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ABSTRACT: To obtain high-quality homogeneous photonic glass-based
structural color films over large areas, it is essential to precisely control the
degree of disorder of the spherical particles used and reduce the crack density
within the films as much as possible. To tailor the disorder and quality of
photonic glasses, a heteroaggregation-based process was developed by
employing two oppositely charged equal-sized polystyrene (PS) particle types.
The influence of the particle size ratio on the extent of heteroaggregation in the
suspension mixes is investigated and correlated with both the morphology and
the resultant optical properties of the films. The results show that the oppositely
charged particle size ratio within the mix greatly influences the assembled
structure in the films, affecting their roughness, crack density, and the coffee-
ring formation. To better differentiate the morphology of the films, scanning electron microscopy images of the microstructures were
classified by a supervised training of a deep convolutional neural network model to find distinctions that are inaccessible by
conventional image analysis methods. Selected compositions were then infiltrated with TiO2 via atomic layer deposition, and after
removal of the PS spheres, surface-templated inverse photonic glasses were obtained. Different color impressions and optical
properties were obtained depending on the heteroaggregation level and thus the quality of the resultant films. The best results
regarding the stability of the films and suppression of coffee-ring formation are obtained with a 35 wt % positively charged over
negatively charged particle mix, which yielded enhanced structural coloration associated with improved film quality, tailored by the
heteroaggregation fabrication process.
KEYWORDS: photonic glasses, self-assembly, heteroaggregation, structural color, high-temperature photonics

1. INTRODUCTION

Photonic crystals and glasses are structured materials with a
known capability of affecting the propagation and, for example,
the reflection of electromagnetic radiation depending on the
structural parameters, material(s) refractive index/indices, and
wavelength of light. Photonic glasses, disordered arrangements
of spherical particles, are particularly interesting, as they
provide direction-independent spectral selectivity. The appli-
cation of such disordered spectrally selective materials ranges
from thermophotovoltaic energy conversion devices and
reflective thermal barrier coatings to random lasing and non-
iridescent structural colors.1−5 The effect of such a structure on
the reflection of light will depend directly on the 3D structural
morphology and, therefore, is entirely linked to the fabrication
process.
In the past, researchers have developed different methods to

generate photonic glasses, each having its distinguished
characteristics and resulting in structures with different
scattering efficiencies. The concept of photonic glass was
introduced by Ballato et al.6 in 1999 who used centrifugal
forces to obtain disordered structures. In 2007, Garciá et al.
developed a simple drop-cast method to produce polystyrene

(PS)-based structures.7,8 The same method was used by
Espinha et al.9 to produce PS-based photonic glasses. However,
their method involves use of calcium chloride salt to cause
flocculation of the colloidal suspensions (Figure 1a). After
solvent evaporation, the salt is left behind on the structure,
which may influence the optical properties. Additionally,
further steps to remove the precipitated salt may be necessary
if the structure is used as a template for further material
infiltration.
The addition of extra compounds was also the approach

chosen by Eurov et al.10 when studying the coagulation of
SiO2−water colloidal suspensions via modifications on the
solvent composition with the addition of ammonium chloride,
hydrochloric acid, or cetrimonium bromide. In this case, the
extra compounds could be removed by thermal annealing,
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which is possible for the SiO2 particles that can withstand
higher temperatures but not for polymeric particle structures
usually based on PS or polymethylmethacrylate particles.
Silica-based photonic glasses without the addition of extra

compounds were presented by the Takeoka group11 in 2010
employing the concept of mixing two different SiO2 particle
sizes, 310 and 220 nm, as indicated in Figure 1b. The addition
of the smaller particles disturbed the particle self-assembly
during evaporation, resulting in an amorphous structure with a
short-range order. Different structural colors were produced by
this approach and showed angle independency for the studied
viewing angles ranging from 0 to 40°.
A similar approach was used by Kim et al.,12 but in this case,

SiO2−PS core−shell particles with diameters of 242 and 268
nm were used for template assembly, while the inverted
structure was generated by infiltrating the template with a
photopolymer (trimethylolpropane ethoxylate triacrylate) and
burning out of the PS particles. To produce the structural
coloration, carbon nanotubes (CNTs) were added to the
structure to act as a black absorber and suppress multiple
scattering. The produced inverse photonic glasses with CNT
additions showed green and red colors with angle independ-
ency from 0 to 60°.
In a similar manner, Forster et al.13 also explored the

addition of a black absorber together with bimodal particles
(226 and 271 nm), although in this case, the black absorber
particles were added prior to the assembly. For this reason, it is
not clear whether the formation of photonic glasses was caused
by the bimodal distribution only or also by the interaction with
the carbon black particles, which could hinder the assembly of
ordered structures, as demonstrated by Zhang et al. for a PS-
cuttlefish ink particle system.14 The disturbance induced by the
absorber particles could be caused either by the size and shape
difference or by the heterocoagulation due to different surface
charges. The introduction of black absorbers in the form of
nanoparticles generally increases the surface roughness of
photonic glasses, which results in matte structural colors.15

As a matter of fact, heterocoagulation has been widely used
to generate hollow-sphere photonic glasses16 or, in several
publications from the 2000s, the so-called macroporous
structures.17−24 One has to distinguish, however, between
the production of macroporous materials and hollow-sphere
photonic glasses. Although a hollow-sphere photonic glass is
considered to be a macroporous material, not all macroporous
materials will be an effective photonic glass, as demonstrated
by do Rosaŕio et al.16

Moreover, earlier works on heterocoagulation were based on
the interaction between particles with different surface charges
(usually positive−negative charge pair) and also with very
different sizes. For instance, the particle size ratios used in the
works by do Rosaŕio et al.,16 Jia et al.,17 and Tang et al.22 were
approximately 75:1, 13:1, and 6:1, respectively. A successful
heterocoagulation is based on the assumption that the smaller
particles assemble in the form of a shell around the bigger
particles,25 forming a raspberry-like shape26 and, in an ideal
case, leading to a total coverage of the bigger particle surface.
Lee et al.1 has shown that surface-templated opals produced

by, for example, sol−gel or atomic layer deposition (ALD) can
outperform other opals such as the hollow-sphere ones
(usually generated by heterocoagulation) or the full sphere
ones in which the so-called template would then already be the
final structure. Moreover, the authors revealed that the degree
of infiltration of the structure indicated by the core−shell ratio
(air−material) directly influences the maximum photonic gap
width Δω/ω. Furthermore, infiltration of polymeric templates
broadens the material selection possibility and enables the
fabrication of a variety of ceramic materials. Although
fabrication of monodisperse ceramic particles is possible,27 it
is rather difficult to produce batches with low dispersity, and
usually, a smaller yield is achieved in comparison to polymeric
particles. There is, therefore, a great interest in generating
inverse structures via ALD infiltration of polymeric templates.
ALD is a deposition technique capable of conformal coatings
with compositional tuning options and film thickness control
on the Ångstrom scale. ALD is also capable of generating
ceramic-based photonic materials envisaged for high-temper-
ature applications, such as titania,28 alumina,29 and mullite.30

