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ABSTRACT: We present our results on the fabrication of large area
colloidal photonic crystals on flexible poly(ethylene terephthalate)
(PET) film using a roll-to-roll Langmuir−Blodgett technique. Two-
dimensional (2D) and three-dimensional (3D) colloidal photonic
crystals from silica nanospheres (250 and 550 nm diameter) with a
total area of up to 340 cm2 have been fabricated in a continuous manner
compatible with high volume manufacturing. In addition, the
antireflective properties and structural integrity of the films have been
enhanced via the use of a second roll-to-roll process, employing a slot-
die coating of an optical adhesive over the photonic crystal films.
Scanning electron microscopy images, atomic force microscopy images, and UV−vis optical transmission and reflection spectra
of the fabricated photonic crystals are analyzed. This analysis confirms the high quality of the 2D and 3D photonic crystals
fabricated by the roll-to-roll LB technique. Potential device applications of the large area 2D and 3D colloidal photonic crystals
on flexible PET film are briefly reviewed.

■ INTRODUCTION

One of the intriguing properties of photonic crystals is that they
possess a photonic bandgap which does not allow the
propagation of light with certain wavelengths in certain
directions. The origin of the photonic bandgap is the periodic
variation of refractive index in photonic crystals. Many objects
in nature have photonic crystal structures that allow
manipulation of light and create bright colors. For example,
peacock feathers have two-dimensional photonic crystal
structures and natural opals have three-dimensional photonic
crystal structures.
Since the pioneering theoretical work of Yablonovitch and

John,1−3 many useful applications of photonic crystal structures
have been developed in optoelectronics, photovoltaics,4

sensors,5,6 and energy storage.7 However, it may be argued
that the assembly of colloidal particlesthe simplest and
cheapest means of fabricating photonic crystals in a manner
that mimics the structures found in natural opalshas not
found commercial application due to two fundamental
limitations, namely the lack of control over the fabrication
process and the lack of scaleability toward high volume
manufacturing.
Colloidal photonic crystals (or artificial opals) can be easily

fabricated via self-assembly of colloidal monodisperse spheres
of dielectric materials. Different fabrication methods can be
used: controlled evaporation,8,9 spin coating,10 and Langmuir−
Blodgett.11 Among these methods, the Langmuir−Blodgett
(LB) method is one of the fastest, versatile, and scalable
techniques that allows fabrication of two-dimensional (2D) and

three-dimensional (3D) photonic crystal structures with full
control over the amount of layers deposited and the
composition of each layer, thus addressing the first limitation
noted above. However, many possible applications of the LB
method (and also the other fabrication methods) are limited by
the size of the substrate for deposition of photonic crystal
structures. For large area applications, such as thin film solar
photovoltaic panels, flexible polymer solar cells, flexible OLEDs,
colloidal lithography, and others, a roll-to-roll LB method must
be developed for the deposition of photonic structures on a
flexible substrate, for example, poly(ethylene terephthalate)
(PET) film, and in so doing address the second limitation
noted above.
In this paper, we report the fabrication of the large area

colloidal photonic crystals using a roll-to-roll LB technique.
Colloidal silica spheres with two diameters were used: D1 = 250
nm and D2 = 550 nm. High quality 2D hexagonal arrays of silica
spheres with a total area up to 340 cm2 were deposited on a
flexible PET substrate. We demonstrate that also 3D large area
photonic crystals can be fabricated by our roll-to-roll LB
method. High-resolution scanning electron microscopy images,
atomic force microscopy images, and optical transmission and
reflection spectra of the fabricated samples are analyzed. Some
potential practical applications of the large area colloidal
photonic crystals are also discussed.
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Figure 1. Left: schematic representation of the roll-to-roll LB method. Right: photograph of the NIMA trough, the roll-to-roll unit, and the PET
substrate with a LB monolayer of silica spheres deposited (D2 = 550 nm).

