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Abstract:  Using finite-difference time-domain method, we characterize
the normal-incidence transmission properties of atwo slab photonic crystal
device in a view of its applications in fluorescence enhancement and
multi-analyte detection. Individual slabs consist of a square or a triangular
lattice of air holes embedded into a silicon nitride slab. The geometrical
parameters are chosen so that the individual slabs operate in a guided
resonance regime where strong reflectivity under the normal incidence
angle is observed in a broad spectral range. When placed in the close
proximity of each other, the two photonic crystal dab system exhibits a
narrow Fabry-Perot type transmission peak corresponding to the excitation
of a resonant mode in the cavity formed by the two slabs. We then study
the effects of the size of the air gap between the two photonic crystal
dlabs on the spectral position and bandwidth of a resonance transmission
peak. Finally, we investigate the electromagnetic energy distributions at the
wavelength of atransmission resonance in the double slab photonic crystals.
As a fina result we demonstrate that this structure can provide electric
field enhancement at the slab surface, which can be used for fluorescence
enhancement.
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1. Introduction

Fluorescence is important to both in-vivo cellular imaging and in-vitro assay detection.>? The
importance of fluorescence-based detection methods has motivated engineering of optically
active structures capable of enhancing the fluorescent signal. Photonic crystal (PhC) slabs have
demonstrated the capability to enhance fluorescence due to acombination of high-intensity near
fields and strong coherent scattering effects of guided resonance.>

Multi-analyte detection of different pathogens needs different fluorescent labels having dif-
ferent emission wavelengths. In order to realize multi-analyte detection, one should, thus, en-
hance fluorescence at several distinct wavelengths corresponding to the emission wavelengths
of the fluorescent labels under consideration. Moreover, sensing systems for the detection of
common diseases are in great need of miniaturization and low cost fabrication processes to be
suited for point of care diagnostics. To this end, Mathias et al.> have fabricated a PhC with a
graded thickness TiO, layer which contains reflective resonant peaks for a range of position-
dependent wavelengths spanning 100 nm. Ganesh et al.® have also shown that the device can
be used to excite a broad range of resonant wavel engths by controlling the launching angle.

With agoal of miniaturization of the multi-analyte detection systems, in this paper we report
a structure based on a two PhC slab geometry that can enhance the fluorescence signal from
guantum dots (QDs) emitting at several distinct wavelengths. Their excitation, their emission,
or possibly both in the same time can be enhanced. The structure operates using a narrow-
band Fabry-Perot resonance mode confined between the two PhC slabs which operate in the
broadband guided resonance regime. Spectral position of a Fabry-Perot resonance can be tuned
by changing the gap between the two PhC slabs with a micro electro-mechanica (MEMYS)
actuator.”® To our knowledge, spectral dependence of the resonance peaks and the field en-
hancement at the peak wavelength as a function of the structural parameters of atwo slab PhC
structure have not been investigated in details up to date.

There are many theoretical and experimental studies about guided-mode resonances in PhC
slabs.'%2° In general, one distinguishes two types of guided resonances. Thefirst type of guided
resonance can be readily observed in a single PhC slab geometry as a narrow Fano typet’
resonance in transmission and/or reflection spectrum. The second type of guided resonance
that can be observed in a single PhC slab geometry is the one which is characterized by the
strong reflectivity over a wide spectral range.” In this paper we are mostly interested in the
guided resonances of the second type as structures operating at such resonances can be used as
efficient mirrors for the construction of tunable resonant cavities.

In this paper we perform extensive numerical study of the single and double PhC slabs in
order to elucidate dependence of the spectral structure of the guided resonances and Fabry-
Perot resonances on the parameters of the PhC slabs. In our studies, we first vary the radius of
the holes and the thickness of a PhC slab with a goal of finding slab geometries that exhibit
broadband reflection. Strong reflectivity of the individual slabsis absolutely necessary for their
further application as mirrorsin the optical cavity. Particularly, in a double slab configuration,
two slabs operating individually in the regime of guided resonance are used as high quality
mirrorsthat confine aFabry-Perot like mode (sensing mode) inside agap between the slabs. The
Fabry-Perot transmission peaks are highly sensitive to the size of the gap between the two slabs.
Therefore, the peak position can be tuned to span a certain spectral range where fluorescence
detection is desired. In the remainder of the paper we, therefore, investigate numerically the
optimal double slab designsin the context of broadband tunability of the Fabry-Perot mode and
optimization of the field enhancement effects.