Moreover, if an inverse structure is desired, the template
particles have to be removed after the infiltration step. This is
easily performed in polymeric templates by thermal burnout,
while for SiO2-based templates, an etching step with
hydrofluoric acid solution is needed, which could limit the
choice of materials for the inverted structure. On account of
that, in this work, we have focused on polymeric templates
rather than the SiO2-based ones. We also utilized only single
particle size for the template, as opposed to the polymer-based
photonic glasses generated via the bimodal particle ap-
proach.11−13,31 For the bimodal particle route, one has to
carefully choose the number ratio between the particles such
that a disordered structure is formed and not a binary
crystal.31,32 This is not trivial, and the ratio depends on and
varies with the particle size,11,13 giving different color
impressions and λmax depending on the number and size
ratio.11,12 λmax stands for the wavelength in which the highest
reflectivity is achieved. Lee et al.32 have recently demonstrated
experimentally that the degree of colloidal ordering is directly
related to the bimodal particle ratio and therefore directly
influences the photonic response.
Nevertheless, the analysis of the results provided by the

earlier works on heterocoagulation, the more recent works on

Figure 1. Scheme showing different approaches to introduce disorder
into colloidal systems to fabricate photonic glasses by (a) using salt or
(b) smaller spheres as additives or (c) heteroaggregation of
monodisperse spheres with opposite charges. In (a,b), either the
additives remain in the structure after fabrication or particles with
different sizes are used, while in (c), the particles have the same size
and no additives are added.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c01392
ACS Appl. Mater. Interfaces 2021, 13, 20511−20523

20512

https://pubs.acs.org/doi/10.1021/acsami.1c01392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c01392?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c01392?rel=cite-as&ref=PDF&jav=VoR


bimodal particles, and the work by Lin et al.33 where
heteroaggregation rate constants were measured brought us
the idea of a facile and straightforward process to produce
high-quality photonic glass templates. In this work, we
developed a novel method to fabricate additive-free photonic
glasses by controlled heteroaggregation and sedimentation of
unimodal PS particle mixes. We used the commercially
available water-based monodisperse PS particle suspensions
and confined drop casting as an assembly method. Hetero-
aggregation was promoted by the surface charge difference of
the equal-sized PS particles, namely, strongly negative and
positive (Figure 1c). The influence of addition of positively
charged PS particles for strongly negative pairs was
investigated without any additives or surfactants. The
formation and size of agglomerates, which depend on the
mixing fraction, were characterized via combined dynamic light
scattering and zeta potential measurements. The combination
of PS with different surface charges effectively formed
agglomerates for all mixing conditions. We observed that for
each mix, the agglomerate formation rate versus the
sedimentation rate varied, which directly influenced the solvent
evaporation rate. Furthermore, the proposed method was
effective in inhibiting the coffee-ring effect,34 as well as crack
formation, depending on the mix condition. We show that a
combination of adequate agglomerate size and sedimentation
rate is crucial for the final properties of the photonic glasses,
which were assessed by optical and scanning electron
microscopy (SEM), image analysis with machine learning
methods, profilometry, and reflectance measurements.

2. MATERIALS AND METHODS
Water-based monodisperse colloidal suspensions of PS particles with
a 200 nm nominal diameter were purchased from Micromod
Partikeltechnologie GmbH (Germany) and used as received with a
concentration of 25 mg/mL. Two types of particle surfaces were
compared and studied, plain, indicating no surface modification after
particle synthesis and therefore the negative terminated surface due to
sulfate groups originating from the polymerization initiator com-
pound, and surface-modified particles with trialkylammonium (NR3

+)
groups. The zeta potential of the starting colloidal suspensions of
plain and NR3

+-functionalized PS (see Figure S1) over a pH range of
2−9 was provided by the particle supplier using a Zetasizer Nano ZS
(Malvern Instruments).
The flocculation behavior of the suspension mixes was studied by

keeping the total suspension volume fixed to 3 mL and varying the
amount of NR3

+ (always positive)-functionalized particles added on
top of the plain (always negative) particles. Pristine suspensions were
also characterized to assess their behavior in relation to the substrate
(sapphire) and as a comparative guide to the mixes. A summary of the
prepared suspensions can be visualized in Table 1. After agitation, the
suspensions were directly used to produce photonic structures and
also diluted with ultrapure water to 0.15 mg/mL for zeta potential and
size distribution measurements (Zetasizer Nano ZS, Malvern
Instruments).
Photonic crystals and glasses were fabricated by drop-casting 200

μL of each suspension on top of the previously cleaned sapphire
substrates (⟨11̅02⟩, 30 mm × 25 mm, Crystec GmbH). Hydrophobic
rings (inner Ø 20 mm) made out of polytetrafluoroethylene were
clamped to the substrates to confine the suspensions, avoid spreading,
and assuring that all the produced photonic structures had the same
area. The cleaning procedure of the substrates involved ultra-
sonication for 1 h in a 1 vol % solution of Mucasol, an alkaline-
based detergent (Merz Hygiene GmbH, Germany), brushing, rinsing
with ultrapure water, and drying under a N2 flow. The substrates were
then further treated via 20 min exposure to an oxygen plasma

(Polaron PT7160, Quorum Technologies). After drop-casting, the
samples were left at room temperature in ambient conditions for 24 h.

