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Forward scattering of light in thin opal films
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Angle-resolved spectra of the light scattered in a thin opal film have been measured behind the sample in
three configurations, which differ by directions of the light incidence and detection. Two minima have been
observed in scattering spectra and assigned to the attenuation y1theBragg photonic bandgap along
directions of the incident and detected photon flux. The irrelevance of the photonic bandgap minima to the
actual path of scattered photon has been demonstrated. The projection of the dir¢tfinphotonic band
gap has been allotted to the plateau observed in the angle diagrams of the scattered light intensity. The spectra
and the angle diagrams of the scattered light have been interpreted in terms of the weak scattering regime,
when scattering serves for coupling a photon from one eigenmode of opal to another.
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I. INTRODUCTION light source for PBG inspection is the insertion of a light
, ) , . . emitter in a PhC; however, this method is useful only within
If a colimated beam illuminates a three-dimensiol®)  he emission bandwidth. In contrast, the scattering approach
photonic crysta(PhO, the flux behind it appears as a super-js applicable over a whole spectral range of an external light
position of ballistic and scattered photo(ig. 1). In the  goyrce, although at the cost of a certain loss of the light
case of PhC of a finite thickness, the intensity of a ba"'St'Cintensity along all directions but the incident one.
flux is controlled by the Bragg attenuation length at diffrac- A visualization of the 3D PBG of highly ordered colloidal
tion resonance frequencies and by the photon mean free pafiysials, stabilized in a liquid, was made in the ballistic
(MFP) off the resonance. The ballistic component is transyropagation regime under illumination by a divergent mono-
ported by PhC optical eigenmodes, although not all availablenromatic light beaniil], but this method fails when applied
eigenmodes can be excited by a well-collimated beam. Scafy gy colloidal crystals. Air-filled colloidal crystals as-

tered photons appear due to irregularities of the PhC |atf“°§embled from dielectric spheres are known as of#jlsThe
and they are transported by defect modes. Thus, the ba"'5t§cattering at opal defects is stronger compared to that in

flux brings information about the photonic bandg#fBG)  |iquid-stabilized colloidal crystals due to the higher refrac-
structure, Whgreas _the flux of scattered photons supplies thg,e index (RI) contrast and denser sphere package. Hence,
unstructured intensity background. transmission measurements using a collimated beam com-

This model should be amended, if a sufficient part ofiise the main method to explore the light propagation in
scattered photons collides in average only once along theBpaIs.

paths (Fig. 1). The corresponding concentration of defect ™ The choice of configuration for studies of the scattering is
modes is quite low and mode ensembles of perfectly crystaly, jmportant problem. On the one hand, the reflectance spec-
line and weakly disordered PhCs are alike, i.e., the centrgl,,m is formed near the opal surfacsee, e.g., Ref3]) thus
frequency and the width of a directional bandgap are nearlyaaying the most of the sample volume unattended. Never-
the same. In this case a photon will be coupled by a scattefeless, the anomalous coherent backscattering from opals

ing event from one PhC eigenmode to another and moreovefas ysed to estimate the PBG width and the attenuation
this scattering will probe all PhC eigenmodes. The important
>

consequence is that the weakly scattered light will also carry T 3 f

a fingerprint of the PBG structure. What sort of PBG- balisiie s’rrcmg_;h’r |I9hT
relevant information can be extracted from the scattered light
is a subject of our interest. Obviously, the weak scattering weak scattering
regime becomes the multiple scattering one with the increase

of the PhC thickness for the same defect density.

To some extent the weakly scattered light can be de- \A
scribed in terms of radiation of a PhC-embedded isotropic diffuse
light source. A convenient experimental realization of a point scattering E
FIG. 1. Schematics of the straight ballistic and weakly and mul-
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length[4]. On the other hand, the operation of PhCs as filter, scattered
superrefractive, or light emitting devices relies on propagat- light
ing photons. Consequently, examination of the light scatter- incident S

ing in the transmission configuration becomes the ultimate beam

AN

requirement.
So far, studies of light scattering in opals were carried out

o
on bulk opals[5—7]. Moreover, to reduce the large inhomo- 2
geneous broadening of the diffraction resonafi;é], opals 1 4 I >
were often infilled with a liquid of a RI, which nearly substrate| k= opal ['| ] '|]

matches that of the opal carcg8s-7]. Reducing the RI con-

trast servesFto |ncreaTe tge N(ljFP bug changes tf:je t;;pe qf FIG. 2. Layout of scattering measurements excluding light re-
scatterers. For example, boundaries between randomly O7action. @ is the angle of the beam incidence amds the angle of

ent,ed 10—-10Qum size crystallites become m_ain_scatterers'the light detections is the aperture determining the light collection
which replace wavelength-scale defects dominating the scafy)ig angle.
tering in air-filled opals. A resonant enhancement of the scat-

tered light behind the opal slab, followed by a splitting of the The opal films were illuminated by white light from a

transmission maximum with increasing Bragg attenuation .
g 99 halogen tungsten lamp focused to a 1-mm-diameter beam.