Figure 2. SEM images of the monolayer of silica spheres D1 = 250 nm (a, b) and D2 = 550 nm (c−f) deposited on the PET film using the roll-to-roll
LB method. The parameters used for the LB process are described in the Experimental Section.
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■ EXPERIMENTAL SECTION
Poly(ethylene terephthalate) (PET) film was purchased from HiFi
Industrial Film. This film is highly transparent film and has a thickness
of 50 μm. In order to obtain the hydrophilic surface, required for high
quality Langmuir−Blodgett deposition of silica spheres, the PET film
was pretreated in an oxygen plasma for 3 min, using a Harrick Plasma
Cleaner (PDC-002) with maximum power of 200 W and a working
pressure of 150−200 mTorr. Contact angle measurements were
performed before and after the treatment to check the hydrophilic
properties of the film surface. These measurements have shown good
hydrophilic properties with the average contact angle value decreasing
from 78° before treatment to 11° after treatment.
Colloidal monodispersed silica spheres with diameters 250 nm

(±4.4%) and 550 nm (±2.8%) were synthesized using a modified
Stöber method12 involving the hydrolysation of tetraethyl orthosilicate
(TEOS) in the presence of ethanol and ammonium hydroxide as a
catalyst. Each preparation was performed at room temperature under
constant magnetic stirring for 24 h, followed by removal of unreacted
TEOS and ammonia by repeated centrifuging, washing−sonication
cycles in ultrapure water and ethanol. Tetraethyl orthosilicate (TEOS),
ammonium hydroxide (25%), and ethanol (100%) were purchased
from Sigma-Aldrich and used as received without further purification.
Ethanol was filtered through Whatmann filter papers before use to
remove any particulate impurities. Ultrapure water (18.2 MΩ·cm) was
used directly from a Millipore water system.
For the Langmuir−Blodgett deposition process of silica spheres on

the PET film we use a NIMA trough (model 1222D2). The standard
alternate dipper mechanism in the NIMA trough was replaced by a
special roll-to-roll unit (Figure 1). The roll-to-roll unit was developed
in the framework of the EU FP7 project ALBATROSS (grant
agreement 324449) by Microtestmachines (Belarus).13 Initially, a
suspension of silica spheres in ethanol with a concentration of 0.03 g/
mL was diluted with chloroform in a ratio of 1:4, respectively. Then, a
small quantity of the solution was spread on the air/water interface.
For all experiments double distilled deionized water with a resistivity
18.2 MΩ·cm was used as the subphase. Silica particles with a diameter
550 nm were made hydrophobic using the surfactant 3-(trimethoxy-
silyl)propyl methacrylate (TPM), and silica particles with a diameter
250 nm were used without adding any surfactant. Previous
investigations11,14 have revealed that this procedure is necessary for
silica spheres with a diameter above 400 nm since it facilitates the
floating of the particles at the air/water interface and leads to
formation of a stable film. However, for smaller silica spheres (180−
360 nm) good quality LB films can be made without the addition of
surfactants. After spreading, the film was compressed using the barrier
with a speed 12 cm2/min to a surface pressure of 5 mN/m, which was
stabilized during the whole LB deposition process. The surface
pressure−trough area (P−A) isotherms were used for the LB
deposition monitoring. From the isotherms a deposition ratio was
determined. The deposition ratio is equal to ΔA/APET, where ΔA is

the change of the trough area during deposition and APET is the area of
the PET film used for the deposition process.

During the roll-to-roll LB deposition process the PET film was
moved by a stepping motor around a rotating barrier in the center of
the trough (the deposition zone) with a constant velocity of 3 mm/
min. The rotating barrier separates the NIMA trough in two
compartments: A and B. Compartment A contains pure water and
compartment B the monolayer of silica particles stabilized on the air/
water interface. The PET film rotates through the air/water interface
in compartment A and rises up through the air/water interface in
compartment B. The LB layer is deposited by raising the PET film
from the water through the monolayer of silica spheres (Figure 1).
The total area of the LB trough (part B) is equal to 520 cm2. After
spreading silica nanospheres on the air/water interface followed by
compression to the dense monolayer, the total area of the dense film
was equal to 400−420 cm2. The deposition ratio during the process
was equal to 100%. Since the stop position of the barrier is 70 cm2, a
dense monolayer of silica nanospheres with a total area of up to 350
cm2 can be deposited on the PET film.

