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Noise-Assisted Crystallization of Opal Films

Worawut Khunsin,* Andreas Amann, Gudrun Kocher-Oberlehner, Sergei G. Romanov,
Saroj Pullteap, Han Cheng Seat, Eoin P. O’Reilly, Rudolf Zentel,

and Clivia M. Sotomayor Torres*

An improvement of the crystal quality of opal films self-assembled from
polymer spheres in a moving meniscus using the agitation by white noise
acoustic vibrations is demonstrated. A tenfold higher ordering of a hexagonal
sphere packing in the (111) plane is achieved. This crystallization method,
the mechanism of which is described in terms of the stochastic resonance,

is a contrast to the widely used approach based on maintaining equilibrium
conditions during the crystallization process. The precise quantification of the
incremental lattice order improvement as a function of acoustic noise inten-
sity is achieved by calculating the probability of finding an opposite partner
for each sphere in the lattice. This method is examined against conventional
and established techniques such as Fourier transforms and translational

and bond-orientational correlation functions, and its advantages are demon-
strated. Rotational symmetry analysis of diffraction resonances in measured
and calculated optical transmission spectra as a function of the azimuth lat-
tice orientation are carried out to confirm that the surface ordering translates
into the bulk ordering of high index crystal planes, which are most sensitive
to disorder.

1. Introduction

Photonic crystals (PhCs) have been exten-
sively studied for the past two decades as
a unique platform to understand light—
matter interactions in complex media.'*
Additionally, the fascinating optical prop-
erties of PhCs have been exploited in
industrially relevant applications such as
high sensitivity sensorsP~ and enhanced
solar cells.®1% Tt is commonly accepted
that the ultimate PhC performance can be
achieved with perfectly ordered 3D struc-
tures. Among several techniques used
for 3D PhC fabrication, colloidal crystals
in general, and opals in particular, stand
out for their preparation simplicity and
compatibility with Si platforms,!'!l making
them the most widely studied 3D PhCs to
date. However, the self-assembled struc-
tures suffer from the distractive influence
of various structural defects,!2!3 which
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are detrimental to the formation of the photonic bandgap
(PBG).4

Thus, research towards improving the ordering of opal PhCs is
essential. Most research effort in this direction is based on purely
chemical methods that focused on establishing the ordered col-
loidal configuration in the liquid phase and careful translation
of this ordered architecture onto a solid substrate. However, one
can imagine an alternative strategy that engages the stochastic
mechanism of the ensemble formation.This method uses many
attempts by the ensemble to realize the most energetically favo-
rable configuration of the colloid instead of perfecting lattice crys-
tallization in a single, long event under equilibrium conditions.

Understanding noise as a factor leading to the enhanced reg-
ularity of certain oscillations, improved signal-to-noise ratio in
communication channels, and induced dynamical bifurcations,
gave rise to novel research directions in biology, communication
systems, and semiconductor dynamics.'>77! It was observed
that noise also plays an important role in pattern formation of
extended systems and, in particular, the effect of spatial coher-
ence resonance in excitable systems was studied.'®'% Noise-
related mechanisms such as stochastic resonance,?”l coherence
resonance,?!l and Brownian motors?22%l were recently applied
to improve the ordering of self-assembled structures.

Furthermore, we previously found that waves produced in a
vessel containing a colloidal suspension by the air flow during
crystal self-assembly enhance the opal ordering.?l However,
no systematic studies of this topic have been reported so far.
In order to investigate the role of noise-like acoustic waves
on the self-assembly of colloidal crystals we employed here
another strategy that can be identified as acoustic field-assisted
growth.l?’! Applying the vibrations to the colloidal suspension
using a computer-controlled setup made it possible to study
changes in colloidal crystal ordering as a function of the mean
vibration magnitude. Consequently, an equally important task
is to find a reliable method for quantitative characterization of
incremental changes in the lattice ordering, seen using scan-
ning electron microscopy (SEM). For this, we developed a nano-
metrology approach that i) is robust against deficiencies of the
SEM images such as uncertainties in image contrast, resolu-
tion, and focusing and ii) allows quantification of the in-plane
lattice order. In order to prove the reliability of this structural
analysis, we compared the results of this procedure to those
produced by widely used alternative methods.

The structural data were completed by optical characteriza-
tion of diffraction resonances in the opal lattice. Numerical
modeling of the transmission spectra was performed to estab-
lish the reference in the form of the spectra of a perfectly
ordered opal film. The lattice order improvement trend under
the influence of noise agitation was observed, suggesting a
correlation between SEM-visualized 2D ordering and optically
detected 3D ordering. Finally, we put forth a hypothesis that
assigns the noise-induced ordering of the opal lattice to spatial
coherence resonance.

