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Abstract:  We present a robust method for computing the reflection of
arbitrarily shaped and sized beams from finite thickness photonic crystals.
The method is based on dividing the incident beam into plane waves,
each of which can be solved individualy using Bloch periodic boundary
conditions. This procedure alows us to take a full advantage of the crystal
symmetry and also leads to a linear scaling of the computation time with
respect to the number of plane waves needed to expand the incident beam.
The algorithm for computing the reflection of an individual plane wave
is aso reviewed. Finaly, we find an excellent agreement between the
computational results and measurement data obtained from opals that are
synthesized using polystyrene and poly(methyl methacrylate) microspheres.
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1. Introduction

Periodic dielectric microstructures, often referred to as photonic crystals, offer intriguing pos-
sibilitiesto control light in many novel ways[1]. Inrecent years, several different constructions
of two (2D) and three (3D) dimensional periodicity have been investigated [2—7] but particu-
larly promising results have been obtained by using artificial opals, in fabrication employing the
self organizing of dielectric microspheres from a suspension [8-13]. In this work, we consider
artificial opals crystallized from polystyrene (latex) and poly(methyl methacrylate) (PMMA)
microspheres.

Photonic crystals have been simulated with various methods. Photonic dispersion curves are
often solved using the plane wave method (PWM) [14-16] or the finite-difference frequency-
domain method (FDFD) [17], whereas the density of photonic states and reflection coefficients
can more readily be computed using some of the many implementations of the transfer matrix
method (TMM) [18, 19]. The layer-multiple-scattering method [20] has proven to give very
good prediction for three dimensional photonic crystals made of spherical particles, and other
multiple-scattering methods have been successfully applied on 2D crystals [21, 22]. For prob-
lems where the frequency domain methods are not easily applicable, such asin cavity problems
with leaky modes or transient phenomena, the finite-difference time-domain method (FDTD) is
often the preferred choice[23,24]. A review and comparison of existing computational methods
can befound in Ref. [25].

Our approach for solving the electromagnetic fields in finite thickness photonic crystals is
to divide the crystal slab into thin layers and expand the fields in them using plane waves. The
plane wave expansions in adjacent layers are then related to each other through afinite differ-
ence scheme in computation. Fields above and below the slab are expanded in homogeneous-
medium eigenvectors, which can be solved analytically and provides the boundary conditions
of the computational domain. Finaly, a system matrix is formed by requiring the continuity
of the tangential fields on the interfaces between the three domains. Our approach has the fol-
lowing features: i) It leads to sparse matrices, which can be solved efficiently using iterative
solvers, ii) the method is very stable, iii) the dielectric function can be dispersive and complex
valued and is allowed to vary freely in all three coordinates inside the slab, and iv) the method
can be used to solve for both excitation and el genmode problems.

Our method borrows the plane wave basis from PWM and the finite difference technique
from TMM and combines them in a way which is well suited to two-dimensionally periodic
finite thickness structures. The biggest difference to TMM is that we do not use the finite dif-
ference scheme for eliminating the field variables inside the slab, but instead include them all
explicitly into the system equation. This approach is completely free from the instabilities often
encountered in TMM [18]. The direct discretization technique of the dielectric function makes
the implementation of our method simple. Thisis particularly pronounced in cases where the
dielectric function cannot be divided into individual scatterers as required by the multiple-
scattering techniques, or where the scatterers are of arbitrary shape and the scattering matrices
cannot be analytically solved. In this paper, we summarize the theoretical basis of the method
and refer the reader to Ref. [26] for implementation details.

