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Diffraction of light from thin-film polymethylmethacrylate opaline photonic crystals
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Photonic crystals in the form of large area thin films consisting of closely packed polymethylmethacrylate
beads were sedimented on glass substrates. The high ordering of the opaline films made it possible to observe
a number of fine features in the optical diffraction, including Fabry-Perot oscillations of the reflectivity and
branching of the angular dispersion of the Bragg resonances with increase of the angle of incidence of the light
beam. Results of calculations of the photonic band structure and simulations of the reflectance spectra agree
well with experimental observations.
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I. INTRODUCTION

Photonic crystals are periodic dielectric structures
signed to control the propagation of electromagnetic~EM!
waves by defining allowed and forbidden energy bands in
photon dispersion spectrum~see, e.g.,@1#!. To make use of
the absence of propagating EM modes, e.g., to suppres
spontaneous emission in certain frequency ranges, hi
crystalline three-dimensional photonic band gap~PBG! ma-
terials are essential. One natural route toward thr
dimensional photonic crystals with a complete PBG is
start with the opaline structure—a perfect self-assemb
package of identical colloidal nanoparticles—, use it a
template for infilling with a high-refractive-index~RI! mate-
rial @2#, and then extract the high-RI replica of this nanoco
posite ~inverted opaline structure! @3#. The success of this
approach depends on having high-quality opaline templ
@4# as well as effective and low-cost technologies suitable
mass production.

The experimental assessment of incomplete photo
crystals includes an examination of the evolution of t
Bragg diffraction resonance with changing angle of light
cidence. The band structure of bare opal~see, e.g.,@5#!
shows a number of band crossings occurring in the low
band gap when the wave vector circulates over the Brillo
zone. Correspondingly, an important criterion for the qua
of a three-dimensional photonic crystal might be the po
bility of resolving the splitting of the diffraction resonance
crossing points. In opals studied so far the unambiguous
signment of resonances coming from different crysta
graphic planes was made possible only by cutting the o
along the corresponding planes@6# because the clear resolu
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tion of the Bragg peak at high angles of light incidence w
obscured due to insufficient ordering of opals. But even
the normal incidence of light the Bragg resonance was
torted by a contribution from defects, the number of whi
has been suggested to be typically as high as one defec
hundred unit cells@6#.

As a rule of thumb, the quality of opal can be improve
by increasing the aspect ratio, i.e., the ratio of the area to
thickness, as proved by experiments on thin packages
polymer beads@7,8#. On the other hand, there should be
sufficient number of layers in the opaline structure to form
band gap structure in the direction perpendicular to the fi
plane. The homogeneity of the film as a whole is charac
ized by Fabry-Perot oscillations, whose period depends
the film thickness and the index of refraction. To obser
such oscillations with bulk opals single domain spectrosco
has been used@9#, which implies the use of an optical mi
croscope with a noncollimated beam to separate the si
from a single crystallite that is accidentally suitable for me
surements.

In this paper we report studies of the Bragg resona
splitting and Fabry-Perot oscillations observed in the refl
tance from thin opaline films using a beam with up to 1 c2

cross section. The observation of photonic band branchin
particularly difficult in direct opals formed by dielectri
spheres in air due to the weak refractive index contrast,
it requires high-quality samples. We demonstrate that
effect is strongly localized in the reciprocal space around
U point using a careful study of the band structures along
G-L and G-X lines. In Sec. I we briefly describe the poly
methylmethacrylate~PMMA! opaline films and the measure
ment procedure. In Sec. II the angular resolved reflecta
spectra of opaline films are analyzed in terms of corresp
dence to the Bragg law and to the numerically calcula
band structure. The third part discusses specific feature
Fabry-Perot oscillations in opaline films.

f

©2001 The American Physical Society03-1



re
o
y
er
co

b-
ls
s
m

te
a
ys
cr
r

lm
v
x
e

e
th

h
ot
di
ng

in

lin

e

he
on
on.
ob-

for
r

ti-

ere

ve
l

ce

m in
her

ce
the
at

A
iffe

lm
p.