A high-resolution scanning electron microscope (HRSEM, Quanta
FEG 650, FEI Company) was used to characterize the fabricated
samples with 2D and 3D photonic crystal structures. During SEM
investigations, samples were gold-sputtered prior to examination to
avoid charging effects. An atomic force microscope (MFP-3D, Asylum
Research) was used for topographic imaging of the fabricated colloidal
photonic crystal films.

Optical characterization was performed using a Mikropack halogen
HL2000 white light source, with a focused spot size at the sample of
approximately 1.5 mm diameter. The transmitted or reflected light was
collected via an optical fiber to an Ocean Optics HR4000 detector for
wavelengths in the UV−vis range. Spectral analysis was performed
using Ocean Optics software SpectraSuite. Reflectance measurements
were calibrated against a Thor Laboratories ME1-PO1 silver mirror.
Transmission calibration was made with respect to air. Transmission
spectra of the samples were acquired at the angle of incidence θ = 0°
with respect to the film normal. For reflection measurements, the angle
of incidence θ = 10° was used.

■ RESULTS AND DISCUSSION

Two samples of 2D photonic crystal structures were fabricated
using the roll-to-roll LB method, using silica particles with
diameters 250 and 550 nm. First, a monolayer of silica spheres
D1 = 250 nm was deposited on PET film with an area 10 cm ×
32 cm, where 10 cm is the width of the PET film and 32 cm is
the total length of the LB film. The deposition process was
performed in continuous mode with the optimal parameters
described in the previous section until all the available area of
the trough was used. The deposition ratio calculated from the
pressure−area isotherm was equal to 100%. To check the
quality of the deposited monolayer, SEM images from different

Figure 3. AFM images of the monolayer of silica spheres D1 = 250 nm (left) and D2 = 550 nm (right) deposited on the PET film using the roll-to-
roll LB method. The measured area is 5 μm × 5 μm for the left image and 10 μm × 10 μm for the right one.
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areas of the PET film were analyzed. All images (Figure 2)
show the high quality of the two-dimensional hexagonal
structure of close-packed silica spheres.
In the second experiment, large silica spheres with D2 = 550

nm were deposited using the same parameters for the roll-to-
roll LB process. In this experiment the PET substrate was
covered with a total LB monolayer area of 340 cm2. The
deposition ratio was equal to 100%, indicating a reliable LB
process. SEM images of different areas of the fabricated sample
are shown in Figure 2. These images show the high quality 2D
photonic crystal structures made from silica spheres (550 nm).
However, SEM analysis of the LB monolayer on the PET film
has revealed that there are large domains of silica spheres with
different orientations (Figure 2f). The size of these domains
varies from 1 mm2 to around 1 cm2. The domains are visible to
the eye due to slightly different light scattering from the
ordered 2D arrays of silica spheres inside these domains. Since
in the LB method a monolayer of silica spheres is transferred
from the air/water interface to the substrate, these domains are
most likely formed during the compression cycle of silica
spheres dispersed on the air/water interface.
The surface roughness of the obtained films was analyzed by

atomic force microscopy. AFM images of the two samples with
2D photonic crystal structures are presented in Figure 3. For
the first sample (D1 = 250 nm) the average surface roughness
calculated from four different areas of 5 μm × 5 μm was equal
to 20 nm, with the minimum value of 13.1 nm and the
maximum value of 31.2 nm. For the second sample (D2 = 550
nm) the average surface roughness calculated from three
different areas of 10 μm × 10 μm was equal to 41 nm, with the
minimum value of 27.3 nm and the maximum value of 49.1 nm.
Optical transmission spectra of two fabricated samples are

shown in Figure 4. The transmission spectrum of the first

sample made from small silica spheres (D1 = 250 nm) shows a
slight broad dip around 620 nm. Later, we demonstrate that
this feature develops into a defined drop in transmission
associated with a photonic bandgap as the number of LB layers
increases (see Figure 10).15,16 The transmission spectrum of
the sample with silica spheres of diameter D2 = 550 nm shows a
narrow minimum at 650 nm and strong attenuation below 580
nm. Earlier experimental studies have revealed that the

transmission minimum at λ ∼ D and the strong attenuation
at λ ≤ D are characteristic for the 2D photonic crystal
structures and are related to the excitation of surface modes and
the resonant coupling of this modes with the incident light.17,18