was reported in the case of the MFP matching the opal thick_—l_ : ; o s
TR . s he orientation of the incident beam is indicated by the angle
ness[6], but these intriguing effects disappear in air-filled pwith respect to thd111] axis. Spectra of either tze transg-]

opals[8]. In current research-grade opals with a moderate R[ . ; . :
‘ol _ . mitted or scattered light were collected behind the film
contrast the MFP is limited to 5-20m [4,9]; therefore, to within the 5° solid angle along the direction defined by the

reach the ballistic regime of photon propagation, opals o nglea. The layout of the scattering configuration is shown
comparable thickness are necessary. Thin film opals are relgnge - y 9 9 ) )
in Fig. 2. Spectra of the scattered light were examined in

tively novel material10], which possess much better crys- three different configurationgi) FS1 if the incidence beam

tallinity compared to bulk opals. Consequently, dn"I‘ractlonLE)gopagates along tha11] axis (§=0°) and the angler is a

resonances in opal films show a much less inhomogeneods " . . . :
; : -« variable;(ii) FS2, if the angled is a variable and the detec-
broadening11,12. Recently, we compared light extinction tion direction is kept along the film norméd=0°): andiil)

in air-filled bulk and thin film opals and showed that the . ) | X
S3, if both angles are variables afid—«. The minus sign

resonant scattering on sphere vacancies, missed interstitia[s; ¢ o> i )
dislocations, and other wavelength-scale defects dominate¥"® denotes the clockwise direction of angle counting with
respect to the film normal as opposed to the positive anti-

scattering in the latter in contrast to largely Rayleigh scatter . _ o )
ing on 10-nm scale fluctuations of the dielectric constant irC/OCkwise counting. In the transmission experiment both

the former[8]. angles are variables arttf a.
The above arguments allow on to distinguish thin opal
films as specific materials with respect to light propagation.
The aim of this work is an experimental investigation of the
forward-scattered light in opal films. The intensity of the  The evolution of FS1 scattering spectra with changing the
||ght scattered in the forward direction in thin Opal films in detection ang|e¥ between 0 and 60° is shown in F|g 3. The
the weak scattering regime is studied as a function of wavecase of9=w=0° corresponds to the transmission spectrum
length and directions of light incidence and detection andjong[111] axis of opal lattice with the well-defined mini-
compared with angle-resolved transmission spectra in thgyum for the Bragg diffraction resonancsee e.g., Ref14]).
frequency range of the lowest frequency PBG. We discusgitially, increasing the detection angle from 0 to 20° leads to
the observation of PBG features in scattering spectra obthe decrease of the minimum bandwidth while preserving its
tained using different experimental configurations and derelative depth. Ata=20° (i) the minimum splits into two
duce the directionality diagrams of the scattered light andninima, each of them follows its specific angle dispersion,
demonstrate the PBG-induced modification of the Scatteringnd(ii) the overall S|0pe of the Spectrum reverses its Sign_ In
diagram. Characteristics of the scattered ||ght were |nterF|g 4(a) the FS1 Scattering Spectrum is shown in Comparison
preted in terms of the ballistic propagation of photons genwith two transmission spectra along directions of incidence
erated by an effective point source placed inside a thin opand detection of the scattering spectrum. The good agree-
film. ment of the central wavelengths of both minima in the scat-
tering spectrum and diffraction resonances in transmission
spectra suggests the common origin of these spectral fea-
tures, namely, the diffraction aii1l) planes. The dispersion
Opal films were prepared by drying a suspension of latexf the angle-dependent minimum in the scattering spectrum
beads on hydrophilic glass slidgk3]. They were assembled coincides with that of the minimum in the transmission spec-
from beads of diametdd =300+6 nm and were crystallized trum over the whole inspected range of angles and fits well
in a face centered cubidcc) lattice with one set of111)  the Bragg lawa?=(2d)?(n?-sirfa), whered=0.816D is the
planes along the substrate. The film thickness was aboumterplane distance alonfil11] axis [Fig. 4b)]. The long
10 pum. wavelength minimum shows almost no variation of its cen-

IIl. EXPERIMENTAL RESULTS

II. EXPERIMENTAL TECHNIQUE
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FIG. 3. Normalized FS1 scattering spectra as a function of theylike, relates to the Bragg cone, which is the solid angle
detection anglea. Numbers correspond to the detection angle.centered about the direction of the diffraction resonance and
Spectra are shifted vertically for clarity. Arrows are a guide to thegxcluded from electromagnetic wave propagation at a given

eye. wavelength[15].