2. Acoustic Noise-Assisted Self-Assembly

Thin opal films were crystallized on a glass substrate that is
vertically drawn out of a suspension of highly monodispersed
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poly(methyl metacrylate) (PMMA) spheres with diameters (D)
of 368 nm and 530 nm (Figure 1a). Figure 1b shows the con-
ventional schematics illustrating the crystallization process,
where the spheres are brought towards the liquid/air boundary
by the capillary force induced at the surface of the moving sub-
strate.?%) The self-organization of the dense ensemble takes
place around the liquid/air contact line. In our experiment
acoustic vibrations in the form of white noise, with a frequency
band spanning from 20 Hz to 4 kHz, were applied to the col-
loidal suspension during the growth process using a loud
speaker fed by noise generating software (see Figure 1d). Since
the substrate was suspended independently from the vessel,
the contact line separating liquid and air moves with a mean
magnitude that depends on the acoustic power loaded on the
loud speaker. A series of opal films were grown, each under a
different noise intensity level, L, measured in decibels (dB) rela-
tive to each other. The noise intensity level was calibrated with
respect to the water meniscus displacement so that at L =20 dB
the meniscus displacement was about 2.0 pm.

Figure 2 shows SEM images of samples grown at various
noise intensities. Qualitatively, we observed that for L = 0 dB
(Figure 2a) the structure appears to be fairly irregular. For
L =20 dB (Figure 2c) large domains with visually almost perfect
ordering are observed. At higher noise levels of L = 25 dB to
L =40 dB, the regularity of the structure monotonically declines
with increasing noise intensity. At L = 40 dB the standing waves
on the water surface dominate the wave pattern, giving rise to a
spatially inhomogeneous structure of the opal film (see
Figure 2g,h). These standing waves are produced by shock exci-
tation of the eigenmodes of the beaker. The standing wave pat-
tern manifests the faster growth of the magnitude of resonance
waves compared to that of chaotic vibrations, which leads to the
regular perturbation of the contact line across the substrate.

3. Assessment of Crystalline Order

To obtain a quantitative measure of the regularity of the in-plane
ordering of the spheres, we carried out a statistical analysis on
the SEM images. Each sample was examined based on a series
of SEM images taken from 17 equidistant positions at 1 mm
separation across the sample, as shown by the white dotted line
in Figure 1a. A cross-sectional SEM image of the sample grown
at L =25 dB is shown in Figure 1c, where excellent packing and
ordering of the spheres can be readily observed.

For an accurate analysis, the measure has to be: i) a scalar
quantity, because a dependency on a certain predefined orien-
tation of the sample is undesirable; ii) an average over locally
observable quantities; iii) based on the positions of the center of
the spheres and not on the pixel representation of the spheres
in the SEM images; iv) robust against missing surface spheres;
and v) suitable for cross-sample comparison.

In light of the above requirements, we introduced the func-
tion p(r) as a suitable regularity measure that exploits the six-
fold symmetry of the in-plane hexagonal lattice. Using the
concept of the “opposite partner sphere”, we defined the regu-
larity measure as the probability of finding an opposite partner
sphere (see Figure le). The regularity measure p(r) is therefore
rationally defined as:
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Figure 1. a) Schematics of the deposition process of a colloidal crystal from an aqueous suspension of PMMA spheres. During the growth process,
acoustic vibrations with the white noise spectrum were applied from below while the substrate was vertically drawn out of the suspension by a stepper
motor. b) Schematics of the crystallization process. The white dotted lines in (a) denote the line along which SEM images are taken. The same line
in (b) shows the air/water contact line. c) A cross-sectional SEM image of the opal film grown at L = 25 dB. The scale bar is 2 um. d) The spectrum
of white noise used in the experiment. e) Illustration of the concept of the “opposite partner sphere.” Sphere B has a partner sphere C that is at the
opposite position with respect to the center sphere A. Sphere D does not have an opposite sphere at the position indicated by the dashed circle. The
dash-dotted circle of a radius r around the sphere A indicates the range within which all the spheres are taken into account for the calculation of crys-
talline order at the position of the sphere A, i.e., pa(r).

