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Abstract:  We have investigated wavelength-dependent light scattering
in biomimetic structures with short-range order. Coherent backscattering
experiments are performed to measure the transport mean free path over a
wide wavelength range. Overall scattering strength is reduced significantly
due to short-range order and near-field effects. Our analysis explains why
single scattering of light is dominant over multiple scattering in similar
biological structures and is responsible for color generation.
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1. Introduction

Structural color, which has been widely employed in nature, originates from light scattering by
nanostructures with spatial variation in the refractive index on the scale of optical wavelengths.
The most studied examples are periodic structures that produce iridescent color via Bragg scat-
tering [1, 2]. In recent years, there is a growing interest in the previously unappreciated class
of quasi-ordered structures that can generate non-iridescent color [3-7]. Such structures have
only short-range order and are isotropic, making color invariant with viewing angle in natu-
ral lighting conditions. Biomimetic samples have been fabricated by self-assembly of colloida

#142190 - $15.00 USD Received 7 Feb 2011; accepted 28 Mar 2011; published 14 Apr 2011
(C) 2011 OSA 25 April 2011/ Vol. 19, No. 9 / OPTICS EXPRESS 8209



particles[7, 8], and have potential applications in wide-angle color displays[9-11].

We recently studied the mechanism of coloration of quasi-ordered nanostructures in feather
barbs of many bird species [4]. Single scattering of light [6], with contributions from dou-
ble scattering [12,13], is shown to determine the color. The angular dispersion and polarization
characteristic of the major/secondary peak in the scattering spectra agree well to the predictions
of single/double scattering. Local structural correlation leads to strong backward scattering of
light within anarrow frequency range, which is selected by the characteristic length scale of the
structure. A puzzle left from our previous study iswhy only low-order scattering events are ob-
served from those structures even though simple estimations of scattering length would predict
strong multiple scattering. Asan example, Fig. 1(a) shows part of a cross-sectional transmission
electron micrograph (TEM) of the feather barb of Cotinga maynana (a blue green bird). The
nanostructured layer underneath the cortex is about 10 pm thick, and consists of random close-
packed [14, 15] spherical air cavities in a 3-keratin matrix. The transport mean free path |, of
light in this structure, assuming independent scattering approximation, is significantly smaller
than the thickness of the nanostructured layer. Thus, one might expect that multiple scattering to
dominate over single scattering and remove wavelength dependence in the reflection spectrum.
However, such structures create vivid colors in reflection as shown in Ref. [4]. The dominant
peak in the optical scattering spectrum coincides with the X-ray scattering peak, confirming the
former is from single scattering of light [6].

To resolve this puzzle, we have directly measured the transport mean free path I; in
biomimetic samples, which are made of random close-packed dielectric spheres in air
[Fig. 1(b)]. The reason we use biomimetic samples instead of biological samples is that the
nanostructured layersin the latter [Fig. 1(a)] are too thin for the coherent backscattering (CBS)
experiment which we perform to extract I; [16]. We find an order of magnitude difference
between the measured value of |; and the estimated one over a broad frequency range. Our the-
oretical analysis reveals that short-range order and near-field effects reduce the overall (angle-
integrated) scattering strength and increase Iy dramatically. Thus, in the biological samples
which have similar scattering strength as the biomimetic samples, the transport mean free path
is comparable to the thickness of nanostructured layer. Consequently, single scattering is much
stronger than multiple scattering, and dominates coloration.

Fig. 1. (a) Transmission electron micrograph (TEM) showing the amorphous photonic
structure (right part) in a feather barb of Cotinga maynana that produces blue color. Uni-
form spherical air cavities (white) are closely packed in 3-keratin (grey). The structure is
isotropic and has only short-range order. (b) Scanning electron micrograph (SEM) of our
biomimetic sample made of random close-packed polystyrene spheres of two sizes. Inset
is a photo image of the entire sample.
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2. Measurement of transport mean free path