The transmission minimum corresponds to the maximum in
the reflection spectrum that is shown in Figure 5. This
transmission minimum is due to diffraction resonance from the
2D hexagonal array of silica nanospheres and was also observed
for 3D opal films.17

The optical properties of 2D arrays of silica spheres with the
same diameter as those used here (550 nm) have also been
studied in detail by Yamasaki and Tsutsui.18 From their optical
transmission spectra at different angles and polarizations of
incident light, they obtained the photonic band structure
corresponding to the different crystallographic directions. They
observed strong diffraction scattering of white incident light in
the forward direction at different angles for different wave-
lengths, which is associated with the photonic band structure of
the 2D photonic crystal. This scattering is very important for
practical applications, for example, in thin film solar cells19,20

and organic light-emitting devices (OLEDs).21 In thin film solar
cells (a-Si, flexible organic solar cells) this diffraction of the
incident light will increase an effective optical absorption in
very thin photoactive layers, resulting in higher photocurrent
and total power conversion efficiency (up to 10−15%). Such
light trapping photonic structures will be beneficial for
photovoltaic panels, especially, for countries with lower light
conditions. An additional advantage of the 2D photonic crystal
layer is that the enhancement of optical absorption is almost
insensitive to the incident angle of the sunlight.19 This
therefore could be used in building-integrated photovoltaics,
for example, on vertical surfaces where reflection of the sunlight
is not desirable. In OLEDs, the application of 2D photonic
crystals will significantly enhance the light out-coupling factor
and the total electroluminescent efficiency. This was demon-
strated by Yamasaki et al.21 for OLEDs with integrated
monolayers of the ordered array of silica spheres again with
D = 550 nm.
For practical applications, for example, in thin film solar cells

and flexible OLEDs, the 2D photonic crystal made from silica
nanospheres must be permanently fixed to the PET film surface
and must be robust. For this purpose an optical adhesive was
used, NOA164 (Norland Optical Adhesive 164), which has the
relatively high refractive index of 1.64. A thin layer (5 μm) of
the NOA164 was coated above the monolayer of silica spheres
with diameter D2 = 550 nm by using a roll-to-roll slot-die coater
(Figure 5), employed so as to specifically demonstrate the
utility of combining two roll-to-roll processing methods so as to
produce the final working structure.
Optical transmission spectra of the coated and uncoated

samples are shown in Figure 6. One can see that in the spectral
region above 500 nm the coated sample exhibits higher
transmittance than that of the original uncoated sample and
also of the clean PET film. The transmission minimum at 650
nm has disappeared after coating with NOA164. The
antireflective properties of the coated sample are also confirmed
by the reflection spectra (Figure 5). Reflectance of the coated
sample in the visible and near-infrared spectrum range is 3−4%
lower than that of the clean PET film. This is due to the high
transparency of the optical adhesive in this spectral region:
optical transmission through 25 μm film thickness increases
from 96.1% at 450 nm to 99% at 1500 nm, according to
Norland specifications. It is important that the strong light

Figure 4. Transmission spectra of PET samples with LB monolayer of
silica nanospheres D1 = 250 nm (blue line) and D2 = 550 nm (green
line). For comparison, the transmission spectrum of the clean PET
film is shown (red line).
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scattering properties observed in the uncoated sample at λ ≤ D
are preserved after coating with NOA164 (Figure 6). Thus, we
conclude that roll-to-roll coating with an optical adhesive that
has a high refractive index can be used as part of the fabrication
and potential large-scale integration of large area 2D photonic
crystals made from silica spheres by the roll-to-roll LB method
in practical devices.
It is also noteworthy that large area 2D colloidal crystals

fabricated by the roll-to-roll LB method can be used in large
scale colloidal nanolithography.22 The 2D structures of
nanospheres can be transferred by a simple offset printing