Opals are often characterized by measuring their reflection and/or transmission spectra. If
the incident field is assumed to be a plane wave, the problem can be reduced to a single unit
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cell of the photonic crystal using Bloch periodic boundary conditions. However, to relate the
calculated spectrum to the real-world experimental setups for these measurements, it is often
desirable to analyze afocused beam in which case the Bloch periodic boundary conditions can-
not be applied and the problem becomes significantly more complicated. Two approaches can
be adopted: alarge portion of the crystal can be considered as one entity, which isilluminated
by the finite sized beam (see e.g. [27, 28]) or the beam may be decomposed into its plane wave
components, each of which are solved individually using Bloch periodic boundary conditions,
thus considering only one unit cell of the lattice. In this paper we adopt the latter technique and
compute the reflection from finite thickness opals using the presented computational method.
The advantages of the decomposition technique include the following: i) Instead of solving a
big problem once, one solves a small problem many times, resulting in alinear scaling of com-
putational resources, ii) after the reflection coefficients for individual plane waves have been
computed, the reflection coefficient of any arbitrary beam can be obtained with minor effort,
iii) the decomposition technique parallelizes trivially since each of the incident plane waves
creates an independent problem.

2. Computational method
2.1. Preliminary considerations and definitions

We focus on problems with the following geometry: Region 1, z < 0, is homogeneous medium
characterized by &;. Region 2, 0 < z < h, is a finite thickness photonic crystal defined by
&(r,z) = &(r + mag + nay, z), where a; and ay are lattice vectors on xy-plane and m and n
are integers. Region 3, z > h, is again homogeneous medium characterized by &. Dielectric
functionsin al three regions may be dispersive and complex valued.

In our terminology, a unit cell is defined by the two-dimensionally periodic volume defined
by the planes z= 0 and z = h and the two transverse lattice vectors a; and a,. This should not
be confused with the unit cell of atruly three-dimensionally periodic photonic crystal, defined
by three |attice vectors. The semi-periodicity in the z-direction, asin finite thickness opals, can
be obtained simply by filling the unit cell with a semi-periodic dielectric function. The time
dependence is assumed to be harmonic f(t) ~ exp(— jwt) throughout this paper and its explicit
notation is omitted.

2.2. Diagonalized form
Maxwell’s curl equations can be written in the following form [26]:

g(ﬁx,0y787u,w)l‘p: dzl'l',, (1)

which werefer to asbeing diagonalized with respect to zsince all z-dependency isisolated to the
right hand side of the equation [29]. Here, W = [ Ex E, Hx Hy |7 isavector consisting
of the transversal field components and dy¢ denotes differentiation with respect to the given
coordinate k = x,y,z. . isamatrix operator

0 o
2= 5 %] @
where the 2 x 2 sub-operator .«7 is defined below:
o (jwe)ta, —k(jwe) o+ jou
o = . 3)
dy(jwe) oy —jopu  —dy(jwe) "o
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Here, j isthe imaginary unit and parameters € and u are the (generally) complex valued and
position dependent permittivity and permeability functions, respectively. The remaining sub-
operator % can be obtained from .7 by replacing € with —u and vice versa. The obvious
conseguence of Eq. (1) isthat once the transversal field distribution in some z =constant plane
isknown, the derivative in the normal direction is easily evaluated and the transversal fields are
then uniquely determined everywhere in the space. The two remaining field components are
redundant and can be computed from the transversal fields a posteriori [26].

2.3. Field expansions
The periodicity on the xy-plane suggests expanding the fields in a plane wave basis

Wk (r,2) =exp(jK 1)y Wn(2)exp(jGn-r), 4

where [G is a truncated set of reciprocal lattice vectors and K is a Bloch wave vector re-
stricted in the first Brillouin zone (BZ). The expansion coefficients Wy(z) are vectors of the
z-dependent transversal field components, which will be expanded differently in the photonic
crystal medium and the claddings.

