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In this work, we report on the optical properties and amplified spontaneous emissions (ASE)

of polystyrene opals engineered with planar structural defects containing a conjugated polymer

emitter. Defects in opals give rise to allowed states inside the photonic stop band, which are

probed by transmittance and reflectance spectroscopy. The emission spectrum of the polymer

embedded in the defect layer is strongly modified and fingerprints of defect states located inside

the stop band are recognized. Amplified spontaneous emission for these engineered photonic

crystals is clearly observed.

1. Introduction

Photonic crystals (PhC) are materials that possess a regular

and periodic modulation of the dielectric constant on a length

scale comparable to the wavelength of visible light. Among

them, artificial opals, i.e. a face centred cubic lattice of

monodisperse microspheres, represent a useful system to

investigate optical effects.1,2 Despite the fact that opals do

not show a complete photonic band gap (PBG) but only

a pseudogap (stop band), i.e. a gap only along one

crystallographic direction, their versatility allows us to obtain

interesting structures. Artificial opals are grown with a process

based on the spontaneous assembly of microspheres into

stable and well-defined structures.3–11 From the PhC point

of view, the main drawback with opals is that their structure

does not allow the formation of a complete PBG. Unlike PhC,

inverse opals with the proper dielectric contrast allow the

opening of a complete PBG.9

The main features of PhC depend on their structure and

dielectric contrast.12 With the opal structure—well defined

(face centred cubic) with a unit cell length that depends on

sphere diameter—possibilities to tune their properties are

provided either by the modulation of the refractive index of

the composing materials or by the use of spheres with different

diameters. This latter approach, though useful for preparing

opals suitable for work in selected spectral regions, is not

compatible for operating photonic devices.13 For these

reasons, the problem of optical response modulation is

approached by refractive index tuning through photoactive

materials.

A different strategy to tune optical and photonic properties

of PhC is represented by engineering structural defects.14

Indeed, defects act as photonic dopants and, depending on

the structure, can trap the light inside the material. Point

defects represent optical cavities where the light is highly

localised within the structure.15 Linear defects work as

waveguides in which the light is effectively confined within

the structure by the photonic band gap.15–17 Moreover, the

presence of a structural defect inside the dielectric lattice

allows the testing of light localisation effects.14,15,18,19 Inside

such localised states, the electric field associated to the

electromagnetic wave is concentrated. Localisation effects,

combined with a high quality factor of the cavity, can provide

an optical feedback in order to achieve laser emission20–25

from localised states when an emitting material is embedded in

the planar defect.26,27

Several methods have been used to prepare defects inside

opals and inverse opals photonic crystals.15,17,20,22,23,25,28–40

Recently, a very simple technique was used in order to obtain a

planar active structural defect in an opal structure. A free

standing polymeric film doped with suitable dyes a few

microns thick was sandwiched between two opals.22,38,41,42

Even though such structures do not show any evidence of the

optical fingerprint of defect states, amplified spontaneous

emission (ASE) and lasing inside22 or at the low energy

edge38,41 of the photonic stop band was observed.

In this work, we adopted the sandwich method to properly

engineer opals with an emitting conjugated polymer embedded

in the structural defect for possible lasing applications. As

the active material, we have selected a functionalised

poly(p-phenylenevinylene), which possesses the advantage,

with respect to other materials, of showing a good emission

efficiency in the solid state.

We show here optical evidence of defect states inside the

PhC stop band due to the presence of a polymeric film between

opals, which breaks the periodicity of the dielectric lattice.
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Moreover, amplified spontaneous emission (ASE) from the

sandwich structure was observed. In spite of the good

optical quality of the photonic crystal system, photochemical

degradation of the material occurs.

2. Experimental

2.1 Opal preparation

Commercial polystyrene monodisperse microsphere water

suspensions of 10% in volume (Duke Scientific, diameter

a = 240 or 260 nm; standard deviation o5%; refractive

index, nPS = 1.5) were used for opal preparation. We properly

diluted these suspensions with de-ionized water in order to

obtain the desired sample thickness (about 3 mm). Opal films

were grown by using the meniscus technique10 at 45 1C inside a

BF53 Binder incubator. The sphere diameter was selected in

order to match the stop band spectral position with the

emission spectrum of the conjugated polymer emitter.

2.2 Doped planar defect preparation

Poly{[2-[20,50-bis(20 0-ethylhexyloxy)phenyl]-1,4-phenylenevinylene]-

co-[2-methoxy-5-(2 0-ethylhexyloxy)-1,4-phenylenevinylene]}

(BEH-PPV) was purchased from Sigma-Aldrich and used as

dopant emitter of the defect layer without further purification.

