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Experimental and theoretical investigation of optical
properties of colloidal photonic crystal films
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We studied the experimental and calculated transmission and reflectivity spectra of a monolayer and a bilayer of periodic
array of polystyrene spheres (triangular lattice) on finite glass substrate at normal incidence. We also investigated the near-
field intensity |Ex|* at different relevant wavelengths for a sampling plane that crosses the monolayer of spheres at equator.
We find that transmission and reflectivity minima are related to near-field coupling between neighbouring spheres, forming

waveguide photonic modes of the array.
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1. Introduction

The optical properties of photonic band gap materials
have been the subject of many experimental and
theoretical studies in recent years [1,2]. In these systems
the dielectric function is spatially periodic in one or more
dimensions, with the period comparable to the light
wavelength. As a result, their optical properties are
dominated by strong diffraction effects, light propagation
being strongly inhibited over a narrow range of
frequencies. This is observed experimentally as a dip in
the transmission spectrum, along selected directions
(photonic pseudogap) or along all the directions (full
photonic band gap).

Recently, colloidal photonic crystal films made of
mono- or multi-layers of dielectric (polystyrene) nano-
(micro)spheres received increasing attention because such
structures could be used as planar defects in three
dimensional photonic structures [3] or templates for the
creation of metal-dielectric hybrid architectures [4] with
plasmonic applications. A good understanding for the
evolution of the optical properties of these materials as
function of number of layers is still lacking in literature.

In this work, we study the optical properties of
colloidal photonic crystal films consisting of one and two
layers of close-packed mono-disperse polystyrene spheres
of 400 nm diameter. We study their transmission and
reflectivity in visible light at normal incidence, both
theoretically and experimentally. Furthermore, we
compute and compare the local field intensity [E,|* inside
the film in two relevant photonic regimes, i.e. in
resonance and out of resonance, at A=480 nm and A= 600
nm, respectively.

2. Sample fabrication

The colloidal crystal films were fabricated via a
convective assembly technique, by using a home-built
apparatus [5]. A droplet of water containing polystyrene
spheres (PS) of 400 nm diameter was injected into the
wedge between a substrate slide and a deposition slide
which is positioned in close proximity with the substrate
and tilted by an angle of 27°. As the deposition slide was
translated across the substrate, a 2D array of PS self-
organized on the substrate due to water evaporation and
particles flow from the solution towards the meniscus.

Thickness of the colloidal crystal film, i.e. number of
layers, is controlled by adjusting the deposition speed
(translation speed of deposition slide) to the concentration
of polymer spheres in solution and sphere diameter.

We inspected the crystallinity of the obtained
colloidal films by optical microscopy and scanning
electron microscopy (SEM). The optical properties were
investigated by using a Jasco V-530 uv-vis
spectrophotometer working with unpolarized light.
Reflectivity measurements were performed on the same
apparatus by using an interchangeable Jasco SLM-468S
reflectivity module.

3. Modeling

Numerical simulations were performed using a finite
difference time-domain (FDTD) method [6-8], by means
of a freely available software package MEEP
(downloadable at MIT site) with subpixel smoothing for
increased accuracy [9]. The simulation model propagation
of electromagnetic waves using discretized Maxwell’s
equations in three dimensions taking into account both
material shape and dispersion. As shown in Fig. 1, the
rectangular computational cell used had dimensions of a x
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b x ¢ grid points, where a=30, b=52 are the horizontal
lattice constants (in grid points - GP) of the hexagonal
packing period, and every grid point GP corresponds to
13.33 nm. The vertical size of cell ¢ depends on the
number of layers and for 2 layers it is 310 grid points. The
layers of polystyrene spheres (n = 1.56) with diameter of
400 nm were placed in the middle of the computational
cell, and were surrounded by air on one side, and a half
space of glass substrate on the other.

A temporally Gaussian pulse was incident normally
on the polystyrene spheres layers from the air side.
Perfectly matched layer (PML) boundary conditions
[10,11] were applied on the boundaries normal to the
incident light to prevent reflections (vertical direction),
and periodic boundary conditions were applied in the other
directions (horizontal directions). The electromagnetic
fields at planes located on both sides of the polystyrene
spheres layers just before the PMLs were recorded and the
Poynting power fluxes were calculated from the discrete
Fourier transforms of the fields. This power must be
normalized to the incident flux and this implies to repeat
the simulation with and without the polystyrene spheres
layers. The transmissivity 7 layer 18 given by the ratio of
the flux through the plane with the layer, over the flux
through the same plane, but in the case without the layer.
The calculation for the reflectivity R' . is similar,
although in this case the incident and reflected fields need
to be separated before calculating the flux. The same
procedure and calculations must be performed when we
calculate 7¢ layer and RS layer- 10 this case the Gaussian
pulse propagates from the glass side.
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Fig.1. Schematic representation of the computational cell
for 2 layers of polystyrene spheres.

The transmission through and reflection from the
glass substrate alone were calculated using a wave optics
formulation. The layers of polystyrene spheres were
modeled as sandwiched between two infinite half-spaces
of air (n = I) and glass (n = 1.5), resulting in the
transmissivity Taye(®), and reflectivity Riye(®) of the
layer alone. On the other side of the glass next to air,
Fresnel coefficients were wused to calculate the

corresponding quantities, 7yjas=0.96 and Rgyas=0.04. Ray
tracing of the intensity through the glass substrate is then
used to calculate the transmission through the entire
structure (see Fig. 2).
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Fig. 2 Transmissivity and reflectivity a) for incident light
from glass side b) for incident light from air side c) for
incident light on finite thickness glass substrate

The overall transmission and reflection are given by:

Tall(m): TA layer ((D)* Tglass/(l' RA layer(m)*Rglass), (1)

Rall(m): RA layer ((DA)+ TA 1ayer(m)* TG layer ((D)*Rglass/
/(1' R layer(m)*Rglass) (2)

where we distinguish between the case when incident light
is coming first from air (label A) or from glass (label G).