In the photonic crystal slab, we discretize the fields and material parameters on z =constant
layers and use finite differences for relating the fields in adjacent layersto each other. Substitut-
ing Eq. (4) into Eq. (1) gives the z-derivative of the transversal fields and by using the standard
first order finite difference scheme we get

Wy (r,(i+0.5)A) =Wk (r,(i—0.5)A) + A [LWk (1, 2)]|,_ia (5)

where A isthe finite difference step length and i is the index of the plane. A numerically useful
formula is obtained by multiplying both sides of Eq. (5) with exp[—j (Gm+K)-r] for each
plane wave Gy, in the basis and integrating over the unit cell. The result is a matrix equation
relating the plane wave expansion coefficients in adjacent layers to each other. In the actual
implementation, we define electric fieldsin planesz= (i + 0.5)A and magnetic fieldsin z=iA,
for whole numbersi, since it follows from Eq. (1) that the derivative of electric field depends
only on the magnetic field and vice versa. Equation (5) is then correspondingly separated into
two parts. Fig. 1 illustrates the discretization scheme.

Inthe cladding regions 1 and 3, where € is constant, we assume an exponential z-dependency:

Wn(2) = ¥nexp(jAz), (6)

which allows an analytical solution for the eigenvectors and eigenvalues of Eq. (1). Principaly,
thereareintheseregions4N eigenvaluesfor aset of N plane waves (dueto the four-dimensional
vector coefficients) but the system decouples into N independent eigensystems of dimension
four due to the position independent material parameters. For a given K, the complete expres-
sion for thefieldsis

We(r,2) = em(iK1) Y ep(iGn-r) | (& Wk +bE WEn ) &P (ivic.a2)

n

+ (aiz,nqﬂlijn + bE,nl'pﬁ_,n) eXp(_ jWKv”Z)} ’ )

where afg‘n and b:,'g‘n are scalar coefficients. The two doubly degenerate eigenvalues of Eq. (1)
are
An = W p = = (@Pept — K + Gn[2) "2, ®
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Figure 1. A schematic representation of the discretization. The unit cell intheslabislimited
by planesz= 0 and z= h and is periodic with a; and a,. Electric fields are expanded in
plane waves on light blue planes and magnetic on dark brown. The plane wave expansions
in adjacent planes are related to each other through finite differences. Outside the dlab,
for z< 0 and z > h, the fields are expanded in outgoing eigenvectors. The eigenvector
expansion is used to terminate the finite difference grid by relating the electric field at
z=—(1/2)A to the magnetic field at z= 0 and similarly for the other cladding.

where the positive (negative) sign corresponds to a wave which either propagates or decays in
the direction of the positive (negative) z-axis. The corresponding four eigenvectors are

WK pw | kky
0 2 — wle
l_IJli —a l_IJZi _ B ky H (9)
K,n — K,n ) K,n — K,n )
—kxky TWk nwe
| K+ w’ep | i 0 |

where kyy = Uyy - (K 4+ Gp), with uyy denoting the dimensionless unit vector in x- and y-
directions. There is a great freedom in the selection of the eigenvectors since any linear com-
bination of eigenvectors corresponding to the same eigenvalue is aso an eigenvector. Our pre-
ferred choice is such that

Uy- [5(4@{;) x %(wﬁfn)*] —u,- [(g’(wﬁfn) x A(WE)| =0, (10)

where & evaluates to the electric field part of the argument and 7 to the magnetic, u; is
the unit vector in z-direction and the asterisk denotes complex conjugation. The normalization
coefficients ak n and Bk n are chosen such that

. . +1, wg,>0
Uz 0 [ 6(WE,) x #(WE) | = . (11)
0, «n<0

where | = 1,2 and [0 denotes the real part. It should be noted that the conditions in Egs. (10)
and (11) are only valid for real-valued material parameters.
2.4. Constructing and solving the system equation

The final step in the method is to relate the field expansions in the three domains by requiring
the continuity of the transverse field components at the interfaces. Only 2N of the total 4N
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eigenvectors are needed to satisfy the interface conditions for each cladding and we select
those which either decay or radiate energy away from the slab. The result is a homogeneous
system of equations, whose solutions correspond to guided slab modes in the photonic crystal.
Sources such as currents or incident fields can be easily included by replacing the right hand
zero vector with the source vector, to obtain an equation of the form

M (w,K)f = b, (12)

where M is a matrix containing the eigenvectors and &l the finite-difference relations in the
dab volume, f isavector containing al the expansion coefficients for the transverse field com-
ponents and b describes the excitation.

