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Herein we establish a clear relation between the parameters that govern the growth dynamics and the
structural quality of colloidal crystal films. We report an optical analysis of the spatial distribution
of intrinsic defects in colloidal crystal films and correlate our results with a theoretical model
describing the growth dynamics of such lattices. We find that the amount of defects fluctuates
periodically and decreases along the growth direction of the lattice. We demonstrate that these
spatial variations are a direct consequence of the temporal oscillations of the crystal film formation
velocity, which are inherent to the colloidal particle deposition process. © 2008 American Institute
of Physics. �DOI: 10.1063/1.2883943�

Self-assembled colloidal crystal films1 have attracted
great attention both as a playground for the growth dynamics
and structural analysis of atomlike lattices at the submicron
length scale2,3 and, in more recent years, as a platform for
photonic bandgap research.4 For both types of studies, a ma-
jor drawback is the presence of intrinsic defects that are cre-
ated, seemingly inescapably, during the crystal formation
process. These defects are mainly dislocations, vacancies,
stacking faults, and cracks. The presence of such imperfec-
tions largely affects the optical properties of these lattices.5,6

Although the effect of having different types of intrinsic de-
fects has been studied in some detail both theoretically7,8 and
experimentally,9–13 no strict correlation between the growth
dynamics of colloidal crystal films and the presence of im-
perfections has been established up to date. This is mainly
due to the lack of a model describing the colloidal crystal
film formation. Recently, we proposed a model that explains
the growth dynamics of colloidal crystals by evaporation in-
duced self-assembly onto vertical substrates and found that
this dynamics is responsible for the observation of nonuni-
form thickness profiles, typically oscillatory or steplike, in
these films.14

Herein we establish for the first time a clear relation
between the parameters that govern the growth dynamics and
the structural quality of colloidal crystal films. We report an
optical analysis of the spatial distribution of intrinsic defects
in colloidal crystal films and correlate our results with a the-
oretical model describing the growth dynamics of such lat-
tices. We find that the amount of defects fluctuates periodi-
cally and decreases along the growth direction of the lattice.
We demonstrate that these spatial variations are a direct con-
sequence of temporal oscillations of the crystal film forma-
tion velocity, which are inherent to the colloidal particle
deposition process. The period and the amplitude of these
correlated damped oscillations are determined by the experi-
mental conditions under which the lattices are deposited.

Self-assembled three dimensional colloidal crystal films
were deposited onto vertical, flat glass substrates by evapo-
ration of 700 nm diameter polystyrene sphere suspensions

�IKERLAT, average diameter of 700 nm, polydispersity be-
low 3%, density �=1.1 g /cm3, refractive index n=1.59� with
particle volume fraction between 0.1% and 0.2%. Evapora-
tion temperature was kept constant for a given lattice growth
process and ranged between 35 and 50 °C. As the suspen-
sion evaporates, a crystalline film is deposited on the sub-
strate at the contact line with the suspension meniscus.15,16

These films display photonic crystal properties, which we
make use of in extracting detailed information on their
structure.14 Optical reflectance microspectroscopy measure-
ments were performed using a Fourier transform infrared
spectrophotometer �BRUKER IFS-66� attached to a micro-
scope. A 10� objective with a numerical aperture of 0.1
�light cone angle of �5.7°� was used to irradiate the lattices
and collect the reflected light at quasinormal incidence with
respect to its surface, the �111� of a face centered cubic �fcc�
lattice.1 A spatial filter was used to selectively detect light
from 100�100 �m2 square regions of the sample. In Fig.
1�a�, we show a typical series of reflectance spectra mea-
sured from these spots at regularly spaced intervals of
100 �m along the growth direction. In each spectrum, a clear
maximum is observed at frequencies corresponding to the
photonic pseudogap that opens up at the L point of the fcc

a�Author to whom correspondence should be addressed. Electronic mail:
hernan@icmse.csic.es.

FIG. 1. �Color online� �a� Normal incidence specular reflectance spectra
taken every 0.1 mm along the growth direction, from 0.1 mm side square
spots. These curves have been vertically shifted for clarity. �b� Measured
�red solid line� and calculated specular reflectance spectra �dashed and dot-
ted lines�. The dashed line is the optimum fitting attained for Im�n�=0.014,
and the dotted line is the reflectance spectrum that would result if Im�n�
=0. �c� Squared difference between experimental and theoretical reflectance
spectra for the optimum fitting.
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lattice. A number of side lobes of much lower intensity can
also be detected. These are Fabry–Pérot oscillations whose
number and spectral separation are determined, in a first ap-
proximation, by the average refractive index and finite thick-
ness of the film.