method from the PET film to different substrates. An important
issue for colloidal lithography is the long-range order in the 2D
close-packed arrays of nanospheres. To improve the quality of
fabricated LB films, monitoring by Brewster angle microscopy
(BAM) can be used during the roll-to-roll LB process.23,24 We
suggest that BAM monitoring will be very helpful in
establishing the optimal deposition parameters required in
order to achieve the most stable and uniform monolayers at the
air/water interface: for instance, to establish the best conditions
of surface pressure, compression speed, and addition of
surfactants for nanoparticles functionalization. The quality of
the nanospheres used is also crucial in order to obtain long-
range order in 2D colloidal crystals. Recently, crystallographic
defects found in 2D colloidal photonic crystals made from
polystyrene and silica microspheres have been analyzed
qualitatively and quantitatively by using SEM, using Fourier
transforms taken from the SEM images together with optical
measurements.25 From this analysis, two main limiting factors
for the fabrication single domain 2D colloidal crystals have
been determined, namely, the presence of spheres smaller than
the average diameter and nonspherical particle formation
(doublets or nonspherical structures). It has been suggested
that in order to minimize the formation of defects such as
dislocations and rotated domains, the polydispersity must be
below 3% and the amount of different sized and shaped
particles must also be very low.25

In terms of emerging applications of these materials, recent
progress has been achieved in the fabrication of novel
biochemical colorimetric sensors as reported by Cai et al.6

Such sensors may benefit directly from the development of the
roll-to-roll technologies described here. In their work, Cai et al.
utilized the strong diffraction of light in the forward direction

Figure 5. Left: reflection spectra of the clean PET film (blue line), PET sample with LB monolayer of silica nanospheres D2 = 550 nm (green line),
and PET sample with LB monolayer of silica nanospheres D2 = 550 nm coated with optical adhesive NOA164 (red line). Right: photograph of the
roll-to-roll slot-die coating with strips of optical adhesive NOA164 on the PET substrate with the LB monolayer of silica spheres D2 = 550 nm.

Figure 6. Transmission spectra of the second PET sample with LB
monolayer of silica nanospheres D2 = 550 nm (green line) and the
same sample coated with optical adhesive NOA164 (red line). For
comparison, transmission spectrum of the clean PET film is shown
(blue line).

Figure 7. Photographs of the 3D colloidal photonic crystals made from silica spheres D1 = 250 nm. Four and five LB layers were deposited on the
PET film using the roll-to-roll LB method. The first part (from the left) of the sample has four LB layers covering an area of 8 cm × 10 cm, and the
second part of the sample has five LB layers covering 24 cm × 10 cm.
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by the 2D hexagonal arrays in their sensing devices. The 2D
colloidal photonic crystals were embedded into the surfaces of
polymer hydrogels, which are responsive to different chemical
species. Volume phase transitions, which take place in such
hydrogels as a response to analytes, swell or shrink the
hydrogels and therefore change the spacing in 2D photonic
crystals and shift their diffraction wavelengths. These color
changes can then be visually detected. We propose that our
large area 2D photonic crystals fabricated using the roll-to-roll
technologies described could be easy integrated into
manufacturing processes of colorimetric sensors: indeed, the
polymer hydrogels could be coated onto the 2D photonic
crystals by using roll-to-roll coating equipment such as the slot-

die or wire coaters. Experiments of this nature are currently
underway in our laboratories.
An important issue for large scale applications of the roll-to-

roll LB technologies for assembling colloidal photonic crystal
structures is the use of eco-friendly spreading solvents replacing
chloroform. Recently, an electrospray-assisted spreading
method has been reported, which enables LB deposition of
colloidal particles dissolved in water and alcohol-based
solvents.26 For example, this method was successfully employed
for spreading and LB assembly of polystyrene (PS) nano-
spheres from a 1:1 ethanol−water solution.
In the last experiments described here, a sample with a large

area 3D photonic crystal structure was fabricated by this roll-to-
roll LB method, using silica particles with diameter D1 = 250

Figure 8. SEM images of the 3D colloidal photonic crystal made from silica spheres D1 = 250 nm. First row: surface images of the sample with five
LB layers deposited on the PET film using the roll-to-roll method. Second row: cross-sectional SEM images of the two samples−sample with 4 layers
(left) and sample with 5 layers (right).