Y assc X (AB)x.(AB + AC) n x,(B) = {1if [R| <y .
ZA#B Xr(ﬁ) 0 else

The subscripts € and r as given in Equation 1 represent the

where XV is the vector from the center of sphere X to the  tolerance parameters that quantify, respectively, the allowed

center of sphere Y and Xy(ﬁ) is a characteristic function variance in the sphere position and the maximum distance

defined as: between spheres contributing to the sum in Equation 1. For the

p(r) =

(©) (d)

L=0dB,p(=0.06 L=
(e)ittiisissistssstisass e Y,

L=30dB, p(r)=0.17 L=35dB, p(r)=0.10 L =40, p(r)=0.12 L =40, p(r) = 0.41

Figure 2. SEM images of samples crystallized at different noise levels L. The images in panels (a—g) are taken from equivalent spots close to the
horizontal center of the samples (position 10 in the units of Figure 3). Panel (h) displays an alternative spot (position 3) for L = 40 dB, which shows a
high regularity due to the formation of resonance standing waves at high noise intensity. p (r) denotes the regularity measure according to Equation 1
calculated from high-resolution SEM images with sizes of 65 m x 50 um for r=5.5 um and € =43 nm. The images are 9 tm X 9 um in size.
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case of the photonic structure exemplified
here the meaningful value of r is determined
by the coherence length of the incident light,
which limits constructive interference over
large distances, whereas € is limited by the
resolution of the SEM image.

The regularity measure p(r) can be inter-
preted as follows: for two randomly chosen
spheres A and B with the only constraint
being that the distance between the respective

www.afm-journal.de

sphere centers is less than r (ie., AB <r),
p(r) is defined as the probability that there
exists a third sphere C such that A, B, and
C are collinear and that the distance between

A and B is, within the tolerance limit given
by &, the same as that between A and C; in
other words, F + ﬁl < ¢. This process
is illustrated in Figure le, where the solid
arrows indicate two spheres that are point-
symmetric with respect to the center sphere

A. The dashed arrow indicates a case where,
for sphere D, there is no opposite partner.

The local regularity measure at a
chosen sphere A can Dbe defined as
pa(r) = Oa(r)/Na(r), where On(r) is the
number of spheres within a circle of radius
r around the sphere A that have an opposite
partner sphere and N,(r) is the total number
of spheres within this circle less one, ie.,
omitting the central sphere. Equation 1 can then be expressed
in terms of a weighted average as follows:

24 Na(r)pa(r)
PO =25 )

For a perfectly ordered close-packed hexagonal lattice, which
is the projection of a face-centered cubic (fcc) lattice onto
its (111) plane,?”! we obtain p(r) = 1 for all r values. For an
ensemble arrangement without any long-range order p(r) can
be estimated assuming that the average area density is similar
to the perfectly ordered case, as:

3)

2
p(r) = 7

Based on a series of SEM images, we calculated p(r) using
r=>5.5 um = 15D, where D is the diameter, and € = 43 nm =
0.12D. The results are shown in Figure 3 as a function of noise
intensity and position along the white dotted lines in Figure la.
Details on the dependence of p(r) on r and € can be found in the
Supporting Information, where we show that, for the purpose
of a relative comparison of sample regularity, the exact values of
rand € are not critical.

The plots on the left-hand side of Figure 3a show p(r) as a
function of noise intensity for SEM images taken at position
7 and 10, i.e., around the center of the sample, which exhibits
maxima of p(r) at noise intensity L = 25 dB and L = 20 dB,
respectively, for colloidal crystal grown with spheres of 368 nm
diameter. A similar trend is observed for all positions as illus-
trated by the greyscale plot on the right-hand side of Figure 3a.

(¢/ D)? (4)
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Figure 3. The regularity measure p (r) calculated according to Equation 1 for samples crystal-
lized from spheres with diameters of a) 368 nm and b) 530 nm. The calculation parameters
were r=5.5 im and € =43 nm. Left: plots of p (r) (circles) and the magnitudes of the first har-
monic of PSD of the corresponding SEM images (stars) as a function of noise intensity at two
locations P7 and P10. Right: plots of p (r) as a function of position P (horizontal axis) and noise
level L (vertical axis). Light and dark color denotes low and high p (r) values, respectively.

The mostly light color observed for zero noise level indicates
a highly irregular structure with p(r) = 0.06. The regularity
gradually improves up to the noise level L = 20 dB, where a
highly regular structure with p(r) = 0.46 is observed. A further
increase in noise intensity above L = 20 dB leads to a decrease
in regularity.

