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In this article, we demonstrated low-threshold lasing in three-dimensional (3D) polymeric
photonic crystals derived from colloidal suspensions. To achieve this, we used monodisperse silica
beads in a photocurable refractive index matched medium with high viscosity and polarity. In this
system, the colloidal silica beads rapidly self-organized into nonclose-packed fcc crystals because of
strong repulsive interparticle potential relative to diminishing van der Waals attraction, and
subsequently the colloid crystals were solidified by UV irradiation. Dye molecules as optical gain
medium were incorporated in the polymeric matrix by simply mixing the dye molecules and the
photocurable suspension before casting the photonic crystal films. The translucent composite
photonic films showed emission inhibition and enhancement due to the low photon density of states
(DOS) at the stop band and high DOS at the band edge, respectively. On the other hand, the porous
photonic films, whichwere prepared by removal of silica particles from the composite films, exhibited
larger bandwidth and higher reflectivity (>80%) due to the enhanced refractive index contrast.
Under irradiation of excitation light source, the porous photonic film showed strongly enhanced
stimulated emission at the band edge by a factor of more than 300 with respect to the spontaneous
emission of dye molecules embedded in a bulk film without nanostructure. In addition, the lasing
wavelength could be controlled by simply changing the particle volume fraction in the composite
films from which the porous films were prepared. Moreover, the threshold excitation intensity was
reduced by a factor of one-tenth relative to the previously reported values. The simple method for
preparing 3D photonic crystals described here and subsequent lasing characteristics have great
potential in a broad range of applications including displays, μ-TAS, and optofluidic light sources.

1. Introduction

As an alternative to the expensive top-down approach
to nanoscopic structuring, self-organization of nano-
building blocks has been studied intensively during the
past decade in materials science and soft condensed
matter physics. In particular, the self-organization of
colloidal building blocks has emerged as one of the most
promising and economical methods for creating 3D
photonic structures, especially for the production of 3D
periodic architectures with subwavelength periods.1-3

Generally, evaporation-driven self-assembly has been
used to generate close-packed colloidal crystals with
face-centered cubic (fcc) or hexagonal close packing
(hcp) lattices and the opaline or inverse opaline crystals
exhibit photonic bandgap properties due to the periodic

modulation of the dielectric constant in 3D space.4-6 In
addition, electrostatic interactions between monodis-
perse or bidisperse particles enable the formation of
non-close-packed crystals of charged particles suspended
in an aqueous phase. Depending on the type and strength
of interaction as well as the particle volume fraction,
various crystal lattices can be prepared.7-13 However,
the development of a simple and reliable method for
fabricating practically applicable colloidal crystal devices
such as photonic crystal lasers, waveguides, and sensors
remains a challenge because conventional methods have
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several drawbacks, including subtle fabrication condi-
tions, the formation of intrinsic defects, and low structur-
al rigidity.
In the present study, we demonstrate low-threshold

lasing in 3D dye-doped polymeric photonic crystals de-

rived from colloidal suspensions. To achieve this, we use

monodisperse silica beads in a photocurable refractive

index matched medium with high viscosity and polarity.