FS2 scattering spectra are similar to FS1 spectra, i.e., they
20" i s o Shorter avelengi by about 5 i Lohes, 4, TINME. A comparion of hese minima, wi
respect to the transmission minimum @ta=0°. Appar-  |nse correspondence to transmission spectra obtained along
ently, the angle range 0< a<20°, where FS1 spectra look directions of illumination and detection. The angular disper-

: : : : : 10 sions of both minima of FS1 and FS2 spectra are the same,
FS1 whereas the geometrical optical paths of respective photons
in the opal film are different.

The FS3 spectra support the observation of the insignifi-
cance of the actual optical path. If both incoming and outgo-
ing fluxes sustain the same angle with respect to[1id]
axis, there is only one minimum in the scattering spectrum,
which is centered at the same wavelength as the Bragg reso-
140 TO (a) nance _for this directioomFig. ?) Tbe tg)tal scatteri_ng angle,

. . . . . o which is equal to 80° whe=-a=40°, appears irrelevant,
500 550 600 650 700 750 800 and only the parity of angleg and « is important. These

Wavelength (nm) observations effectively link the scattering spectra to direc-
tions of the light incidence and detection.
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FIG. 4. (a) FS1 spectrum af#=0°, «=40° (thick line) and trans-
mission spectra TQ#=0°,a=0°) and T40(6=40° ,a=40° (thin
lines). (b) Angular dispersion of th€l11) resonance in transmission
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length and anglev. 5 -
i i A\.
IV. DISCUSSION 2 ®oigi g
100 |- b =T ,@-:?_:

The diffraction origin of the minima in the scattering ( ) i ‘3\}3\
spectra is proved by a comparison with transmission spectra. 0 20 20 50 =
This test was designed as a result of simulations of the dif- scattering angle « (degrees)
fuse light in 2D PhCg16], where the spectra of the straight
light were separated from that of the diffuse light. The theory shadow 2 shadow 1

predicted a minimum in the scattered light spectra, which is (©)
positioned at 4—6 % shorter wavelengths as compared to the
transmission minimum, which agrees well with our observa-
tions of the behavior of the nondispersive minimuFig.
4(b)]. However, the angle averaging made for diffuse light
spectra[16] barred the appearance of the angle-dispersive
minimum in simulations.

Further insights into the PBG effect upon the scattering N .
require the analysis of the scattered light intensity. The FS1

configuration readily lends itself for this analysis because the FIG. 8. (a) The FS1 scattering intensity at 500 nftircles),
illumination conditions remain unchanged for all detection662 nm(open squargsand 800 nnttriangleg as a function of the
angles. The three-dimensional plot in Fig. 7 summarizes théetection angle in double logarithm coordinates. The solid lines are
angle and spectral distribution of the scattered light intensitylinear fits to experimental data. Numbers at curves show the expo-
It shows the splitting of the single valley, which correspondsnentm in the expressior < Io¢™. The plateau of the 662-nm plot

to the(111) band gap atv<<20°, into two valleys atr>20°. corresponds to the PBG angle width. The dotted line shows the
The light intensity at small angles decreases to shorter wavéos« angle diagram of the Lamberth law as a refereribg Evo-
lengths with the raté«\9 whereq drops fromgq=~3.3 in a lution of.the' plateag with the Wfivelengtt‘c) Sche.matlclzs of the
straight light toq=~0.6 in scattered light atz=0° and 20°, P_BG projection behlnql the opal film on the_spattenng diagram for a
respectively. At anglesy larger than 20° the exponemt 9iven wavelength, which matches both minima. Shadoi@)1de-
changes its sign and acquires values in the inteqwat0.3  PIcts the angle range of nondispersidspersivg minimum. The

to -0.6. In this angle range only scattered photons approacifParation between two shadows is inflated for clarity.

the detector. Al’apld dI’Op of the transmission with increasingng efﬁciency at a given ang'e for any Wave|ength in the

wavelength due to Rayleigh scattering is characteristic foexamined range, which appears to be the consequence of a
bulk opals[17]. In our opinion, this is not the case with thin wide distribution of defect sizes.