To avoid polycrystalline structures that can be easily formed with monodisperse spheres, we
fabricate the biomimetic samples by self-assembly of bi-disperse spheres of polystyrene [17].
First, the monodisperse spheres are synthesized using a surfactant-free polymerization tech-
nique [7, 18]. The sphere size can be varied by changing the methanol concentration. Then,
equal volumes of monodisperse suspensions with polydispersity of 2% are mixed to make a bi-
disperse suspension. An approximate 0.5 mL droplet of this bi-disperse suspension is pipetted
into a5 cm diameter petri dish containing 5 mL of Fluorinert FC-70. The suspension droplet is
amost completely surrounded by Fluorinert, allowing slow evaporation of water. After al the
water has evaporated from the suspension, the sample is removed from Fluorinert, and placed
on a Kimwipe to alow any residual Fluorinert to drain from the sample. The fina sample has
a dome shape [inset of Fig. 1(b)]. The maximum thickness at the center is about 1 mm, much
larger than the thickness of nanostructured layersin bird feather barbs [Fig. 1(3)].

Figure 1(b) is a scanning electron micrograph (SEM) taken from the interior surface of a
cracked sample. It shows the polystyrene spheres are random close-packed. This structure is
the inverse of that with air spheres in the bird feather [Fig. 1(a)]. It also resembles the color-
producing structures made of dielectric spheres in some species of beetles [5]. We have per-
formed small-angle X-ray scattering (SAXS) measurement on the samplefor quantitative struc-
tural characterization. The SAXS data yield a diffused ring pattern as shown in the inset of
Fig. 2(a), indicating the structure is isotropic. Azimuthal-averaged SAXS intensity (black solid
curve) in Fig. 2(a) reveals that our structure has a dominant spatial frequency go = 0.03 nm—1.
The corresponding spatial periodicity isa= 27 /q, = 210 nm. The form factor of monodisperse
spheres causes regular oscillation of SAXSintensity at large g value, where the structure factor
diminishes. Since our sample has bi-disperse spheres, there are two oscillations with dlightly
different periods. Their beating can be clearly seen in Fig. 2(b) (black solid curve). By fitting
the oscillation and beating of the SAXSintensity with the analytical expression of form factors
[red dashed linein Fig. 2(b)], the diameters of two spheres are found to be 223 nm and 265 nm
respectively.

To characterize the scattering properties of our biomimetic samples, we have performed co-
herent backscattering (CBS) experiment to obtain the transport mean free path |y as afunction
of wavelength A. A supercontinuum light source is used to cover a broad range of A from 520
nm to 700 nm. Beyond this range, several lasers with operation wavelengths of 406 nm, 445
nm, and 473 nm are used to probe scattering at shorter A. Supercontinuum light is generated
in a photonic crystal fiber by femtosecond pulses from a mode-locked Ti:Sapphire laser (pulse
width ~ 200 fs, repetition rate 76 MHz). The output beam is dispersed by a diffraction grating,
and a dlit picks light at certain wavelength (with a bandwidth of 5 nm). The filtered light is
collimated and incident on the sample after passing through alinear polarizer. Theillumination
spot on the sample surface is about 2 mm in diameter. The sample istilted in such a way that
the surface reflection of the incident beam deviates from the backscattering direction.

The scattered light with polarization parallel to the incident one is detected by a photomul-
tiplier tube. An optical chopper and alock-in amplifier are used to enhance the signal to noise
ratio. The scattered light intensity |5 is measured as afunction of angle 6g from the backscatte-
ring direction. The sample is rotated during the measurement to smear out the speckle pattern.
Figure 3(a) shows the measured I5(60g) at A = 473 nm, 580 nm and 660 nm. As A increases,
the CBS cone becomes narrower, indicating I; is longer. The measured I5(6g) is fitted by the
analytical expression of CBSintensity [16], taking into account the finite angular resolution 60
of the experimental apparatus. By replacing the scattering sample with a highly-reflective mir-
ror, we determine 66 ~ 0.6 mrad. Fitting parametersfor I5(6g) are the enhancement factor, the
constant background from single scattering, and the transport mean free path I;. By repeating
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Fig. 2. Small Angle X-ray Scattering (SAXS) measurement of the biomimetic sample.
(8) SAXS pattern (inset) showing an isotropic ring pattern. The azimuthal-averaged SAXS
intensity (black solid line in main panel) reveals the existence of a dominant spatia fre-
quency in the structure. The red-dashed curveis obtained from the power Fourier spectrum
of acomputer-simulated structure shown in Fig. 4(a). (b) Log-linear plot of SAXSintensity
(black solid line) at high q value featuring the oscillation and beating, caused by the form
factors of bi-disperse spheres. Red dashed curve isfrom the cal cul ation with form factors of
two spheres with diameters 265 nm and 223 nm. The red dashed curve is shifted vertically
for better comparison.

the CBS measurement at many wavelengths, we obtain Iy as a function of A [black squaresin
Fig. 3(b)]. Thefitting error for all data points are below 5%.