In this system, the colloidal silica beads rapidly self-

organize into non-close-packed fcc crystals (i.e., within

1 s) because of the high repulsive interparticle potential

relative to the diminishing van der Waals attraction.14,15

Our approach not only generates thin films of 3D photo-

nic crystals over the centimeter scale in a simple and

controllable manner, but also allows the easy tuning of

the bandgaps and lasing wavelengths. Although many

research groups have reported inhibition and enhance-

ment of spontaneous emission of dye molecules16-18 or

quantum dots19-21 embedded in 3D colloidal crystals or

their derivatives, lasing at the band edge of colloidal

crystals has been rarely reported. In particular, Shkunov

et al. produced a photonic crystal laser of opaline silica

structure by time-consuming slow sedimentation of silica

particles.22 Because a dye solution as an optical gain

medium was infiltrated into the interstices between the

silica particles, the refractive index contrast was too low

resulting in long attenuation length of Bragg diffraction,

and consequently the colloidal crystal was required to be

relatively thick (i.e., millimeter scale). Recently, a band

edge laser was demonstrated using polymerized crystal-

line colloidal arrays of mesoporous silica particles.23

However, there remain still challenging issues relevant

to high refraction index contrast, low threshold, high

physical durability, and simple and economical fabrica-

tion processes. Other types of colloid-based lasers have

also been reported; specifically, lasing in a planar reso-

nant cavity composed of a partial mirror of colloidal

crystal and a perfect mirror of dielectric stacks,24 and

lasing at a planar defect mode of colloidal crystals.25 In

both cases, dye molecules were located in the interstices

either between twomirrors or in planar defect layer. Also,

colloidal nanoparticle-based 1D photonic crystals were

used as distributed feedback resonance cavity.26 Our

approach based on photocurable colloidal suspensions

enables the fabrication of thin, high-quality photonic

crystal films doped with dye molecules in a simple and

inexpensive manner. In particular, our photonic crystal

films templated by nonclose-packed colloidal self-assem-

blies are able to emit light with tunable wavelength in any

location on the crystal film over a large area. The tun-

ability of the lasing wavelength and significant enhance-

ment of dye emission is of great importance to potential

applications as disposable light sources in optofluidics

and μ-TAS (total analysis system) devices.27

In the subsequent sections, we first described the fab-
rication of composite and porous photonic crystals in thin
films doped with dye molecules using photocurable silica
suspensions. We then discussed the emission modulation
of dye molecules embedded in the composite photonic
crystals. Finally, the stimulated emission of the dye
molecules in the porous photonic crystals was examined
to show threshold behavior and tunability of laser wave-
length.

2. Experimental Section

Preparation of Dye Molecule-Embedded Photonic Crystals.

Monodisperse silica particles of various sizes were synthesized

through sol-gel chemistryusing theSt
::
ober-Fink-Bohnmethod.

The silica suspensions were washed with ethanol twice and mixed

with the photocurable resin, ethoxylated trimethylolpropane

triacrylate (ETPTA, SR454; Sartomer) containing approximately

1 wt % 2-hydroxy-2-methyl-1-phenyl-1-propanone (HMPP,

Darocur1173; Ciba Chemical) as a photoinitiator. For incorpora-

tion of dye molecules, an ethanolic solution of rhodamine B

isocyanate (Aldrich) was introduced into themixture. The ethanol

was selectively evaporated from the mixture suspension in a

convection oven at 70 �C for 12 h; the dye concentration in the

final ETPTA suspension was 5 � 10-4 M. The resulting ETPTA

suspension was cooled to room temperature and sonicated for

30 min, affording a material that showed iridescent colors attri-

butable to the formation of a polycrystalline structure.

To obtain a film-type sample of colloidal crystals with oriented

crystal planes, we inserted the suspension between two parallel

glass slides separated by spacer of thickness 100 μm (polyimide

tape, Kapton). The suspension was infiltrated into the gap

between the plates by capillary force, and then photopolymerized

by UV irradiation for 10 s. The solidified composite film was

detached from the glass template and treated with 5% HF

solution (50%, Sigma-Aldrich) for 12 h.

Characterization. The prepared composite and porous films

were observed with an optical microscope (Nikon, L150) and

reflectance spectra were measured using an optical spectrometer

(Newport,OSM-100-UV-NIR)mountedon theopticalmicroscope.
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To observe the nanoscale structure of the film, a scanning electron

microscope (SEM, Philips, XL30) was used.Here, the samples were

coated with gold to render them conductive and typical acceleration

voltages were 5-10 kV. To characterize the laser emission both

above and below the threshold, a Q-switched frequency-doubled

Nd:YAG laser (Quantel, Brio) emitting at 532 nm with a repetition

rate of 20 Hz was used as an excitation source. A 4� objective lens

was used to softly focus the pump laser beamon an area of diameter

1mmandtocollect emissionsignals fromthe films.Spectral analyses

were performed by using a monochromator (Spectral Products,

DK240) and a Si photo detector (New Focus, Visible Femtowatt

Photoreceiver).

3. Results and Discussion

Preparation of Thin Film of Composite and Porous

Photonic Crystals. To prepare high quality 3D photonic
crystals for laser operation, we used silica particles
dispersed in ETPTA. The fabrication processes are sum-
marized schematically in Figure 1a. The silica particles, of
ca. 200 nm in diameter, crystallized spontaneously due to
the repulsive interparticle potential induced by the disjoin-
ing pressure of the solvation layer28 and the weak electro-
static repulsion.29 Notably, van der Waals attraction was
relatively diminished because of the small index contrast