4. Results

Conventional optical microscopy allows us to
distinguish between one-, two- or multi-layer structure
colloidal films. We obtained selectively mono- or bi-layer
colloidal films by decreasing the deposition speed from 30
to 17 pum/s, at 10 vol.% colloidal solution concentration.

Fig. 3 shows a representative scanning electron
microscopy (SEM) image of the two-dimensional array of
polystyrene spheres. Even if the prepared sample is
polycrystalline, it has domains of different orientations,
we usually find monocrystalline regions of hundreds
square micrometers areas. The inset in figure 3 is a zoom
in the same area, in which a point defect (missing sphere)
reveals the PS underlayer and also the close-packed
crystal structure.

Fig.3. Scanning electron microscopy image of a two-
layer colloidal crystal film, inset is a zoom revealing the
layer below and the crystal structure.
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Shown in Fig. 4-5 are the measured and simulated
transmission and reflectivity spectra of 1 and 2 layers
(hexagonal packing) of polystyrene spheres with diameter
0of 400 nm on 1 mm glass substrate.

When we compare theory with experiment (see fig. 4-
5) we observe two differences:

The experimental transmission falls slowly when we
pass from high to low wavelengths due to absorption in
glass substrate (significant for wavelengths under 0.46
pm) and polystyrene sphere layers (non-zero for
wavelengths under 0.39 pm). The simulation does not take
in account this absorption and the theoretical transmission
is on average at the same level.

We observe that the experimental transmission is
smeared at the first dip (A = 0.477 pum) compared to the
theoretical transmission and we have the following
explanations: in experiment the light is transmitted
through a square region containing 5000x5000 polystyrene
spheres and, unfortunately this is not a perfect photonic
crystal (as it is in simulations). We have a network of tree-
like defects - a usual picture in real crystals - that modifies
reflectivity and transmittance.
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Fig. 4. Transmission (up) and reflectivity spectra (down)
for a monolayer of polystyrene spheres with diameter
a=0.4 um on glass substrate.
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Fig. 5. Transmission (up) and reflectivity spectra (down)
for a bi-layer of polystyrene spheres with diameter
a=0.4 um on glass substrate.

Though we have these problems in comparing theory
with experiment, the interesting point is that the simulated
frequency at which transmission and reflectivity falls (the
first dip at A = 0.477 um or at dimensionless parameter Z =
\3a/2h = 0.70) is only mildly affected by all these
intricacies. The same is true also for the second dip in
transmission and reflectivity at A = 0.393 pum (or Z = 0.88).

Our computations give similar results for transmission
and reflectivity spectra of a monolayer of spheres with
those calculated using another method based on expansion
of Bloch electromagnetic field in terms of spherical waves
[12,13]. In their papers they gave complete results without
substrate and only the transmission spectrum in the
presence of a diclectric substrate. Their simulated first
degenerate dip in transmission is at Z = 0.70 (they
considered spheres with dielectric permittivity g = 2.56
on semi-infinite substrate with g = 2.28 close to our value
€9 = 2.4336 and &5 = 2.25) and we have two dips at Z =
0.721 (A = 0.48 pum) and Z = 0.739 (A = 0.468 pm). Their
second dip is at Z = 0.85 and in our case Z = 0.88 and A =
0.393 um. Our simulated reflectivity has a dip at Z = 0.70
(A = 0.477 um) and two peaks at Z =0.692 (A = 0.5 um)
and Z = 0.744 (A = 0.465 um).

For a bilayer of spheres we have three dips in
transmission at Z =0.723, 0.74, 0.759 (A = 0.479, 0.469,
0.459 pm) and two peaks in reflectivity at Z =0.718, 0.74
(A = 0.482, 0.469 um) and one dip in reflectivity at Z
=0.729 (A= 0.475 pm).

5. Discussion

An observation that has to be emphasized is that the
minimum in transmission coincides with a reflectivity
minimum. If one calculates 1-T-R, an inferred absorption,
finds that at resonant wavelength a certain amount of the
incident flux is missing.

Fig. 6. Contour plots of local field intensity |E,)* in two

photonic regimes: out of resonance (at .=0.6 um - up)

and in resonance (at 1=0.48 um - down) for a monolayer

of polystyrene spheres on glass substrate. The sampling

plane crosses the spheres at equator (black curves show
the circumferences of the spheres).
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To understand better the photonic behaviour at these
wavelengths we computed in Fig. 6 the local field
intensity |E,* in two photonic regimes: out of resonance
(at 2=0.6 pm) and in resonance (at A=0.477 pum) for
monolayer of polystyrene spheres on glass substrate. The
sampling plane crosses the spheres at equator (black
curves show the circumferences of the spheres) and
incident light has only one component E, parallel with
axis x as indicated in Fig. 1. Out of resonance we observe
only isolated isles formed by the field intensity indicating
that the incident flux is not propagating in the horizontal
layer of polystyrene spheres. But in the region in
resonance, the field intensity forms a connected network
that allows the horizontal propagation of incident flux and
the fall of transmittance in vertical direction.

6. Conclusions

The measured and simulated transmission and
reflectivity in visible light at normal incidence are in good
agreement, especially the positions of dips. We found that
the PS monolayer acts as a photonic waveguide for
wavelengths matching the periodicity of the array and
polystyrene dielectric constant.

The dip in transmission is due to light waves traveling
in the plane of the polystyrene spheres layer, thus forming
a standing-wave pattern of six-fold symmetry. Effects of
coupling between photons traveling in the bottom layer
and those traveling in the upper layer are still under
investigation.
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