The finite difference scheme in Eq. (5) is similar to some transfer matrix methods [18] but
there are two differences. i) We apply it directly to the plane wave expansions instead of the
real spacefieldsandii) we do not useit recursively for the elimination of the the field variables.
Instead we include all the field expansion coefficients throughout the slab volume explicitly as
unknownsin f. This means that if each of the four field components is expanded in terms of N
plane waves and the slab is divided into | finite difference planes, the number of elementsin
f becomes 2(2I + 1)N (the electric field is expanded in one more plane than the magnetic, as
showninFig. 1). In 3D problemsthisleadsto huge equations but using iterative solverstogether
with efficient preconditioners[26], M never hasto be constructed explicitly and the system can
be solved very efficiently. Our first approach was to create a transmission matrix by eliminating
all the field variables inside the slab using Eqg. (5) recursively but we found this procedure to
be numerically unstable and inefficient due to the involved repeated matrix multiplications.
The instability is related to the presence of the complex valued propagation constants in the z-
direction [19], though not explicitly considered in the finite difference formalism. In the current
method, this instability is completely eliminated as there are no matrix multiplications and the
exponential growth and decay never accumulate.

3. Reflection of beams from periodic structures

Dueto the linearity of Maxwell’s equations, the fields excited by multiple sources can be com-
puted individually and then added to give the complete field. We use this principle for super-
posing the reflection coefficients of individual plane waves to yield the reflection coefficient of
the complete beam. This way the reflection of a finite sized beam can be divided into smaller
problems, each of which can be solved by taking advantage of the crystal periodicity. A sim-
ilar approach for electrostatic problems has been taken by Manzuri-Shalmani et al. [30]. The
achieved savings depend on the computational method used for solving the individual plane
waves but most methods scale significantly worse than linearly with the number of unknowns
and the savings can therefore be considerable. Dividing the big problem into several smaller
ones also saves computer memory, which is often of concernin 3D computation. An additional
advantage is that once the reflected fields of the individual plane waves have been computed,
they can be easily combined in different waysto yield the reflection of different incident beams.

We limit ourselves to considering the reflection only as the transmission can be computed
from a very similar formula, or in the case of transparent materials, from the conservation of
energy. We will also assume that there is no absorption or gain for z > h, i.e. in the half space
of theincident and reflected beams. Thisis not essential to the method, but for absorptive mate-
rials, theincident and reflected intensities are z-dependent which complicates the interpretation
of the results.
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3.1. Theincident and reflected fields

Consider an optical beam at a given frequency w, propagating from z = +oco towards the pho-
tonic crystal surfaceat z= h. A general expression of such abeam isgiven by aFourier integral
of the eigenvectors given in Eq. (9) but in the realm of numerical computation we will sample
the wave vector and use a series representation

W(r,2) = 3 exp(jKm-r — jwimd) (W +ca%a ), (13)
m

where wyy, is the propagation constant in z-direction (the eigenvalue), corresponding to the
transversal wave vector K, and Wi and W3, are the corresponding eigenvectors. The shape
and polarization of the beam are defined by the coefficients ct, and cZ,. The difference to the
homogeneous-medium expansion as given in Eqg. (7) isthat the transversal wave vectorsK p, are
not required to be multiples of the photonic crystal reciprocal vectors and the incident beam is
not necessarily related to the lattice symmetry.

Our aimisto treat each K, as a Bloch vector of the photonic crystal lattice and compute the
reflection of each plane wave [exp(jKm- T — jwmz) Wi, |, | = 1,2, individually from Eq. (12).
Theresults are then added to give the reflection of the complete beam. Since each of the incident
plane waves is a Bloch wave, it suffices to consider only one unit cell of the photonic crystal.
Notice that Ky, need not be limited to the first BZ of the photonic crystal since we can always
write it in the form K, = K1, + G, where Ky, is a vector in the first BZ and G, is a suitable
reciprocal vector.