between silica and ETPTA.30 The suspensions showed
iridescent colors that depended on the particle volume
fraction. However, the color from the bulk crystal was
not uniform. This effect is evident in Figure 1b, which
shows an optical microscope image of photopolymerized
colloidal crystals prepared without introducing geometri-
cally confining templates in step 1 of Figure 1a. Multiple
colors are observed because the suspended particles
have a polycrystalline composite structure, which causes
diffraction to occur from different crystal orientations
depending on the position. Figure 1c shows a scanning
electron microscope (SEM) image of surface of the poly-
crystalline structure, where the central region shows a
square arrangement of colloidal particles (corresponding
to the (100) plane of an fcc structure), whereas both sides
of the image show hexagonal packing (corresponding
to the (111) plane of an fcc structure). Therefore, a confin-
ing geometry is needed to control the crystal orientation,
as depicted in step 2 of Figure 1a. Because colloidal
crystallization commences at the wall by heterogeneous
nucleation, the (111) plane of an fcc structure (the densest
plane) is formed along the whole interface.31 On the
other hand, a high refractive index contrast is required to
reduce the attenuation length of Bragg diffraction, which
can be achieved by replacing the silica particles with air
pockets, as shown in step 3. Finally, the emission of dye
molecules embedded in porous photonic film was induced
by irradiating with the excitation light source as shown
in step 4.

Figure 1. (a) Schematic for the preparation of porous photonic crystals with high refractive index contrasts and lasing in the photonic crystals. Confining
effect of the film type geometry enables to align the (111) plane of fcc to the interface from bulk polycrystalline structures and the subsequent removal of
silica particles increases the index contrast by replacing the particles with air pockets. Finally, excitation of the dye molecules embedded in polymer matrix
induces the lasing action in the photonic crystals. (b) Optical microscope and (c) SEM images of the polycrystalline structure produced by bulk
polymerization of silica-ETPTA suspension. The scale bars in (b) and (c) are 200 and 2 μm, respectively.
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As a confining geometry, we employed a planar gap
between two glass slides separated by 100 μm with a
transverse dimension of a few centimeters. The gap was
infiltrated completely within 10min with ETPTA suspen-
sion of 207 nm silica particles at a volume fraction (φ) of
0.3 by capillary force and the suspension was photopoly-
merized under UV irradiation for 10 s, which induced
solidification of the structure. The resulting 100 μm thick
composite films were translucent because the refractive
index of silica particles (nsilica= 1.45) nearly matches that
of ETPTA (nETPTA = 1.4689). However, the films reflect
a vivid red color when exposed to normal incident white
light. The optical microscope image in Figure 2a shows a
uniform red color through the surface and the corre-
sponding reflectance spectrum denoted as a solid line in
Figure 2e had a maximum at 668 nm and a full width at
half-maximum (fwhm) of 20 nm. The reflective color and
spectrum observed under a normal incident beam arise
because of constructive interference of reflected lights by
stacked (111) planes. The wavelength λ ofmaximumpeak

can be estimated using Bragg’s equation

λ ¼ 2dneff

¼ π

3
ffiffiffi
2

p
φ

 !1=3
8

3

� �1=2

Dðnp2φþ nm
2ð1- φÞÞ1=2 ð1Þ

whereD is the particle diameter, and np and nm denote the
refractive indices of the particles and matrix, respectively.
Equation 1 assumes a constant interparticle distance be-
tween all nearest neighbors at a given volume fraction.
Although the composite film displays only flat ETPTA
surface without exposing arrays of silica particles due to
repulsion between silica and glass wall, a cross-section of
the composite film shows a nonclose-packed colloidal
crystalline structure, as shown in Figure 2b. Dimples in
the cross-sectional SEM image of Figure 2b were left
behind by the detached silica particles during fracture.
Also, a cross-sectional SEM image at lower magnification
was included inFigure S1a of the Supporting Information.

Figure 2. Optical microscope and SEM images of (a, b) the composite and (c, d) porous photonic crystals, respectively. Opticalmicroscope images display
the color of film surfaces while SEM images show particle or pore arrays on cross sections of the films. (e) Reflectance spectra of the composite and porous
photonic crystal films. Here, the suspension with 207 nm silica at φ= 0.3 was used. The scale bars in (a, c) and (b, d) are 200 and 2 μm, respectively.
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To increase the index contrast, thereby increasing the
reflection intensity andwidthof the stopband,we removed
the silica particles from the composite film by selective wet
etching. Although the silica particles were isolated within
the ETPTA matrix, they could be dissolved and removed
outside of the ETPTA matrix through small pores in the
cross-linked polymer network with treatment of HF solu-
tion for 12 h.13,14 This treatment yielded opaque porous
films with a high reflectivity of 90% at the stop band.
Figures 2c and 2d show an optical microscope image of the
porous film and an SEM image of the cross-section,
respectively. In Figure S1b of the Supporting Information,
we displayed a cross-sectional SEM image at lower mag-
nification. The reflectance spectrum from the porous film
exhibited a maximum peak at 618 nm with a fwhm of 57
nm (dotted line in Figure 2e). The blue-shift of the stop
band and increase in the bandwidth were caused by a
decrease in the effective refractive index and an increase in
the index contrast, respectively.
As an optical gain medium, we introduced dye mole-

