d) bottom-view images of the toroidal deposit
pattern corresponding to water droplets laden with low concentration (≈ 5 wt%) of NPs. (e) top-
view and (f) bottom-view images of the spherical deposit pattern resulting from evaporation of
high concentration (60± 5 wt%) colloidal drops. The vivid color in (d) and (f), observed close to a
complete dry time (at tf and 0.97tf , respectively), is the reflectance color scattered by the bottom
of the resultant self-assembly of photonic crystals. Scale bars in (c) to (f) are 500 µm.

However, the complex nature of the self-
assembly methods introduced for creating 3D
photonic crystals, including acoustic levita-
tion,18 inkjet printing19 and emulsion solvent
evaporation,20,21 suggests that there is room for
further development.

Superhydrophobic (SH) surfaces have been
intensively studied in recent decades, owing
to their non-sticking and self-cleaning proper-
ties.22–24 Primarily researchers have been inter-
ested in their fabrication as well as the wetting
states and transition of water droplets on super-
hydropohobic surfaces of varying geometric fea-
tures.22,25–34 Relatively few studies (albeit with
an increasing number) have focused on 3D de-
positions of various materials through evapo-
rative self-assembly on superhydrophobic sur-
faces. Some examples include drying droplets
of protein (lysozyme) solution,35 suspensions
of micro-particles,36,37 colloidal semiconductor
(CdSe/CdS) nanorods,38 colloidal polymer dis-
persion,39 and suspension of Latex nanoparti-
cles (NPs),40 ceramic (alumina) NPs41 or multi-
component colloidal dispersion droplets,42,43 on
superhydrophobic surfaces. In particular, com-
pact and ball-liked structural packing has been

synthesized by drying dilute “Fakir" (or Cassie-
Baxter heterogeneous wetting44) suspensions of
microparticles without a pinned contact line on
superhydrophobic surfaces.36,45 In addition, the
packing structure and elastic modulus of the re-
sultant “supraball” can be tuned by using pH-
responsive microparticles via a pH change. The
suspension with pH=3 led to a spherical-shaped
particle assembly of high ordering, whereas
with pH=10 an oblate-shaped and disordered
assembly with a lower packing fraction.46 How-
ever, systematic investigations of contact angle
evolution, different wetting states, and tran-
sient photonic color sequences concerning the
evaporation of NP-colloidal droplets on super-
hydrophobic surfaces, with the intention of
making light diffracting 3D photonic crystals,
are still rare.

In this paper, we have exploited the effect of
particle concentration and have chosen a proper
superhydrophobic substrate for the facile cre-
ation of 3D photonic crystals. Specifically, col-
loidal drops with two distinct initial concentra-
tions were left on a superhydrophobic surface to
evaporate at ambient conditions. Through this
simplistic and reproducible technique we were
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able to fabricate structural photonic crystals
with two different morphologies: donut-shaped
(toroidal) and quasi-spherical for the low and
high particle concentrations, respectively. Fur-
thermore, we have investigated the evaporation
dynamics, the packing, and the reflection peaks
of these self-assembled nanoparticles forming
photonic crystals.

Experimental

The superhydrophobic substrates were fabri-
cated through a replica molding process us-
ing Polydimethylsiloxane (PDMS) .33,47–51 Sub-
strates were transparent and consisted of paral-
lel cylindrical pillars forming a square pattern
of an area size about 2 × 2 cm2. The scan-
ning electron microscope (SEM) image of the
superhydrophobic surface texture is shown in
Fig. 1a. The contact angle of a water droplet
of 10 µl volume on the superhydrophobic sur-
face is ≈ 150◦ (±4◦). Silica NPs were dispersed
in milli-Q water to form suspensions of 5 and
60 wt% weight fraction of NPs (fw,p). The av-
erage size of nanoparticles, dp, analyzed from
SEM images is 252 nm, while the manufacture
data provided is dp = 261 nm, with coefficient
of variation of 6.4%.

Three cameras were simultaneously used to
capture the side, bottom, and top views of the
evaporating droplets. The side view was used to
measure the droplet contact angle (θ), base di-
ameter (D), and height (H). Figure 1b provides
representative snapshots of an evaporating wa-
ter droplet laden with 5 wt% nanoparticles on
the superhydrophobic substrate. Through top
and bottom views, we investigate and analyze
the symmetry of the droplet shape, onset of
donut formation, and the wetting transition
from a partial wetting Cassie-Baxter (CB)44

to completely wetting Wenzel (W)52 state.33,34

The CB wetting state of the drops traps gas
underneath between the solid textures, thereby
possessing both air-liquid and liquid-solid in-
terfaces. Due to entrapped air, which has a dif-
ferent refractive index from that of water, CB
drops reveal bright whereas Wenzel show dark
images from the bottom-view camera.33 Snap-

shots of evaporating droplets were extracted
and analyzed using a Matlab code. All exper-
iments were conducted at room temperature,
25± 1◦C, and relative humidity of 18± 2%.