Atomic layer deposition (ALD) was used to infiltrate the selected
photonic glass templates with titanium dioxide to enhance their color
saturation, as demonstrated in our recent work.35 The cycles were
performed at 95 °C to avoid template decomposition or deformation
and under a constant flow of nitrogen (15 sccm). An in-house custom
reactor (Hamburg University of Technology, Germany) was used and
operated under the exposure mode for 300 cycles of titanium
isopropoxide (TTIP, Sigma-Aldrich, heated to 85 °C) and deionized
water (diH2O). Pulse, exposure, and pump times (in seconds) were
1/30/90 and 0.2/30/90 for TTIP and diH2O, respectively. The
thickness and refractive index of the ALD coatings were assessed on
films deposited onto a Si reference wafer (as received, ⟨100⟩, native
oxide layer, Si-Mat Silicon Materials) by spectroscopic ellipsometry
(SENProTM, SENTECH Instruments GmbH). After ALD, the
polymeric template was burned out in air in a muffle furnace at 500
°C for 30 min with a very slow heating rate of 0.3 °C/min.

The morphology of the photonic structure was analyzed by SEM
(Zeiss Supra 55 VP). Height profiles were obtained with a 2 μm
radius (B-Type) stylus in a DektakXT profilometer (Bruker) under
the following parameters: scan range of 65.5 μm, profile type “Hills”,
and a stylus force of 0.029 mN. A resolution of about 0.2 μm/pt was
kept constant for all measurements by adjusting the scan length and
duration. The specular and diffuse reflectance spectra between 300
nm and 800 nm were obtained using a UV/VIS spectrometer
(Lambda 1050, Perkin Elmer) with Universal Reflectance Accessory
(URA) at an incident angle of 8° and integrating sphere accessories,
respectively. The incident light beam size was selected to be 0.5 × 0.5
cm2 to average out any possible local signal variation and the
measurements were performed in the largest homogeneous area
available. Calculations of the photonic stop band (PSB) for the opals
(plain base) were performed using an FCC-like structure (74%
particle packing density) formed by 200 nm diameter particles and
refractive indexes of 1.60 and 2.12 for PS and ALD-TiO2, respectively.
The effective refractive index of the PS direct opal (template) is 1.43
via the Bruggeman model, while the calculated effective refractive
index of the inverse opal photonic crystal is 1.20. Since the TiO2
coating thickness is small, we simplified the surface-templated
structure (after PS template burnout) to a hollow shell structure.
Due to the fact that the contact points of the adjacent particles will
not be coated, the volume of TiO2 is slightly overestimated in the
model.

The SEM images of the particle assembly were analyzed by
computer vision and machine learning techniques to investigate the
similarities and differences of the particle mixes. These techniques
have been developed and applied to other microstructural images.36

The image data set consists of 20 images for each mix listed in Table
1, excluding 5 and 95 wt % NR3

+-functionalized PS, resulting in 220
images in total. The image analysis has two parts:

Table 1. Description of the Particle Mixes

mix description

mix # base added weight % of plain weight % of NR3
+

1 plain none 100
2 plain 5 wt % NR3

+ 95 5
3 plain 10 wt % NR3

+ 90 10
4 plain 20 wt % NR3

+ 80 20
5 plain 30 wt % NR3

+ 70 30
6 plain 35 wt % NR3

+ 65 35
7 plain 40 wt % NR3

+ 60 40
8 plain 50 wt % NR3

+ 50 50
9 plain 60 wt % NR3

+ 40 60
10 plain 80 wt % NR3

+ 20 80
11 plain 90 wt % NR3

+ 10 90
12 plain 95 wt % NR3

+ 5 95
13 NR3

+ none 100
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(1) Create image representations using a pretrained deep convolu-
tional neural network (DCNN). Previous work demonstrated
that the convolution layers of DCNNs capture visual
information suitable for machine learning tasks.37−39 For
each SEM image in the database, a 4096-dimensional vector
after the first fully connected layer (fc1) of the VGG16
DCNN40 pretrained on the ImageNet data base of natural
images41 was used as the feature representation. To visualize
the clustering of feature representations in 2D, we use t-
distributed Stochastic Neighbor Embedding (t-SNE) meth-
ods42 to embed the high-dimensional feature vectors into a 2D
space.

(2) Perform supervised machine learning to classify the images by
fine-tuning a pretrained DCNN. The particle image data set is
randomly split into four subsets with 55 class-balanced images
each. Three subsets (165 images) are used for training and one
subset (55 images) for validation. Since the number of images
in the validation set is small, a 4-fold cross-validation is
performed to better assess the predictive power of the DCNN
model on unseen data. For each training/validation pair, the
classification layers of a pretrained ResNet50 DCNN are fine-
tuned with the Adam optimizer and learning rate decay.43

3. RESULTS AND DISCUSSION
3.1. Characterization of Particle Mixes. The two

particle types investigated in this study carried either
trialkylammonium surface groups, denoted as NR3

+-function-
alized particles, which were positively charged, or sulfate
surface groups for negatively charged particles, referred to as
plain particles. PS particles are conventionally synthesized via
emulsion polymerization where potassium persulfate is
commonly used as a polymerization initiator compound. The
persulfate initiator decomposes during the polymerization, and
the resulting sulfate groups remain as surface-terminating
groups on the PS particle surfaces.44 Such particles, which are
not further surface-modified after particle synthesis, are thus
labeled plain. However, surface functionalization with end
groups such as trialkylammonium is then carried out in an
additional surface modification step after the PS particle
synthesis, where in this case, the PS particles react with tertiary
amines, for example, trimethylamine.45 The individual zeta
potential curves of plain and NR3

+-functionalized particles are
shown in Figure S1, where the pH range of the investigated
particle mixes is indicated by the rectangular marker. Within
this range from pH 2.4 to 4.2, plain particles and NR3

+-
functionalized PS particles carry a zeta potential of approx.
−35 and +30 mV, respectively. Moreover, both particle types
do not show an isoelectric point (IEP); thus, plain and NR3

+-
functionalized particles maintain their negative and positive
surface charge over the whole pH range analyzed. Note that
the data shown in Figure S1 was provided by the particle’s
supplier and therefore deviate slightly from the latest results
shown in Figure 2 due to the measurement parameters such as
water purity and conductivity used for dilution prior to
measurement. In Figure S2, the pH value is shown for each
particle mix suspension at a different weight fraction of NR3

