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This study focuses on fabricating photonic crystals (PCs) by surfactant-
based particle capture at the gas—liquid interface of evaporating sessile
droplets. The captured particles form interfacial films, resulting
in ordered monolayer depositions manifesting iridescent structural
colors. The particle dynamics behind the ordered arrangement is
delineated. This arrangement is influenced by the alteration in particles’
hydrophobicity, charge, and internal flow introduced by the surfactant
addition. The influence of surfactant and particle concentrations on
the phenomenon is also investigated. The work demonstrates a drop-
by-drop technique to scale up the formation of PCs. Furthermore, the
work is extended towards demonstrating the utilization of this mecha-
nism to fabricate arbitrary PCs efficiently by direct writing technique.
The particle coverage in directly written patterns is influenced by
printing speed and particle concentration, which are adjusted to
achieve covert photonic patterns. Finally, the replication of colloidal
PC onto a flexible polymer with minimal colloid transfer is demon-
strated using soft lithography.

Introduction

Photonic structures, with their intricate nano- and microscale
morphologies, interact with visible light to produce structural
colors. This optical phenomenon, resulting from the interfer-
ence of light waves within these structures, has opened a wide
range of applications in analysis, sensing, security, electronics,
cosmetics, etc.'™"" Considering their diverse applications, dif-
ferent techniques have been investigated to form photonics
structures."”° The conventional techniques face several chal-
lenges, including confined areas of formation, complex operat-
ing requirements, low control over the operation, and low
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New concepts

This research introduces a novel approach for creating iridescent photo-
nic crystals (PCs) through surfactant-based particle interface capture in
evaporating sessile droplets. Initially, the study examines this process in a
single droplet, wherein the particles are captured at the droplet interface
to form a film that, upon deposition, creates ordered iridescent
structures. Detailed insights are provided into particle dynamics and
the mechanism behind particle film formation. Scaling up, the photonic
structure is extended using a drop-by-drop printing method. Additionally,
this work presents another unexplored concept: interface capture-based
direct writing of large-scale, customized photonic patterns. This approach
can overcome the limitations of existing convective assembly-based direct
writing techniques. It can potentially decouple the assembly of the
particles from the substrate and eliminate the dependency of the
writing speed on the crystal growth rate at the trailing meniscus. Thus,
allowing for much faster writing speeds and flexibility in the fabrication
process. By adjusting direct writing parameters, sub-monolayer photonic
structures can be achieved, imparting covert characteristics while
maintaining the intrinsic photonic properties. Furthermore, this
research demonstrates the transfer of colloidal photonic structures
onto flexible substrates via soft lithography, achieving replication with
minimal particle transfer.

flexibility. Recent studies highlight the effectiveness of inkjet
printing in overcoming these challenges. This versatile method
offers high-precision, low-cost, and mask-free patterning with
the capability of arbitrary area production.*®>'%*

Inkjet printing allows selective dispensing of the colloidal
droplet onto the substrate. Upon evaporation of the droplet,
a pattern of the deposited colloids is left behind on the
substrate.”> The formation of deposition patterns is complex
as it involves a synergistic contribution of various factors,
which have been detailed in recent reviews on droplet evapora-
tion.>*?® Notably, an ordered deposition of the particles is
desirable to fabricate efficient photonic structures.** However,
the formation of such structures by droplet printing is signifi-
cantly challenged by the deposition non-uniformity led by
the well-known coffee ring effect (CRE). Suppression of the
CRE is among the most investigated topics in studies on sessile
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droplet evaporation. Several strategies have been suggested to
control droplet deposition, such as modification of the sub-
strate wettability, addition of solutes, modification of particle
characteristics, changing the solvent properties, and so on.>°
However, these strategies are primarily focused on achieving an
even distribution of the particles over the droplet contact area,
while the microscale particle ordering remains less understood.

It has been well-reported that the addition of a surfac-
tant can suppress the formation of a coffee ring, resulting in
a uniform-like deposition.>'** The surfactant-induced Maran-
goni flow can mitigate the accumulation of the particles at the
droplet contact line (CL) due to CRE. This flow arises due to a
surface tension gradient induced by the non-uniform distribu-
tion of the surfactant along the gas-liquid (G-L) interface of
the droplet. It acts from the droplet edge towards the center,
counteracting capillary flow and leading to a more uniform
particle distribution. Thus, allowing improved deposition unifor-
mity.*** Interestingly, the addition of an oppositely charged
surfactant (opposite to particle charge) induces another effect
of particle interface capture. The oppositely charged surfactant
adsorbs on the particle surface owing to their electrostatic
interaction. Thus, altering the particle surface charge and
hydrophobicity.***” This leads to the capture of particles pre-
venting their outward flow and formation of their aggregates at
the interface, resulting in a uniform deposition.’®*° Never-
theless, the submicrometer-scale particle arrangement result-
ing from the evaporation of surfactant-laden droplets has not
been thoroughly explored. A surfactant-based development of
ordered monolayer deposition can potentially allow a facile
development of photonic structures. However, investigating the
fabrication of photonic crystals (PCs) by simple dissolution of a
surfactant to a colloidal sessile droplet is limited.*°

