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We analyze the influence of correlations on the optical properties of disordered metallic photonic
crystal slabs experimentally and theoretically. Different disorder models with different nearest-neighbor
correlations are considered. We present a theory that allows us to quantitatively calculate the optical
properties of the different samples. We find that different kinds of correlations produce characteristic
spectral features such as peak reduction and inhomogeneous broadening. These features are caused by
reduced excitation efficiencies and the excitation of multiple resonances.
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Since the early days of photonic crystals, disorder has
played a major role. Disorder due to fabrication errors is
usually an intrinsic attribute of photonic crystals, which
inevitably influences their optical properties [1]. Hence, a
detailed understanding of disorder can help to improve
photonic band gap materials [2]. Additionally, the potential
to localize light in disordered materials [3] has led to
stimulating discussions about the influence of correlations
on the localization length [4—6]. Most work so far has
discussed small disorder amounts, which can be handled
analytically by using a perturbative theoretical approach
[2]. Other publications have focused on experimental in-
vestigations, comparable to finite difference time domain
simulations [7]. As a consequence, a detailed analysis of
the optical properties of disordered photonic crystals is of
interest not only for possible applications but also from a
fundamental point of view. In this Letter, we investigate the
influence of different nearest-neighbor correlations on the
optical properties of disordered metallic photonic crystal
slabs (MPCSs) systematically in experiment and theory.
We present a concept that allows for the calculation of
these optical properties and for direct interpretation of the
experimental data. Our model is not restricted to small
amounts of disorder as it allows one to intuitively guess
the actual shape of the optical properties in strongly dis-
ordered photonic crystals.

The considered model system consists of gold nanowires
on top of a dielectric waveguide layer [Fig. 1(a)]. It was
previously reported that the linear optical properties of a
MPCS can be tailored by an appropriate arrangement of the
nanostructures [8]. Characteristic spectral features and a
pronounced band structure were found [9]. The electronic
resonance of the particle plasmons and the optical quasi-
guided mode in the waveguide can couple strongly to form
a waveguide-plasmon polariton. In metal wires, the parti-
cle plasmon and, hence, the polariton are excited only for a
light polarization perpendicular to the wires (TM polariza-
tion). For a light polarization along the wires (TE), only the
quasiguided mode can be excited.
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We fabricated one-dimensional gold gratings on top of a
140-nm-thick indium tin oxide (ITO) waveguide layer that
was deposited on a quartz substrate [Fig. 1(a)]. The width
of the wires was 100 nm, and the height was 20 nm. The
optical properties of these MPCSs were measured at nor-
mal light incidence with a white-light transmission setup
with an aperture angle of about 0.2° [9]. As electron-beam
lithography was used to fabricate the samples, we were
able to control the nanostructures’ positions and shapes
with very high accuracy. This process provides a powerful
tool for the introduction of artificial disorder with a well-
defined type and strength. When measuring the extinction
[ — In(T), T: transmission] of these structures, the influ-
ence of disorder type and amount on the optical properties
of MPCSs can be studied.

We consider two different models of positional disorder:
uncorrelated and correlated disorder. In the first model, the
positions of neighboring nanowires are uncorrelated; they
are varied around their positions in the perfect grid [resem-
bling a “frozen phonon,” Fig. 1(b)]. Starting at position x,
the position of nanowire i is given by

X; = Xo + ld() + Axi, (1)

where d is the period of the perfect grating and Ax; is the

@ TE (b)ﬁ oy K&
100 nm —p :

20 nm

140 nm

Substrate

Spectrometer

FIG. 1. (a) Metallic photonic crystal slab structure consisting
of a gold grating on top of a waveguide layer. The light
propagates through the sample at normal incidence. TE and
TM indicate the direction of the electric field polarization.
(b),(c) Schematic view of uncorrelated and correlated disorder,
respectively. Dotted lines indicate the center positions of the
perfect grating with period d,.
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variation of the ith position. In the second model, the po-
sitions x; and x;_; of neighbors are correlated [Fig. 1(c)],
which resembles long-range disorder. Therefore, x; in-
cludes all variations of the preceding nanowires:
i
X; = Xxj_1 +dy+ Ax; = xy + idy + z Ax,,.

n=1

2

The variations Ax follow a normal distribution with a full
width at half maximum w. Giving w as a fraction of d,
quantifies the disorder amount a[%] = w/d, X 100.