Figure 9. AFM images of the 3D colloidal photonic crystal made from silica nanospheres D1 = 250 nm by the roll-to-roll LB technique (sample with
five layers). Two different regions with 5 μm × 5 μm are shown.
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nm (Figure 7). The fabrication process includes repeating the
LB deposition of a colloidal film monolayer as explained in the
Experimental Section. The first part of the sample has four LB
layers covering an area of 8 cm × 10 cm, after which five LB
layers were produced covering an area of 24 cm × 10 cm. SEM
images of the surface from different areas of the sample with
five LB layers and also cross-sectional SEM images of the two
samples (4 and 5 layers) are shown in Figure 8. These images
show the high quality of the 3D photonic crystal structures. For
creating the cross sections SEM Quanta 3D 200i (FEI
Company) was used. Before cutting the cross section using
an ion beam a thin layer (0.8 μm) of platinum was deposited on
the surface (10 μm × 10 μm) of the photonic crystal film using
a gas injection system.
The surface roughness of the 3D photonic crystal film was

analyzed using AFM measurements. AFM images of the sample
with five LB layers are presented in Figure 9. The average value
of surface roughness calculated from three different areas of 5
μm × 5 μm is equal to 42.5 nm, with the minimum value of
28.2 nm and the maximum value of 53.6 nm. We see that the
surface roughness for the sample with five LB layers has
increased by a factor of 2 in comparison with the value for the
sample with a single LB layer (D1 = 250 nm).
Contact angle measurements were performed to check the

hydrophilic properties of the fabricated 2D and 3D photonic
crystal films. These measurements have shown good hydro-
philic properties with the average contact angle values of 21°−
23°, which are not dependent on the number of layers (for
small nanospheres D1 = 250) or the size of silica spheres (250
and 550 nm).
Optical transmission and reflection spectra of the fabricated

3D photonic crystals are shown in Figure 10. The first Bragg
reflection peak at 620 nm is observed, which corresponds to the
minimum in the transmission spectra. The optical transmission
spectra from different areas of the PET film were also analyzed.
These spectra are almost identical indicating the high quality
3D photonic crystal structures obtained by this roll-to-roll LB
technique.
Recently, Kocher-Oberlehner et al.16 have demonstrated that

large area 3D colloidal photonic crystals on transparent
polymer substrates can be used as planar solar concentrators
for building-integrated photovoltaics. In this work colloidal
photonic crystals were made by a standard LB method using
silica nanospheres with D = 250 nm. Solar concentrators with 5
and 8 LB layers show a relative increase in total solar cell
efficiency by a factor of 2 and 3, respectively. Large area 3D

photonic crystals on flexible PET films produced by the roll-to-
roll LB technique could be easily integrated into planar solar
concentrators for windows and glass faca̧des. The main
advantage of such concentrators is that they use both the
diffuse and direct components of sunlight, and the roll-to-roll
LB method may be used to reduce production costs of the
required modules.

■ CONCLUSIONS

We have demonstrated that high quality large area 2D and 3D
colloidal photonic crystals can be fabricated on a flexible PET
film by a roll-to-roll LB method. Monodispersed colloidal silica
nanospheres with diameters of 250 and 550 nm were used to
prepare 2D photonic crystals with a total area of 340 cm2. Also
by this method large area 3D photonic crystals were produced
using silica nanospheres (250 nm). For the LB deposition
process a standard NIMA trough equipped with a special roll-
to-roll unit was used. SEM, AFM, optical transmission, and
reflection characterization confirm the high quality of these 2D
and 3D photonic crystals. The LB method is well-known for
the production of monolayers and has been shown to be
scalable for the production of large scale 2D and 3D colloidal
photonic crystal structures on flexible substrates. We have also
demonstrated that the antireflection properties and the
structural robustness of the films can be significantly enhanced
via a coating of optical adhesive also applied via a roll-to-roll
technique.
We believe that our work will stimulate industrial device

applications of photonic crystals for solar photovoltaics,
nanoelectronics, and chemical and biochemical sensors.
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Figure 10. Left: transmission spectra of the PET samples with 2D and 3D colloidal photonic crystals made from silica nanospheres D1 = 250 nm by
the roll-to-roll LB technique. Right: reflection spectra of the 3D colloidal photonic crystals made from silica nanospheres D1 = 250 nm by roll-to-roll
LB technique: the PET sample with four LB layers of silica nanospheres (red line), the PET sample with five LB layers of silica nanospheres (green
line), and the clean PET film (blue line).
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