3. Theoretical analysis

To interpret the experimental data, we estimate |; = (poy)~* from the transport cross section
ot [19],

o = %/OEB(G)sinO(lfcosG)de, )
where
B(e) = XF]_]_(@)S]_]_(Q) (1 X)F22 —|—2\/ 1 XF12 (2)
The partial structure factors for the bi-disperse system are
Su(@ = \/Wr%e'q —v/N1N16(q), ©)
Sp2(0) = m%éq —VN2N26(q), 4
S2) = %éq ~ VNG5 (q). (5)

The binary form factors are Fi3 = fslf51+ fplfpl, Fo = szf 5+ fpzfpz, and Fpp =
Re[fs1fdo + fp, 1f -] [20-22]. Particles with diameter 265 nm are Iabeled as 1, and 223 nm as
2. Ny and N denotethe numbers of larger and smaller particles respectively. x = N1 /(Ny + Ny)
is the fraction of larger particles in the mixture, which is 0.4 in our sample. fs and fy, are the
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scattering amplitudes of two orthogonal polarizations from a spherical particle, which can be
calculated by Mie scattering theory [23]. k = 2mnet £ /Ao is the scattering wave vector, where
Nett is the effective refractive index of the scattering medium. g = 2ksin(6/2) is the spatial
frequency, where 6 is the scattering angle ranging from 0° in the forward direction to 180° in
the backward direction. The particle density isp = ¢ /[xv1 + (1 — X)v2], where v, and v, arethe
volumes of particles with diameter 265 nm and 223 nm respectively.
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Fig. 3. (8) Coherent backscattering (CBS) measurement (a) CBS intensity Is vs. scattering
angle 6g, measured at A = 660 nm (red triangle), 580 nm (orange circle) and 473 nm
(blue square). 6g = 0 in the backscattering direction. Black solid lines represent the fitted
curves. (b) Measured (black square) and estimated (lines) transport mean free path |y vs.
wavelength A . Green dash-dots curve represents I; estimated without short-range order and
near-field effects, blue dashed line is with short-range order but no near-field effects, and
red solid curve is with both.

We start with asimple estimation of |; in our sample with two assumptions. First, we assume
independent scattering of light by individual particles. Secondly, we ignore the short-range
order by assuming the particles are randomly located without any correlation, namely, S;; = 1,
S» =1, and S = 0. The dielectric spheres have the refractive index of n= 1.58, and thefilling
fraction of ¢ = 64% [24]. The form factors are calculated from optical scattering of individual
dielectric spheres in air. The computed value of I; is plotted by the green dash-dotted line in
Fig. 3(b).

Next, we take into account local correlation of particle position in the random close-packed
structure by including the structure factors of the bi-disperse system in the estimation of I;.
However, it is very difficult, if not impossible, to accurately extract all partial structure fac-
tors Sy1, S», and Sp» from the SAXS data. Alternatively, they are obtained from a computer-
simulated random close-packed system of 1000 bi-disperse spheres of diameters equal to the
experimental values [Fig. 4(a)] using the methods described in Ref. [25]. Thefilling fraction is
64% [24]. The partial structurefactorsare calculated from the center positions of al spheresand
plotted in Fig. 4(b). Power Fourier spectrum, computed by Fourier transform of this structure,
matches well the azimuthal-averaged SAX Sintensity in Fig. 2(a). Thisagreement confirmsthat
our sample has afilling fraction of 64%, because with identical sphere sizes and number ratio x
of bi-disperse spheres, the dominant spatial frequency would coincide only if thefilling fraction
isthe same. The estimated I; is plotted by the blue dashed linein Fig. 3(b). Itsvalueisincreased
from the previous estimation as aresult of short-range order. Thisresult isalittle surprising, as
structural correlation is often thought to enhance light scattering, at least, at certain wavelength.
Short-range structural order introduces the phase correlation of light scattered by adjacent par-
ticles, leading to constructive interference in certain direction and destructive interference in
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Fig. 4. (a) Computer-simulated structure of random close-packed spheres of diameters 265
nm (blue) and 223 nm (yellow). (b) Partial structure factors computed for the structure in
(a). Blue solid curveis S;1, green dashed curve Sy, and red dash-dots curve Sp».