The simulation of the optical properties of the samples is
done in several steps. First, the spatial arrangement of all
nanowires in a fabricated sample is considered, and the
Fourier transform of this arrangement is calculated.
Figure 2 shows results for exemplary arrangements with
uncorrelated and correlated disorder around the first recip-
rocal lattice vector gy =2w/dy, (dy= 400 nm).
Pronounced differences in the distribution of the Fourier
amplitudes |A| at different momenta k are observable. In
the case of no disorder, a sharp §-shaped peak appears at
k = go. Increasing uncorrelated disorder reduces the am-
plitude of this Fourier component. Correlated disorder also
diminishes the amplitude of this peak but for smaller
amounts of disorder. The peak vanishes for an amount of
about 50%, in comparison with an amount of 80% in the
uncorrelated model. Furthermore, additional peaks arise at
k # go, causing an inhomogeneous broadening in the
Fourier spectrum. These differences are the key to under-
standing the spectral characteristics of the various disorder
models.

To enlighten the differences of the disorder models, we

make use of the similarity of the Fourier analysis with the
|

47§1E2[E2 - E%vg - (qwg/qpl)E%:l2

results obtained in x-ray diffraction experiments [10].
There, the effect of reduced amplitudes is described by
the Debye-Waller factor for thermal movement of the
atoms. The Fourier transform of correlated disorder resem-
bles the diffraction pattern of amorphous solids or liquids,
i.e., systems with no long-range ordering but nearest-
neighbor correlations [11,12]. The frozen phonon disorder
rather resembles scattering in hot solids.

In a next step, we consider the dispersion relation of the
MPCS. The TE and TM quasiguided modes depend on the
lateral wave vector, and they are given by the solutions of
transcendental equations [13]. In TM polarization, the
quasiguided mode at energy E,,(k;) couples to the plas-
mon at constant energy Ey,;. This results in a typical polar-
iton dispersion with two dispersion branches in ordered
MPCSs [9,14]. For normal light incidence, the period or,
more generally, the Fourier spectrum determines the ener-
gies of the excited resonances [15]. Their amplitudes are
given by the amplitudes of the Fourier components and,
hence, the lattice structure [16]. Combining Fourier analy-
sis and dispersion of the sample yields a transformation of
the Fourier peaks from k space into energy space: Each
Fourier component at k; excites resonances with energies
E; = E(k;) and amplitudes ; = |A;|*.

To finally calculate the optical spectra of the samples,
we plug the energies E; and amplitudes |A jl of the excited
resonances into suitably chosen line shape functions. In TE
polarization, the extinction aj"(E) is characterized by a
Fano-type line shape [9,17]. In TM polarization, the ab-
sorption of the system can be modeled with two coupled
Lorentzian oscillators [18]. For simplicity, we identify the
extinction with this absorption [18]:

a™(E) =
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with ay as a scaling factor depending on the density of the
excited pairs of plasmon and quasiguided mode, and E;, 7y,
and ¢g; (I = pl, wg) as resonance energies, homogeneous
half-widths, and oscillator strengths of the uncoupled sys-
tem. The waveguide-plasmon coupling strength is denoted
as EZ. Thus, each Fourier component at k ; yields an
extinction a?OI(E), where ‘“pol” denotes the polarization
(TE or TM). The total extinction aP°'(E) of the disordered
samples is the sum over all aEOI(E):

aPl(E) = Za§°l(E). 4)
J

The necessary TE and TM parameters are determined by
fitting the individual line shape functions to the measured
extinction spectra of the perfect samples. They are then
used as disorder-independent parameters in the calculation
of a?OI(E) and aP(E). Adapting the polariton picture to
Eq. (3) means that each Fourier component excites simul-
taneously a plasmon and a quasiguided mode as a pair of
coupled resonances in TM polarization. Hence, I; affects
directly the density-dependent factor a of these pairs in
Eq. (3). We set ay/ay =1; = |A;]*, where «aj is the
maximum extinction as determined from the fits of the
perfect samples. An illustration of the model is presented
in Fig. 3 with spatial Fourier analysis, TE and TM disper-
sion, and the resulting extinction spectra in energy space.