We note that the p(r) value depends on the resolution of the
SEM images, which limits in practice the maximum value of
p(r) value to around 0.5. Therefore, the p(r) values presented
here offer only a relative quantitative comparison. Interestingly,
the minimum value of p(r) = 0.06 is, however, higher than the
calculated value of p(r) = 0.05 according to Equation 4, indi-
cating that even the least ordered sample possesses some local
ordering. To test the general character of noise agitation effi-
ciency on the opal crystallization, we repeated our analysis for
spheres of the same density but a larger diameter D = 530 nm
(Figure 3D). A trend similar to that of the smaller spheres was
observed, but with the optimum noise intensity shifted upwards
to L=30dB.

We compared the estimates obtained above against well-es-
tablished order quantification techniques such as Fourier frans-
form (FT) analysis, translational (pair) correlation function, and
bond-orientational correlation function. The blue curves in the
plots on the left-hand side of Figure 3a,b show the magnitudes
of the first harmonic of the power spectral density (PSD) as a
function of noise intensity for the positions P7 and P10 of the
same SEM images used in the caculation of p(r). The plots are
in relatively good agreement with the results obtained using
our “opposite partner sphere” method. A complete FT analysis
of the samples and grayscale plots similar to that displayed on
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the right-hand side of Figure 3 can be found in the Supporting
Information.

Translational, g(r), and bond-orientational, gs(r), correlation
functions are obtained based on the procedure described in
ref. [28]. In the case of crystalline solid, g(r) obeys the power-law
decay?®3% with an algebraic form: g(r) < r ™, where the transla-
tional exponent, 7, denotes the degree of translational order in
the structure with larger 1 denoting higher disorder.

Figure 4a shows g(r) calculated for L = 20 dB sample along
with a fit obtained using the following equation:(!]
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Figure 4. a) Translational correlation function g (r) calculated for L=20dB
sample with sphere diameter of 368 nm (red curve). The fit obtained
from Equation 5 is shown by the black solid curve. The delta functions
corresponding to gpe,(r) of the perfect hexagonal lattice are shown as
vertical grey lines with correct positions and relative amplitudes. Inset:
Comparison of g (r) calculated for L = 0 (green) and 20 dB (red) sam-
ples. The black dotted lines corresponds to power-law decay fits with
n=2.7for L=0dB and n=1.4 for L =20 dB. b) Bond-orientational cor-
relation function gs(r) calculated directly from Delauney triangulations
using Equation 6 are shown for L =0 (green), 20 (red), and 35 dB (blue)
samples and a perfect hexagonal lattice (grey). The solid black lines are
fits of the form g¢(r) oc r ™, yielding ng = 0.082, 0.006, and 0.012 for
L =0, 20, and 35 dB, respectively. All the calculations are based on the
data at the position P10.
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where gj.,(x,0) is the translational correlation function of a per-
fect hexagonal lattice with lattice spacing given by a, n is the
translational exponent, b is the broadening factor introduced
into the delta function of the gy (x,4) to account for uncertain-
ties in sphere positions.

The fit in Figure 4a was achieved with b = 0.08 (r/D), the
value of which is similar in magnitude to the tolerance param-
eter € used to evaluate Equation 1. The inset to Figure 4a shows
g(r) calculated for L = 0 dB and L = 20 dB samples. The black
dashed lines are power-law decay with n=2.7 for L=0 dB and
N = 1.4 for L =20 dB, respectively.

Order quantification based on the bond-orientation correla-
tion function gy(r) is defined in terms of nearest neighbor bond
angles according to ref. [28] as:

ZCOS(G ;i

where N is the number of spheres, 6, is the bond angle at
sphere i with respect to an arbitrary fixed axis, 6;; is the bond
angles of the nearest neighbors of the spheres i determined
directly from Delauney triangulation (see Figure S7 in the Sup-
porting Information).

For a structure with long-range order, g¢(r) — constant, with
a maximum value of unity for a perfect hexagonal lattice. For
finite-range ordered structure, the magnitude of gy(r) decreases
with increasing disorder and decays as a function of r.

Figure 4b shows gg(r) for L = 0, 20, and 35 dB samples as
well as for a perfect hexagonal lattice. The bond-orientation
exponents 1], obtained from the power-law fitl?>3% are shown
as grey dashed lines in the figure acquiring values of: 0.006 (L =
20 dB) < 1 < 0.082 (L = 0 dB). See Supporting Information for
a plot of n¢ as a function of noise intensity. The small values of
7 indicate that the samples under study have long-range order,
but with a different degree of ordering towards the hexagonal
lattice given by the magnitude of gg(r).