other directions. To be more concrete, let us consider light with an incident wave vector k;
being scattered to a wave vector Ko. The scattering is elastic, |ki| = |ko| = k. The difference
between k; and Kk is provided by the spatial vector g of the structure, ko — ki = q. For example,
in the backward scattering direction, ko = —k;, thus 2k = g. The dominant spatial frequency
Qo of the random close-packed system causes the strongest backward scattering at k = go/2.
Consequently, I; exhibits a shallow “dip” at the corresponding A = 550 nm [blue dashed line
in Fig. 3(b)] [26]. More generaly, for any k > qo/2, short-range structural order introduces a
phase correlation of light scattered by adjacent particles. They constructively interfere in spe-
cific directions, enhancing the scattered light intensity. However, in all other directions they
interfere destructively, suppressing light scattering. The suppression of scattering intensity oc-
curs in many more directions than the enhancement. Hence, the total (angle-integrated) scat-
tering strength reduces and |; increases. It has been shown in Ref. [27] that short-range order
reduces scattering and is responsible for the transparency of corneato visible light. However,
in Ref. [27], the characteristic length scale of the nanostructure is about an order of magnitude
smaller than the optical wavelength, while in our case they are comparable.

In the above two estimations of |, we calculate the form factors by assuming the particles
are situated in a background of air. However, in arandom close-packed system, particlesarein
contact with each other, and the scattering cross section of a particle is affected by the presence
of nearby particles [28]. The near-field coupling of the adjacent particles modifies the form
factor of an “average” particle. Such near-field effects have been reported in the study of white
pigmentation using TiO, particles [29] and it is called optical crowding. Scattering of solar
electromagnetic radiation by dust particles in the atmosphere or on the surface of celestial
bodies are also affected by the near-field effects [30]. To take into account the near-field effects
in our random close-packed sample, the form factors of particles are computed by assuming
each particle is effectively surrounded by a homogeneous dielectric background of refractive
index n,. The value of ny is obtained by averaging the actual refractive index surrounding a
particle with aweighting factor from an exponentially-decaying evanescent field. Namely,

N oo n(r)e @/ tor2dr ®
© T [Te o /orzdr
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wherer isthe distance from a particle’s surface, n(r) is the ensemble-averaged refractive index
based on on the sphere packings described above, and o is afitting parameter that we expect
to depend on the refractive indices of the particles and the surrounding medium as well as
the local particle packing geometry. We can calculate I; for any value of o using the modified
form factors with background refractive index n, from Eqg. (6). The least square fitting be-
tween the measured and estimated values of |; for all probed wavelengths gives oo = 14.1+ 3.2,
The relative standard error is ~ 9%. With larger/smaller o value, the magnitude of I; de-
creases/increases, but the shape of the curve remain constant. The final estimated |; which
includes the short-range order and near-field effectsis plotted by red solid linein Fig. 3(b), and
in good agreement with the experimental values at all measured wavelengths. This result indi-
cates that short-range order and near-field effects reduce the scattering strength by one order of
magnitude in random close-packed structures.