Figure 4 shows measured extinction spectra for uncorre-
lated and correlated disorder. They are compared with the
simulations that help to completely understand the obser-
vations. We notice good agreement of measurements and
simulations. In TE polarization (upper half of Fig. 4), the
typical Fano-like resonance of the quasiguided mode can
be observed for no disorder. Increasing uncorrelated dis-
order causes a reduction of its amplitude and a vanishing at
about 70% disorder. The resonance width is not affected.
Correlated disorder reduces the resonance amplitude more
drastically, which results in a complete vanishing at 50%
disorder. Additionally, a strong broadening of the reso-
nance peak can be observed. All of these findings can be
immediately understood, since for TE polarization the
extinction is simply a convolution of the spatial Fourier
spectrum (see Fig. 2 as an example) with the Fano line
shape. For correlated disorder, the nanowires’ arrangement
acts as a superposition of gratings with different periods.
As a result, multiple quasiguided modes are excited in a
wide energy range [19], causing a broadening of the ex-
tinction peak. The peak reduction for uncorrelated disorder
goes along with a slight peak shift to lower energies. The
latter is caused by the disorder influence on the TE band
structure [20], which was not included in the simulations.

The lower half of Fig. 4 shows results for TM polariza-
tion. For no disorder (uppermost curves), two extinction
maxima, corresponding to the lower and upper polariton
branches, appear. With increasing disorder, the measured
extinction curves show a distinctively different behavior
for uncorrelated and correlated disorder. In the first case,
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FIG. 3 (color online). Transformation of exemplary Fourier
peaks from & space into energy space via the dispersion relations.
Schematic line shape functions are added in energy space to
yield @™ (E) and a™(E).

the upper polariton branch vanishes, resulting in a broad-
ened particle plasmon peak for maximum disorder. We also
note a decreased energy separation between the branches
for increased disorder. In the second case, both polariton
branches show a broadening with increased disorder; for
maximum disorder, again a single broad particle plasmon
peak arises. As for TE polarization, the spatial Fourier
analysis helps to explain these effects. For uncorrelated
disorder, the decreasing Fourier peak amplitude indicates a
decrease of the weighted polariton double-peak contribu-
tion to the spectrum. Simultaneously, the increasing back-
ground in the Fourier spectrum increases the contribution
of plasmons coupled to waveguides of arbitrary E,,, ap-
pearing as the simple plasmon at Ej,. For correlated dis-
order, the broadening of both polariton branches originates
from the excitation of multiple resonances at energies
varying in a certain, finite spectral range.

The measurements in TM polarization are also well
explained by our theoretical model; however, some smaller
details are not as well reproduced as in TE polarization.
This is probably due to the omission of near-field coupling
of the individual nanowires [21] in the disorder arrange-
ment, which presumably causes the strong broadening of
the pure plasmon resonance at large disorder. We account
this effect to be responsible also for the pronounced max-
ima and minima at moderate correlated disorder. Note that
a small contribution to the resonance broadening originates
from variations of the nanowires’ width on the order of a
few nanometers due to fabrication imperfections. The de-
creased branch separation for increased uncorrelated dis-
order, which manifests itself in the smaller splitting
between the polariton branches, can be explained by the
dependence of the waveguide-plasmon coupling strength
E2 on defects and disorder in MPCSs [15,20]. A more
detailed theory, addressing these effects and the dispersion
in disordered MPCSs, will be presented in future work.
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To summarize, we have presented a detailed analysis of [2] S. Hughes, L. Ramunno, J.F. Young, and J. E. Sipe, Phys.

the influence of nearest-neighbor correlations on the op-
tical properties of disordered metallic photonic crystal
slabs. Our theory allows for the modeling of optical prop-
erties in different disorder types. Combining the Fourier
analysis of the spatial grating arrangement with the dis-
persion of the structure predicts the energies and ampli-
tudes of the excited resonances. Theoretical and experi-
mental results show good agreement. It was shown that
uncorrelated disorder reduces the amplitudes of spectral
peaks. Correlated disorder results in additional broadening
of the spectral features, which is caused by the excitation of
multiple resonances. Our results may help to estimate the
consequences of imperfections in the fabrication of MPCS-
based devices in the limit of large disorder. Future tasks
include light localization and investigating the polariton
coupling and dispersion relations in disordered MPCSs in
more detail.
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