Our paper is structured as follows. Model and simulation method are introduced in section
2. Section 3.1 focuses on a single dlab reflection spectrum. Section 3.2 focuses on tuning the
positions of transmission peaksin the two PhC-slab geometry. Section 3.3 is devoted to the res-
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Fig. 1. Schematics of the two PhC lattices used in simulations. The area surrounded by
blue dash line denotes the computation domain (unit cell). Top view of the (a) square, and
(b) triangular PhC lattices. xz cross sections through the middle of the units cells of the (c)
single slab, and (d) double slab geometries.

onance energy distribution at the wavelength of a Fabry-Perot transmission peak. A conclusion
is presented in section 4.

2. Simulation method and model

Our model system consists of a square (Fig. 1(a)) or atriangular (Fig. 1(b)) lattice of air holes
introduced into a silicon nitride slab. Figure 1 shows the computational domain (the area sur-
rounded by blue dash line) that was used in simulations of the normal incidence reflection and
transmission spectra. The red regions denotes silicon nitride with refractive index 2.05. The rest
(white regions) is air (index 1). The hole radius, the lattice constant, the slab thickness and the
gap between the two layers are defined respectively asr, a, t and g.

Our simulations are performed using the Meep implementation of the finite-difference time-
domain (FDTD) method.3® The computation domain includes a single unit cell of the crystal.
Onthe cell surfaceswhich are perpendicular to the z direction, weimpose the Perfectly Matched
Layer (PML) absorbing boundary conditions. At the remaining four surfaces, we impose Bloch
periodic boundary conditions. The structures are excited by a temporal Gaussian pulse source
spanning the frequencies of interest. Spatially, excitation is a plane wave propagating along the
z direction. The electric field of the source is polarized along the y direction. In our simulations
we use the normalized frequency a/A, where A is the light wavelength. In order to get the
normal-incidence reflection coefficient (the reflected flux divided by the incident flux), we per-
form two simulations, one with and another without the PhC slab (for the details of the method
see the Meep manual*°).

3. Simulationsand discussion
3.1. Reflection spectra of a single photonic crystal slab

We begin our consideration by calculating the reflection spectra for a variety of single slab
geometries by varying the hole radius and slab thickness. Our goa is to find the geome-
tries of single slabs that exhibit strong broadband reflectivity when operating in the regime
of guided resonance excitation. Our simulations proceed as follows. For a given hole radius
r=0.1a, 0.2a, 0.3a, 0.35a, 0.4a, 0.45a, the reflection spectra of the PhC slabs are calcul ated
for ten values of the slab thicknessest = 0.1a,0.2a, ..., 1.0a for both the square and triangular
lattices. In Fig. 2 we only present the reflection spectra of structures that show strong reflectiv-
ities (reflection coefficient larger than 0.5) over wide frequency ranges.
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Fig. 2. Reflection spectra of selected single PhC dab structures having strong broadband
reflectivities.

An overall conclusion drawn from these simulationsisthat larger hole sizes promote broader
guided resonances, in other words, wider spectral regions of strong reflection. This conclusion
agrees well with the existing literature.1”-2% As an example, consider the case of structure (€)
in Fig. 2: the reflection spectrum for this PhC slab shows a 100 nm-broad guided resonance
centered at 550 nm for a = 565 nm. Over the whole bandwidth of this resonance the slab re-
flectivity is greater than 87%. In what follows we consider in greater details the six highly
reflective slabs presented in Fig. 2.

3.2.  Tunability of a transmission peak in the two PhC slab geometry

We now investigate transmission properties of the six structures each consisting of the pairs
of highly reflective PhC slabs presented in the previous subsection. Figure 3 shows normal
incidence transmission spectra of the two slab PhCs as afunction of the size of the gap between
the dabs. All the transmission spectra exhibit a number of important features. (i) A resonant
transmission peak (Fabry-Perot resonance) appears within the high reflectivity spectral region
of an individual slab. The transmission peak shifts towards smaller normalized frequencies as
the gap size between the two slabs increases. By changing the gap size between two PhC dlabs,
one can, therefore, select a particular wavelength for further analysis, while still profiting from
the field enhancement from the resonant cavity. (ii) The width of the transmission peak depends
strongly on the reflectivity of an individual slab. Particularly, the transmission peak is narrower
for the slabs with higher reflectivity. As an example consider a particular value of the gap size
g = 1.2a. From Fig. 3(a), (b) and (c) one can determine that the widths of the Fabry-Perot
transmission peaks are, respectively, 0.0348, 0.0157, 0.0090 in normalized frequency, while
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Fig. 3. Transmission spectra of the two slab PhCs. Different colors denote different sizes
of the gap g separating the two slabs. (a), (b) and (c) are for the square lattice PhCs. (d), (€)
and (f) are for the triangular lattice PhCs.

the corresponding slab reflectivities are 0.55, 0.73, 0.81.