S. G. ROMANOVet al. PHYSICAL REVIEW E 63 056603
II. EXPERIMENTAL TECHNIQUES

PMMA beads with a mean diameter of 290 nm were p
pared by modified emulsion polymerization from the mon
mer solution @10#. The bead diameter was controlled b
varying the polymerization time. Bead suspensions w
spread over hydrophilized glass microscope slides or sili
wafers over areas of several square centimeters, where
sediment self-assembles in a face-centered cubic~fcc! pack-
age with the~111! growth direction perpendicular to the su
strate. The details of the chemical routine are given e
where @11#. A high level of package crystallinity wa
achieved for films with various diameters of beads and nu
bers of bead layers. Scanning electron microscope~SEM!
inspection shows the deviation from the mean ball diame
to be less than 10%~Fig. 1! but smaller variation exists on
shorter length scale. These thin-film polymeric opaline cr
tals consist of ca. 10–40 monolayers and possess mono
talline domains extending over hundreds of micromete
However, the overall disorientation of domains over the fi
is small enough to produce a homogeneous coloration o
an area of several square centimeters. The refractive inde
PMMA is 1.489 and the filling factor of balls in the opalin
film was assumed to bef ball50.74.

Standard angular resolved reflectance/transmission m
surements were carried out to study the PBG effect along
@111# direction in the opal photonic crystal@12,13#. An area
of the sample from 0.1 to 1 cm2 was illuminated with a
well-collimated beam of white light and the scattered lig
was collected within a solid angle of 2° to take the anis
ropy of the Bragg resonance into account. The angular
persion of the stop band was studied by changing the a
of incidenceu between the beam and the~111! axis of the fcc
crystal from 5° to 70° and by collecting the scattered light
the Bragg configuration.

III. BAND BRANCHING

Reflectance spectra of a representative PMMA opa
film collected at different anglesu are shown in Fig. 2. The
relative stop band width ofDE/E0'5% is determined as th
full width at half maximum~FWHM! from the Bragg dif-
fraction resonance reflectance atu'0°. A similar FWHM of

FIG. 1. SEM micrograph showing a film of fcc packed PMM
balls on a glass substrate. Note the alignment of packages in d
ent blocks.
05660
-
-

e
n

the

e-

-

r

-
ys-
s.

er
of

a-
e

t
-
s-
le

e

6.7% was extracted from the transmission spectrum.
The relative gap width along the~111! direction calcu-

lated by the plane wave method is about 6.3%@5#. This value
is very close to the experimentally observed FWHM of t
Bragg peak, probably due to the relatively low contributi
from defects of the photonic crystal to the total transmissi

Splitting of the Bragg resonance into two peaks was
served for external angles betweenu'45° and 55°. This
behavior can be attributed to the~200! Bragg reflection,
when the specular conditions for reflectance are satisfied
both ~111! and~200! sets of planes. The Bragg condition fo
~hkl! planes is given by

lhkl52dhklneffA12sin2r hkl,

wheredhkl is the distance between~hkl! planes,r hkl is the
internal angle between the wave vector and the@hkl# direc-
tion, andneff is an effective refractive index. It can be es
mated with the effective medium approximation thatneff
5nball f ball1nair(12 f ball) @14#, where f ball is the filling frac-
tion of the volume occupied by the beads, andnball andnair
are the refractive indices of beads and air, respectively. H
the refractive index of the PMMA beads is taken to benball
51.489 and the filling factor isf ball50.74, so we haveneff
51.362. u is the external angle between the incident wa
and the normal to the~111! surface of the film; the interna
angle r 111 is given by the Snell lawnair sinu5neff sinr111.
Since the angle between the~111! and~200! planes is 54.74°,
r 200554.74°2r 111. Figure 3 shows the angular dependen
of the Bragg resonances from the~111! and~200! planes. We
considered the beads to have a mean diameter of 282 n
good agreement with the SEM images. According to whet
a reflection peak is closer to the~111! or ~200! Bragg curve,
it can be associated with one of the two families of latti
planes. Thus, double peaks appear in the vicinity of
crossing between the two Bragg dependences obtainedu
551.84°.