+-
functionalized particles with plain particles as base. We chose
not to adjust the pH of the mixes because it has been
previously reported that a change in pH can also influence
particle self-assembly and ordering.46,47

Zeta potential and agglomerate size analysis via dynamic
light scattering (Figure 2) show the expected behavior of
heteroaggregation between both particle types, as the amount
of positively charged NR3

+-functionalized particles added on
top of the negatively charged plain particles increases. When

no NR3
+-functionalized particles were added, the suspension

containing only plain particles exhibits a zeta potential of
−42.2 mV and an average hydrodynamic diameter of 205 ± 2
nm. The addition of NR3

+-functionalized particles to plain
particles yielding a weight fraction of 20 wt % leads to a minor
increase of the zeta potential, whereas the beginning of the
agglomeration process was observed. The measured particle
diameter for this mix is 725 ± 50 nm, which corresponds to
∼20 coagulated particles in average. With further addition of
NR3

+-functionalized particles to 30 wt %, the zeta potential of
the suspension and the agglomerate sizes increase drastically.
The IEP of the particle mix suspension is reached at a mixing
ratio of 35 wt % NR3

+-functionalized particles, and a maximum
agglomerate size of 6710 ± 843 nm was observed for 40 wt %
NR3

+-functionalized particles at which the suspension starts
showing a positive zeta potential value. Furthermore, the
relatively big scattering of the agglomerate sizes for the mixes
at 30, 35, and 40 wt % NR3

+-functionalized particles indicate
pronounced coagulation of the oppositely charged particles.
For mixes with 50 wt % NR3

+-functionalized particles and
further, the agglomerate sizes decrease while the zeta potential
is increasing until the values for the suspension containing only
NR3

+-functionalized particles are achieved. Heteroaggregation
is still present for a mix with 60 wt % NR3

+-functionalized
particles, forming agglomerates with a total size of 927 ± 40
nm. With 80 wt % positive particles in the mix, the agglomerate
size decreases down to 300 ± 7 nm (∼2 particles in average),
indicating only a low level of heteroaggregation for this mix.

3.2. Film Morphology. The level of disorder of the
particle assembly and the microstructure of the films fabricated
from each particle mix were evaluated by analyzing the SEM
images and the associated 2D fast Fourier transform (FFT) of
the photonic structures shown in Figures 3 and S3. Drop-
casting of a suspension with only plain base particles resulted
in a typical photonic crystal film presenting an FCC-like
structure for the monodisperse spherical particles with a long-
range order, confirmed by the hexagonal pattern in the FFT,
and a very smooth film surface (Figure 3a). Contact angle
measurements of sessile droplets from the plain PS base
suspension demonstrated that the substrate wetting and thus
the hydrophilicity increased substantially after the plasma
treatment and high wettability was still present 7 h after the
treatment (Figure S4), that is, the maximum evaporation time.
The contact angle between the wetting droplet and the
substrate is related to the substrate’s surface charging as the
increase of charge carriers leads to decreasing contact angles.48

Figure 2. Variation of zeta potential and agglomerate size according
to the mixing fraction of positively charged particles (NR3

+-
functionalized) added on top of the negatively charged particles
(plain).
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Moreover, the number of oxygen atoms bound to the substrate
surface increases after plasma treatment49 and the higher
number of oxygen (number of ionizable sites) is related to a
more negative zeta potential.50 Thus, the plasma-treated
sapphire substrates used in this work can be considered as
negatively charged.
In this case, the highly ordered, crystalline structure was

obtained by evaporation-induced self-assembly51 where elec-
trostatic repulsive forces act between the negatively charged
plain particles themselves and the negative surface of the
plasma-treated sapphire substrate as indicated in Figure 4a.
Hence, the particles have high mobility on the substrate to
finally arrange in the energetically favorable lattice. The
introduction of 5 wt % positively charged NR3

+-functionalized
particles to the plain particles still results in a crystalline
structure (Figure 3b). However, the FFT shows less distinctive
spots than before, which reveals that the long-range order is
disturbed already with the little amount of positively charged

particles, and hence, the ordered domain size is reduced in
comparison to the plain base sample.
The transition from an ordered particle deposition to

disorder occurs from 5 to 10 wt % NR3
+-functionalized

particles; that is, at least 10 wt % of positively charged particles
are necessary to suppress the self-assembly process on due to
the heteroaggregation of oppositely charged particles. Due to
the attractive electrostatic forces between plain particles and
NR3

+-functionalized particles, micrometer-sized agglomerates
are formed in the aqueous suspension, which subsequently
sedimented onto the substrate (Figure 4b). This process leaves
behind loosely packed, disordered particle deposits with a
short-range order, revealed by concentric circles in the FFT,
with a rough film surface as also observed for the mixes from
10 to 60 wt % NR3

+-functionalized particles (Figure 3c−i).
The rough film morphology agrees with the observations from
the zeta potential and agglomerate size measurements of the
suspensions in Figure 2. The observation of higher porosity in
the films dominated by heteroaggregation is also supported by

Figure 3. (a−m) Top view SEM images and 2D fast Fourier transform of the photonic structures according to the different base particles and
different mixes (see Table 1 for details). An enlarged version of the FFT images is shown in Figure S3. Scale bars represent 500 nm for the SEM
images and 0.4 nm−1 for the FFTs. Particle fractions correspond to weight percent (see Table 1 for details).

Figure 4. Schematic drawing of different interaction scenarios between particles and the substrate for different mixing ratios. Blue spheres represent
negatively charged particles and red spheres represent positively charged particles. The substrate carries a negative surface charge in all scenarios.
Solid arrows indicate the electrostatic interaction in (a) repulsive and (c) and (d) attractive forces, while the dotted arrow in (b) denotes the
sedimentation process.
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the cross-sectional SEM images of particle mixes with 10 and
50 wt % NR3

+-functionalized particles (Figure S5a,b).
From 60 to 80 wt % NR3

+-functionalized particles, we note
another microstructural transition from a disordered particle
arrangement with high porosity and rough surface to a still
disordered deposit but with higher packing density and
smoother surface. Figure 3j shows the SEM image of the
film deposited from the mix with 80 wt % NR3

+-functionalized
particles. In this case, the results from agglomerate size
measurement showed a smaller degree of heteroaggregation
with agglomerate size in the order of 300 nm for 80 wt %
versus 927 nm for 60 wt %. Notably, the morphology of the 80
wt % NR3