Free-standing films of carboxy-terminated polystyrene

(Mw = 100.000, Sigma-Aldrich) blended with the BEH-PPV

(10 : 1 weight ratio) were drop-cast on glass substrates from

solutions of different solvents. After solvent evaporation, the

polymeric film was peeled off the substrate and sandwiched

between opals thus creating the structural defect. With this

technique, we were able to prepare large area free-standing

films with variable thicknesses in the range of 0.6–5 mm.

2.3 Spectroscopy

Transmittance (T), normal incidence reflectance (R) and

photoluminescence (PL) spectra were measured with optical

set-ups based on an optical fiber coupled Avantes 2048

compact spectrometer working in the 250–1100 nm range.

The sample was mounted on a rotating stage, allowing for T

and PL measurements at different incidence or detection

angles. The excitation for PL spectra was provided by an

Oxxius (model 405-50-COL-PP) continuous wave laser diode

with an emission at 405 nm and a power of 50 mW. A Semrock

notch filter (model LP02-442RS-25) with a 450 nm cut-off

wavelength was used to stop the exciting laser line. A

previously described micro reflectance set-up with a spot size

of 50 mm was used to investigate sample uniformity and

morphology.43

2.4 Amplified spontaneous emission

ASE experiments were performed on a titanium sapphire

laser system. It delivered 150 fs pulses, with a maximum of

0.7 mJ per pulse energy, at B800 nm and with a 1 kHz

repetition rate. With a b-barium borate doubling crystal and

a cut-off filter, a 400 nm wavelength beam was obtained. The

intensity of the input beam was continuously varied with a half

wave plate, a polarizer and a set of neutral density filters. The

input was focused with a 200 mm focal length cylindrical lens

onto sample slides. The beam emitted from the sample was

detected by an optical fiber connected to a micro-spectrometer

(Ocean Optics). The transmitted beam was detected with a

large area photodiode, whose signal is sampled by a 500 MHz

oscilloscope (Tektronik TDS 520B). The spatial profile of the

input beamwas measured using a CCD camera (Pulnix TM-7CN)

placed on the beam focus, and the pulse energies were sampled

with a pyroelectric detector (Molectron J3-05).44

3. Results and discussion

3.1 Opals and defect film characterisation

Fig. 1a shows the typical reflectance spectra of the 260 nm

opals used to build the sandwich structure. These spectra show

reflectance peaks (transmission minimum) associated with the

photonic stop band at about 582 nm. For the 240 nm opals,

the stop band is shifted to 552 nm, according to photonic

crystal scaling laws. The presence of an extended interference

fringe pattern on both spectral sides of the stop band provides

information on the optical quality of such opals. Interference

fringes can also be used to calculate the thickness (d) of

samples:

d ¼ Nf

2neffD~n
ð1Þ

once the effective refractive index (neff) of the opal is known by

fitting transmittance spectra recorded at different incidence

angles with the Bragg–Snell law;42,45,46 Nf is the number of

fringes in the D~n (cm�1) spectral range.

The Bragg–Snell fitting of T spectra versus incidence angle

(not shown here) provided a value of neff = 1.4. Then, from

eqn (1), we found mean values of d = 3.6 mm and d = 2.9 mm
for the two opals whose spectra are reported in Fig. 1a. Fig. 1b

Fig. 1 (a) R spectra of opals (260 nm) used in the sandwich structure,

(b) PL spectrum (black) and R spectrum (red) of the free-standing film

used as doped planar defect.
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shows the R spectrum for the polymer layer used to build the

defect. A clear interference fringe pattern is observed. By

assuming, for this film, a refraction index (n = 1.6) close to

that of a polystyrene matrix, we found a mean thickness value

of d= 0.9 mm. The PL spectrum of this film is also reported in

Fig. 1b. The PL peak is at 548 nm and it shows a reasonable

overlap with the photonic stop band.

3.2 Sandwich structure characterisation

After sandwiching the defect layer between opals, R and T

spectra appeared strongly modified due to the presence of the

film, which breaks the periodicity of the system (Fig. 2a).

In particular, within the stop band, several sharp and

reproducible structures are observed. A careful analysis of

several tens of samples showed that such sharp structures are

not due to noise. Moreover, when comparing R and T spectra

(Fig. 2a) recorded at the same point of the same sample, a nice

correspondence between the minima in the R spectra and the

maxima in the T ones is observed. This fact indicates that an

increased transparency of the photonic crystal is observed for

selected frequencies within the stop band. We assign these

states to defect modes induced by the periodicity break

introduced by the defect layer, which modifies the density of

photonic states.