Figure 5a,b show the translational exponents and the magni-
tude of gy(r) extracted at r =15 (r/ D) as a function of noise inten-
sity for the positions P7 and P10, respectively, so as to allow
for a direct comparison with both the FT and the p(r) analyses
shown in Figure 3. The shaded regions indicate the spectral
range of the noise intensity where the best order improvement
is observed for 368 nm (green) and 530 nm (blue) spheres,
respectively. The higher noise intensity associated with better
order of larger spheres is in good agreement with those shown
in Figure 3.

The analyses above indicate that noise indeed has a posi-
tive influence on the ordering of the spheres. In addition, the
excellent agreement between the FT analysis and correlation
methods with the proposed “opposite partner sphere” method
justifies its validity. The advantage of our approach over the
established methods is that it circumvents the problems associ-
ated with the image contrast and edge effects associated with
FT analysis. In addition, our technique is also free from errors
related to binning operations required in the calculation of g(r)
and g¢(r). This error is shown to be sample-dependent, which

i|dx—1 rT41l (5)

ge(r) = — o)) (6)
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Figure 5. a) Translational exponents 1 obtained from the fit using Equation 5. b) Magnitude of bond-orientational correlation function extracted
at r/ D =15. The values are plotted as a function of noise intensity for spheres diameters 368 nm (green) and 530 nm (blue). Solid circles: P7; open

circles: P10.

complicates cross-sample comparison and can lead to an unre-
liable analysis. See Figure S10 in the Supporting Information
for more details.

4. Effect of Noise on 3D Lattice Ordering

It is instructive to bridge the order estimates obtained using the
surface analysis above to the optical diffraction in the respective
3D lattices obtained using angle-resolved transmission spec-
troscopy. The latter technique substantially extends the infor-
mation about crystallographic configuration of the opal lattice
in comparison to the order estimates obtained by FT analysis
and correlation function calculations of the opal surface and
potentially can produce a quantitative link between 2D and 3D
ordering.3?

Figure 6a shows the transmission spectra of samples grown
from spheres with D = 368 nm at an incident angle of 6 = 30°
along the LU line (¢ = 0°, see Figure 7) on the surface of the
Brillouin zone of an fcc lattice, where ¢ is the azimuth angle
or the rotation angle of the incidence plane. The diffraction
resonances at both the (111) and (002) crystal planes are more
pronounced for L = 25 dB than for L = 0 dB, and the minimum
at (220) is only visible for the former. This agrees with the pre-
vious observation that the diffraction resonance at the (220)
planes is the most vulnerable to the lattice disorder.?? It is also
worth noting that the depth of (220) diffraction minima has
been used to characterize microscale inhomogeneity of slab-
shaped crystals of thermoelectric materials.3l Furthermore,
in the spectral range between these diffraction resonances
the sample grown under L = 25 dB is more transparent. This
is illustrated by the ratio of the two transmission spectra,
as shown in Figure 4b. The higher transmission implies a
weaker diffuse background scattering for L = 25 dB that can
be ascribed to its better ordered lattice®* compared to that of
sample L =0 dB.

The fcc lattice is a trigonal system and has a dihedral D;
symmetry with respect to the [111] axis; it is therefore instruc-
tive to consider also the transmission spectra as a function of

Adv. Funct. Mater. 2012, 22, 18121821
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the azimuth angle, ¢. We compared the contour plots of calcu-
lated total transmission spectra of an fcc lattice obtained using
the transfer matrix method®! (Figure 6¢) to experimental ones
(Figure 6d: L = 25 dB and Figure 6e: L = 0 dB) obtained in the
zero diffraction order. As expected from the D; symmetry, a pro-
nounced threefold rotational pattern is evident in the simulated
transmission spectra, which was also revealed in diffraction
resonance dispersion analysis of an fcc lattice.?l The features
at A =480 nm apparently associated to a sixfold symmetry (indi-
cated by the dashed arrows) actually belong to threefold rota-
tional symmetry, as follows from closer examination of their
shapes. The experimentally observed sixfold symmetry can be
conveniently associated with the stacking faults in the opal film
lattice as recently reported by Andreani et. al.l’%l

A comparison of the experimental to the calculated transmis-
sion contours indicates that the opal films grown under white
noise agitation possess more regular structures: the threefold
symmetry is hardly detected for L = 0 dB (Figure 6e), while fea-
tures with threefold rotational symmetry can be clearly observed
in the pattern for L = 25 dB sample (Figure 6d). Since the dif-
fraction resonances at short wavelengths belong to high-index
planes, it is reasonable to assume that lattice disorder affects
them more strongly than the diffraction resonances at low-
index lattice planes.’”) Therefore, the sample with better order
should display symmetry of diffraction resonances at shorter
wavelengths. Indeed, the transmission pattern of the opal film
crystallized under noise agitation also shows distinguishable
sixfold and 12-fold symmetries. However, the 12-fold symmetry
at A = 380 nm has no matching features in the calculated trans-
mission contour. This is a consequence of integrating the zero
and the higher diffracted orders in the calculated total transmis-
sion spectra. Altogether, these observations support the conclu-
sion that noise agitation improves the lattice ordering.

