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Abstract

We have studied enhanced backscattering of both polystyrene opals and strongly photonic crystals of air spheres in TiO2

in the wavelength range of first and higher order stop bands. The shape of the enhanced backscattering cones is well
described by diffusion theory. We find transport mean free paths of the order of 15 mm both for opals and air spheres. Close
to the stop band the cone width is decreased due to internal reflections generated by the photonic band structure. Widening
occurs due to attenuation of the coherent beam by Bragg scattering. We present a model that incorporates these effects and
successfully explains the data. q 2000 Elsevier Science B.V. All rights reserved.

PACS: 42.70.Qs; 42.25.Dd; 42.25.Hz

1. Introduction

Currently there is much interest in creating or-
dered optical materials known as photonic crystals
w x1,2 . Periodic variations of the refractive index on
lengths of the order of the wavelength of light result
in stop bands for propagation in certain directions. If
the light is very strongly coupled to the crystal a
photonic band gap is expected, i.e. a frequency range

w xfor which there are no optical modes at all 1 . The
interest in photonic band gaps is mainly driven by
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the prospect of novel phenomena in optics and quan-
tum optics, such as inhibition of spontaneous emis-

w xsion 1,2 . The emphasis is on creating favorable
three dimensional structures with a very high refrac-
tive index contrast. It turns out that the resulting
crystals not only diffract the light strongly. Disorder,
which is always present in the fabricated structures,
gives rise to considerable random scattering. These

w xeffects can not be explained by theories 1,2 based
w xon perfect photonic crystals. As John 3 first pointed

out, disorder in photonic crystals is of fundamental
interest for the observation of Anderson localization

w xof light. Anderson localization 4,5 of light is a
delicate interference effect in multiple scattering of
light in disordered optical materials, such as GaAs

w xpowders 6 and the novel macroporous GaP struc-
w xtures 7 .

Enhanced backscattering is an interference phe-
nomenon by which the transport of light in a multi-
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w xple scattering medium can be studied 8–12 . The
intensity scattered by an object exhibits a clear maxi-
mum in the exact backscatter direction, which results
from constructive interference of counterpropagating
light paths. It is well established that a triangular
peak superimposed on the diffuse background results
w x8–12 . The width of this ‘enhanced backscattering
cone’ is inversely proportional to the transport mean
free path ll , which determines the length of the light
paths. The interference effect doubles the diffuse
intensity in the exact backscatter direction. For disor-
dered media the shape of the cone is accurately

w xdescribed by diffusion theory 12 . No experimental
or theoretical study of random scattering in periodi-
cally inhomogeneous dispersive media exists, apart
from a theoretical study concerned with electron

w xwaves 13 and an experimental study of the effect of
disorder on optical transmission of photonic crystals
w x14 .

We have studied enhanced backscattering both
from opal photonic crystals and strongly photonic

w xcrystals consisting of air spheres in titania 15,16 .
The effect of enhanced backscattering is especially
suited to quantify the random scattering in photonic
crystals since it inherently averages over the full
sample volume. Backscattering cones were recorded
for wavelengths in the range of the lowest order stop
bands, to probe the interaction of the randomness
inherently present in the samples with the photonic
band structure. A striking result is that the shape of
the enhanced backscattering cones is well described

w xby the diffusion theory for disordered media 12 .
The photonic crystals appear to be weakly scattering,
since the transport mean free paths we observe are
large compared to the wavelengths used. We have
developed a model based on diffusion theory which
shows that the width of the backscatter cone is
increased in the stop band due to attenuation of the
coherent beam, and decreased at the blue edge of the
stop band due to Bragg-enhanced internal reflection.
The model is consistent with the data.