+ mix differs from the 20 wt % NR3
+ mix, although

the ratio between positively and negatively charged particles is
the same. This is related to the different agglomerate sizes, 725
nm for 20 wt % NR3

+-functionalized particles, and the sapphire
substrate charge, which is negative after the oxygen plasma
treatment. Therefore, since the global zeta potential for
particles in this mix (80 wt % NR3

+-functionalized particles)
was positive, it led to an attractive electrostatic force between
particles and the substrate surface, inhibiting free lateral
movement of the particles on the substrate surface, thus
preventing packing with a crystalline order rather than only
sedimentation as in the case of the 20 wt % mix, as illustrated
schematically in Figure 4c. For 90 and 95 wt % NR3

+-
functionalized particles, the particles in the film are more
closely packed and the volume of the interstitial pores
decreases, as shown in the cross-sectional SEM image in
Figure S5c, and small ordered islands with size ≥1 μm occur
(Figure 3k). Moreover, distinct short-range anisotropy was

observed for the particle mixes with 5, 90 and 95 wt % NR3
+-

functionalized particles. This was not observed for the other
particle mixes due to the fact that those were dominantly
affected by the heteroaggregation of the oppositely charged
particles. Thus, free particle movement and particle rearrange-
ment creating short-range anisotropy were strongly suppressed
by the particles’ attractive electrostatic interaction.
The film from NR3

+-functionalized base particles resulted in
a random closely packed structure, which shows more rings in
the FFT compared to the other disordered arrangements,
indicating a higher number of correlated particles.52 The
particle−substrate interaction in this particular case is strongly
attractive since the particles and the substrate carry opposite
surface charges (Figure 4d). Again, the particles close to the
substrate surface are immobilized and consequently deposit in
a disordered structure, corroborated by the results obtained by
Yan et al.53 On the contrary, the repulsion between the positive
NR3

+-functionalized particles may lead to small ordered areas
especially in the film top layer, which do not interact with the
substrate.
The different particle−particle and particle−substrate

interactions shown in Figure 4 have a significant effect on
the resulting film stability regarding crack formation. The
evaluation of film defects such as cracks in self-assembled
crystals and glasses is important since cracks substantially
introduce light scatterings and will lower the photonic
performance of the film.54 In Figure 5, low-magnification
SEM images of each film with different particle mix
compositions illustrate the crack morphology. The film with
only plain base particles experienced severe cracking during the

Figure 5. (a−m) Top view low-magnification SEM images of the photonic structures according to the different base particles and different mixes
(see Table 1 for details). Scale bars represent 100 μm. Particle fractions correspond to weight percent (see Table 1 for details).
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drying process. The observed linear cracks, which result from
capillary forces and tensile stresses due to the evaporation of
interstitial water between the particles, are typical for highly
ordered colloidal assemblies.55−58 Alternatively, films fabri-
cated from suspension mixes with 5, 10, 20, and 40 wt % show
an irregular crack pattern. We hypothesize that this could be
related to the combination of assembly via heteroaggregation
and sedimentation with evaporative self-assembly. The particle
mixes that assembled into disordered films with a rough
surface, discussed in the previous paragraphs, also present a
rough surface appearance in lower magnification.
Films of the mixes with 30, 35, 50, and 60 wt % exhibit

minor crack formation. In these cases, the evaporation rate
during the film drying process was significantly faster than for
the base particles (Figure 6). Generally, slower water

evaporation generates less cracks compared to faster
evaporation rates.59 Here, the fast evaporation is related to
the suggested deposition process in Figure 4b, which is
governed by the sedimentation of agglomerated particles. Due
to the resulting loose packing and high porosity, less interstitial
water is trapped between the agglomerates. As a result of that,
the films dry faster and the capillary forces that usually cause
crack formation are globally reduced. Therefore, less cracks are
observed in these cases. Nonetheless, there is a limit of
agglomerate size for which the film assembles with minor crack
formation. For instance, the film formed by the 40 wt % NR3

+

mix particles showed the presence of several cracks. This
particles’ mix presented the largest average agglomerate size of
6.7 μm, which is 30% bigger than both 30 and 50 wt % NR3

+

mixes. In case such agglomerates were to be considered as
spheres, this would mean a substantial average increase of
∼90% in the sedimentation rate of such particles (calculated
via Stokes’ Law). Although the agglomerates are most likely
not perfectly spherical, one can assume that the sedimentation
rate of ∼7 μm will be way higher than ∼5 μm agglomerates.
This would lead to agglomerate sedimentation following the
case of Figure 4b for both cases, but while in the 30 and 50 wt
% NR3

+ mixes, the agglomerates possibly still have time for
rearrangement prior to solvent evaporation but not in the 40
wt % NR3

+ mix.
The height profiles displayed in Figure 7 support the SEM

analysis of the films’ morphology. Films that presented a

smooth surface in the SEM images show smaller height
variations in the height profile curve as observed for 0, 5, 90,
95, and 100 wt % NR3

+-functionalized particles when in
comparison to rougher structures represented by samples with
10 to 80 wt % NR3

+-functionalized particles which presented
strong height fluctuations (height profiles of all samples are
plotted in Figure S7). This roughness influences the overall
color impression, with rougher films presenting a matte
appearance (discussed in detail in the “Optical Properties”
section). These films present, however, a suppression of the
coffee-ring effect due to the fast sedimentation of agglomerated
particles, which causes a reduction of the convective particle
flux toward the edges of the drop-casted suspension droplet.
While films with 20−60 wt % NR3

+-functionalized particles
exhibit a homogeneous or dome-like film height profile, where
no coffee ring was observed, films of the base particle mixes,
namely, 0 and 100 wt % NR3

+-functionalized particles,
presented a very pronounced coffee-ring effect. Note that the
PhG films fabricated with 10 and 80 wt % NR3

+-functionalized
particles represent the transition from smooth to rough surface
and vice versa, displaying in both cases quite inhomogeneous
and asymmetric film heights over the entire profile scan.
Concerning the film thickness, films with higher porosity have
a lower packing density, which results in a comparatively
higher average film thickness (∼37 μm), while the total particle
amount was kept constant in all mixes. As the particle packing
becomes denser for 80 up to 100 wt % NR3

+-functionalized
particles in the mix, the height of the films decreases
considerably to ∼20 μm. As demonstrated in a previous
study, films with lower thickness present an enhanced
structural color effect due to reduced multiple scattering
events within the film.60 Moreover, a recent review has shown
that improved structural coloration can be achieved with
higher packing densities.5 Both characteristics are tailored and
improved by the developed heteroaggregation-based process.