The above mentioned observations are trivial to rationalize if we consider the two slab PhCs
as two broadband mirrors creating a Fabry-Perot cavity supporting a resonant mode. To jus-
tify this assumption, in Fig. 4(a-f) we present the electromagnetic field energy distributionsin
the Fabry-Perot cavity modes (g = 1.2a or g = 1.0a) with the following normalized frequencies
fn = 0.8198,0.8486, 0.8955,0.9937,1.018, 1.065. Individual energy distributions are presented
in the xz plane and are cal culated using plane wave source with the fixed frequency correspond-
ing to the frequency of aresonance under consideration. By observing the energy distributions
versus time one can clearly identify a standing wave excitation positioned between the two
dabs, thus confirming that such slabs effectively act as mirrors, while forming a Fabry-Perot
cavity that supports a resonant mode.

3.3. Energy distribution and enhancement of optical field intensity at the slab surface

In order to obtain the fluorescence enhancement from the QDs or other fluorescent labels that
could be, potentialy, deposited on the PhC surface, one needs to enhance the electric field
intensity at the interface of a PhC slab. To qualify the field enhancement effects in a two slab
PhC structure we compute the time averaged linear density of the electromagnetic field energy.
For agiven value of az coordinate, such adensity is computed by integrating the local volumic
density of energy over the xy plane of an elementary lattice cell, and then averaging such a
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Fig. 4. Snapshots of the electromagnetic field energy distributions across the xz plane of a
unit cell. Individual distributions are calculated using a CW plane wave excitation source
with a frequency corresponding to the frequencies of respective transmission resonances
(red curves) in Figs. 3(af),g=1.2aor g = 1.0a.

guantity over one time period. The linear energy densities in z direction are plotted in Fig. 5
versus z: electric energy (red lines), magnetic energy (green lines) and total energy (blue lines).
The yellow areas represent regions occupied by the PhC slabs. Figures 5(a-f) correspond to the
respective red transmission peaksin Fig. 3(a-f), g = 1.2a or g = 1.0a. Thelinear energy density
of an incident waveistaken as 1.

As seen from Fig. 5 the maximum linear electric energy density is found inside the slab
and in the close vicinity of the external air/dab interface. From Fig. 5 we summarize that
at this interface, on the air side, the enhancement of the electric field intensity relative to its
value in free space is respectively 2.46, 6.25, 14.0, 5.08, 16.0, 32.3 for cases (a-f). Because
the Meep algorithm uses index smoothing at the interface, we used a polynomial extrapolation
(7" degree) of the field evolution on the air side to the exact interface location for a precise
determination of it.

An interesting point to note is that, contrary to a classical Fabry-Perot cavity composed of
Bragg mirrors where the electric energy density is maximum in the gap and decreases in the
distributed mirrors, we have here a maximum in the mirror, and close to the external air/slab
interface. Thisisof great interest for biological sample testing where QDs can bein front of the
medium to detect (wet), which is easily brought by microfluidics system, while the rest of the
optical MEMS stays in a dry separated environment, provided that a thin layer of isolation is
placed in between. By example, a 0.05a — 0.10a thick SiO, layer (refractive index 1.45) could
be used. For the structure of Fig. 5(c) and the operating wavelength A = 550 nm (normalized
frequency 0.88, red peak in Fig. 3(c)), this layer thickness would be 24.2 — 48.4 nm. This
isolation layer affects the resonances, but only by shifting the transmission peaks which isnot a
problem for our device, and keeps the same shape of peaks as without the layer (Fig. 6(a)). The
electric field intensity enhancement at the air/slab interface (Fig. 6(b) and (c)) even remains the
same asin Fig. 5(c).