opal films, where the strongest scattering occurs at The scattered light intensity drops rapidly with increasing
wavelength-scale defect8]. Moreover, if the scattering anglea. At wavelengths longer than 800 nm, i.e. above the
were of an isotropic Rayleigh nature, then the strong increasgl11) band gap, this decrease is as fast @,/ a?, whereas

of the scattered light intensity towards shorter wavelengths$or shorter wavelengths, e.g., a=500 nm, the drop rate is
would be seen along all scattering directions as a counterpalktc |,/ (Fig. 8). Remarkably, the diagrams follow the same

to intensity losses in the transmitted beam. The weak variaslope throughout the transition angle range from purely
tion of the scattered light intensity at>20° for all but the transmitted to scattered lighig. 8@a)]. The change from an
diffraction resonance wavelengths suggests a similar scatteinverse square to a more isotropic inverse linear dependence
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occurs gradually over the band gap range. Both functions 1.0
show a much faster decay of intensity with increasing angle ) T
compared to the Lamberth lagiig. 8). This means that the 0.8 _OTO“O\O\
scattering mechanism strongly favors the forward scattering. Y O
This behavior correlates the above assumption concerning o \
the resonant character of scattering in thin opal films. 06 -'g .. F$1 O

If the wavelength falls in the PBG, as shown hy < £ \\
=662 nm plot in Fig. 8a), the intensity vs angle plot dem- A 0.4 |
onstrates a plateau spanning over the angle range covered by “T ‘ O
the diffraction resonance at this wavelength. For any particu- Al @,
lar wavelength between 700 and 600 nm, i.e., within the 02f x @
PBG range, the directionality diagram peaks along the film I Anm) *
normal, which is in fact the direction of the incident beam, 50 60 700 80 .
then it drops rapidly until it reaches the angle range of nearly 00 0 10 20 30 40 50 60 70

constant intensity and then falls agdfig. 8b)]. It is worth

angle 9 or a(degrees)

noting that the bandgap-induced suppression of the light in-
tensity at 685 nm, Wh'fh Js close to the PBG center along g 9. The relative bandgap attenuation as a function of the
(111 axis, starts fror:u—O , but the plateau is observed for . rresponding angle in the transmission specttapen circles in

angle larger than 40° because the long wavelength minimumgomparison with relative long- and short-wavelength minima in the

is not dispersivgsee Fig. 3. Alternatively, the angle position  Fs1 spectrum denoted by circles and stars, respectively. The inset
and width of the plateau become functions of the waveshows the definition of andAl values for the FS1 spectrum.

length, if this wavelength is in the range of a dispersive . ) )
minimum. The radial intensity distribution induced by the crease of the PhC transmittance in allowed bands while the
dispersive minimum can be associated with remnants of thEBG transmittance remains the safi®,18 explains the
Kossel line, which is the projection of thi@11) band gap on Al/l behavior in the opal film. This is a consequence of the

the plane behind the opal in the case of divergent monochrdélatively short Bragg attenuation length, which remains less

matic illumination[1]. In our case, this becomes possible duet2n the MFP even after changing from the weak to the mul-

to the conversion of the collimated beam into a divergent on(I.\iple scattering regime. In particular, an attenuation length of

~ 0, i i
by scattering. The nondispersive minimum superimposes an; 2 um was deduced from the S.7% relative bandwidth of

other shadow on this projection, leading to a complication o he Bragg resonance in reflectar(as). The rapid collapse

) . . of the band gap attenuation in transmissionaat 40° is
the scattering dl.agrar[ﬂg. 8(C)). Thus, defects transform a ssociated with the disappearance of the bandgap attenuation
directed beam into a divergent one and form the overal

) X or the p-polarized light in the vicinity of the Brewster angle
shape of the scattering diagram, whereas the mode Structugy which in turn opens a bypass for an essential fraction of
of the PhC gives rise to the radial modulation of this dia-ynpolarized light to go through the opal film. In contrast, the
gram. monotonic decrease of the relative band gap attenuation in