2. Experiment

We have studied opals consisting of polystyrene
Ž .spheres Duke Scientific, polydispersity ;2% of

which opals were made by sedimentation in 0.3 mm

Žthick, 3 mm wide flat glass capillaries Vitro Dynam-
.ics . The opals composed of spheres of radii 120,

180, 213, 241, 262 and 326 nm were grown from a
suspension in water using a centrifuge. Crystals con-
sisting of spheres of radius 403, 426 and 439 nm
slowly sedimented under gravity and formed large

Ž .domains ;1 mm . After crystallization the sus-
pending liquid was slowly evaporated from the capil-
laries to obtain polycrystalline opals of 74 volume
percent, which are more than 10 mm in length. The
refractive index contrast is 1.59. Small-angle X-ray
diffraction confirms that such crystals have an fcc

w x Ž .structure 17 . These crystals are stacked with 111
planes along the capillary faces.

We measured enhanced backscattering cones of
the polystyrene opals with the off-centered rotation

w xtechnique 18 . The technique provides a high angu-
lar resolution of approximately 0.7 mrad with an
illumination area of 2.5 mm in diameter. Cones were
recorded using three different lasers operating at

Ž .wavelengths of 632 nm HeNe , 685 nm, and 780
Ž .nm laser diodes . The incident light was linearly

polarized and detection was in the polarization-
conserving channel. Speckle averaging was per-
formed by continuously varying the tilt of the sam-
ples. The illuminated spot was on the tilt axis, while
the tilt amplitude was smaller than 68.

To investigate a more strongly photonic material
we studied an fcc crystal of air spheres in titania
Ž .refractive index contrast ;2.5 . The crystal was
made by filling the voids of an opal of polystyrene
spheres of 180 nm radius with a precursor of TiO2

and subsequently removing the polystyrene by calci-
w xnation 15 . The sample, which is glued to the tip of

a needle, has a rectangular shape with an area of
around 1 mm2 and it is about 200 mm thick. Small
angle X-ray diffraction showed that the lattice pa-
rameter is 360"10 nm and that the periodic struc-
ture extends all the way throughout the sample.
Indeed, the sample shows colorful reflections on

w xboth sides 15,16 .
We measured backscattering from the air-sphere

crystals using a setup allowing continuous tuning of
the wavelength. As a light source we used a paramet-
ric oscillator pumped by the third harmonic of a

Ž .diode pumped Nd:YAG laser Coherent XPO . The
wavelength of the parametric oscillator is fully tun-
able over the visible spectrum, and its short coher-
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ence length facilitates speckle averaging. The beam
from the oscillator was collimated to a divergence of
;1 mrad; the beam diameter was ;0.5 mm at the
position of the air-sphere crystal. The beam was

Ž .incident on a 111 plane of the sample via a beam
splitter which is wedged to avert ghost reflections.
The backscattered intensity was collected on a CCD
camera positioned in the focal plane of a positive
lens. The detection was in the polarization-conserving
channel. The sample was slightly tilted to keep the
specular reflection from reaching the detector.
Speckle averaging was performed by spinning the
sample, averaging over multiple camera exposures,
and averaging concentric circles in the two dimen-
sional images. This setup is optimal in the sense that
the resolving power ;1 mrad is mainly determined
by the size of the sample, and convenient since it
allows fast data acquisition.

3. Results

Ž .Fig. 1 a shows the backscattered intensity of a
polystyrene opal composed of spheres of radius 326
nm measured at a wavelength of 780 nm. A triangu-
lar peak superimposed on the diffuse background,
which is scaled to unity, is observed in the backscat-
ter direction us0. The enhancement factors, de-
fined as the ratio between the intensity scattered in
the exact backward direction and the diffuse back-
ground, range between 1.45 and 1.85 for the

backscatter cones of opals. In the polarization con-
serving detection channel single scattering is also
detected. Since single scattering paths do not have
time reversed counterparts, single scattering con-
tributes to the diffuse background only. Conse-
quently, the cones are expected to have enhancement
factors less than 2.

From the full width at half maximum W, typically
10 mrad for the opals, we estimate that the transport
mean free path ll is of the order of 15mm. Clearly ll
is large compared to the wavelength l;0.7 mm.
The transport mean free path is also much longer
than the sphere radii rF0.5 mm and larger than 10
times the lattice parameter.