This work demonstrates an easy method of fabricating
photonic structures by adding an oppositely charged surfactant
to the colloidal droplet. While the particles are transported to
the droplet CL in the absence of the surfactant. The addition of
the surfactant leads to the formation of a highly ordered film of
particles captured at the G-L interface. The particle dynamics
behind the formation of ordered interfacial film is detailed.
This is understood as the effect of particle neutralization and
hydrophobization upon the addition of oppositely charged
surfactant. Hydrophophization results in the tendency of the
particles towards the G-L interface, where they are captured to
form an interfacial film. While the interparticle capillary
meniscus forces primarily control the interfacial particle clus-
tering into a film, the neutralization of particle charge suppres-
sing the interparticle repulsion would simultaneously favor the
film formation. Interestingly, the final dried structure shows
iridescent photonic characteristics under white LED illumina-
tion. The scanning electron microscopy (SEM) analysis of the
deposition structure is performed to understand the particle
ordering contributing to photonic characteristics. Furthermore,
the iridescence nature of the surfactant-based photonic
structure is demonstrated and characterized. The effect of the
surfactant and particle concentration on the film formation
and deposition structure is also investigated. Moreover, the
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practical applications require large-scale and customized photo-
nic patterns rather than a single droplet. We demonstrate a low-
cost and flexible method to customize the printing of the opti-
mized colloidal solution using both drop-by-drop and direct write
modes. Since the assembly of particles is facilitated by interface
capture rather than the convective flow' led by evaporation, the
colloidal solution is printed at fast direct write speeds. Initially, the
fabrication of an arbitrary photonic pattern with monolayer parti-
cle coverage is demonstrated by controlling the direct writing
speed. The particle concentration and writing speed are further
manipulated to create a covert sub-monolayer photonic pattern,
which can be potentially used for anti-counterfeit applications.
Lastly, the replication of the colloidal photonic pattern is demon-
strated using the soft lithography technique.

Results and discussion
Particle deposition and arrangement

This section reports the effect of the surfactant addition on the
particle deposition structure and the corresponding structural
color. Droplets of 1.5 pl containing a fixed concentration of anionic
polystyrene (PS) particles (1.5 wt%) are dried on a glass substrate
with and without a cationic surfactant, Cetyltrimethylammonium
bromide (CTAB). The obtained deposition structures and their
structural color are shown in Fig. 1. The colloidal droplet evapo-
rates to form the typically observed ring-like deposition with a
depleted central region without CTAB as shown in Fig. 1a, whereas
a significantly altered uniform deposition of particles in the region
inside the ring is observed with 0.05 wt% CTAB (Fig. 1d). For
further insight, the profilometry analysis of the deposition struc-
tures is provided in ESIf (Fig. S1). When observed under colli-
mated white light illumination, the ring-like deposition shows
imperceptible structural coloration (Fig. 1b). However, the deposi-
tion structure of CTAB-containing droplet manifests vivid struc-
tural colors, as shown in Fig. 1e. The colors are found to vary with
the viewing angle, which is demonstrated later.

The phenomenon responsible for the structural colors
in PCs significantly depends on the structural periodicity at
the submicron level.>® Thus, the particle arrangement in the
depositions is investigated using SEM analysis. The observa-
tions reveal a disordered multilayer particle arrangement in the
ring-like structure formed without CTAB, as shown in Fig. 1c.
Notably, the region inside the ring consists of a depleted
staggered particle deposition evident in Fig. 1a. Contrastingly,
a well-ordered, closely packed monolayer arrangement of the
particles is seen in the deposition of CTAB containing droplet
(Fig. 1f and Fig. S2, ESIt). This ordered particle arrangement
correlates with the vibrant structural colors exhibited by the
CTAB-laden deposition. A further investigation of the particle
dynamics can comprehend the mechanisms underlying the
significant change in the particle deposition structure and
particle arrangement with CTAB. The experimental findings
reveal that the alteration in the deposition is attributed to the
CTAB-induced capture of the PS particles at the droplet inter-
face, detailed in the subsequent section.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The photonic structures resulting from the particle arrangement after complete evaporation of the 1.5 pL droplets with and without CTAB at fixed
1.5 wt% particle concentration placed on the glass substrate. (a)—(c) The ring-like deposition and its structural colors due to the random particle
arrangement at the ring obtained from SEM analysis. (d)—(f) The deposition structure of the droplet containing 0.05 wt% CTAB, and its structural color

resulting from the well-ordered arrangement of the particles.