5. Role of Noise Agitation

It has been known for more than a century that noise in the
form of thermal atomic motion plays a crucial role in phase
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Figure 6. a) Optical transmission spectra obtained at an angle of incidence 6 = 30° and = 0° for L =0 dB (black solid line) and L = 25 dB samples
(dashed red line) (D =368 nm). b) The ratio of these two spectra: T (L = 25 dB)/T (L = 0dB). Contour plots of transmission spectra obtained at an
incident angle of 8= 30° as a function of wavelength and the azimuth angle, ¢: c) from calculations for opal with an exact fcc lattice, d) experimental
data for the sample grown at L = 25 dB, and e) experimental data for the sample grown at L = 0 dB. The calculation was performed using the same

material and structure parameters as in the experiment.

transitions.3® The effect of noise in such cases can be described
by a locally defined effective temperature, which is adiabatically
adjusted and varied very slowly on the atomic length scale.
Therefore, the classical annealing process can be described in
the framework of adiabatic equilibrium thermodynamics using
alocally defined GibU's free energy and a locally defined effective
temperature. Based on this analogy, researchers often seek to
improve the crystallization of colloidal suspension by changing
the bath temperature, introducing electrolytes, or using sol-
vents with higher vapor pressures.13l These approaches assume
equilibrium crystallization of charged particles,***1l and they
are proven to yield better ordering in the opal lattice. However,
none of these methods considered waves in the water or on its
surface.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

On the contrary, comparing freely moving particles in a col-
loidal suspension to the same particles frozen at lattice nodes
of a crystallized film, a reasonable assumption would be that
crystallization drives the system out of equilibrium. How do we
bridge this approach to noise-enhanced spatial regularity?[+?!

An illustrative analogy to wave-driven colloidal sphere pack-
aging is the arrangement of sand particles under the influence
of water waves coming to the beach. In this case, not only the
kinetic energy of the waves is transferred to sand particles, but
also the Archimedes force counteracting the gravity makes
them susceptible to the driving force. The wave essentially pro-
vides a correlated movement of the sand particles. Moreover,
if one wants to change an established configuration, the mag-
nitude of the wave should be high enough to allow destructive

Adv. Funct. Mater. 2012, 22, 1812-1821
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Figure 7. Schematic of transmission measurement. The inset shows the
first Brillouin zone of an fcc lattice, where the dotted line indicates the
plane of incidence.

forces to overcome the interaction between sand particles at the
edge between dry and wet parts. To come closer to opal crystal-
lization, gravity should be replaced with van der Waals forces
cementing the sphere package. Taking into account the elec-
trostatic nature of van der Waals forces and the porosity of the
sphere sediment, the role of the water wave is to shield sporadi-
cally the electrostatic interaction between spheres and to give
them some freedom to couple to the wave energy, thus allowing
changes in their positions in order to minimize the package
energy.

Since the crystallization of colloidal spheres takes place at
the meniscus on the substrate, %l the observed influence of
noise is confined to this region. The total flux of water in the
meniscus region in the case of meniscus perturbation is mainly
the sum of two terms: the evaporation-induced flux of water
and the oscillating flux of water.243] The oscillating fraction of
flux corresponds to the agitation frequency. In fact, the drawing
speed is =0.38 um s}, which is about one lattice spacing every
1.5 s in crystals assembled from 368 nm spheres, whereas the
oscillation frequency of the water flux can be up to 3000 cycles
in every 1.5 s. This frequent movement of the water level across
the contact line either releases spheres from lattice sites or
allows them to be captured deeper into the potential well. This
freedom increases the probability for spheres to find the most
energetically favorable lodging sites.[*>*4

Once the sphere is captured in the deepest potential well,
a stronger perturbation is necessary to release it back to the
suspension. Since this external perturbation is reduced along
the substrate being drawn out of the suspension, the balance
between capture and release forces is shifted in favor of the lat-
tice perfection above the contact line.