Representative top and bottom views of the
final drying assemblies via a simple evaporation
in the study are shown in Fig. 1c–f. A low con-
centration assembly by drying a suspension of 5
wt% NPs resulted in a donut-shaped structure
(as revealed by the top-view, Fig. 1c), whereas
for a high NP concentration of 60 wt% parti-
cles packed and arranged in a spherical struc-
ture on the top (Fig. 1e). The bottom views
taken when approaching a complete dry (e.g.,
Fig. 1d and 1f) revealed vivid reflectance color
scattered by the photonic structure formed at
the bottom of the deposit. The reflectance
color changed because of the varying interspace
distance between the NPs and effective refrac-
tive index during drying, discussed in detail be-
low. The reproducibility of final deposit shape
and sequence of reflectance color was checked
via conducting independent experiments for at
least three times (for each particle concentra-
tions).

Results and Discussion

Figure 2 shows the detailed evaporation dy-
namics of nanoparticle-laden droplets, namely
the time evolution of the droplet base diam-
eter, height, contact angle and shape. The
droplet diameter for both concentrations was
initially pinned and subsequently receded as the
droplets dried out, as shown by the diameter
plot in Fig. 2a. In the next stage of evapora-
tion, droplets with 60 wt% of NPs underwent a
sudden increase in base diameter (marked by a
vertical red arrow). This increase in D is likely
caused by the CB to W wetting transition,
which occurs at a comparable time, and the
formation of the vacuole beneath the droplet.
Subsequently, a slight decrease in D was ob-
served until the contact line was pinned once
again till a complete dry. On the other hand,
low concentration droplets (5 wt%) were pinned
after the latter receding regime until the end of
the process.
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Figure 2: Evolution of normalized base diam-
eter in (a), height in (b), and the tangential
contact angle in (c) of evaporating droplets con-
taining fw,p = 5 wt% and 60 wt% of nanoparti-
cles on the superhydrophobic surface (measured
every 10 s). Here D0, H0, and θ0 are the initial
droplet diameter, height, and tangent contact
angle (at t=0), respectively. The averaged final
evaporation time (tf ) for 5 wt% and 60 wt% ex-
periments are 4668 s and 1485 s, respectively.
(d) and (e) Side-view evolutions of evaporating
droplets for 60 wt% and 5 wt% of NPs, respec-
tively. Red lines denote the onset of second
pinning before complete desiccation.

The droplet height decreased continuously for
both concentrations, as revealed in Fig. 2b. The
temporal evolution of contact angles is depicted
in Fig. 2c. The droplets were initially at Cassie-
Baxter state, i.e., θ0 ≈ 141◦ and ≈ 146◦ for the
5 wt% and 60 wt% experiments, respectively.
They maintained high contact angles (! 120◦)
during the entire evaporation process. Similar
to the base diameter, 60 wt% droplets under-
went a jump in the contact angle. The evolu-
tion of the shape of the droplets during evap-
oration was extracted through image analysis
of the side-view snapshots (usually captured at
0.5 fps), as in Fig. 2d and 2e. Red lines high-
light the point where the droplets began to pin
before complete evaporation.

To further analyze the 60 wt% experiments
resulting in quasi-spherical configurations, the
deposits were detached from the superhy-

drophobic substrate and placed upside down in
a SEM device. Figure 3a SEM image shows a
central cavity (of diameter of ∼ 700µm) formed
at the bottom of the dense deposit. The higher
magnification SEM images, shown in Fig. 3b-c,
reveal the footprints (of depth of ∼ 1 − 2µm,
estimated from Fig. 3c) of micro-pillars in the
relatively “flat" region surrounding the central
cavity.35,39,41,53,54 These SEM images suggest
that initially the particles-laded drop in the
area surrounding the central cavity stayed on
top of the pillars, and water did not pene-
trate completely inside the microstructures (of
h = 14µm) in this area. In other words, the
droplet in the flat region stayed at Cassie-
Baxter, partial wetting status while air was
trapped between the microstructures. How-
ever, at a later time of drying, CB to Wenzel
wetting transition occurred. As revealed by
the bottom-view images of the 60 wt% droplets
(e.g., Fig. 1f), water wet the central region of
the contact area, where a dome-shaped cavity
formed.