To further discuss this point of energy localization, we calculated the different ratios of en-
ergy at the surface to the energy in the gap and plotted them versus the quality factor (Fig.
7(a)). First we can see that these ratios vary from one structure to the other, and second we can
observe ageneral trend of increase with the quality factor. The electric field intensity enhance-
ment can then potentially still beincreased, by an adequate adjustment of the design of the two
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Fig. 5. Time averaged linear density of the electric energy (red lines), magnetic energy
(green lines) and total energy (blue lines) along the z direction. The yellow areas denote
positions of the PhC slabs. Individual densities are calculated using a CW plane wave exci-
tation source with a frequency corresponding to the frequencies of respective transmission
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at the frequencies of the red peaks of (a).

#109342 - $15.00 USD  Received 30 Mar 2009; revised 14 May 2009; accepted 2 Jun 2009; published 10 Jun 2009
(C) 2009 OSA 22 June 2009/ Vol. 17, No. 13/ OPTICS EXPRESS 10630



40 0.2

@) (b) A
16 R 32 0.16
& " A A 4 3
== 1.2 N = 24 . 0.12 EE
= . 3 " s &
3 0.8} * 16 H 4--40.08 £
D = ]
L
0.4 8 o 0.04 —
2ur
0 0
0 100 200 300 0 100 200 300
Q Q

Fig. 7. (a) Ratio of linear electric energy density at the external surface of a PhC slab to the
average linear electric energy density in the gap (Usyrf /Ugap) Vs. quality factor (Q) of the
double layer PhC cavity system. (b) Linear energy density at the external surface of a PhC
slab (Ugyr£) vs. quality factor (Q) —the red denotes the electric energy and the blue denotes
the total energy — and electric field intensity at the external air/slab interface divided by
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dab PhC structure. In Fig. 7(b), we show the energy at the surface versus the quality factor.
They follow roughly a proportional relation, which is not surprising since the energy stored in
the resonator is proportional to its quality factor.

We also plotted the average electric field intensity at the external air/slab interface over the
maximum electric field intensity in the whole structure (Fig. 7(b)). As previously, we took the
air side value of the intensity with the same extrapolation. No strong correlation is found in
relation with the quality factor, and values up to 0.14 are reached. Case (f) of Fig. 5 actually
shows the best performance simultaneously in terms of Uy, Q and |Esurt|?/|Emax|%.

These quantities, Usyrf, Q and |Esyrf |?/|Emax|?, displayed together in Fig. 7(b), represent the
capabilities of enhancement of the structure. The capability of enhanced excitation is directly
related to the electric energy density Ug, ¢ (normalized to the one in free space) at the surface
where the QDs are, by having more light to be absorbed by them. The capability of enhanced
emission isrelated to the quality factor (Q) through the Purcell factor3! and to the ratio of fields
square (|Esurf|2/|Emax|?), by maximizing the coupling of emitted light into the desired mode
(global resonator mode — whom guided resonance is part of) and increasing the spontaneous
emission rate of the QDs.3%3* Enhanced excitation or emission can be performed depending
on the parameters of the structure, and both can even be simultaneously performed by using
two modes of the Fabry-Perot cavity, one at excitation wavelength, one at emission wavelength
of the QDs. By example, the two magenta peaks of Fig. 3(f) could be used. Nevertheless, the
appeal of our systemis primarily for simultaneously enhancing and tuning the emission of QDs
placed on the easy-access PhC surface.

Since the quality factor of our resonator is limited to a value around 250, scattering-induced
losses due to fabrication quality limitations are expected to be negligible compared to the in-
trinsic losses of the resonator, and therefore are not expected to degrade the performances of
the system.

4, Conclusions

Using the finite-difference time-domain method, we investigated tunable structures based on a
two PhC slab geometry for their potential application in the enhancement of fluorescence emis-
sion. Individual PhC slabs consist of square or triangular lattices of cylindrical holes etched in
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asilicon nitride layer. We demonstrate that the tuning of the narrow transmission resonance can
be performed by changing the size of a gap between the two PhC slabs. As an example (Fig.
3(e)), atunable range of 75 nm can be obtained for a 4 nm wide transmission peak in the op-
eration range of 511 — 586 nm. Finally, we demonstrate electrical field intensity enhancement
with a factor 32 at the outer surface of atwo slab PhC structure. This result is of direct utility
for the design of high sensitivity fluorescence detection based biosensors.
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