Particle dynamics contributing to deposition structures

The particle dynamics inside the evaporating droplet is inves-
tigated using optical microscopy. The evaporation of both the
droplets, with and without surfactant, progresses with a pinned
CL. In the case of a surfactant-free droplet, the particles remain
dispersed inside the droplet. The dispersed particles are gra-
dually transferred to the droplet periphery by the radially out-
ward evaporative flow, forming a dense ring with a depleted
inner region. The particles concentrated in the ring are

(a)

assembled in a multilayered random arrangement. The particle
dynamics contributing to such arrangement in the ring has
been discussed in the existing literature.* Interestingly, adding
0.05 wt% CTAB to the colloidal droplet significantly alters the
particle dynamics. The radially outward flow (shown by the
dashed red lines in Fig. 2a) carries the particles in the bulk of
the droplet to the wedge region near the CL. The particles
flowing in this region are trapped at the G-L interface and do
not flow further to the CL. The outward flow velocity of particles
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Fig. 2 Particle dynamics inside evaporating surfactant-laden sessile droplet. (a) The phenomenon of particle film of particles formation at the droplet
interface during evaporation process. The inset Figure demonstrates the interfacial capillary meniscus forces between the particles (b) The captured
image of the particles at the G-L interface of droplet. (c) The closer view of the ordered particle film at the G-L interface.

This journal is © The Royal Society of Chemistry 2025
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to the wedge region is estimated to be > 4 um s~ '. However,
the particle capturing at the G-L interface can be influenced by
receding of the interface due to evaporation and diffusion of
the particles during the process.*>** The interface velocity is
0.5 um s~ ', This is calculated as the rate of change of droplet
height. Moreover, the particle diffusion velocity is 0.035 um s~ .

The particle diffusion is estimated as the diffuse distance per

unit time. The diffuse distance is determined as \/2kp Tt/67yr,
where kg is Boltzmann’s constant, T the temperature, # is the
viscosity of liquid, and r is the radius of the particles.** The
obtained values clearly suggest that the particle exposure to the
interface is primarily driven by the outward particle flow
causing them to be predominantly captured at the interface
in the wedge region.

The particle trapping at the G-L interface after the addition
of surfactant is ascribed to the increased particle surface
hydrophobicity due to the adsorption of surfactant at the
particle surface, which is well reported in the existing
literature.’®?®*> The influence of particle hydrophobicity on
their tendency to be captured at an interface can be explained
using the equation:** E = nR*y; (1 — cos 0)*. Here E represents
the energy required to pull the particle exposed to the G-L
interface back into the bulk liquid. R is particle radius, yig
denotes the liquid-gas surface tension, and 0 is the contact
angle between the liquid and the particle. The change in
particle wettability is approximated by estimating the contact
angle of water on deposited films of bare and 0.05 wt% CTAB-
laden PS particles. The finding suggests an increase in water
contact angle by 36° corresponding to an increase in E by a
magnitude of ~4.63 x 10° kT upon addition of CTAB. The
details are reported in ESLt A similar alteration in the wett-
ability of negatively charged particles upon addition of CTAB is
reported in the existing literature.*’

The particles situated at the G-L interface tend to disrupt
the equilibrium surface tension resulting in interface deforma-
tion and formation of meniscus around the particle. The extent
of the deformation and the shape of meniscus (convex or
concave) depends on the particle properties. The overlapping
of meniscus of two adjacent particles gives rise to capillary
meniscus force between the particles. This interaction can
either be attractive (similar shaped meniscus) or repulsive
(oppositely shaped meniscus).*® However, in identical particle
systems as used in present study, the interparticle capillary
meniscus force is always attractive, causing their aggregation
into planar interfacial structures, as shown in inset Fig. 2a.*>
Moreover, stronger interface deformation allows the particles
to interact over a longer range. Relevantly, the increase in
particle contact angle due to the addition of 0.05 wt% CTAB
would induce increased interface deformation favoring stronger
capillary meniscus force between the particles.”” The capillary
meniscus force between the particles at the interface is estimated
to be six times higher in presence of 0.05 wt% CTAB compared to
without CTAB. The details are provided in the ESL{

With progress in time, the captured particles in the wedge
region at the interface tend to aggregate due to the interparticle
capillary meniscus force, resulting in well-ordered 2-D-like
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planar assemblies shown in Fig. S3 (ESIf). The small assem-
blies further merge to form a large, close-packed colloidal film
at the interface, as shown in Fig. 2b. The particle arrangement
in the interfacial colloidal film is significantly ordered (Fig. 2c).
A clear visualization of the phenomenon is provided in the ESI{
as Video S1.