The number of minima/maxima in the R/T spectra depends

on the probing spot position on the sample as well as on the

defect thickness. We are also aware that the presence of air

gaps in our system cannot be excluded. A careful analysis of

these items is in progress. We would like to point out that data

reported here, as well as our preliminary findings previously

published,42 are the first clear evidence of defect states within

the stop band, which were never observed before in optical

spectra for opals with structural defects prepared with the

sandwich technique.22,38,41 We would like to stress here again

that the number of defect states is correlated to film thickness.

As a matter of fact, when planar defects in an opal are thinner

than the PhC lattice parameter (d o aO2), a single minimum

(maximum) is observed in the stop band spectral region of the

R (T) spectrum.15,18,20,23,25,28,29,31,32,37 In this case, better

light localization effects are expected than in our system. For

d 4 aO2, several modes are allowed to propagate within the

defect and then a corresponding number of minima (maxima)

are detected in the R (T) spectra.

Fig. 2b shows the dispersion properties of defect modes in

the T spectra upon changing the incidence angles. It is worth

noticing that it is possible to observe defect modes for

incidence angles up to 361, indicating the high optical quality

of these photonic crystals. We notice that the dispersion

properties of opals with and without planar defects are similar.

After T and R characterisation of our photonic crystals,

emission properties have been investigated. Fig. 3 shows the

comparison of the PL spectra of the doped film before and

after being inserted between opals. Once the film is enclosed

between opals, the PL is strongly modified by the presence of

the stop band at 582 nm that partially overlaps the PL peak

(dashed area in Fig. 3). In the simplest picture, the light

emitted should be filtered by the front photonic crystal, thus

reducing its intensity in the stop band spectral region and,

indeed, this is observed. However, in addition to such a

filtering effect, the PL spectrum shows unusual emission peaks

inside the spectral region forbidden to light propagation. The

spectral positions of such peaks favourably match analogous

features previously observed in the R and T spectra

(also reported in Fig. 3 for a better comparison) and assigned

to defect modes. In our opinion, the increased emission within

the stop band corresponding to such peaks is a stronger

demonstration of our assignment of the defect nature of the

optical modes observed in R, T and PL spectra.

The dispersion properties of PL spectra for different light

collection angles are reported in Fig. 4. The stop band

observed in the PL spectra shows the same dispersion

properties previously observed in T spectra (Fig. 2). It is

noteworthy that PL modes also show a similar dispersion

and defect states are observed only within the stop band for

any detection angle, thus unambiguously showing their tight

connection to the density of photonic states within the gap and

again confirming their defect assignment.

Fig. 2 (a) R (black) and T (red) spectra of opals with doped planar

defect, (b) T spectra at different incidence angles.

Fig. 3 PL spectra of the doped film: free standing (red); sandwiched

between opals (black); T spectrum of the sandwich structure (green).

This journal is �c the Owner Societies 2009 Phys. Chem. Chem. Phys., 2009, 11, 11515–11519 | 11517



3.3 Amplified spontaneous emission

PL measurements versus excitation energies were done on

samples prepared with 240 and 260 nm opals (5–6 mm thick)

and planar defects of different thicknesses (2–3 mm). Fig. 5

shows the PL spectra versus pumping fluence for such a

sample, made with 260 nm opals.

Upon increasing the excitation energy, a superlinear

increase of intensity accompanied by a clear sharpening effect

is observed.

This is clear evidence of an amplified spontaneous emission

process. In fact, by comparing this behaviour with a free

standing sample PL emission, it is evident that the sharpening

effect is absent at increasing input energies (Fig. 6). Unfortu-

nately, after a few minutes, the PL signal degrades and, at

present, does not allow us to reach the lasing threshold.

Samples made with 240 nm opals show a similar behaviour.

We are currently working to improve the photochemical

stability of polyconjugated emitters.

4. Conclusions

Artificial polystyrene opals were grown and characterised.

Free standing polystyrene films blended with BEH-PPV, a

well known emitting conjugated polymer, were used to prepare

opals with planar defects by the sandwich technique. A

detailed optical characterisation (transmission, reflectance

and photoluminescence spectroscopy) of these structures

shows unambiguous evidence of well resolved defect states

within the photonic stop band.

Amplified spontaneous emission of the sandwich structure

was observed. However, the photochemical degradation of the

emitting material prevents a detailed characterisation of the

phenomenon. Other types of materials with better chemical

stability need to be tested inside this kind of photonic

structure.
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