Adv. Funct. Mater. 2012, 22, 1812-1821
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It is also instructive to introduce here the concept of “col-
loidal epitaxy”. Assuming that the solidified part of the opal
lattice acquires a “perfect” order, the softening of the lattice in
close vicinity to the crystals allows van der Waals forces to rep-
licate this perfection in the next cross-cut of sphere lattice by
equalizing interaction between spheres. Thus, the application
of water waves allows the epitaxy process to repeat the crystal-
lization process several times for the same cross-cut, which pro-
motes order in the ensemble.

Obviously, the acoustic energy injected into the system will
be partly dissipated into other degrees of freedom such as
heat. Therefore, one could argue that it is the thermal gradient
thus formed that drives the spheres in suspension. However,
the thermal motion is different from that generated by noise
agitation. By changing the temperature, each sphere is pushed
individually through collisions with other spheres in the sur-
rounding water bath. There is no significant correlation in
the motion of the spheres and no large-scale density fluctua-
tion due to temperature change unless the water starts to boil.
Furthermore, the propagation of heat is governed by heat equa-
tion and its dynamics is fundamentally different from the wave
equation since, in particular, the former does not allow for wave
excitation.

The effect of acoustic waves is to provide correlated move-
ments of the spheres, which make the crystal order a function
of the vibrational magnitude. We note that, such meniscus
movement could be considered analogous to shear-enhanced
crystallization.***”] The most ordered lattice were achieved at
agitation level of L = 20 and 30 dB in suspensions of 368 and
530 nm spheres, respectively. These agitation magnitudes result
in water meniscus displacements that correspond to three and
five times the respective lattice constants. This observation sug-
gests that there exists an optimum displacement of the water
surface for the spheres to find the right lattice positions under
“melting—freezing” conditions. Certainly, the optimum value is
a function of the water evaporation rate, the substrate drawing
speed, and the weight of the spheres. Since the first two param-
eters were maintained as constant in our experiment, the larger
spheres require stronger agitation to achieve lattice align-
ment. Under very high agitation intensity the wave magnitude
strongly exceeds the lattice constant so that the lattice is melted
simultaneously over the length of many unit cells. Such a high
disturbance destroys the regime of “colloidal epitaxy.” As a con-
sequence, under- or over-agitation will eventually result in a
less-ordered lattice.

What is the role of the acoustic noise in crystal ordering?
First, the acoustic agitation allows multiple crystallization
attempts, ie., it provides the reversibility of the crystalliza-
tion process that is an essential condition for the stochastic
resonance to occur. Second, it is noteworthy that in the range
f<4kHz (A2 0.375 m) the sound speed in water allows all
acoustic waves to move the suspension as a whole. As a result,
a complex wave pattern is formed on the surface of the liquid
because each partial wave approaches the surface with its
own phase. The energy delivered with each partial frequency
depends on the wave phase at the contact line. Accordingly, the
concept of stochastic resonance assumes that high waves are
able to switch between the ensemble configurations, whereas
the bunch of low amplitude waves promote the aforementioned
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switching through which the role of noise is manifested. This
is why the actual noise spectrum is irrelevant, but the applica-
tion of noise agitation is essential because it provides a com-
plex wave superposition irrespective of the size and shape of
the vessel. Since the vibrations of the water level at the contact
line are translated into melting and assembling of the colloidal
crystal, the crystallization and melting of the opal lattice is syn-
chronized by the highest wave along the contact line. Overall,
such a process makes the final ordering of the whole system,
on average, better than any single realization of order.

It is worth noting that in the case of monochromatic agita-
tion one has to adjust both the magnitude and frequency of the
acoustic wave to reach the optimum order, but the contribution
of the stochastic resonance will be lost. Investigation of such
regime of agitation is also of interest but it is outside the scope
of this paper.

6. Conclusions

The major result of our work is the demonstration of the
mechanical approach to the crystallization of the opal lattice
in a moving meniscus. Traditional approaches often focus
on maintaining the adiabatic transition between the almost-
melted and almost-crystallized colloids by maintaining the
system in equilibrium. Instead, smashing the crystallization
continuity by frequent transitions from melted to frozen lat-
tice states brings a valuable opportunity to the lattice order
improvement. Important observation is the optimum level
of acoustic noise leading to better order, which demonstrates
the possibility to control noise-assisted crystallization. What is
more advantageous: to build up the opal lattice at once using
long adiabatic transition or to use thousands of tries hoping
that each of the tries incrementally improves the ordering?
To answer this question a number of criteria have yet to be
elaborated. Obviously, for mass production, the most cost-effi-
cient approach will be a winning option. Apparently, the noise
agitation can be viewed as a “quick-and-dirty” mechanical
alternative to the precise chemically controlled equilibrium
crystallization.