Notably, alongside the radial outward flow (towards CL) in
the bulk, an inward Marangoni flow (from CL towards the
droplet center) is observed along the interface, as shown by the
dashed blue lines in Fig. 2a. The Marangoni flow arising due to
temperature gradients is expected to be very weak in a droplet
containing dissolved surfactant. Moreover, temperature-driven
Marangoni flow is also not observed in CTAB-free droplets.
Hence, the generated Marangoni flow is ascribed to the surface
tension gradient (lower at CL compared to apex) induced by a
non-uniform surfactant distribution along the G-L interface.
This is confirmed by measuring the local CTAB concentration
profile in an evaporating droplet using fluorescence laser
scanning microscopy, following an established experimental
method.*® Additional details about the methodology and obser-
vations are provided in the ESL{ This non-uniformity in the
distribution of surfactant along the interface (higher concen-
tration at droplet CL than apex) in surfactant-laden droplets is
caused by the transport of surfactant from the bulk to the CL
due to the CRE causing radially outward flow, which can be
further visualized in Video S2 (ESIf). Similar observations of
Marangoni flow in CTAB-laden sessile droplets is reported in
the existing literature.* Interestingly, the particles and aggre-
gated particles trapped at the interface near the CL are trans-
ported toward the droplet center by the interfacial Marangoni
flow with a velocity of ~9 um s * (at ¢/t = 0.4). For clarity, Video
S3 is provided in the ESI.f Thus, the formation of interfacial
film is enhanced by the Marangoni flow. During the final stage
of the droplet evaporation, the CL of the droplet de-pins,
and the interfacial film deposits to form a monolayer particle
deposition encircled by a ring. Evidently, the above observa-
tions indicate that the formation of monolayer film at the
interface of CTAB-laden droplet involves a simultaneous con-
tribution of particle-interface, particle-particle, and particle-
flow interactions.

The iridescence nature of the particle deposition

The structural coloration of the ordered monolayer deposition
obtained after evaporation of CTAB-laden colloidal droplet is
investigated by capturing the images of the normally illumi-
nated (incident light angle = 0°) deposition at different viewing
angles. Fig. 3a shows the setup used, which is detailed in the
materials and methods section. Interestingly, the deposition
shows an iridescence nature, manifesting vivid structural colors
depending on the viewing angle, as illustrated in Fig. 3b and
Video S4 (ESIt). Evident from Fig. 3b, the colors corresponding
to shorter wavelength are observed at smaller wavelengths.
Such angle-dependence of wavelength can be ascribed to
the diffraction grating behavior of the ordered monolayer
deposition.">*' This can be understood from the grating
equation: m/. = d(sino; + sineo),*" where d is the grating

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The iridescent nature of the deposition pattern obtained with surfactant-laden colloidal droplets. (a) Schematic illustration of experimental setup
used to capture the images of structural color at different viewing angles using iPhone. (b) The captured images of structural color of deposition pattern

at different viewing angle with fixed angle of illumination.

spacing, m is the diffraction order, o; and o, are the angles
formed by the incident and diffracted rays relative to the
normal of the deposition sample. For a fixed o; value of 0, a
smaller value of «, would correspond to a shorter diffracted
wavelength. Furthermore, the theoretical particle diameter is
estimated from the grating equation using the experimentally
evaluated diffraction angles. The findings reveal a significantly
close theoretical particle diameter to actual particle diameter
(1 pm). The experimental estimation of diffraction angles is
done by employing a previously reported technique, which
involves the projection of the reflected light from a normally
illuminated sample onto the inside of a hemispherical translu-
cent ping-pong ball.*>***° This straightforward approach
allows the correlation of the colors with the viewing angle
through a single image. The detailed analysis is reported in
the ESIt (Fig. S9).

Notably, spectral broadening or non-uniformity typically
occurs in the case of a high density of defects, such as large
clusters of disordered particles or significant irregularities in
particle size or spacing.>® However, such high defect densities
are not observed in the present work. The SEM image of the
particle arrangement (Fig. 1d) confirms a close-packed hexago-
nal structure and an ordered monolayer of particles within the
deposition. This ordered arrangement ensures that the con-
structive interference of light remains coherent. Minor defects,
including slight particle misalignments or small variations in
inter-particle spacing, are minimal and appear to be localized
rather than propagating extensively across the monolayer. This
localization significantly limits their influence on the overall
structural color. Consequently, the structural color retains its
vividness, with no discernible spectral broadening or color non-
uniformity. To further support the clear angle-dependent
separation of structural color, a digital image illustrating the
observed color separation on the hemispherical dome is pro-
vided as an inset in Fig. S9b (ESIt).