Once the reflection of each plane wave in Eg. (13) is computed, we can write the total re-
flected field as

We(r,2) = 5 exp(jKm-1) (CrOm + O » (14)
m

where O}, and @2, defined in Eq. (15), are the lattice periodic reflection functions for individual
eigenvectors Wi~ and W2, respectively,

Olm = Z exp(jGn-r + ij,nZ) (a{{nw}nfn + bln{nq')rzn-t_n) , =12 (15)
m

Here, wm,, is the eigenvalue corresponding to the transversal wave vector (K + Gp) and 'fn
and b'mfn are scalar coefficients obtained from the solution of Eq. (12). Qualitatively speaking,
summing over m means summing over different incident angles and summing over n means
summing over different Bragg orders. The wave vectors of the incident and reflected beams are
illustrated in Fig. 2.

3.2. Reflection coefficient of the beam

The reflected power is computed by integrating the time averaged Poynting vector P =
(1/2)0 (E x H*) over a surface S. Taking the differential surface vector dS to be parallel to
z, the projection dS- P can be written in terms of the transversal field components and the
reflected power becomes

1 * .
P=30 {/Sdzr S & (ch®m+Ch®h) X A (Cr/Opy + 0%y ) expli(Km—Kpr) -] ¢,
k m,nY

(16)
wherethe operators &’ and .2 have the same meaning asin Eq. (10). Thereflectanceis obtained
asaquotient of P and the power in the incident beam.
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Figure 2. The wave vectors of the incident and reflected fields. a) A single plane wave with
awave vector (Ko —wpuy) isincident from the homogeneous medium (HM) to the surface
of the photonic crystal (PC) and b) itsreflection is expressed in terms of the different Bragg
orders, both propagating and evanescent (not shown). c) An incident beam is decomposed
to plane waves with wave vectors [Km — wmuz] and d) the reflection is expressed in terms
of the corresponding Bragg orders.

Equation (16) can be greatly simplified if we place afew restrictions on the transversal wave
vectors Ky, The aim is to select the vector set [Ky| such that the harmonic basis functions
defined by vectors [Ky + Gn] form an orthogonal and unique (that is, no two functions are
the same) set over some surface S. The orthogonality can be achieved if the vectors Ky, are
selected among the reciprocal vectors of a supercell defined by Lia; and Loap, where Ly and
L, areintegers and a; and a, are the lattice vectors of the photonic crystal. The requirement of
uniqueness is satisfied if we include only vectors which are inside the first BZ of the photonic
crystal. Then [K,| together with the reciproca vectors of the photonic crystal [Gn] form the
set of reciprocal vectors for the supercell. These restrictions limit the beams which can be
expressed using Eq. (13). The introduction of the supercell makes the incident beam (and the
reflected field) periodic, which isusually not a problem since adjacent beams can be decoupled
by giving L1 and L, sufficiently large values. A more fundamental restriction isthe upper bound
on the length of Ky, which defines a cone or a numerical aperture (NA) limiting the possible
plane wavesin the incident beam. Thisin turn sets alower bound on the achievable localization
on the crystal surface. Whether thisis of practical concern or not, depends on the measurement
setup. In our case, the NA of the optics used for the measurement is more restrictive than the
NA originating from the limitations on K .. In any case, if these conditions are too restrictive,
the reflected power can always be evaluated directly from Eq. (16), disregarding the simplified
formulawe are about to develop.