We have found that backscatter cones of different
opals composed of spheres of identical radius are of
the same width within 10%. To study the effect of
the capillary walls we have also measured enhanced
backscattering from an opal which we removed from
its capillary. No difference with the cone resulting
from a duplicate opal still in its capillary was found.
Visual inspection of the opals shows that the surface
of the crystals is covered by colorful Bragg reflect-
ing domains of various sizes, typically <1 mm for

Ž .the centrifuged samples rF 326 nm , and ;1 mm
for the remaining opals. We studied samples of
which the surface was partly covered by small, and
partly by large domains. No correlation between
cone width and the size of the domains was found.
Enhanced backscattering inherently averages over
the whole sample volume, while the Bragg reflec-

Ž .Fig. 1. The backscattered intensity normalized to the diffuse background as a function of angle u for a an opal composed of spheres of
Ž . Ž .radius 326 nm measured at a wavelength of 780 nm, and b the air-sphere crystal ls460 nm . The curves are least-squares fits to the data

< <of the cone shape predicted by diffusion theory for a disordered medium. For the air spheres we find the profile as a function of u by
Ž .integrating over circles concentric with the peak in the two-dimensional image inset . The points u-0 are duplicates of u)0.
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tions are determined by crystalline order close to the
surface.

ŽThe backscatter cone of an air-sphere crystal l

. Ž .s460 nm is shown in Fig. 1 b . The inset shows
the two dimensional image obtained from averaging
multiple camera exposures. The backscatter cone
shows as a bright spot. The backscattered intensity as

< <a function of u is obtained by averaging circles
concentric with the intensity peak. To facilitate vi-
sual inspection the data is plotted both for u) 0 and
u- 0. The enhancement factor observed in case of
the air-sphere crystals is typically 1.3. We attribute
the low enhancement factor to experimental limita-
tions related to the small sample size. The width of
the backscatter cones of the air-spheres is typically 5
mrad.

Ž . Ž .The solid lines in Figs. 1 a and 1 b are least-
squares fits of the shape predicted by diffusion the-
ory for the case of random, non-absorbing, semi-in-

w xfinite slabs 12 . The only adjustable parameters are
an overall scaling factor, the enhancement factor,
and the width-determining parameter ll fW

Ž .y10.7n k W in terms of the full width at halfe e
Ž .maximum W of the cone. Here k s 2prl n is thee e

wave vector of light in the medium of effective
refractive index n . Diffusion theory describes thee

shape of the backscatter cones from our photonic
crystals well, although the intensity scattered by the
opal with rs120 nm decreases more rapidly at

large angles. It is remarkable that a theory developed
to describe multiple scattering in random media fits
the shape of backscatter cones originating from pho-
tonic crystals.

For random media without diffuse internal reflec-
tion ll is identical to the transport mean free pathW

ll . For disordered media with an effective refractive
index mismatch with the surroundings the cone is

w xnarrowed as a result of internal reflections 19 . As
we discuss below, the value of ll may also beW

affected by the stop bands. It is instructive to con-
sider the fitted length scale ll as a function of theW

Ž .size parameter xsk rs 2prl r of the polystyrene0
Ž Ž .. Ž Ž ..spheres Fig. 2 a , or air spheres Fig. 2 b : both

the scattering properties of the spheres and air holes,
and the stop band frequencies of the crystals scale

w x Ž .with x 20 . The frequencies of the 111 Bragg
reflections in the relevant size parameter range were
measured in a normal-incidence reflectivity measure-

w xment as described in Ref. 16 . We have indicated
the red and blue edges of the associated L-gaps by

Ž . Ž .vertical lines in Figs. 2 a and 2 b . For the opals
higher order stop bands are indicated by vertical
marks.