This journal is © The Royal Society of Chemistry 2025

Surfactant and particle concentration

Since the main objective of the work is to develop surfactant-
based photonic structures, it is essential to determine a surfac-
tant concentration that facilitates the formation of an ordered
monolayer deposition. The effect of surfactant concentration
on the formation of particle deposition is investigated using a
dispersed particle concentration of 1.5 wt% inside a 1.5 ul
sessile droplet. As shown in Fig. S10 (ESIt), the formation of the
interfacial film depends on the CTAB concentration. The
corresponding deposition structures and their structural color
are shown in Fig. 4(a—e). The dependence of interfacial particle
film formation on the surfactant concentration is attributed to
the varying extent of CTAB adsorption, affecting the particle
hydrophobicity.”> The explanation of the adsorption of CTAB
on oppositely charged PS is provided in the ESL{ To provide
further insight into the adsorption of CTAB on PS particles, we
determined the zeta potential ({) of PS particle colloidal
solution at different CTAB concentrations (Fig. 4f). The zeta
potential values clearly demonstrate an increase in CTAB
adsorption with an increase in its concentration. A gradual
neutralization (—35 mV to ~0 mvV) of colloids with an
increase in CTAB to 0.015 wt%. This can be attributed to the
adsorption of CTAB primarily resulting in hemimicelle for-
mation i.e. the first layer of CTAB driven by surfactant-particle
electrostatic interaction. While the head of the hemimicelles
neutralizes the particles, the tails contribute to the particle
hydrophobicity. Notably, a further increase in CTAB results in
a positive increase in the zeta potential (surface charge rever-
sal; negative to positive) which flattens at surfactant concen-
tration > 0.05 wt%. This can be explained as the successive
second layer adsorption due to surfactant-hemimicelle hydro-
phobic interactions, forming admicelles.*®*? The admicelles
with charged hydrophilic heads of second surfactant layer
exposed to liquid contribute to surface charge and hydropho-
bicity reversal.

Mater. Horiz., 2025, 12, 2689-2700 | 2693
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Fig. 4 Effect of CTAB and particle concentration. The gray images and corresponding structural color resulting from deposition structures of sessile
droplets containing 1.5 wt% PS particles at different CTAB concentrations (a) 0.0015 wt%, (b) 0.0075 wt%, (c) 0.025 wt%, (d) 0.05 wt%, (e) 0.15 wt%. (f) The
{ plot of particle at different CTAB concentrations. The deposition structures droplet containing fixed dissolved CTAB concentration of 0.05 wt% with
varying dispersed particle concentration (g) 0.75wt%, (h) 1 wt% and (i) 1.5 wt% respectively.

At a significantly low CTAB concentration of 0.0015 wt%, no
formation of the interfacial film is observed (Fig. S10, ESIT).
This is attributed to a marginal single-layer adsorption of the
surfactant rendering a significantly small number of hemi
micelle hydrophobic tails on the particle surface. This is con-
firmed by the significantly small change in zeta potential (),
shown in Fig. 4f. Thus, the particles remain dispersed in the
droplet. The droplet evaporates, forming a coffee ring-like
deposition with suppressed structural color. The capturing of
the particles at the droplet interface and the formation of the
interfacial film is experimentally observed at CTAB concen-
tration values between 0.0075 to 0.05 wt%. This is attributed to
the increased adsorption of the CTAB on the particle with a
sufficient number of hemimicelles on the particle surface, as
confirmed by the corresponding significant increase in zeta
potential. At 0.0075 wt% CTAB, a circular rim-like interfacial
film is formed while the interface near the droplet center
remains depleted, resulting in a concentrated rim-like deposi-
tion inscribed in an outer ring. Since most of the particles are
concentrated in the rim, the structural color in the corres-
ponding region is improved. The interfacial rim formation and
corresponding deposition gradually shift to the droplet center
with an increase in the CTAB concentration to 0.025 wt%.
At CTAB concentration 0.05 wt%, the circular interfacial film
formed at the droplet center, which finally deposits to form a
monolayered central deposition. This shift in the formation of
the interfacial film from a rim to a circular disc at the droplet
center can be attributed to the Marangoni flow apparently seen
at CTAB > 0.025 wt%. This led to the transport of the particles
and aggregates trapped at the interface near the CL towards
the droplet center. Thus, improving the particle distribution
along the interface. As a result, the structural color of the
deposition structure at CTAB concentrations of 0.025 and
0.05 wt% is significantly enhanced. Importantly, apart from

2694 | Mater. Horiz., 2025, 12, 2689-2700

the hydrophobization, the neutralization of particle charge in
the surfactant range of 0.0075-0.05 wt% would also contribute
to the increased interaction between the particles adsorbed
at the G-L interface, favoring the formation of the particle
film.>*°