cules into the polymeric matrix by mixing 5 � 10-4 M
rhodamine B isocyanate with the ETPTA suspension
before infiltration into the gap. The dye concentration
was carefully chosen so as to be small enough not to
influence the colloidal crystallization but large enough to
generate sufficiently strong photoluminescence (PL)
emission for lasing even after photopolymerization of
ETPTA. Figure 3 shows optical images of typical com-
posite and porous photonic films doped with dye mole-
cules. As noted, both of the photonic films were
freestanding and amenable due to high physical rigidity
due to high cross-linking density of the ETPTA matrix.
As can be noted in Figure 3a, the composite film is
translucent due to index matching between the colloidal
particles and matrix; in this image, the bright red strip is
caused by Bragg diffraction and the weak red color
observed over the entire film is due to the doped dye
molecules. The color of the strip due to Bragg diffraction
can be changed by varying the angle of incidence of the
light beam as shown in the inset of Figure 3a. The porous
film, by contrast, is opaque because of its higher index
contrast and shows a much brighter reflection color with
a metallic luster, as shown in Figure 3b and its inset.
Emission Modulation of Dye Molecules in Composite

Photonic Crystals.We first describe the excitation results
of the composite photonic films. To excite the rhodamine
B isocyanate embedded in composite photonic film, we
used a frequency-doubled Q-switched Nd:YAG laser
emitting at 532 nm with a repetition rate of 20 Hz. The
laser beam was focused on the surface of the film with an
irradiation spot of diameter 1 mm, using a 4� objective
lens. Emission from the film was collected by the same
objective lens and the spectrum was analyzed using a
monochromator and a photodetector. As we described in
eq 1, the particle volume fraction determines the inter-
particle distance and consequently the bandgap position
due to repulsive interparticle interaction. By using three
volume fractions (φ=0.43, 0.42, and 0.40) while keeping
the silica particle size constant at 200 nm, we obtained

three different stop band positions of λ = 573, 578, and
585 nm, respectively, as denoted in Figure 4a. Because
these stop band positions are well within the emission
spectrum of rhodamine B isocyanate embedded in bulk
ETPTA, it is expected that the original spontaneous
emission spectrum of the dye molecules would be mod-
ified at the stop band position.16,17 When irradiated with
an excitation intensity of 2MW/cm2, the PL spectra show
clear features of inhibition of spontaneous emission at the
respective stop band positions and enhancement at the
band edges (Figure 4b). According toFermi’s golden rule,
the emissive transition rate of an atomic emitter should be
proportional to theDOS. Thus, the extremely lowDOSat
the stop band position and high DOS at the band edges
will suppress and promote emissive transitions of the
dye molecules at these wavelengths, respectively. When
a higher excitation intensity was used from 2.47 to 8.87
MW/cm2, the emission spectra did not show any notice-
able change as shown in Figure 5. It means that the dye
molecules doped in the composite film did not show
stimulated emission or threshold behavior and lasing
could not be achieved in the composite films.
Lasing in Porous Photonic Film. Now we consider the

porous photonic films. Because the removal of the silica
particles from the composite films results in a strong blue-
shift of the stop band positionwith respect to the emission
spectrum of rhodamine B isocyanate, we prepared sus-
pensions of smaller volume fractions containing larger
particles to locate the photonic band edge of the porous
photonic film near the gain spectrum. The porous films

Figure 3. Images of (a) composite and (b) porous films of photonic
crystals. The insets were taken at different angles.
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were fabricated by first preparing composite films com-
posed of 207 nm silica particles at φ = 0.28, and then
removing the particles by wet etching. The resulting
porous photonic films had a stop band at 633 nm. As
shown in Figure 6a, the reflectance spectrum showed
more than 80% reflectivity at the maximum and a fwhm
of 51 nm, indicating that the porous crystal was of high

quality. When the porous film was irradiated by the
excitation laser, the emission spectrum differed from that
of the dye-doped bulk ETPTA film without nanostruc-
ture (denoted as the reference) in three key aspects: (1) the
emission line width was narrowed from 45 to 3.5 nm;
(2) the peak emission wavelength was red-shifted from