Reflectance results were fitted using a code based on the
scalar wave approximation.17 Central to the analysis reported
herein is the fact that real films present imperfections that
cause light to be scattered diffusely, removing part of the
energy from the specularly reflected or forward-transmitted
beams. This extinction is modeled here by adding an imagi-
nary part in the refractive index of the spheres �Im�n�� of our
crystal, which accounts for all possible sources of losses in
the lattice. Thus, the model structure employed is a fcc lattice
of spheres of refractive index n=1.59+Im�n� in a medium of
refractive index n=1. In the calculations, we consider the
number of close packed monolayers �i.e., with film thickness
H� and the imaginary part of the refractive index of the
spheres �Im�n�� as the only variables. An optimum fitting
was attained for each spectrum using the method of squared
minima. In Fig. 1�b�, we plot an example of one of these
fitting spectra along with the corresponding experimental
spectrum �black dashed and red solid lines, respectively�.
Figure 1�c� shows the squared difference between them,
which is minimized in order to select the optimum fitting. It
should be remarked that the introduction of extinction in the
calculation is absolutely necessary to accurately reproduce
the experimental peak shape. By no means does a close
packed lattice of purely real refractive index spheres yield
the measured intensity and width of the experimental reflec-
tance maximum. To illustrate the magnitude of the effect
Im�n� has on the calculated optical properties, in Fig. 1�b�,
we plot the reflectance calculated using the same fitting pa-
rameters and constants of for the optimum fitting �black
dashed line� but considering Im�n�=0 instead of Im�n�
=0.014. The resulting curve �black dotted line� presents a
similar number of secondary lobes and shape but a much
larger maximum peak intensity.

Both the crystal thickness �H� and imaginary part of the
refractive index of the spheres �Im�n�� were extracted at each
measured spot, allowing us to attain detailed profiles of both
independent variables along the growth direction. In Fig. 2
we plot the experimental thickness profiles �scatter graphs�
versus time for three different colloidal crystal films. Oscil-
latory or steplike film thickness profiles are always observed
on top of a linearly increasing background, a very similar
behavior being detected along different parallel lines along
the growth direction. The fluctuations observed in these pro-
files are the consequence of the motion of the contact line
between the meniscus and the substrate, which results, in
turn, from the inherent variations of the friction force acting
on it, as has been demonstrated in a model describing the
growth dynamics of such films reported in Ref. 14. The fit-
tings of the experimental profiles shown in Fig. 2 �black
solid lines� were obtained by using an equation derived
within this model,

H�t� = C1t +
C2

vg�t�
, �1�

where C1 and C2 are constants and vg�t� is the crystal growth
velocity, defined as the time derivative of the position of the
contact line,

R�t� = R0 + VS�t −
1

�
e−�t sin��t�� , �2�

where R0 is the position of the contact line at t=0, VS is the
speed of the contact line attained when the steady state is
reached �t→��, and � and � are the period and the extinc-
tion parameter of the periodic fluctuations of R�t�, respec-
tively. The dependence of VS, �, and � on physical variables
can be found in Ref. 14. After Eq. �2� and taking into account
the values of the fitting parameters extracted from the simu-
lated thickness profiles, vg�t� can be approximated by

vg�t� � VS�1 − e−�t cos��t�� . �3�

This model has been proven to account for all film thick-
ness profiles observed in crystals grown under very different
conditions, which supports its validity and generality.