For the opals the data are grouped by sample in
Ž .Fig. 2 a since comparison between different samples

is a priori difficult due to possible differences in
defect structure. The reproducibility of the cone width
among sets of opals of identical spheres and the

Ž . Ž . Ž . ŽFig. 2. a The width determining parameter ll as a function of the size parameter xs 2prl r for a all polystyrene samples sphereW
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .. Ž .radii 120 B , 180 I , 213 v , 241 ` , 262 ' , 326 ^ , 403 % , 426 \ , 439 nm l and b the air-sphere crystal. The red and

Ž . Ž . Ž .blue edge of the first order L-gap are indicated in a and b by dashed vertical lines. In a higher order L-gap stop bands are indicated by
vertical marks. The center frequencies of the stop bands are inferred from reflectivity spectra. The solid curves result from the diffusion
model incorporating photonic crystal effects, and are scaled to match the value of ll at the red edge of the stop band. Apart from theW
scaling factor there is no adjustable parameter.
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modest scatter suggest that a comparison over the
whole size parameter range is allowed. A marked
decrease of ll from 20 to 7mm starting at the redW

Ž .side of the first order 111 stop band is observed
followed by an increase at the blue edge. After a
maximum near xs1.7 the value of ll remainsW

close to 7mm.
Ž Ž ..The data from the air-sphere crystal Fig. 2 b

were acquired as a function of wavelength over the
whole visible spectrum. An increase of ll fromW

Ž .ll f14 mm starting at the red edge of the 111 stopW

band to ll f20 mm at the blue edge is observed forW

the air-sphere crystal.

4. Diffusion model incorporating photonic crystal
effects

We expect the variation of ll close to the stopW

band to be caused by the photonic band structure. A
w xMie calculation 20 indeed shows that the scattering

properties of the individual spheres in the opals and
air-sphere crystal are nearly constant in the size
parameter range of the stop band. The width of the

Ž .cone is crucially influenced by the fact that the 111
planes are parallel to the sample surface, resulting in
L-gaps which coincide with the incident and
backscatter direction. Starting from the diffusion ap-

w xproach 12,19 , we observe that the cone is affected
by two different mechanisms, the first of which
concerns the diffuse intensity, and the second the
coherent beam.

The first mechanism applies to the diffuse inten-
sity. Light paths returning to the sample surface at
directions close to normal incidence suffer from

Žinternal reflection due to Bragg scattering see Fig.
.3 . Internal reflection creates longer light paths, hence

w xthe cone becomes narrower 19 .
The second effect results from the attenuation of

the coherent beam due to Bragg scattering for fre-
quencies in the L-gap. The cone is affected because
the coherent beam acts as a source for the diffuse
intensity. Due to the strong attenuation of the coher-
ent beam at wavelengths within the stopband, the
backscatter cone is predominantly composed of light
paths starting very close to the sample surface. Since

w xthese light paths are shorter on average 12 , this
effect broadens the cone.

Fig. 3. The backscatter cone is affected by two mechanisms if the
frequency is in a stop band. The cone is widened if the incident

Ž .beam lower left, bold arrow is attenuated by Bragg scattering,
w xi.e. if it matches the Bragg condition k yk sG for the 111out in

Ž .reciprocal lattice vector G upper left corner . Light paths in the
medium are internally reflected if they arrive at the sample
boundary at an orientation matching the Bragg condition. The
internal reflections create longer light paths, hence the cone is
narrowed.

w xExtending the theory in Ref. 19 we find a broad-
ening of the cone by a factor

2
ll 1qt j 1q2 eqt jŽ . Ž .0 e

shs 1Ž .2ll 1q2t 1q eqt jŽ .0W e

given a diffuse reflection coefficient R, and an atten-
uation length L2 . We have introduced the parame-att

ters j and e according to

l R
js1q , es 2Ž .