Notably, interfacial film formation is suppressed with a
further increase in CTAB concentration (>0.05 wt%). The
suppression of film formation can be explained as a significant
increase in the admicelles, causing increased surface charge
and hydrophobicity reversal. The flattening of the zeta potential
at CTAB > 0.05 wt% signifies the near saturation of particle
surface with admicelles. This would simultaneously result in a
decreased tendency of the particle to be captured and weaker
particle interactions. The hydrophobicity reversal is further
supplemented by the decrease in contact angle, particle adsorp-
tion energy, and interparticle capillary meniscus force values at
CTAB > 0.05 wt%, provided in the ESIL.{ The corresponding
deposition consists of a central dot inscribed in a concentrated
ring (Fig. 4e). The concentration of the particle in the central
dot can be attributed to the typically observed increase in
the strength of the Marangoni flow with an increase in the
surfactant concentration.>**’

The formation of the monolayer deposit at a surfactant
concentration of 0.05 wt% is further investigated at different
particle concentrations. Notably, no significant alteration in the
particle flow and film formation is observed upon changing the
particle concentration. Fig. 4(g-i) clearly shows that a low
particle concentration of 0.75 wt% results in the formation of
large voids between the monolayer deposition, ie., a sub-
monolayer formation. The increase in particle concentration
to 1 wt% led to a more even particle coverage of the deposition
area with smaller voids. Moreover, the voids are significantly
small at a particle concentration of 1.5 wt%, resulting in a
monolayer-like particle coverage. However, a further increase in

This journal is © The Royal Society of Chemistry 2025
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particle concentration led to multi-layer deposition of the
particles. Thus, the deposition coverage can be controlled by
particle concentration.

Printing of colloidal solution

The investigation on individual droplets is further extended to
the printing of surfactant-laden colloidal droplet solution using
a low-cost printing setup shown in Fig. 5a. The details of the
printing setup are provided in the materials and methods
section. The typical challenges faced in conventional inkjet
printing devices, such as clogging, particle size limitations,
liquid selectivity, expensive maintenance/replacements, and
limited volume dispense, can be overcome using the demon-
strated method. The colloidal solution containing 1.5 wt% PS
particles and 0.05 wt% dissolved CTAB is dispensed on the
glass substrate using drop-by-drop and direct writing methods.
In drop-by-drop method (shown in Fig. 5b), an array of the
colloidal solution droplets separated by 1.25 mm is formed. For
evidence, the captured Video S5 (ESIT) is provided in the ESL+
The droplets are dispensed at a rate of ~2 droplets per s such
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that a droplet volume of ~21 nL is achieved using a dispense
rate of 2.50 uL min~". Fig. 5c shows that the printed array of
nanoliter droplets pattern manifests bright structural colors.
This is attributed to the well-ordered and monolayer deposition
structure of the printed droplets, like single droplet observa-
tions, as shown in inset Fig. 5c.

In the next step, the direct writing of the colloidal solution is
investigated. The existing approach to direct writing of ordered
colloidal crystals is based on the convective assembly of the
particles.”! Wherein, the rate of monolayer growth occurring at
the trailing meniscus determines the printing speed. Notably,
a slight localized variation in the evaporation flux can lead to
mismatches between the monolayer growth and the printing
speed resulting in deposition defects. The overall process is
inherently slow. A monolayer photonic crystal using convective
assembly-based is typically achieved at a direct writing speed of
<1000 um s~ *.*" However, a higher printing speed is desirable
for large-scale applications of photonic crystals. An alternative
interface capture-based direct writing approach involving inter-
facial particle aggregation into monolayer film, which deposits
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Fig. 5 Drop-by-drop printing method of the colloidal solution of particles. (a) Schematic representation of printing setup. (b) Illustration of drop-by-
drop printing method. (c) The images of deposition structure of the single droplet and the corresponding photonic structures of the constituent droplets.
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Fig. 6 The colloidal solution printed on the glass substrate using direct writing method. (a) Schematic of direct writing method. The inset image shows
the interface particle capture observed in the printed colloidal solution. (b) The images of deposition structures obtained at different speeds of the stage
keeping fixed particle concentration (1.50 wt%), surfactant concentration (0.05 wt%), and dispense rate of 25 pL s*. (c) The captured image of photonic
pattern resulting from the well-ordered particle arrangement (inset SEM image) printed at a speed of 5500 pm s~ (d) The covert—overt characteristic of
photonic structure printed at particle concentration of 0.75 wt% and a writing speed of 6500 pm s~1 while keeping fixed 0.05 wt% of surfactant
concentration and 25 pulL s~* of dispense rate.

into ordered photonic structures, can potentially decouple the
printing speed from the meniscus motion. Thus, enabling
colloidal structure fabrication at a much faster speed. Hence,
the direct writing of the colloidal solution containing the same
CTAB (0.05 wt%) and particle concentration (1.5 wt%) as that
used for drop-by-drop printing is investigated (shown in
Fig. 6a). The dispense rate is fixed at 25 pL. min~", and the
printing speed is varied. The particle dynamics during the
direct writing is observed using an integrated camera setup.
Similar to single droplet observations, the particles are cap-
tured at the interface of the directly printed colloidal solution.
The inset Fig. 6a shows the real image of interface particle
capture, and the corresponding Video S6 is provided in the
ESL.f With progress in evaporation, the captured particles
deposit onto the substrate. The final deposited structure is
significantly dependent on the printing speed. The observed
deposition at different speeds is shown in Fig. 6b.

