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Impact of polydispersity on light propagation in colloidal photonic crystals
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The influence of polydispersity, or variations in the size of particles, on the transmittance of slabs
of colloidal photonic crystals is analyzed. A model based on simulated annealing simulates the
assembly of particles with a given size distribution into a dense array. The model reveals the
existence of a transition between ordered and random packing at a polydispersity between 3% and
4%; this transition is associated with large changes in optical properties, in the form of greatly
increased scattering and reduced contrast associated with the transmittance in and out of the stop
band. The predictions of the model correspond closely to experimental measureme&ti®4©
American Institute of Physic$DOI: 10.1063/1.1835533

Colloidal crystals offer a simple route to the fabrication from a collection of spheres with a given size distribution.
of photonic crystal§73 The submicron-scale periodicity is Algorithms such as molecular dynarrﬁ‘ésar Monte Carlo
ensured by self-assembly, without a need for external intersimulation$’ can be used to simulate the motion of collec-
vention or lithographic techniqué‘§f3 Many applications tions of hard spheres. Though applicable to colloidal disper-
have been proposed for colloidal photonic crystals, such asions, these methods are better suited to study the thermody-
optical filtering and switchiné’.8 namical properties of fluids of hard spheres than to generate

A certain amount of lattice disorder—defined as devia-fully settled arrays of particles.
tions from perfect periodicity—is, however, always present In this letter, we introduce an algorithm that employs
in self-assembled crystals. Disorder originates in the colloicsimulated annealirtff to produce physically realistic arrays
polydispersity, that is, the size distribution among the par-of spheres with randomly distributed diameters. The algo-
ticles, and also in stacking defectdislocations, stacking rithm works as follows. Initially, all particles are placed ran-
faults, grain boundarig@sn the crystal. By breaking the lat- domly in space above a single “seed” layer made of hexago-
tice periodicity, disorder prevents the free propagation ohally packed particles. The energy of the systefn,is
Bloch waves and causes incoherent scattering of ?lght,defined as the sum of three contributiond) a one-
which can lead to localization of lighitthis competes with dimensional downward potentiglj) a short-range interpar-
coherent Bragg scattering, on which many photonic applicaticle attractive potential, angii ) a hard-sphere repulsion po-
tions of colloidal crystals rely. Before these applications cartential, which prevents particles from overlapping. This
become a reality, the structural disorder in colloidal crystalsenergy function mimics the physical energy of a colloidal
and its impact on optical properties must be understood andispersion during the formation of colloidal crystilshere
quantified. strong attractive capillary forces exist between neighboring

The incoherent scattering caused by lattice disorder hasarticles and between particles and substrate. The algorithm
been characterized in light transmission experinfetitand  searches for the lowest-energy arrangement by attempting to
also in coherent backscattering experiméhts,with which  move each particle in turn by a small random displacement.
a photon mean free path can be measured. These studigssimulated annealing, while every move that decreases the
have not, however, established a relation between thenergy is always accepted, one that increases it is accepted
strength of the incoherent scattering and the underlying magwith probability exg—A&/T), whereT is the “temperature”
nitude of the lattice disordegexpressed as the density of of the system. The initial temperature is set high enough that,
crystal defects or the colloid polydispersityrhe impact of  at first, most moves are accepted; as time advances, the tem-
stacking faults on the transmission of light in otherwise perperature is decreased exponentially. The nonzero but de-
fectly ordered colloidal crystals has been assessed by nireasing temperature in simulated annealing provides extra
merical studies? freedom to the system, and ensures that the final arrangement

Li and Zhang modeled the effect of polydispersity in corresponds to the one with the lowest possible energy, or
colloidal crystals by introducing random size variations andequivalently, the highest density. More details on the algo-
displacements of the particles from their site in a face cenrithm will be provided in a subsequent publication.
tered cubic lattice; they found that a polydispersity of 2% is  This algorithm was applied to collections of particles
sufficient to close the band gap in silicon-infiltrated whose diameters followed a log-normal distribution with
crystals®® In this model, particles were nonphysically al- standard deviatiom,. Several arrays were generated, with
lowed to overlap; additionally, the long-range perturbationsey, ranging from 0% to 20%; three of these are shown in Fig.
to the lattice due to polydispersity were neglected. A superioll, The array generated from identical sphef@s=0) has a
approach to modeling the impact of polydispersity would berandom hexagonal close-packed latti@e mixture of face
to simulate the actual formation of a densely packed arragentered cubic and hexagonal close-packed lajticeisich
possesses the highest density possible for a lattice of hard
author to whom coresspondence should be addressed; electronic maPheres; other than unavoidable stacking faults, it contains

mathieu.allard@utoronto.ca no defects. The array generated witlh =3% shows few
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FIG. 1. Three-dimensional arrays of particles with different polydispefsity of (a) 0%, (b) 3%, and(c) 5%. Each array has the same lateral dimensions and
total number of particles as a close-packed array comprising110< 40 particles. Periodic boundary conditions are used in both lateral directions. In the
simulation, 16 moves were attempted for every particle.