The mechanism of noise-assisted lattice crystallization can
be treated in terms of the spatial coherence resonance. Our
findings demonstrate a practical and beneficial example of the
constructive role of noise in a crystallization process of self-
organized opal films. We believe an opportunity exists for self-
assembly under spatial coherence resonance-like conditions to
be applied to nanostructures with other length scales provided
the mechanical force is comparable to, e.g., electrostatic, mag-
netic, capillary forces, or van der Waals forces.

Significant progress was made in the development of a
quantitative order measure based on the “opposite partner”
concept. The measure was applied to determine the ordering
of the (111) plane of opal films crystallized under acoustic agita-
tion of the sphere suspension. We checked the results of our
concept against commonly used techniques of FT and transla-
tional and bond-orientational correlation functions. Excellent
agreement was obtained that justifies the applicability of the
concept. Moreover, our proposed measure offers advantages of
i) robustness against image contrast variation and edge effects
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that undermine the FT technique, ii) reliability of cross-sample
comparison, and iii) avoidance of binning error associated with
the correlation functions. Furthermore, analysis of the rotation
symmetry of diffraction resonances from high-index crystal
planes in measured and calculated optical transmission spectra
supported the correlation between surface and volume ordering
of opal films.

7. Experimental Section

Materials: The highly monodisperse PMMA spheres were prepared
with a median diameter of D = 368 nm and 530 nm by the modified
surfactant-free emulsion polymerization technique.*® The opal films
were self-assembled on glass substrates from a 4 wt% dispersion of
PMMA spheres in deionized water with a resistivity of 18 MQ cm. The
substrate was vertically drawn out of the suspension using a stepper
motor with a typical speed of 1.35 mm h™" at controlled temperature and
humidity levels of 25 °C + 2 °C and 23% + 3%, respectively. The resulting
opal films typically possess the thickness of about 80 (111) layers of
spheres over an area of about 400 mm?.

Meniscus Displacement Measurement: The root mean square (rms)
displacement of the water surface was measured using an optically
generated dual-cavity Fabry—Pérot interferometer with the modified
fringe-counting technique.l*! In principle, any change in the optical path
length of the cavity iss reflected in a phase change of the laser beam.
The phase change causes the reference and reflected signals to interfere,
thereby modulating the detected signal intensity. By counting the fringes
in the interference pattern, information about the displacement of the
water surface was obtained. In the experiment a laser diode with a
wavelength of 1310 nm was used. A microprismatic-type retroreflector
was employed as the target, which was suspended at a fixed location
from the water surface. Due to the scattering of laser light at the water/
air interface, the resolution of the measurement is limited to 0.65 um.

Coordinate Determination Technique: The extraction of the coordinates
of the spheres from the SEM images was based on calculating a
convolution of the original images with a matrix that is sensitive to the
borders of the spheres. A list of I; of the 2D coordinates of the centers
of the spheres was then obtained by extracting the positions of the local
maxima in the convoluted image. The method identifies more than 99%
of the spheres with accuracy in the coordinates of about 20 nm, which
depends on the resolution of the SEM images.

Transmission ~ Spectroscopy: ~ Transmission measurements —were
performed with the white light from a halogen lamp, collimated into
a parallel beam with a diameter of =1 mm using an optical telescope.
Samples were mounted on a five-axis rotation stage that allowed
independent adjustment of the incident angle, 6, and the azimuth angle,
¢ (Figure 7). The transmitted light was collected with a collection angle of
approximately 3° and registered by a broadband high-resolution charge-
coupled detector (CCD) spectrometer. The (hkl) diffraction resonances are
assigned according to the Bragg Law: A = 2% negrdpe/ (1 — sin2(O))s
where dy is the interplanar distance of the (hkl) planes, n.g is the
effective index of refraction, and o is the angle between the incident
light and the normal vector to the (hkl) lattice planes. The nes = 1.37
was obtained as fitting parameter from the Bragg fit to the experimental
dispersion of the diffraction resonance at the (111) growth planes.?2

Transmission Calculation: The calculated transmission contours
presented in Figure 6c were obtained using the freely distributed
MULTEM?2 software package.®™ Input parameters were: fcc lattice with
D =368 nm, a dielectric constant of 2.15, and 96 layers thick.
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