r-

FIG. 2. Angle resolved reflectance spectra of PMMA opal fi
for angles between 5° and 70° from bottom to top with a 5° ste
3-2
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The explanation based on the Bragg law is not suffici
to fully interpret the experimental curves for two main re
sons. First, double peaks appear only at certain incid
angles. Second, near the crossing of the curves for the~111!
and ~200! planes the positions of the peak maxima do n
follow the Bragg law exactly. To obtain a better understan
ing of this phenomenon, we consider an exact band struc
calculation and associate band gaps and crystallogra
planes using the Laue formulation of the diffraction con
tion @15#. The @111# and@200# directions are associated wit
the G-L andG-X directions of the reciprocal lattice, respe
tively. The existence of double peaks can be explained
considering the displacement of the internal wave vector
the (GLX) plane in the reciprocal space of the fcc structu
as shown in Fig. 4. The Laue condition is satisfied if a
only if the tip of the internal wave vector lies on a plane th
is the perpendicular bisector of a line joining theG point to a
reciprocal lattice point. Severalk vectors can satisfy this con
dition at the same time according to the reciprocal latt
point considered. In Fig. 4 we show bisector planes that

FIG. 3. Bragg law predictions for the diffraction from~111! and
~200! planes against the external angle of incidence, denoted
solid and dashed lines, respectively. Circles and squares ind
experimental data associated with the~111! and ~200! planes, re-
spectively.

FIG. 4. ~GLX ! plane of the fcc reciprocal space. The bisec
planes indicated by the dashed and the dotted lines correspo
the positions of the tips of wave vectors that satisfy the Laue c
dition for diffraction at the~111! and~200! planes, respectively. Fo
a given internal angler 111, two wave vectorsk andk8 that satisfy
the Laue condition are indicated. It is worth noting that thek8
vector is outside the first Brillouin zone.
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isfy the Laue condition for diffraction at the~111! and~200!
planes, respectively. These planes limit the first Brillou
zone~FBZ!. For a given internal angler 111, two wave vec-
tors k and k8 satisfying the Laue condition are indicate
They correspond to diffraction at~111! and ~200! planes,
respectively. Notice that thek8 vector is outside the FBZ. Its
position can be associated with a point inside the FBZ,
for clarity we just consider its continuous evolution in th
reciprocal space along the~XU! straight line inside and out
side the FBZ. Likewise, we consider the evolution of the
of thek vector along theLU straight line. Figure 5 shows th
band structure calculated along this line. Band structure
culations were carried out using the plane wave method
similar way to Refs.@5#, @16#. 1067 plane waves of the
reciprocal lattice were used to obtain good convergence.
ing the Snell law to define the internal angle, we plotted
positions of the experimental peaks we associate with~111!
diffraction. They are in good agreement with the gap po
tion. It is important to note that the gap exists for a lar
range ofk vectors along this line. Figure 6 shows the ba
structure along theXU line; only the three peaks associate
with the~200! planes are indicated. These peaks exist only
the vicinity of theU point and there is good agreement wi
the band structure calculation since the gap along this lin
open only in the vicinity of theU point. This gives a clear
explanation of the existence of double peaks only for ex

y
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FIG. 5. Photonic band structure~solid lines! calculated along the
LU line inside and outside the first Brillouin zone. The circles i
dicate the experimental peaks associated with~111! planes.

FIG. 6. Photonic band structure~solid lines! calculated along the
XU line inside and outside the first Brillouin zone. The squar
indicate the experimental peaks associated with~200! planes.
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S. G. ROMANOVet al. PHYSICAL REVIEW E 63 056603
nal angles nearu551.84°, which corresponds to intern
angles near theU point. Moreover, the multiple band mixin
that occurs at theU point decreases the frequency of t
bands. This phenomenon is well known in solid state ph
ics; it explains the deformation of the bands near theU point.
The shift between the position of the experimental peaks
the Bragg curves of Fig. 3 near the crossing point occ
because the Bragg law does not take the band mixing
account. Therefore, by making reference to the band st
ture of these materials, we can explain the presence
double peaks by photonic band branching at theU point of
the Brillouin zone.

An alternative explanation has been given for the dou
peak in the reflectance spectrum in the~100! direction as the
result of stacking faults in the fcc lattice@6#. In our case the
experimental conditions are quite different from those in R
@6#, namely, the refractive index contrast is much high
~1.5:1 against 1.45:1.47! and the spectrum was measured u
der inclined light propagation with regard to the sample s
face, both conditions that impose stronger scattering. Ne
theless, the evolution of this feature with increasing an
and the coincidence with the band structure calculations
us to argue in favor of branching of the angular dispersi
In addition, below is another proof of the better quality of t
lattice in opaline film over that in bulk opal.