While an intermittent second layer of particles forms at a
printing speed of 3500 um s, a monolayer deposition of the
particles is formed at the printing speed of 5500 um s~ '. The
visualization of the monolayer deposition is shown in Video S7
(ESIT). Evidently, interface capture-based ordered monolayer
photonic structure is printed at a significantly faster speed

2696 | Mater. Horiz., 2025, 12, 2689-2700

compared to convection-based printing.*' However, a higher
printing speed of 6500 um s~ ' results in a decrease in particle
coverage, forming a sub-monolayer. Notably, denser particle
depositions are observed at the edges of printed crystals at all
printing speeds. This is attributed to the outward flow of the
particles along the bulk liquid to the periphery without being
exposed to the interface. Notably, no clogging of the needle is
observed for the printing conditions used in the present study.
The above-mentioned settings used to achieve monolayer cover-
age are further employed to create a random pattern shown in
Fig. 6¢c. The resulting structure exhibits bright iridescent struc-
tural colors, indicative of its photonic properties. Moreover,
SEM analysis of the particle coverage, as shown in the inset
Fig. 6c, confirmed a highly ordered monolayer arrangement
of particles within the printed structure. This emphasizes
the precision and effectiveness of the interface capture-based
printing method, demonstrating its potential for efficiently
fabricating customized ordered photonic patterns without com-
promising optical characteristics.

Furthermore, manipulating the particle coverage in the
printed structure can allow the fabrication of transparent
photonic structures with covert characteristics. Hence, the
printing of photonic structure with decreased particle coverage

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Development of flexible photonic structures. (a) Schematic of soft lithography technique used to replicate the printed colloidal structure. (b) The
captured image of photonic pattern printed on the glass substrate. (c) The corresponding replicated patterns obtained on PDMS matrix after 10
replication steps. (d—g) The images of the structures captured by AFM and SEM (d) and (f) Glass substrate and (e) and (g) PDMS matrix.

is further investigated by directly writing a colloidal solution
containing lower particle concentration (0.75 wt%; keeping
CTAB fixed at 0.05 wt%) at a printing speed of 6500 um s .
Specifically, by decreasing the particle concentration, the
printed colloidal solution forms a sub-monolayer with larger
voids (Video S8, ESIT). Interestingly, reduced particle coverage
results in a transparent printed structure, as shown in Fig. 6d
(left). However, it becomes visible at certain viewing angles at
which the deposited particle manifests structural colors
(Fig. 6d, right). Thus, the photonic characteristic is found to
be preserved even when the particles are sparsely distributed.
For evidence, the visualization of the covert-overt nature of the
corresponding structures is demonstrated in Video S9 (ESIt).

Flexible photonic structures

In this section, the printed colloidal pattern is used as a
template to generate negative structures onto polydimethyl-
siloxane (PDMS) and form flexible photonic structures. This
involves micropatterning printed PCs onto PDMS using soft
lithography, as shown in Fig. 7a. Initially, a silicon elastomer
and curing agent are mixed in a 10: 1 ratio. This mixture is then
degassed to eliminate trapped air bubbles. A glass slide,
previously printed with the desired monolayer photonic struc-
ture (shown in Fig. 6¢), is placed in a Petri dish. The PDMS
mortar is poured over the printed pattern on a glass slide and
subsequently cured for 2 hours at 75 °C in a vacuum oven. After
curing, the PDMS is carefully peeled away from the glass
substrate. Interestingly, the colloidal PC printed on glass con-
tinues to show iridescence after the patterning process, signify-
ing no or minimal particle transfer from the glass to the PDMS.

This journal is © The Royal Society of Chemistry 2025

Meanwhile, the micropatterned PDMS also shows an iridescent
nature. The obtained photonic nature of both glass and PDMS
after 10 times of replication process remains preserved, as
shown in Fig. 7b and c. Fig. 7(d-g) shows the atomic force
microscopy (AFM) and SEM analyses of the corresponding
structures, confirming no evident particle transfer from the
glass substrate. This highlights the consistency of the micro-
patterning process and the integrity of the printed structures
on the glass substrate. These analyses also reveal the formation
of microwells on the PDMS surface causing the photonic
characteristics.”® Moreover, the pattern on the PDMS is nor-
mally transparent and becomes visible only at certain viewing
angles, both in white and daylight conditions, as shown in
Fig. S12 (ESI%).