Similar observations of central bottom cav-
ity or vacuole have been also reported in a
few studies concerning drying of concentrated
nanoparticle-laden droplets on superhydropho-
bic surfaces. Pauchard and Couder,39 inves-
tigated the evaporation of dilute (of volume
fraction of particles fv,p = 15%) and concen-
trated (fv,p = 40%) droplets laden with la-
tex particles resting on a superhydrophobic sur-
face. Consistent with our results, they ob-
served toroidal- and spheroidal-shaped deposits
with a cavity underneath for dilute and concen-
trated droplets, respectively. Accardo et al.35

studied the evaporation of droplets laden with
lysozyme on patterned superhydrophobic sur-
faces of poly(methyl methacrylate) (PMMA) at
room temperature. A hollow sphere was ob-
served from the optical microscopy image of the
deposit formed on the substrate. Chen and
Evans,41 explored the desiccation of aqueous
droplets laden with alumina nanoparticles on
a superhydrophobic surface for different initial
concentrations. They observed that in dilute
experiments (fv,p = 5.7%) the droplet flattened
and left a concave shape on top. In the case of
the concentrated droplets (fv,p = 26%), a vac-
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uole was evidenced beneath the deposit. These
experimental studies did not focus on the fab-
rication of 3D photonic crystals but discussed
possible mechanism of the formation of bot-
tom cavity of dense drops on SH surfaces.35,39,41

For instance, due to the high contact angle and
small contact area of the drop resting on a SH
surface, a region of high humidity may form
near the substrate. This may cause a lower
evaporative flux in the center and lower part
when compared to the upper part of the drop.
Hence, water preferentially evaporates in an as-
cending direction, leading to upward motion of
particles, their assembly adjacent to the air-
water interface, and a subsequent formation of
thick shell. Further drying through this porous
but rigid shell formed by the nanoparticles may
drive further water flux upwards and conse-
quently result in inward airflow, the growth
of air-bubble, and finally leave a dome-shaped
cavity below the deposit.35,39

It is intriguing and worthy noting that the
formation of bottom vacuole was also observed
during the evaporation of droplets suspended
with different materials (e.g., polymers or pro-
teins) on flat and rough hydrophobic sur-
faces.53,54 However, to fully understand and un-
ravel the underlying mechanism of the bottom
cavity formation on non-wetting surfaces, par-
ticularly for the cases of drying concentrated
nanoparticles-laden suspensions on SH surfaces
(with a later-time pinned contact line), one
would require further work of non-invasive mea-
surements of fluid motion, temperature field,
and interior packing dynamics of nanoparticles.
These measurements are important for fully uti-
lizing the bottom-up, self-assembly method via
evaporation but challenging because of the com-
plexity of the problem involving fluid-particle
interactions, internal flow, Marangoni flow,
phase change, Cassie-Baxter to Wenzel wetting
transition, non-uniform evaporative flux, and
contact line movement during the evaporation
process on SH surfaces.

To gain more insights into the droplet behav-
ior throughout evaporation, the bottom view
images were studied. Figure 3d presents the
bottom view snapshots of an evaporating 5wt%
droplet in the later stage of evaporation pro-

Figure 3: SEM images of the bottom of a dried
NP-laden drop (60± 5 wt%) with different magni-
fications: (a) 40×, entire deposit; (b) 600×, foot-
prints of micro-pillars in the flat region shown by
dashed area in (a) close to the central bottom cav-
ity; and (c) 10000×, footprint of a single pillar.
Scale bars equal to 1000, 100 and 5 µm in (a), (b)
and (c), respectively. (d) Optical microscope snap-
shots (bottom view) of colloidal drop containing
5 wt% of ≈ 252 nm silica NPs at room tempera-
ture near the end of evaporation process (i.e., from
0.89tf to tf ). At t = 0.95 tf the drop undergoes
Cassie to Wenzel transition in the case of 5 wt%
nanofluid drop. The scale bars in (d) correspond
to 500 µm and tf = 4770 s.

cess, i.e., during the second pinning event.
The droplet maintained a constant contact area
starting from 0.89 tf (until complete desicca-
tion), transited to Wenzel state at 0.95 tf in
the center of the drop, and eventually dried
out. We noticed that droplets with 60 wt% of
NPs similarly underwent the wetting transition
in the central and bottom region of the drop
around a very similar time as D is increased
(shown in Fig. 2a). During evaporation, as
the silica NPs organize themselves, the overall
color of the contact area gradually changes from
white to red, orange, yellow and finally green.
This color sequence is due to the reflected light
scattered by the self-organized NPs, which de-
pends on the drying stage and process (dis-
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cussed detailed below). Consistently, similar
color change from red to green has been re-
cently reported for PhCs created using a mi-
crofluidic chip.55 The capability to guide and
control photons can be advantageous for a vari-
ety of applications, including protein detection,
temperature and humidity control, and various
types of sensors.