L 1yRatt

as well as the extrapolation length ratios t sz rll0 0

and t sz rll . The extrapolation lengthe e

1qRŽ .
z sze 0 1yRŽ .
depends on the internal reflection coefficient. We

2take the extrapolation length z equal to z s ll0 0 3

w x19,21 .
Since the L-gaps in the opals and air-sphere crys-

tal extend over a cone of half apex angle R0.2 rad

2 w xThe factor h reduces to the familiar internal reflection 19 in
the limit of a conventional random medium L ™`, i.e. j ™1.att
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which is much larger than the typical width of the
enhanced backscatter cones Q20 mrad, we have
assumed an angle independent attenuation length.
This assumption does not hold at frequencies close
to the stop band edges. Analysis of h reveals that a
broadening only occurs if the attenuation length is
significantly shorter than the transport mean free

w xpath. A two-band model 22,23 predicts that the
attenuation length L f2.5 mm at the center of theatt

L-gap. However, experimental studies indicate that
w xthe attenuation length is at least a factor two 24 to

w xfive 14,25 longer than predicted by theories which
do predict the correct stop band frequencies and
widths, such as the two-band model. The disagree-

w xment has been attributed to disorder in general 25
w xand planar stacking faults specifically 24 . If the

magnitude of the attenuation length is a factor of five
larger than predicted by the two-band model, it is of
the order or the transport mean free path itself, so the
effect of attenuation on the cone width is insignifi-
cant, i.e. jf1. Apparently, it remains a challenge to
interpret attenuation lenghts in photonic gaps, espe-
cially in the limit of high refractive index.

Relevant parameters such as the stop band width
and the maximum solid angle of excluded directions
are conveniently expressed in terms of the photonic

Ž . Ž .strength parameter Cs4p arÕ g Gr where G is
Ž .the length of the 111 reciprocal lattice vector, r is

Ž . Ž . 3the sphere radius and g x s3 sin xyxcos x rx .
Essentially the photonic strength parameter is the

w xpolarizability a per volume Õ 26 , and it equals the
w xrelative width of the L-gap 27 . The maximum

angular extent of the stop band is a cone of half apex
' 'Ž .angle approximately u s arctan 2C f 2Cmax

w x28 . We estimate the diffuse reflection coefficient by
w xemploying the procedure described in Ref. 21 , re-
Ž .placing the directional reflection coefficient R u by

1 for directions within a stop band, and 0 outside.
This model predicts the maximum value Rf4C for
the diffuse reflection coefficient, which would imply
a narrowing of the cone by a factor ;1.4 for opals
and ;2 for the air-sphere crystal3. The calculated
diffuse reflection coefficient increases linearly with

3 The values of C were taken from the relative width Dv rv0

of the L-gap stop bands, which are 0.07 for polystyrene opals and
w x0.13 for air-sphere crystals 15,16 .

frequency from zero at the red edge to its maximum
value at the blue edge, and decreases beyond the stop
band, as the solid angle of excluded propagation
directions diminishes. The effect of internal reflec-
tions due to the effective refractive index mismatch
of the samples is negligible. Due to the complexity
of the second and higher order Brillouin zones, we
have not yet attempted to extend the model to the
frequency range of higher order stop bands.

Apart from affecting the cone width, the cone
shape is not significantly altered by the attenuation
and reflection correction. The attenuation of the co-
herent beam can increase the contribution of single
scattering, because the probability of a first scatter-
ing event far from the sample surface is decreased.
In the polarization conserving channel, increased
single scattering results in a reduction of the en-
hancement factor, which would appear for wave-
lengths within the stop band. Currently, more work
must be done to understand the enhancement factors,
especially for the air-sphere crystals.