It should be noted that whenever the photonic crystal is made of completely transparent
materials, the incident beam should not contain evanescent components, i.e. one should set
ck = c2, = 0for |Km| > w(eu)Y2. Relaxing this condition opens up a possibility that the in-
cident beam excites guided slab modes, which cannot be decoupled from each other ssimply by

#6617 - $15.00 US Received 17 February 2005; revised 23 March 2005; accepted 23 March 2005
(C) 2005 OSA 4 April 2005/ Vol. 13, No. 7/ OPTICS EXPRESS 2661



increasing the periodicity interval of the sources. These modes should in principle have an infi-
nite amplitude because they are excited by an infinite number of sources and they do not decay,
but in practice the amplitude is determined by numerical effects and is more or less random.
Even if guided modes are excited, it is not impossible that the reflection coefficient of inten-
sity is computed correctly, since guided modes, by definition, do not contribute to radiation.
However, we do not have a proof on this and therefore we avoid computing the reflection in the
presence of guided modes.

Having introduced the necessary restrictions, we now proceed with the simplification of
Eq. (16). Performing the surface integral over the afore mentioned supercell, the integration
of the harmonic basis functions evaluate to Kronecker delta functions with arguments (m, n)
and (n,n’") and the double summations cancel to single summations. The numerous vector prod-
ucts can be evaluated using the properties of the eigenvectors given in Egs. (10) and (11). After
a cumbersome but straightforward calculation we can show that the reflection coefficient of a
beam defined by the coefficients ¢k, and cZ, is given by

_ Smi{leml®Rn+ 0 [ch (ch)" RE] + |GHI*Ra

R
> m (|Chl? +[C[?)

(17)

where the parameters R:, R and RZ, do not depend on the coefficients ¢k, and ¢2, and can
therefore be calculated a priori as

Rn=Y wma) (Jahinl?+ Bhn2) . 1=12, (18)
R =25 5(Wimn) |akn (aBin) "+ b (B35) (19)

Here 6(Wmn) = 1, if the eigenvalue winp is real valued and O otherwise. The physical origin
for the appearance of d(wmn) is that the eigenvectors with an imaginary wave number are
evanescent and do not carry energy in adirection parallel to the z-axis.

4. PMMA opalsfor visiblelight

The crystals under investigation were self-assembled [31] in the etched areas of double side
polished (100) silicon substrates, from a 4.5 wt-% suspension of PMMA spheresin de-ionized
water, using the vertical deposition technique[32,33]. The PMMA sphereswere fabricated with
amedian diameter of a = 268 nm, using the modified surfactant free emulsion polymerization
technique described elsewhere [34]. The main advantage of using PMMA as medium is that
its material properties are well known and that it is commonly used also as an optical medium,
making the optical design and subseguent theoretical evaluation process straightforward. Other
advantages include its suitability for patterning with electron beam lithography [35].

Prior to the opal growth, the silicon substrates were cleaned for three hoursin a1:1 solution
of sulfuric acid (95%) and hydrogen peroxide (30%). The substrates were then hydrophilized
during three hoursin a 1:1:5 agent of hydrogen peroxide (30%), ammonium hydroxide (25%),
and de-ionized water, and finally blown dry with nitrogen. The opal samples were grown at
room temperature and normal atmospheric pressure, at a vertical drawing speed of vp = 2.6
mm/h, resulting in films of approximately 18 monolayers, or a thickness of 4.2 um. After the
growth, the samples were sintered at 80° C during 90 minutes.

The optical reflectance spectra were measured using a NanoSpec 111 spectrophotometer
equipped with a microscope. The incident white light was supplied through a microscope ob-
jective such that the focus point was in front of the sample leading to an illumination of a
relatively large area on the surface. The reflected spectrum was measured through the same
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objective but the light was collected from a small spot and focused on a small aperture of a
spectral analyzer. Two magnifications were used in the measurements. 50x, which had a spot
size of 3 um on the sample, numerical aperture NA=0.55 and acceptance angle 33.4° and 10x,
with the corresponding values being 15um, 0.3 and 17.5°.