The SEM images of both top and bottom
views of 60 wt% deposits, provided in Fig. 4a,
reveal that the particles were organized in a
hexagonal pattern. More specifically, from
Voronoi analysis over areas of ≈ 11 and ≈ 8
µm2 for top and bottom views 70% and 76% of
NPs have 6 close neighbouring particles, respec-
tively. Hence, most of the particles were packed
in a hexagonal pattern. The hexagonal arrange-
ment can be attributed to either a {111} plane
of a face-centred cubic (FCC) system or a {001}
plane of a hexagonal closed packed (HCP) sys-
tem. Despite this, it has been shown through
microscopic characterization using SEM images
of the packing of nanosized silica spheres58 in
addition to the free energy calculations,59 that
the FCC close packing can be favored over the
HCP. In addition, recent investigations using
microfluidic emulsions to fabricate supraballs of
different sizes (of O(10 − 100µm)) shed light
on the effects of confinement and drop-size on
the ordering and structure of the interior NP-
packing.21,60 For example, micron-sized spheri-
cal confinement of emulsion droplets posed on
the internal NPs induces frustration regions for
crystallization, resulting in disorder and defects
in the supraball structures. At high degree
of confinement, with a small diameter-ratio of
the synthesized supraball (of diameter dball) to
constituent colloids (of diameter dp), fewer or-
dered layers exist in the packing structure of the
particle assembly.21 Recent results by both ex-
periments and molecular dynamics simulations
showed a structural transition from icosahedral
to FCC-ordering arrangement as the number of
NPs increased.60 In other words, the size of the
supraparticles, representing the degree of con-
finement, was found to be a factor controlling
the crystalline structure. It was noticed that
systems with more than 90,000 particles always
resulted in FCC ordering.60 Applying these re-

sults and predictions to our system (where dp
= 261 nm and dball ≈ 1000 µm) and consider-
ing particle packing fraction of 0.74, there are
approximately 4 × 1010 particles in our PhCs,
and such low degree of confinement would favor
FCC ordering.

The change in the bottom view color during
evaporation can be explained based on the com-
bined Bragg-Snell laws61 for a {111} plane of a
FCC structure

λmax = 2d{111}neff , (1)

where λmax is the wavelength of the main re-
flectance peak, d{111} is the distance between
{111} planes and equal to

√

2/3D, with D =
dp + ε being the center-to-center distance be-
tween spherical particles of diameter dp, and
surface-to-surface distance of ε. For more infor-
mation see supporting material.62 Furthermore,
neff is the effective refractive index, which for a
medium made of silica particles (p), water (w)
and air (a) can be approximated by

neff =
√

fv,pn2
p + fv,wn2

w + fv,an2
a − sin2(α), (2)

where n and fv correspond to refractive index
and volume fraction of each components, re-
spectively. α is the angle of incidence, which
is 0◦ for the normal incident.

In addition, the final stage of reflective color
scattered by a completely drying of nanofluid
droplet on SH surfaces, here we adapt previous
model (Eqs. (1)-(2)) and consider the transient,
reflection PhC color affected by the varying NP-
packing upon drying. During evaporation, the
particles tend to organize themselves in a FCC
type lattice.58 The space between particles is
initially filled with water having thickness of ε
on the diagonal (see Fig. S1 in Supplementary
Info), as an initial stage (1), and subsequently
both air and water occupy the space as evapora-
tion goes on, in stage (2). In other words, stage
(1) modelled corresponds to the range where
the particle volume fraction varies from the
melting volume fraction (fv,p = 0.545) to the
random close packing limit, where fv,p = 0.64.
Based on the phase diagrams of drying col-
loids containing hard spheres, a homogeneous
crystal phase would emerge around the melt-
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Figure 4: (a) Top and bottom view SEM image of self-assembled silica particles, forming a top-spherical
deposit with a cavity underneath on superhydrophobic surface after evaporation. Yellow dashed squares
depict the Voronoi analysis of the packing of nanoparticles based on the image acquired from high magni-
fication SEM. Bar diagrams reveal the number of close neighbors each particles have in the region under
study (dashed square). Zoomed out scale bars equal 800 µm; Scale bars in insets equal 1 µm. (b) Anal-
ysis of the reflected colors from the bottom view of an evaporating droplet using Bragg-Snell equation:
λ = 2