Conclusions

The study demonstrates an interface capture-based fabrication
of PCs introduced by the dissolution of a cationic surfactant to
the colloidal solution. The particle arrangement in the fabri-
cated crystals is significantly ordered, giving rise to structural
colors. The structural color is dependent on the viewing angle,
i.e., iridescent in nature. The investigations on the formation of
ordered structures reveal altered particle dynamics significantly
contributed by the change in particle hydrophobicity and
internal flow upon the addition of surfactant. These are depen-
dent on the dissolved surfactant concentration in the droplet.
Moreover, particle concentration can manipulate the mono-
layer coverage of the deposited droplet. The colloidal solution is
used to print on the glass substrate using a low-cost printing

Mater. Horiz., 2025, 12, 2689-2700 | 2697
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setup by drop-by-drop and direct writing techniques. It is
shown that arbitrary patterns can be printed using both tech-
niques. Interestingly, the interface capture of the particles is
observed in colloidal solution printed by direct-write technique.
Similar to a single droplet, an ordered arrangement of the
particles is observed in the printed structures. Hence, the
printed structures also demonstrate bright structural colors.
Notably, in the direct writing method, the particle coverage is
significantly dependent on the printing speed. The particle
concentration and printing speed can be manipulated to form
transparent photonic patterns. Furthermore, the replication of
the printed structures into flexible photonic structures can be
easily performed using the soft lithography technique. The
study paves the way for facile but efficient photonic crystal
fabrication by simple surfactant dissolution. The ease of adapt-
ing this technique for fast direct writing of patterns further
emphasizes its practical implications for scalable and custo-
mized photonic applications. Overall, the research offers sig-
nificant advancements simultaneously in the field of colloidal
assembly and photonics, combining innovation with practical
usability.

Experimental section

Materials

Deionized (DI) water is used as the solvent. CTAB (M.W. =
288.38; Sigma-Aldrich, India) is used as an amphiphilic cationic
surfactant. Spherical anionic PS with a diameter of 1 pum are
used as colloids. The measured coefficient of variation of
particle size is very small (0.015). Glass slides (Marienfeld,
Germany) are used as the substrates.

Methodology

Aqueous solutions containing different surfactant concentra-
tions are prepared by mixing CTAB and DI water in a beaker
placed on a magnetic stirring hot plate and stored separately.
The colloidal particles are suspended in the prepared aqueous
solutions in small 1.5 mL vials. The surfactant-laden colloidal
solutions contained in vials are mixed using a vortex shaker.

Analysis of particle dynamics

A 1.5 pL colloidal droplet of the mixed solution is placed on a
glass substrate using a micropipette and observed under an
inverted optical microscope (CKX53, Olympus Co., Japan).
The particle dynamics inside the evaporating colloidal sessile
droplet on the glass substrate is observed at different magnifi-
cations via CMOS camera (EP50, Olympus Co., Japan). The
images and videos (at 60 fps) of the particle motion are
captured using EP view software (Olympus Co., Japan). The
evolution of the entire droplet with time is captured using an
iPhone. The grayscale images of deposition structures are
captured using a monochrome camera fitted with a microscope
lens (Chronos 1.4 monochrome, Kron Technologies, Canada).
The arrangement of particles within the deposition structure
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is observed using FESEM (field emission scanning electron
microscopy). Moreover, the topology of the formed microstruc-
tures is assessed using a profilometer (Bruker DektakXT) and
AFM (Park NX7, Park Systems). The structural color of the
deposition at different viewing angles is captured using an
iPhone. The sample against a black background is illuminated
with an 80 W collimated white light, and the iPhone camera is
positioned 4 cm away from the sample to capture the structural
color images as shown in Fig. 3a. The experiments are con-
ducted in a controlled environment with a maintained tem-
perature of 23 + 1 °C and humidity of 35 + 3% RH. The
experiments are repeated 10-15 times, demonstrating consis-
tent dependency on the reported variables.

Printing of colloidal solution

As demonstrated in Fig. 5a, the printing set-up mainly consists
of a syringe pump mounted on a Z axis of a 3-axis high-
precision motorized stage (Holmarc). The glass substrate is
placed in the XY plane of the stage. The motion speed range
of the stage is 0-8000 um s~ *. The colloidal solution is filled in
a 1 mL syringe with a 32-gauge needle and fixed on the syringe
pump (Holmarc). The syringe pump controls liquid dispensing
in the volumetric flow range of 4.35 nL s to 0.60 mL s~ '. The
(XY) stage motion determining the position of colloidal
solution dispensation onto a glass substrate and the vertical
motion of the syringe pump along the Z-axis is controlled based
on a CNC code run on a software interface (Mach 3, Holmarc).
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