IV. FABRY-PEROT OSCILLATIONS

The main Bragg peak in the reflectance spectrum of
PMMA opaline film is accompanied by a number of oscill
tions of the reflectance intensity predominantly on the lo
energy side of the spectrum~Fig. 7!. These oscillations can
be understood as Fabry-Perot oscillations occurring du
the interference of the light reflected by opposite surface
the film. In our case, the Fabry-Perot oscillations are s

FIG. 7. Fabry-Perot oscillations of the reflectance near
Bragg resonance. Experimental curve for the samplenbead51.49
and D5289 nm ~lower graph! and theoretical modeling with pa
rametersnball51.42,D5292 nm, and a thickness of 45 layers~up-
per graph!.
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when studying the reflectance over a square centimeter a
which, apparently, is the consequence of the thickness ho
geneity and similarity of orientation of the opaline structu
A decrease in the spot size from 1 cm2 by a factor of 1000
results in an increase of the relative magnitude of oscillati
by a factor of 3. If we increasing the RI of the substrate
using Si instead of SiO2, the Fabry-Perot oscillations appe
much more pronounced due to the stronger reflectance f
the film-substrate interface.

Comparison between theoretical and experimental res
is possible only if the exact number of layers in the sample
known. The reflectance spectra of films with different nu
bers of layers were calculated by using the three-dimensio
~3D! transfer matrix method@17#. The calculated period o
the Fabry-Perot oscillations was found to coincide with e
perimental values for a film thickness of 45 bead layers. T
case is shown in Fig. 7, which compares the experime
and theoretical reflectance curves. There is very good ag
ment on the position of the Fabry-Perot oscillations. For f
quencies below the gap, the amplitude of the oscillatio
increases toward the Bragg resonance for both curves. Ab
the gap, the calculated amplitudes are smaller, whereas
are not detected in the experiment. This gives good qua
tive agreement for the amplitude evolution. It is worth noti
that a 1D modeling of the reflection properties does not
produce correctly the amplitude of the Fabry-Perot osci
tions and cannot take this effect into account@9#. This varia-
tion of the amplitude of Fabry-Perot oscillations can
explained by a variation of the effective index of the mater
near the photonic band gap. The good agreement w
theory, which considers a perfect arrangement of sphe
underlines the high quality of the thin-film sample.

The periodicity of Fabry-Perot oscillations depends on
product of the thickness of the opaline film and the effect
RI of the structure. Changing the angle results in an incre
of the optical path; however, there were no essential chan
observed in the oscillation period. Apparently, the increa
of the path length is balanced by the decrease of the effec
RI, which occurs due the decrease of the package den
when deviating from the~111! direction. Correspondingly
the dependence of frequency upon changing path lengt
canceled out.

V. CONCLUSION

In summary, polymer beads have been synthesized u
a modified emulsion polymerization technique and thin-fi
opaline photonic crystals have been prepared from PMM
beads deposited on glass substrates The polymer op
films have several advantages over silica opals:~i! they can
be prepared with different dopants~e.g., fluorescent dyes!,
~ii ! after infilling the organic template can be softly dissolv
away from the nanocomposite@3,18,19#, and ~iii ! polymer
beads can be made nanostructured themselves during
synthesis@4#. Moreover, 3D photonic crystals prepared in t
thin-film form can overcome the problem of integration wi
other components of optoelectronic devices. Certain mod
cation of the sedimentation procedure can further impro
the ordering of opaline films@4#.
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The level of quality of the ball package achieved made
possible to observe branching of the Bragg peak disper
and oscillations of the reflectance due to the finite thickn
of the structure. Comparisons between experimental res
for real materials and theoretical calculations for perf
structures yield very good agreement and give a clear ph
cal explanation of both the photonic band branching at h
incident angles and the variation of the amplitude of Fab
Perot oscillations.

We recently became aware of a study of multiple Bra
diffraction in high-contrast inverse opals formed by a
a

l-

ı

d S

tt.
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spheres in titania (TiO2) by van Driel and Vos@20#. In
PMMA opals the contrast between the components
PMMA is weak compared to that in inverse opals air/TiO2,
which makes the observation of photonic band branch
difficult and shows the high quality of our samples.
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