Figure 4. (a) Reflectance and (b) PL spectra of three composite photonic
crystal films with different stop band positions. At the wavelength of the
maximum reflectance, the PL of rhodamine B isocyanate was inhibited
and showed a dip. Here, three composite films were composed of 200 nm
silica particles of three different particle loadings φ=0.43, φ=0.42, and
φ = 0.40.

Figure 5. PL and reflectance spectra from the composite film.Dips at the
bandgap positions were observed under various excitation intensities.

Figure 6. (a) Emission and reflectance spectra of rhodamine B iso-
cyanate-doped porous photonic film. The dotted orange line is the PL
spectrum from the rhodamine B isocyanate-embedded bulk ETPTA
film without nanostructure. Here, the intensity of the bulk film is
multiplied by 200 for a clear comparison. Inset of (a) is the optical
image of porous photonic crystal film irradiated with excitation laser
source. (b) A typical L-L (light-in versus light-out) curve shows
threshold characteristics of the laser, from which the threshold is
estimated to be 0.6MW/cm2. (c) Emission spectra from the rhodamine
B isocyanate-embedded porous photonic film under three different
excitation intensities. The measured linewidths (fwhm) under excita-
tion intensities of 0.33Ithreshold, 1.46Ithreshold, and 3.34Ithreshold are 25, 8,
and 3.5 nm, respectively. Here, the porous films were derived from the
composite film with 207 nm silica particles at φ = 0.28.
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578 to 606 nm, which traces the upper band edge position;
and most importantly, (3) the peak emission intensity was
enhanced by a factor of more than 300. These distinctive
characteristics are due to stimulated emission at the band
edge of the porous photonic film. The inset of Figure 6a
shows an optical image of the porous photonic film irra-
diatedwith light ofwavelength 532 nmusing the frequency-
doubledNd:YAG laser. Here, the greenish color originates
from the excitation laser, whereas the bright orange color
indicates laser emission from the dye molecules.
Additional studies were performed to further elucidate

the observed lasing action. To show the threshold beha-
vior, which is a typical characteristic of lasers, wemeasured
a light-in versus light-out (L-L) curve using neutral
density filters of various transmittances as a means of
generating various excitation intensities. Figure 6b and
6c show L-L curve and the PL spectra obtained using
various excitation intensities, respectively. From
Figure 6b, we determined the threshold excitation intensity
to be 0.6 MW/cm2, which is lower by a factor of 1 tenth
than the previously reported values for dye solution-
infiltrated opal structures and polymerized crystalline
colloidal arrays of mesoporous silica particles.22,23

To tune the laser emission wavelength, we prepared
porous films with different bandgap positions by remov-
ing the silica particles from composite structures with
different volume fractions of φ = 0.31, 0.30, 0.29, and
0.28. Using these porous films, we successfully tuned the
laser wavelength to 593, 597, 601, and 606 nm, respec-
tively, as shown in Figure 7.

4. Conclusions

Wedemonstrated a simple and controllable method for
the preparation of composite and porous photonic films
by infiltrating a photocurable colloidal suspension into
the gap between two parallel glass plates and then solidi-
fying the matrix by UV irradiation. Films doped with dye
molecules as optical gain medium showed emission in-
hibition and enhancement phenomena due to the low
DOS at the stop band and high DOS at the band edges.
Especially, the porous films with high index contrast
showed strongly enhanced stimulated emission at the
band edge by a factor of over 300 with respect to the
spontaneous emission of dye molecules embedded in a
bulk film without nanostructure. In addition, the lasing
wavelength could be controlled by simply changing the
volume fraction of particles in the composite films from
which the porous films were prepared. The simple and
novel method for preparing 3D photonic crystals in low
cost and subsequent lasing or emissionmodulationwill be
useful in a broad range of photonic applications including
displays, optical switches, and disposable light sources in
μ-TAS and optofluidic systems.
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Figure 7. Emission spectra from four porous films with different stop
band positions. Here, four porous films were derived from the composite
films with 207 nm silica particles at different particle loadings φ = 0.31,
φ = 0.30, φ= 0.29, and φ = 0.28.