3.3. DCNN Image Analysis. The goal of the DCNN image
analysis is the ability to reveal information that cannot be
revealed by conventional means for capturing and under-
standing the surface charge-mediated structural transitions in
photonic glasses. Visual cluster analysis reveals similarities and
differences between images that correspond to different types
of assembly structures. An image classification challenge
elucidates whether structures that appear similar contain

Figure 6. Weight loss over time during film drying for selected mixes.
The number of plots shown in this figure was reduced for clarity. All
the plots are shown in Figure S6. Particle fractions correspond to
weight percent (see Table 1 for details).

Figure 7. Height profiles of a selection of as-fabricated films with
different amounts in weight percent of NR3

+-functionalized particles
in the mix. All profiles are shown in Figure S7.
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subtle, but systematic differences, which could not be detected
by conventional methods.
The foundational task of computer vision is defining a

feature vector, which is a mathematical representation of the
visual information contained in an image. For microstructural
images, feature vectors obtained from convolution layers of
pretrained DCNNs have proved to capture rich information at
different length scales.37−39 Although DCNNs are typically
pretrained on natural images (e.g., photographs of cars, cats,
carnations, and so forth), and not on photonic glass images,
they learn many low-level details like edges, blobs, and visual
textures that apply quite generally to microstructures and
natural images alike. For photonic glass images, the pretrained
DCNN can capture particle boundaries, shapes, arrangements,
and relative positions and can encode this information into the
feature vector.
To visualize the feature vectors for the photonic glass

images, Figure 8 shows a t-SNE plot, where each point

represents an image, and the distance between each pair of
points is related to the visual similarity between the two images
(note that the high-dimensional space of the feature vectors is
reduced to 2-D for the t-SNE plot, so some information is lost.
In particular, the distance between points in the 2-D plot is
nonlinearly related to their high-dimensional distance). In
Figure 8, the color of the data points changes from blue to red
with the increasing fraction of NR3

+-functionalized particles in
the particle mixes. The plain base particles (dark blue) have an
FCC-like structure with a long-range order, and the data points
are closely grouped together at the top left corner. As the
NR3

+-functionalized particle fraction increases to 10 wt %, the
particles transition to a partially disordered structure, and the
data points (medium blue) cluster in the center of the plot.
The data points of particle mixes with 20 to 60 wt % NR3

+-
functionalized particles intermingle in a loose cluster in the
bottom right region. These images are hard to distinguish from
each other because all of these particle mixes display a high
level of disorder and porosity. When the NR3

+-functionalized
particle fraction rises to 80 wt %, the data points (medium red)
shift back to the center as a result of the transition of the
particles from a loosely packed structure to a densely packed
structure. For 90 wt % NR3

+ mixes and NR3
+-functionalized

base particles, the data points (dark red) locate near the plain
base particles since they have a randomly closely packed
structure with patches of ordered regions that is visually more
similar to the crystalline structure (see Figure 3). The plot
explicitly shows the transitions from a highly ordered structure
to a disordered structure and back to an ordered structure,
capturing the same phenomenology exhibited in the
spectroscopic measurements (discussed in detail in the
“Optical Properties” section). This is the first demonstration
and validation of DCNN-based computer vision as a structural
analysis method for particulate materials.
A question that is difficult to answer using spectroscopic

measurements is whether the disordered structure observed for
20−80 wt % NR3

+-functionalized particles is similar or whether
it varies with NR3

+-functionalized particles fraction. To find
evidence for subtle structural differences between particle
mixes, the ResNet50 DCNN (Figure S8) was fine-tuned and
trained to perform supervised classification of the 11 classes of
images. For this task, the DCNN achieves an accuracy score at
88.6 ± 2.7%, demonstrating that it can differentiate particle
mixes according to NR3

+ fraction.
To evaluate the model predictions in a systematic way, a

confusion matrix is constructed to show the performance of
predictions by class, as shown in Figure 9. The score along the

diagonal represents the proportion of the images for which the
true label and the predicted label are the same, which is a good
way to measure the performance for each particle mix. The
classification scores for plain base and 10 wt % NR3

+-
functionalized particles are high, consistent with the t-SNE
plot, which indicates that they form distinct visual clusters of
images. More surprisingly, the 20 wt % NR3

+-functionalized
particle sample also has high classification accuracy, indicating
that it contains visually distinctive features (note that the
method unfortunately does not reveal what those features are).
Likewise, the random closely packed structures of 90 wt %
NR3

+ and NR3
+-functionalized particle base are classified with

Figure 8. t-SNE plot of DCNN feature representations of the SEM
images. Each point represents the 2D projection of the feature vector
of an SEM image, and the distance between points scales with visual
similarity between images; nearby points resemble each other visually.
Data point color corresponds to the NR3

+-functionalized particle
fraction in weight percent, as shown in the legend.

Figure 9. Confusion matrix for the DCNN classification results with a
4-fold cross-validation. The vertical axis shows the true class label of
an image and the horizontal axis gives the predicted label. The value
in the cell indicates the proportion of the images from row label that
are predicted to have the column label.
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high accuracy, but because they are very similar, there is a
certain degree of confusion between these two classes. The
NR3

+-functionalized particle base images can also be
mistakenly identified as the plain base because of the patches
of crystalline order in between the randomly packed disorder
structure.
The intermediate mixes, which did not show significant

clustering in the t-SNE plot, nonetheless achieve the overall
high classification scores, indicating that they are visually
different from one another. Accuracy for mixes between 30 and
60 wt % NR3

+-functionalized particles varies without obvious
trend, with 40 and 60 wt % being the best and 50 wt % being
the worst. Images from 50 wt % NR3

+-functionalized particles
are sometimes predicted as 30, 35, and 40 wt % but never 60
wt %. All mixes are classified with an accuracy that is much
higher than the random guessing score of 0.09. Thus, even
though particle images with NR3