5. Discussion

Ž .The solid curve in Fig. 2 a results from the
model presented in the previous section. The pho-
tonic strength parameter Cs0.07 applicable to the

Ž .opals see Footnote 3 was used to calculate the
diffuse reflection coefficient. We expect the cone to
be unaffected by the photonic band structure for
frequencies below the stop gap, for which a Bragg
condition is never met. Consequently we scale the

Ž . y1solid curve in Fig. 2 a , i.e. h s ll rll as definedW
Ž .in Eq. 1 , to match ll at the red edge of theW

stopband where ll s ll . The model contains noW

other adjustable parameter. As the wavelength is
tuned into the stop band the theory predicts an
increase of ll at the blue edge of the stop bandW

which is due to the internal reflections. The predicted
ratio between ll at the red side and ll at theW W

blue side of the gap depends only on the internal
reflection correction. At the blue edge the calculated
diffuse reflection coefficient attains a maximum Rf

Ž .0.28. The predicted increase by a factor 1r 1yR
f1.4 agrees with the data. For the more strongly

Žphotonic air-sphere crystals, the model solid curve
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Fig. 4. The apparent scattering efficiency per sphere Q as aapp
Ž . Ž .function of the size parameter, for radii 120 B , 180 I , 213

Ž . Ž . Ž . Ž . Ž . Ž .v , 241 ` , 262 ' , 326 ^ , 403 % , 426 \ , 439 nm
Ž .l . The solid line is the Rayleigh–Gans scattering efficiency of
a thin shell of refractive index 1 in an effective medium of

Ž .refractive index 1.45 see Footnote 4 .

Ž ..in Fig. 2 b also successfully explains the narrowing
of the backscatter cones at the blue side of the
stopgap relative to the red side by a factor f2

Žwhich is consistent with Rf4Cf0.5 see Footnote
.3 .

Finally we discuss a scattering mechanism which
accounts for the order of magnitude of the transport
mean free paths measured in the opals. As a simple
model we propose that the scattering in the opals is
mainly due to polydispersity of the spheres and small
displacements from their lattice sites. The difference
in refractive index profile of the displaced, slightly
polydisperse Mie-spheres as compared to the ideal
structure is a collection of thin shells of air and
polystyrene. We have calculated the Rayleigh–Gans

w xscattering efficiency 20 of spherical shells of refrac-
tive index 14 and radius r in an effective medium
with index of refraction n s1.45 for the opals. Fore

comparison with the data we define the apparent
scattering efficiency of each sphere in the opal as

Ž 2 .Q s1r n ll p r , where n is the sphere numberapp W

density. As shown in Fig. 4, we observe that this
simple shell model compares well to the data for
shell thicknesses which are 5% of the nearest neigh-

4 The refractive index mismatch of air relative to the effective
medium is much larger than the index mismatch of polystyrene.
Consequently the scattering efficiency of polystyrene shells is
only 10 % of the efficiency of air shells.

bor distance between spheres in the crystal. This
value is consistent with the small sphere polydisper-
sity of ;2%, and with the estimated root mean
square displacement u . In fcc crystals ofRMS

polystyrene spheres in suspension at a volume frac-
tion of 56% the displacement u was determinedRMS

w xto be ;3.5% of the nearest neighbor distance 17 .
In the more dense opals we estimate u Q3.5%.RMS

6. Conclusion

We have reported the first observations of en-
hanced backscattering of light by photonic crystals.
The results indicate that the opals and the strongly
photonic air-sphere crystals are weakly randomly
scattering since the observed transport mean free
paths are much longer than wavelengths in the visi-
ble. The transport mean free path also exceeds the
typical periodicity length scale of the crystals, i.e.

Ž .the 111 plane separation, by an order of magnitude.
We have demonstrated that the cone shape is af-
fected by the photonic band structure through two
mechanisms. The inverse cone width is increased as
a consequence of diffuse internal reflections which
result from Bragg scattering, while it may decrease
due to attenuation of the coherent beam which acts
as a source of the diffuse intensity. An extension of
the diffusion model incorporating these effects suc-
cessfully explains the narrowing of the cones which
is observed as the frequency is tuned from the red to
the blue edge of the L-gap. The lack of reported
experimental studies of the attenuation length ham-
pers the accurate description of the increase in cone
width in the stop band itself. We hope our work will
stimulate further efforts to quantify the attenuation
length in photonic crystals as a function of frequency
and orientation.
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