4.1. Comparison of simulations and measurements

Before presenting the results, we will make afew simplifying observations:

1) Since theincident light was unpolarized, we computed the reflectance spectrum for e- and
h-polarizations (e-polarization has electric field parallel to the sample surface and correspond-
ingly for h-polarization) separately and averaged. For a given polarization, the ratio of ¢k, and
¢ isfixed and Eq. (17) can be written in terms of asingle variable ¢y,

2) The direction of a plane wave is determined by its wave vector components K and w such
that the angle between the z-axis and the plane wave is given by ¢ = tan~*(|K|/w) and the
angle between x-axis and the plane wave by 6 = tan*l(Ky/ Kx), where Ky y = uyy - K. It turns
out that for a sufficiently small ¢, the reflectivity varies only little with 6. Particularly, at the
maximum acceptance angle of the collecting optics, ¢ = 33.4°, the variation of reflectivity with
6 isat most 1.5% for any wavelength considered in the measurement. Therefore, we can take
advantage of the rotational symmetry of the incident beam and integrate Eq. (17) over 6 with a
littlelossin accuracy. Then it is sufficient to sample K only over alineinstead of a surface, thus
reducing the computational burden significantly. The low dependence on 6 can be addressed
to the high, six fold rotational symmetry of the FCC-lattice about [111]-direction (z-axis) and
low refractive index contrast between PMMA and air. However, it should be noted that if w
is high enough to allow more than one diffraction order, then the orientation of K may indeed
have a significant effect on the reflectivity. In our samples, the second diffraction order arises
at a vacuum wavelength of 464 nm, which is outside the spectral scope of the measurements.

Incorporating the afore mentioned simplifications into Eq. (17) gives

R— 3 m 27 (|Km| +0.50k) |cm|*Rm
> m 2k (IKm|40.5Ak) ‘Cm‘z ’

(20)

where Ak = |Kmi1 — K| isthe uniformly spaced difference in the length between two consec-
utive K -vectors on the sampling line and Ry, is the appropriate linear combination of RL, R
and R2,, defined in Egs. (18) and (19).

Simulations were performed on a grid of 16 by 16 plane waves and 16 finite difference
planes per sphere diameter. With 18 monolayers in the sample, this results in an equation with
243200 unknowns. Solving the system once, requires typicaly 25 to 35 matrix iterations and
takes about 10 to 15 seconds on a standard 2 GHz PC (This claim applies to this particular
geometry, the convergence of the iterative solver depends strongly on the spatial characteristics
of the dielectric function). The spectrum was computed at 75 cw-points and K was sampled at
40 pointsfor each value of w. We assumed PMMA to be transparent and to possess a frequency
independent refractive index npyma = 1.489. The dispersive and absorptive dielectric constant
of the silicon substrate was taken according to Ref. [36]. The shape of the incident beam on the
sample was not precisely known but the optics used for collecting light had a smaller NA than
the optics used for illumination. Therefore we set ¢, = 1 for all plane waves that are accepted
by the collecting optics, i.e. sin(@n) <NA, and ¢ = 0 otherwise.

Figure 3 shows the measured reflection spectrafrom atypica sample and the corresponding
simulations for the two different spot sizes. For the smaller spot size (NA=0.55) the reflection
curve has gone through a considerable blue shift, the main maximum has broadened and the
fringes have leveled out. These effects are well predicted by the simulation, even up to some
very small details on the short wavelength side of the reflection peak. According to the simu-
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Figure 3. Measured and simulated reflection spectrafrom atypical PMMA on silicon opal.
Numerical aperture of 0.55 corresponds to 50x magnifying optics with a spot size of about
3 um and numerical aperture 0.3 corresponds to 10x magnification and a spot size of 15

pm.

lation, the highest reflectivity should occur for the larger spot size (NA=0.3) but the opposite
is observed in the measurements. Thisis most likely due to defects in the crystal falling under
the larger beam. The good match between the simulation and the measurement verifies that the
crystal is of good quality and the approximations made in the simulation are valid.