Since no optical absorption occurs in the photon energy
range under analysis, the extinction factor �Im�n�� must ac-
count exclusively for the optical losses in the form of diffuse
scattering caused by imperfections in the lattice. We can then
establish a relation between its magnitude and the density of
intrinsic defects in the film. It should be kept in mind that
using this approach, we will not find a quantitative under-
standing of the nature of such defects since we approximate
the joint effect of all the different types of the defects in
Im�n�. In Fig. 3, Im�n� profiles are plotted �scatter graphs�
for the three different films whose thickness profiles were
plotted and fitted in Fig. 2. Interestingly, in spite of being a
totally independent variable, Im�n� also shows, systemati-
cally, fluctuations with a well-defined period. A closer look
reveals that the amplitude of the said fluctuations decreases
with time �i.e., along the growth direction�. The correspond-
ing time variation of the crystal growth speed attained from
the fittings and given by Eq. �3� is also drawn. The compari-
son explicitly shows that there is a strong correlation be-
tween the magnitude of Im�n� required to fit the spectra and
the crystalline film growth speed. Interestingly, those parts of
the film that are formed at the slowest speed present the
lowest number of imperfections, while those that are depos-
ited faster are more defective. Also, the damping of the os-

FIG. 2. �Color online� Experimental �colored symbols� and theoretical
�black solid line� thickness profiles of colloidal crystals vertically deposited
at 35 °C from 700 nm diameter polystyrene latex suspensions of �a� 0.2%,
�b� 0.15%, and �c� 0.1% particle volume fractions.
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cillations seen for Im�n� is also observed for the amplitude of
the velocity fluctuations, further confirming their correlation.

Insight on the relation between the parameters that gov-
ern the growth dynamics and the structural quality of colloi-
dal crystal films can be extracted from Fig. 4. In this figure,
we plot the contact line position R�t� �see Fig. 4�a��, film
thickness H�t� �see Fig. 4�b��, film growth velocity vg�t� �see
Fig. 4�c��, and the extinction factor Im�n� �see Fig. 4�c��
versus time for a whole thickness profile oscillation. It can be
seen that while the contact line position remains nearly con-
stant with time, the crystal growth velocity is gradually re-
duced until it reaches a minimum. As a consequence, the
thickness of the forming film increases until it reaches a
maximum. It is interesting to notice that the areas that
present less degree of disorder are those that grew at the
slower speed, i.e., those formed when the array’s growing
edge advanced at a lower rate. Besides, it can be observed
that the larger the acceleration of the contact line, the more
defective is the formed film, as it happens in the regions
between minimum and maximum thickness plateaus. Thus,
the stick-slip motion of the contact line strongly affects the
structure of the forming film and its optical quality. It should
be noted that the amount of disorder present in colloidal
crystal films has previously been approximated by assuming
an optical extinction factor that accounts for imperfections in
the lattice.18,19 The most remarkable result of these two pre-
cedents was that the amount of disorder is smaller for thicker
sample. Our study indicates that the thicker regions of a par-
ticular film are indeed expected to be less defective since
they grow more slowly. In this regard, our analysis allows us
to propose a physical origin for previously reported observa-
tions. The decisive factor that affects crystal quality is the
crystal growth velocity, which also determines the crystal
thickness.

In conclusion, we have established for the first time a
clear relation between the parameters that govern the growth
dynamics and the structural quality of colloidal crystal films.
We have demonstrated that the amount of intrinsic defects
present in self-assembled colloidal crystal films fluctuates

periodically along the growth direction as a result of the
temporal periodic fluctuation of the lattice growth velocity, a
phenomenon that is inherent to the evaporation induced self-
assembly process. Those parts of the film that were formed at
the slowest speed are thicker and present the lowest number
of imperfections. Our work opens the door to conscious de-
sign of experiments to improve self-assembled colloidal
crystal film quality through the control of its deposition
speed.
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Science and Education under Grant No. MAT2004-03028.
G.L. thanks CSIC for funding through a Ph.D. scholarship.
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FIG. 4. �Color online� Time evolution of the �a� contact line position, �b�
experimental �red squares� and calculated �black solid line� thickness pro-
files, �c� and calculated crystal growth velocity �black solid line� and the
experimentally estimated imaginary part of the refractive index Im�n� �violet
squares�. The colored lines linking the experimental data are just a guide for
the eye.

FIG. 3. �Color online� Time evolution of both crystal growth velocity vg

�black solid line� and the experimentally estimated imaginary part of the
refractive index Im�n� �scatter graphs� extracted from the fitting of the op-
tical reflectance of colloidal crystals vertically deposited at 35 °C from
700 nm polystyrene latex suspensions of �a� 0.2%, �b� 0.15%, and �c� 0.1%
particle volume fractions. The dashed lines are guides only for the eye to
show the damping of the oscillations of vg.
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