+-functionalized particles
fraction from 20 to 60 wt % appear very similar, and their
images intermingle on the t-SNE plot, the DCNN computer
vision system is able to tell the images of the different particle
mixes apart. Interpretation of the DCNN model is important
but very challenging due to the high complexity of the models
and the implicit way the image information is represented. We
hypothesize that the DCNN model can detect high-level
features of the images like the particle agglomerate size and the
porosity size, which can be helpful in differentiating highly
disordered particle images from different mixes.
Overall, supervised training of the DCNN model can achieve

high classification performance for multiple types of particle
mixes. Although images from certain classes cannot be visually
distinguished by humans or greatly differentiated by the
spectroscopy analysis (refer to the next section), there is some
hidden information that can be detected by the DCNN model
and used for making distinctions. Moreover, once the training
is done, classification is quite straightforward, and selection or
elimination of structures that do or do not correspond to the
desired structure to generate structural colors can be
performed within hours. The major drawback of the DCNN
model is that the information it detected is hard to interpret,
and we cannot directly connect it to a quantitative evaluation
of particles arrangement. It is worth exploring and demystifying
the information in the future to come up with a solution to
correlate images directly with structures and properties.
3.4. Optical Properties. The optical properties of colloidal

assemblies depend mainly on particle ordering, particle
packing, and the difference between the refractive indexes of
the particles and the matrix. Here, the as-fabricated films vary
in their degree of order and packing, as demonstrated in Figure
3 and subsequent discussion. In the specular reflection
spectrum of the film from plain base particles (Figure 10), a
distinctive peak is located at 455 nm. This peak is connected to
the highly ordered particle assembly and represents the
characteristic photonic band gap of photonic crystals.51,61 As
the amount of NR3

+-functionalized particles in the mix
increases, the resulting structures exhibit a higher level of
disorder with respect to plain base films. Therefore, the
reflectance peak at 455 nm decreases notably already with 5 wt
% NR3

+-functionalized particles and vanishes completely with
10 wt % NR3

+-functionalized particles in the mix where the
structure shows a complete disorder on the microscale (see
Figures 3 and S5), plus the film exhibits a rough surface. Films
with 20−80 wt % positive particles show similar reflection
spectra for specular reflectance and no peak is observed

(Figure S9). Interestingly, a peak appears again in the spectra
of the films from 90, 95, and 100 wt % NR3

+-functionalized
particle mixes with increasing reflectance, even though the
particles still present a disordered arrangement. In these cases,
the specular reflectance peak may be attributed to the smooth
surface of the films and the small ordered areas observed on
the upper layer, while the bulk of the film is disordered, as
visualized in Figure S10. A similar observation was reported by
Chen et al.,15 where the authors combine a disordered particle
assembly with a smooth and ordered upper layer to optimize
the optical appearance of structural color films from matte into
shiny. Note that in this work, the disordered particle
arrangement was induced by heteroaggregation of particles
with the same diameter and therefore no shift of the
reflectance peak was observed, whereas for bimodal particle
films, the peak shifts significantly depending on the
concentration of the second particle species of different size.11

The diffuse reflectance over the visible wavelength spectrum
(Figures 11 and S11) increases with the addition of positive
particles reaching above 90% reflectance for the mix with 20 wt
% NR3

+-functionalized particles. Films with lower or higher
fraction of positive particles show a less diffuse reflectance,

Figure 10. Specular reflection spectra of the photonic structures
according to the different base particles and different mixes. Particle
fractions correspond to weight percent (see Table 1 for details). The
number of spectra shown in this figure was reduced for clarity. All the
spectra are shown in Figure S9.

Figure 11. Photonic structures diffuse reflection spectra according to
the different base particles and different mixes. Particle fractions
correspond to weight percent (see Table 1 for details). The number
of spectra shown in this figure was reduced for clarity. All the spectra
are shown in Figure S11.
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especially in the long-wavelength range. This observed increase
of diffuse reflection behavior is connected to the disordered
particle deposition and rough surface characteristics of the
films which are driven by the heteroaggregation process
developed in this work.
The motivation to tailor the ordering and packing of the

photonic glass films presented in this work was to optimize the
templates for the generation of inverted structures. This is
achieved by infiltrating the structures via ALD and removing
the template, generating structures with high porosity, low
density, and high surface-to-volume ratio.29,30,62 Optical
simulations for an inverted disordered assembly revealed that
coating of the deposited 200 nm PS particles with a TiO2 layer
of 10 nm shell thickness via ALD would yield a structure with
optimized reflectance regarding structural coloration. The
theoretical background and optical simulations of surface-
templated inverse photonic glasses are demonstrated in our
recent work.35

Titania was chosen as a shell material because of its relatively
high refractive index. Furthermore, such ceramic-based
photonic structures can be used for high-temperature
applications due to the high structural stability up to 1000
°C for titania explored in a former publication from our
group.65 The packing density and degree of disorder affect the
photonic performance as discussed above. Therefore, we
selected photonic structures that show different packing and
film morphologies based on both the SEM images and the
DCNN analysis, namely, 0 wt % (plain base), 35, 50, 95, and
100 wt % NR3

+-functionalized particles.
After ALD coating with 12 nm of TiO2 and subsequent

removal of the PS template via calcination, surface-templated
inverse photonic glasses were obtained. Hence, the reflectance
in the short visible wavelength range below 350 nm as well as
in the longer wavelength range above 500 nm is substantially
reduced, as demonstrated in the diffuse reflection spectra of
Figure 12. Optical simulations of such surface-templated

inverse photonic glass with thin coating thickness revealed
that the inverse structure reduces mainly longer wavelength
reflection while increasing the reflectance at short wave-
lengths.37 Thus, the suppressed reflection in the short-
wavelength range observed here is due to the characteristic
band gap of TiO2, which leads to a strong absorption below

∼390 nm.63 The calculated PSB of the 200 nm PS direct opal
(template, Figure 11plain base) is expected at 467 nm for
(111) direction from Bragg’s law, while the calculated PSB
position is expected at 392 nm for the inverted structures
(Figure 12). The minor mismatch of the calculated positions
with the measured positions is associated with the particle size
variation and the approximation of the effective media
theory.61 The remaining reflectance peak after inversion
compared to the broad reflection from the PS template
generates an improved structural color impression, which can
be observed in the optical pictures of the PS templates and
inverse photonic glasses in Figure 13. Note that the pictures

were taken placing the films on a black background.64 Due to
the disordered particle arrangement, the obtained structural
coloration is non-iridescent as demonstrated by the optical
pictures taken at 45° viewing angle. Although 95 and 100 wt %
NR3