The depth of the minimum in the scattering and transmisthe FS1 spectrum with scattering angle reflects the shift of
sion spectra of opals is a function of the disorder. Modelingthe balance between weakly and multiple scattered photons
predicts that PBG minima in both components become lessf PBG wavelengths in the detected flux in favor of the latter
pronounced with increasing disorder, but the attenuation diegue to the respective increase of the optical path in the film.
faster in the diffuse ligh{16]. With respect to our experi- The ratio of the full width at half maximunFWHM) to
ment, the increase of the optical path for larger angles bringés central wavelength is 8.6% in transmission along the
about more scattering and, eventually, leads to a change {111] axis. The estimated bandwidth exceeds the theoretical
the scattering regime, when the path length exceeds the MFPalue of 6.3% obtained from PBG calculations by plane
To compare transmission and scattering spectra, the relativgave expansion metho®1], which results from the finite
depthAl/l of the diffraction minimum was estimated as the film thickness and the presence of defedg]. It is worth
ratio of the intensity drop at the band gap ceniérto the  noting that the relative bandgap FWHM in scattering spectra
intensity | at the same wavelength without the minimum. Theis less than in transmission in spite of the smalléfl. For
latter value was obtained by extrapolating the spectrum slopexample, the relative bandwidth of the Gaussian fit to the
(inset to Fig. 9. Plotting Al/I values as a function of the dispersive minimum in transmission 8t a=40° is 11.5%
angle in the case of the transmission, one can see that tiversus 8.2%, 7.3%, and 6.2% values in FS1, FS2, and FS3
relative depth changes slowly up ®<40° and then de- spectra at corresponding angles, respectively. Moreover, this
creases more rapidly. In contrast, the band gap attenuation pbservation correlates the apparent squeezing of the
the FS1 spectrum degrades almost linearly with increasinfandgap-related minimum in FS1 spectra with respect to the
angle over the whole angle ranggig. 9). It is noteworthy = minimum in transmission at small scattering angles). 3).
that the relative depth of dips in FS1, FS2, and FS3 spectra i5o understand this phenomenon, comparative studies of the
approximately the sam@ompare Figs. @), 5, and §, since  scattering in samples with different disorder are necessary.
small differences can be a consequence of dissimilar illumi-
nation conditions. V. SUMMARY

The fact that the disorder-induced degradation of the The structure of optical modes in thin opal films with low
transmission minimum occurs, predominantly, due to the dedefect density is similar to that of the opal without defects.
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This means that each scattering event can be interpreted &em light sources embedded in an opal film.
photon coupling from one opal eigenmode to another, as sug- The PBG attenuation and the interplay of the MFP and the
gested by 2D modeling16]. In other words, the scattered opal thickness are not the only parameters governing the
photon is effectively the one which is emitted by the secondscattering. We can also point to the characteristic size of
ary point light source to an opal eigenmode. If photons thatlefects, which defines the scattering directionality if resonant
experience a single scattering event, as opposed to multiplgonditions are achieved. On the one hand, the light scattered
scattered photons, make up a sufficient portion of the lightn thin opal films demonstrates a pronounced anisotropy,
flux propagating along a direction other than the incidentwhich can be assigned to the resonance scattering at defects
one, the scattered light bears features of the PBG structureof a wavelength scale. On the other hand, the directionality
In general, two minima were observed in the spectra obf the scattered light becomes a function of the availability
the scattered light, one of them has been ascribed to the PB& opal optical eigenmodes. As observed in this work, the
attenuation of the incident beam and the other to the PB@ffect of defects is to give preference to forward scattering of
attenuation along the detection direction. Depending orihe light, whereas the PBG effect appears as a suppression of
whether the incident or detection direction is the variable, thehe scattering along the projection of ttLl) band gap.
corresponding minimum changes its central wavelength. An- Our results represent a clear experimental demonstration
other minimum stays at the wavelength, in agreement witlof PBG-related features in the forward scattered light. To
the invariable propagating direction. If the directions of in- achieve a deeper understanding an adequate theoretical
cident and detected light are the same with respect to thmodel, which is able to account for the scattering at particu-
[111] axis of the opal lattice, these minima merge into one. lar lattice defects in conjunction with a consideration of opal
The difference between the light detected in the transmisdispersion surfaces, needs to be developed.
sion and scattering configurations is the lost correlation with
the wave vector of the incoming beam for the latter. This
allows the scattered light to probe all available modes of a
PhC. Apparently, the PBG parameters derived from the light The authors are grateful to D.N. Chigrin and R. Kian for
scattered in incomplete PhC, like the band gap central wavéielpful discussions. The support from the DFG program
length and band gap width, depth, and angular dispersioriPhotonic Crystals” SPP1113, EU IST project FUNLIGHT
represent a close approximation to the parameters of tho. 2001-38195, and RFBR Grant No. 02-02-17685 is grate-
band gap-induced modification of the spontaneous emissiofully acknowledged.
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