4, Discussion and conclusion

Although the transport mean free path has been well studied in disordered photonic crystals
with long-range order [31-34], there have been only a few studies on amorphous photonic
structures with short-range order. It has been shown in colloidal liquids, local order induces a
local minimum of the transport mean free path [26]. Since the particles are not closely packed,
the near-field effect is negligible. In Ref. [28], |; is shown to increase at high filling fraction of a
random close-packed random film of monodisperse dielectric spheres. Thisresult is explained
by accounting for evanescent wave coupling of contacting spheres. The modification of near-
field scattering environment isincluded in the form factors of isolated scatterersin an effective
dielectric background. The background refractive index is obtained after setting a coupling
length that scales linearly with A. Following this method, we calculate n, as a function of
wavelength and plot (with blue dashed line) in Fig. 5(a). Its value displays a sharp rise at
A ~ 200 nm. Within the wavelength range of our study, its value is nearly invariant with A.
Thel; calculated with this background index is roughly 3 times larger than the measured values
for our samples (not shown). For comparison, we plot (with black solid line) in Fig. 5(a) the
value of n, obtained from Eq. (6) with oo = 14.1. It has a much more gradual increase with A.
The background index ny is notably lower within the wavelength range of our measurement.
The good agreement between the estimated |; with this n, and the measured values over a
broad wavelength range clearly shows that our proposed model works better to incorporate the
near-field effects in a random close-packed scattering environment. The asymptotic behavior
of ny can be understood as follows. At longer wavelength, the near-field of a particle would
extend farther away, coupling to more particles and probe the global environment. Thus the
background refractive index approaches that of a homogenized medium which isn, = 1.39 in
our case. In the short-wavelength limit, the particle would only be able to sense its immediate
environment and n, approaches the refractive index of air. As an example, we plot in Fig. 5(b)
the scattering efficiency Qs Of adielectric sphere in different backgrounds. Qg4 is defined as
the ratio of the total scattering cross section over the geometrical cross section of a sphere. The
sphere diameter is 244 nm and the refractive index is 1.58. Qg calculated with background ny
from Eq. (6) approaches that of scattering in air at short wavelength, and that in homogenized
medium of ny a long wavelength.

Assuming the same o value, we have estimated |; ~ 5um at A = 540 nm the center wave-
length of the major reflection peak for the nanostructures of bird feather barb as shown in
Fig. 1(a). Thus, I; is comparable to the total thickness of the scattering nanostructures, and
single scattering is dominant over multiple scattering to produce color. However, the nanos-
tructures of bird feather barb (air cavities embedded in 3-keratin) are inverse of the biomimetic
structures (dielectric spheresin air), and the value of « islikely to be different. We expect the o
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Fig. 5. () Near-field effects on form factors can be included in an effective background
refractive index n,, whose value is calculated from Eq. (6). It approaches the refractive
index of air at short wavelength, and that of a homogenized medium at long-wavelength.
The wavelength range of our CBS measurement is highlighted with color. For comparison,
the value of n, obtained from Ref. [28] is plotted with blue dashed line. (b) Calculated
scattering efficiency Qsca Of a dielectric sphere in different backgrounds. The sphere has
a diameter 244 nm and a refractive index of 1.58. Qsca = Osca/Ogeo IS the ratio of the
scattering Cross section osc, to the geometical cross section ogeo. The refractive index of
the background is equal to n, from Eq. (6) (black solid line), n, = 1.39 of the homogenized
medium (blue dashed line), and that of air 1 (red dash-dotted line).

value determined in this paper isnot universal, since it depends on the properties of the scatterer
and its surrounding. It is sensitive to the parameters such as ratio of refractive index of scatterer
with its background, size of scatterer and maybe the packing geometry. Hence, further study
of light scattering by systematic tuning of the above mentioned parameters has the potential of
fully characterizing o, and providing physical insight to dependent scattering.

In summary, we have measured the transport mean free path I; with coherent backscattering
in amorphous photonic structures over a broad wavelength range. Such structures are made
of random close-packed dielectric spheres of two sizes, and have only short-range order. The
measured |; is significantly larger than the estimated value based on the assumptions of inde-
pendent scattering and the absence of structural order. With particlesin close contact with one
another, we must consider the phase correlation of scattered light and local scattering environ-
ment. Short-range order accounts for the interference of light scattered from particles located
in close proximity. Near-field effects originate from the evanescent wave coupling of adja-
cent particles and leads to reduced refractive index contrast between particles and surrounding.
Both increase the transport mean free path. Since many color-producing biological nanostruc-
tures consist of random close-packed dielectric or air spheres, we expect both effects exist.
They increase |y and make it comparable to the total size of the nanostructure. Consequently,
single scattering becomes dominant over multiple scattering, and is responsible for structural

coloration.
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