defects and the horizontal hexagonally packed layers arimg. At the same time, the contrast between the transmittance
clearly visible. Whenop=5%, however, the size variations inside and outside the stop band decreases abruptly, and van-
among the particles are so large that an ordéoectrystal-  ishes whenop>5%. On the same graph are also plotted
line) state is no longer favorable; the array then adopts aimilar results obtained from arrays generated using the
random-packed configuration, except in the few layers adja-
cent to the seed layer. Other simulations revealed that the o =0 o =3% o =5%
transition from ordered to random packing occurred between b L
op=3% and 4%. Both the one-dimensional and the interpar-
ticle potential needed to be present to lead to dense arrays,
although the results of the simulations were fairly insensitive
to their relative magnitude.

The optical properties of the arrays were analyzed with
the method of finite differences in time domaiRDTD).*°
The combined time to generate an array and to run the FDTD
computation was approximately two days on a personal com-
puter. Figure 2 shows the transmittance and reflectance of
each array, at normal inciden¢en the top surfacgeand at
frequencies in the vicinity of the first-order stop band; the
total scattering, taken to be the intensity of all light not
emerging from the crystal normally to the surfaces, is also
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plotted. Wheno=3%, there is significant scattering outside g
the stop band, but, at frequencies inside the stop band, the & 10
reflectance is still close to unity, since most of the light is §
Bragg scattered before incoherent scattering can take place.é 102

When op=5%, reflectance in the stop band reduces signifi-

cantly, since the hexagonally packed planes that diffract light 107 .

no longer exist in the random-packed array. 0.40 048 0.40 048 0.40 048
Figure 3 shows how optical properties change with in- Frequency [ /D]

creasm_g polydlspersr[_y. The_re is a sudden increase in thIglG. 2. Optical properties of the three arrays shown in Fig. 1, computed

scattering at frequencies inside the stop band when4%,  \ith FDTD: the particles have a refractive index of 1.5 and are embedded in

corresponding to the transition from ordered to random packair.
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- ' - I spectra computed numerically on three 84-layer arrays: one
w .8 perfectly ordered, one generated with the random-disorder
£ model and one generated with the simulated-annealing algo-
g 0.5~ rithm. The polydispersity used in the models was 3%, corre-
@ L sponding to the value measured by dynamic light scattering
&—8 v =044 ¢/D, Simulated annealing in the colloidal dispersion. Only the spectrum predicted with
9 oe tfg'ig ZLD)’ ;?;;?;fiig‘:;::“g the simulated-annealing model is in good agreement with the
10 3 S~ -6 V= 0.50 o/D. Random disorder experimental result. The predicted and measured transmit-
E S~. tance outside the stop band are both between 0.15 and 0.20,
g o B S while they are between 1®and 104 in the stop band. The
E g TS~ell width of the stop band is wider in the modeling spectrum;
g 3 _::><g this is a numerical artefact caused by the finite lateral dimen-
5 102 P sions of the arraylimited by available computer resourges
= g __a- - which occasionally lead to a tilting of the normally horizon-
il tal planes of particles and to diffraction at different wave-
107 ! I ! I ! I ! I lengths.
0 0.05 0.1 0.15 0.2

The results presented here show that the random-
disorder model, though conceptually simple and convenient,

FIG. 3. Changes in transmittance and total scattering with polydispersity ir{undamentqlly u_nderesumat?s the effect of polydispersity

arrays generated with the simulated-packing and the random-disordéNd the lattice disorder that it produces. On the other hand,

model. Every array comprised 4800 particles and had the same lateral dthe simulated-packing model enables accurate predictions on

mensions. The reflectance, trans_mittance and scattering were averaged oypia impact of polydispersity on the optical properties of col-

?resq‘ficrfg (‘)’YA'E/OS", 8: gﬁggz’tﬁgﬁ;pat);%’Caet”ftgqg;:zs Osgglband, 2 |oidal crystals. Using this model, we found a transition from

ordered to random packing when the polydispersity exceeded

I . ) ... 3%. This transition is associated with an abrupt degradation

method detailed in Ref. 15, where each particle, in addition,¢ ye otical properties of the crystals, mostly in the form of

to having a random_ly chosen d|ameter_, IS d'S_F_"aC?d by hcreased scattering. Overall, these results point at the reduc-

random vectorAr, _W'th <_|Ar|>:UDj from |ts_ position In & ion of polydispersity as a very important factor in the im-

face centered cubic lattice. In thrandom-disordemmodel,  rovement of the optical quality of colloidal crystals.
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