√

2/3 · (dp+ ε) ·neff (fv), where dp is the particle size, ε is the water layer thickness around particles,
and neff (fv) is the effective refractive index as a function of the volume fractions (fv) of particles (p), water
(w), and air (a). (c) Prediction by our current model on the reflected wavelengths compared with existing
experimental data9,56,57 (obtained from the bottom-view of a desiccating polystyrene colloidal droplet).
The solid-line is predicted for complete evaporation, considering no water layer around particles, meaning
ε = 0, while the dashed-line corresponds to the case where there is water around particles.

ing volume fraction and, hence, one can expect
a reflected color scattered by the homogeneous
structure.63,64 It is assumed that there are only
water and silica particles inside the system at
the stage (1), i.e., fv,a = 0. During the stage
(2), as the volume fraction of water diminishes
due to evaporation, both the volume fractions
of particles (fv,p) and air (fv,a) increase, while
fv,p is assumed to increase from the random
close packing limit. This stage is completed
once the maximum cubic close packing limit,
where fv,p = 0.74, is reached. See Supplemen-
tary Material for the detailed analysis.62

The results of the optimal reflected color

based on this model are presented in Fig. 4b.
Based on the coefficient of variation provided
by the manufacturing company (6.4%), the re-
flectance peaks were calculated for three parti-
cle sizes, namely, 244 nm, 261 nm (mean di-
ameter) and 278 nm. The reflectance peaks
were also evaluated for the average particle size
(252 nm), analyzed using SEM images of self-
assembly nanoparticles, such as the insert in
Fig. 4a. As revealed in Fig. 4b, larger parti-
cles result in reflection of longer wavelengths.
More specifically, for nanoparticles of dp =278
nm, the wavelength varied from red to orange.
For 261 nm particles, the color shifted from red
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to yellow, while 244 nm NPs covered the or-
ange to green wavelength region. In this anal-
ysis, the reflectance peaks varied from red to
green for average particle size of 252 nm, which
agree well with our experimental data shown
in Fig. 3d. This simplified model would cap-
ture the overall trend of the reflectance light
scattered globally. However, during drying de-
wetting process can happen locally65 and thus
change the local neff slightly. Consequently,
there may be slight color deviation from the
overall reflectance color observed or predicted,
especially at the edges of deposits where surface
curvature presents, as revealed in Fig. 3d.

We further extended our analysis to drying
colloidal suspensions for different sizes and ma-
terials found from the literature. In Fig. 4c,
we predicted the sequential variation of the re-
flected wavelength from the bottom view during
evaporation (grey area) for polystyrene parti-
cles (np = 1.59) of varying diameters (170 to
340 nm) used in previous studies.9,56,57 The top
dashed line corresponds to the reflected wave-
length at the beginning of stage (1), while the
lower solid line is the wavelength reflected at
the end of stage (2), when the deposit was com-
pletely dried out. The linear relationship be-
tween the particle size and the reflected wave-
length from the deposit has been evidenced by
recent experiments.66,67 The vertical downward
arrow depicts the variation in the wavelength of
a typical droplet during desiccation. Moreover,
our analyses show good agreement with existing
experimental work.9,56,57 The different symbol
colors represent the final reflectance wavelength
obtained by the corresponding materials.

Conclusions

We have successfully fabricated photonic
crystals of different sizes and shapes using
evaporation-driven self-assembly of nanopar-
ticles on a superhydrophobic surface. Toroidal
and spherical shaped crystals have been created
by aqueous droplets suspended with 5 wt% and
to 60 wt% of NPs, respectively. The high-
resolution snapshots captured from simultane-
ous top, bottom, and side views show distinct

evaporating processes for different nanopar-
ticle concentrations. The nanofluid droplets
with 60 wt% nanoparticles maintained a large
contact angle with a pinned contact line from
the early drying stage, but a decreasing con-
tact angle, droplet diameter, and height for
droplets laden with 5 wt% nanoparticles. In
addition, scanning electron microscopy images
of the crystal structures proved that particles
organized themselves into hexagonal patterns.
From the bottom view evolution of the droplets,
a change in overall color from red to green
was observed for both NP concentrations. A
model considering the particle diameter, ma-
terial, interplanar distance, and the particle-
water-air content of the droplet was developed
to predict the color sequence during evapora-
tion. The predictions agree well with our data
for silica NPs and other experimental results
with polystyrene NPs. The model can be fur-
ther utilized effectively to predict the reflected
light/color by photonic crystals fabricated and
self-assembled via simple evaporation.
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