+-functionalized PS template films showed already a bluish
color, the inversion leads to an enhanced saturated blue
structural color due to the suppression of reflectance in longer
wavelengths. Note that the blue color impression of the plain
base (0 wt % NR3

+-functionalized particles) PS template film
originates from the particles’ assembly into a photonic crystal
and thus the structural color is strongly angle-dependent. The
inversion of the plain base film resulted in a milky transparent
appearance, which is revealed by the overall low reflectance of
this film shown in Figure 12. The inverse photonic glass made
from a loosely packed 35 wt % NR3

+-functionalized particle
film shows the highest intensity peak in the diffuse reflection
spectrum but also the reflection of longer wavelengths is
stronger. Hence, the inverted film exhibits less saturated blue
structural color compared to the inverted photonic glasses
from closely packed 95 and 100 wt % positive particle films.
These findings point out that not only the degree of ordering
of the particles but also the packing of the particles are key
parameters in the process of designing and fabricating
optimized structural colors.
Besides the color appearance, the film stability regarding

crack formation and delamination of the final inverted films is
an important aspect for the evaluation of high-quality structural
colored ceramic films. The inverse PhG film from 35 wt %
NR3

+-functionalized particles is the only film in this study,
which shows blue structural coloring, for which neither
cracking nor delamination of the film was observed on the

Figure 12. Diffuse reflection spectra of inverse photonic structures
after ALD coating with 12 nm titania and subsequent calcination to
remove the PS template (saturated colored lines). Faded color lines
represent the diffuse reflection spectra of the photonic glass PS
template (before ALD and calcination).

Figure 13. Optical pictures of photonic structures samples with
different mixing fractions of NR3

+-functionalized particles (0, 35, 50,
95, and 100 wt %) before and after ALD coating and subsequent
removal of PS template spheres. The viewing angle for the PS
template films is 0°. The inverse photonic glass films are shown under
0 and 45° viewing angles. The scale bar represents 1 cm.
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macroscale (Figure 13). Furthermore, drop-casting of a
suspension with 35 wt % positive particles resulted in a very
homogeneous PS template film over the complete sample area
of 3.14 cm2 with the successful suppression of the coffee-ring
effect, as shown in the optical pictures and the height profile
(Figure 7). This is particularly interesting for further
developments targeting large-scale fabrication processes or
3D printing of PS-templated ceramic structural colors.
Consequently, the best results considering the reflection
behavior, structural color impression, and film stability was
obtained for the inverted structure from 35 wt % positive
particles with the highest reflectance of 57% at 385 nm. In
conclusion, the optimum PS template for an inverse photonic
glass functioning as blue structural color was achieved by drop-
casting a suspension with 35 wt % NR3

+-functionalized
particles over plain particles. The achieved blue structural
coloration is comparable to the results from Forster et al.,13

where PS spheres of two different sizes were used to obtain a
disordered assembly. In our approach, the structural color is
generated by a ceramic-based surface-templated inverse
photonic glass of titania, which can withstand temperatures
of up to 1000 °C in air atmosphere.65 Meanwhile, PS-based
structures soften at about 100 °C and decomposition starts at
about 300 °C in air.66 Conversely, the inverse photonic glasses
produced here can be used in a wider range of application
temperatures than other polymeric-based conventional struc-
tural colors. Moreover, by ALD, it is possible to infiltrate the
heteroaggregated templates with high-temperature materials,
for example, mullite.30 Note, however, that the ALD thickness
would have to be adjusted taking into account the material
refractive index and the particle size used for heteroaggrega-
tion.35

4. CONCLUSIONS
A heteroaggregation-based process was demonstrated to
fabricate photonic glass films with tailored disorder and
optimized homogeneity. Films with different microstructures
transitioning from crystalline to loosely and random closely
packed were obtained by varying the ratio between negatively
charged and positively charged PS particles in the suspension
mixes. The diversity of the resulting microstructures was
related to the interaction between particles and the substrate as
well as the particle−particle interaction and agglomerate
formation. The heteroaggregation of equal-sized oppositely
charged particles also affected the film quality and homoge-
neity, namely, film roughness, film thickness, crack formation,
and coffee-ring suppression. The as-prepared photonic glass
film fabricated from the suspension mix with 35 wt % NR3

+-
functionalized particles presented no cracks and homogeneous
film coverage over the entire sample area, that is, the coffee-
ring formation was inhibited.
The optical properties showed that the crystalline micro-

structures presented typical optical characteristics of photonic
crystals, whereas these features were decreased and eventually
vanished, as the degree of disorder was increased. Furthermore,
DCNN was introduced as a tool to classify and distinguish
particle assembly structures based on SEM images. DCNN
analysis showed that it is possible to make distinctions among
particle assembly with different mixing fractions, although they
have similar visual appearances. This indicates that DCNN
would be a promising tool to assist the characterization of
particle arrangements simply from images. However, disor-
dered structures were sometimes misclassified. Here, an

outlook could be to use additional data (e.g., profilometry
data and reflection spectra) to add more features (like film
thickness), which may be useful to differentiate disordered
structures. Moreover, including optical properties may
eventually lead to a deep learning tool that could predict
process parameters for PhG with optimized optical properties.
Based on the analysis by SEM and DCNN, films with

different morphologies were selected and infiltrated with TiO2
via ALD to fabricate surface-templated inverse photonic
glasses. The inverted films produced with 95 and 100 wt %
NR3

+-functionalized particles presented intense blue structural
coloration; however, cracking and strong delamination were
observed. Since the film quality is an important aspect to be
considered in the fabrication of high-quality structural colored
films over large areas, the inverse photonic glass from the mix
with 35 wt % NR3

+-functionalized particles showed high film
stability while also exhibiting blue structural coloration.
Therefore, the heteroaggregation process developed in this
work provides new opportunities to produce high-quality
photonic glass films over large areas. Moreover, the inverted
TiO2 structures enable the application of the films in high-
temperature fields.
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