5. Polystyrene opalsfor infrared light

The second photonic crystal structure studied in this work was fabricated by self organiza-
tion of polystyrene nano-particles using the vertical solvent evaporation technique [8], where a
substrate is placed vertically in a container partialy filled with a nano-sphere dispersion. The
nano-particles form a lattice on the substrate as the solvent evaporates. A small piece (5 mm
x 20 mm) of a polished n-type gallium arsenide (GaAs) wafer was used as a substrate and the
dispersion consisted of 5 wt-% of polystyrene nano-spheres in water with an average sphere
diameter of 460 nm. The solvent evaporation temperature was 55°C.

The structure of the photonic crystal lattice was characterized by scanning electron mi-
croscopy (SEM). A typical image from the crystal surface is shown in figure 4. Angle re-
solved reflectance spectra were measured in a goniometer setup. Light from a halogen lamp
was passed through a monochromator and slightly focused on the sample. The reflected inten-
sity was measured using standard lock-in techniques through a small aperture resulting in an
angular resolution of about 3°.
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Figure 4. A typical SEM image of the polystyrene on GaAs opal.

5.1. Results

We measured the reflectance spectrafor several values of the incident angle ¢ using e-polarized
light. Simulations were performed with the same resolution as in the previous section but the
incident beam was so wide (about 1 mm in diameter) and slightly focused that we assumed
a plane wave excitation. A frequency dependent and complex valued dielectric function was
used for both GaAs [37] and polystyrene [38]. Based on the measured fringe positions, as
shown in figure 5, we concluded that there are 47 monolayers in the sample. In the ssimulation,
we assumed the Poynting vector’s projection to lay along the I — M direction of the triangular
lattice on the crystal surface.

Simulations predict the positions of the reflection peak and fringes well but the differencein
amplitudes is quite pronounced. Especially, the linearly increasing trend in the reflection is not
captured by the computations at all. On the contrary, the simulated reflection has a decreasing
trend, which can be shown to be caused by the infrared absorption of polystyrene. We assume
the increasing trend to originate from awavelength dependent scattering but the exact nature of
this processis not known to us. However, the trend is present in every sample we have prepared
(using the same batch of polystyrene spheres), even if silicon was used as a substrate material .
The details of the scattering process are atopic of our further research.

Even though the microspheres are expected to crystallize into an FCC-lattice, they may also
crystallize into a hexagonal close packed (HCP) lattice or arandom mixture of the two [11]. In
an attempt to determine the crystal structure, we simulated the reflectance from amixed lattice,
as shown in Fig. 5(d). Unfortunately, the difference between FCC and mixed latticesis so small
that the properties of the crystal cannot be established in this way.
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Figure 5. Reflection from a polystyrene on GaAs opal for different incident angles: @)
@ =20°h) ¢ =30° and c) ¢ = 40°. d) The incidence angle and the measurement datais
asin ¢) but the simulated reflection is computed using a random mixture of FCC and HCP
lattices. Curves marked with stars are simulated and continuous lines are measured.

6. Conclusion

We presented an efficient algorithm for computing electromagnetic fields in doubly periodic,
finite thickness structures and applied it for computing reflection coefficients from opal pho-
tonic crystals. It was found that together with efficient preconditioners, our method is capable
of solving large scale three dimensional problems on a standard PC very quickly. We also used
a scheme for decomposing an arbitrary beam into plane waves and showed how to compute
the reflection coefficient of the beam by superimposing the reflection coefficients of individual
plane waves. The computation time in this scheme scales as O(NT ), where N is the number
of plane waves needed to expand the incident beam and T is the time required for solving the
Bloch periodic problem of a single plane wave.

We demonstrated the method by computing the reflection coefficient of afocused beam from
PMMA opals on silicon substrates. The match between the measurement and simulation was
found to be remarkably good, thus showing the power of our method and the high quality of
the sample.

We also studied polystyrene opals on GaAs substrates, which were found to be of lower qual-
ity. However, the reflection was measured only using a wide beam, which may explain the low
reflectance. Simulationswere ableto predict the positions of the reflection peak and fringes well
but the amplitude was not modeled correctly. We also found a wavel ength dependent scattering
in polystyrene opals, which needs to be thoroughly investigated.
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