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Abstract:  The need for cost effective and reliable biosensors in e.g.
medical applications is an ever growing and everlasting dlo¢ only do

we strive to increase sensitivity and detection limit of lssensors; ease
of fabrication or implementation are equally important.tiis work, we
propose a novel, photonic crystal based biosensor thatléstatoperate

at a single frequency, contrary to resonance based serigosscertain
frequency range, guided photonic crystal modes can cooapfeeé space
modes resulting in a Lorentzian shape in the angular spactithis
Lorentzian can shift due to refractive index changes andilsitions have
shown sensitivities of 65per refractive index unit and more.
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1. Introduction

Optical biosensing is a research field that, despite alrbatyg around for quite a few years,
to this day still yields a great deal of scientific output [1324, 5]. This comes as no surprise
as there is and always will be a need for cost effective anahiel biosensors and this in many
domains (e.g. medical, food production, military).

There are basically two types of photonics based biosenBoosescent based and label-
free ones. In a fluorescent based sensing scheme, the nesldlcat we want to measure need
to be labeled with a fluorescent or radioactive marker. Whemihating the molecules, the
labels will emit light or a radiowave and depending on themsity of the captured signal,
we can determine the concentration. Although this seemsla $ample method, the labeling
procedure of the biomolecules is quite complicated. Anrad#teve is making use of label-
free sensing. In label-free sensing, biomolecules bond reiteptor molecules attached to the
sensor. Due to this bonding, the refractive index close ¢ositnsing area will change. The
change in refractive index is then a measure for the coraséonrof the biomolecules. Apart
from this, label-free sensors can also be used for measaridk refractive index (e.g. when
immersing the sensor in water with a certain NaCl conceotrat

Quite a few biosensor concepts using photonics have beestigated over the years [6].
Here we present a novel sensing method, based on photorsalsryPhCs) [7]. There are
already several ways to design a PhC biosensor: measueisgifihof a resonance peak induced
by a defect in the PhC [8], monitoring the band gap shift [9haking use of guided resonances
[10]. In the first two cases, light is constantly guided in git@ne of the PhC, in the latter case,
the direction of the incident and outgoing light is out of #eC plane. In the sensing concept
described in this paper, the incident light comes in in tlamplof the PhC and is then coupled
out of the plane, much like a grating coupler (see Fig. 1).

Fig. 1. Light enters the PhC biosensor by means of a waveguide angkeddo free space
as a beam with inclinatio and azimuthp (left). The simulated structure used for FDTD
simulations is shown in the right figure. All sizes are normalized to the lattinstanta.
The grid resolution used is 56 pixels per unit of distance.



2. Angular spectrum analysis sensor concept and simulation methods

In photonic crystals there are two types of guided modes:an@bove and below the light
line. The modes below the light line are true guided modegasdess an infinite lifetime. The
other modes (above the light line) are called resonant guidedes [11] and can couple to the
continuous spectrum of free space modes. It is the latter tiyat determines the behaviour of
the proposed structure. Fig. 2 shows the transmissiongtiefteand radiated (either upwards or
downwards since the structure is symmetric) flux spectra®8athick bulk silicon PhC slab
comprising holes of diameter @ a triangular lattice (wherais the lattice constant), excited
with x-polarized light in thd”M direction (see Fig. 1 (right)). The refractive index in theles
as well as that of the cladding layers above and below the Ritldss1.33, the refractive index
of water. The resolution is set to 56 pixels per unit of dis@rSimulations are carried out using
a freely available FDTD method [12]. Note that the sum of th& fipectra does not equal 1 as
the flux planes defined in our simulations do not constitutesed volume (the flux plane for
out of plane radiation is located at a relatively large distafrom the slab and the flux planes
for reflection and transmission only cover the input wavegi
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Fig. 2. In a certain frequency region, above the light line, guided moaesouple to free
space modes. The fluxes shown in this figure are calculated for a tidargilicon PhC
slab with hole diameter 028 thickness 0.8, excited in thel'M direction. The radiation
flux represents either the down- or upward direction since the structayenisetric.

In Fig. 2 we see a clearly marked frequency region bound byidithe out of plane radiated
flux. In order to determine what exactly is happening in te@on, we must examine the fields
themselves. Fig. 3 shows the calculated angular spectrihred?oynting vector projected on
the vertical direction for a certain frequency in the regidinterest.

We can distinguish the Lorentzian shape [13] which we woulaket to see due to the res-
onant coupling of guided modes to free space modes. As whtbr aiffraction gratings, the
angle at which a beam with a certain frequency is radiatedeiesrmined by the momentum
matching condition. The angular position of the peak shifisonly in function of frequency
but also due to changes in refractive index which makesetésting for sensing applications.

Now that we have qualitatively determined a shift, we cariquar a quantitative analysis.

3. Simulation results

There are a lot of parameters that can be tuned when desitgrniggtructure. In the follow-
ing, the results of extensive FDTD simulations are preskfdethe most important of these
parameters: the type of cladding configuration and the timeof light excitation.
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Fig. 3. The angular spectrum (left) and cross-sectiop=it’ (right) of the vertically pro-

jected Poynting vector of the proposed structure with a symmetric claddingefractive

index above and below PhC slab equals that of the holes) at normalkzpdeficy 0.53488.
A Lorentzian resonance shape is clearly visible.

3.1. Different cladding configurations

Depending on fabrication and implementation of microflesdil, 14], one can wonder how the
situation with respect to the refractive index in the neigiMhood of the PhC membrane will
become. Therefore, we have studied the three main situsttiah can arise: only the refractive
index in the PhC holes changes and above and below the meenlthane is air (henceforth
called theno claddingtype), one cladding layer consists of air while the other th@ssame
refractive index as that of the holeasymmetric claddingor both cladding layers and holes
experience a change in refractive indeyrometric cladding For each of these situations,
simulations have been carried out for several refractidéeces which allows us to determine a
shift per refractive index unit (RIU).

There are two ways to see a kind of shift: we can look at the langpectrum for a fixed
frequency by using a spatial Fourier measurement setupdildfe measure the power for a
given angle while scanning the frequency range. Both methagie been investigated and the
results for the different cladding configurations are pnése in Fig. 4. It should however be
noted that the major advantage of the first method is thaighedource in a fabricated device
only needs to be single frequency.
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Fig. 4. As expected, the shift for the symmetric cladding configuratioreiidphest in both
approaches (left: monitoring angular shift at a fixed frequencytrigkeasuring frequency
shift at a fixed angle).

Like we would intuitively expect, for both measurement noetk, thesymmetric cladding
type is more sensitive than tlsymmetric claddingonfiguration which is in turn more sensi-
tive than theno claddingtype. When measuring using the Fourier setup, it is advisetefmsure



at a high frequency because a) the light is coupled out at gle &tose to the normal and is
therefore easier to capture using a lens and b) as will be@pparent in what follows, the
width of the resonance peak decreases with increasingdnegu

Using the other measurement method, we see for the threge #ygeadual increase of sensi-
tivity with increasing angle until it becomes stable at at#&t and onwards.

3.2. Excitation along th€K direction

Up until now, we have always excited light in the PhC alongltMedirection. Exciting it along
the perpendicularK direction gives a slightly different angular spectrum bewn in Fig. 5.
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Fig. 5. The angular spectrum at normalized frequency 0.53488 éeft)cross-section at
@=0° and normalized frequency 0.569 (right) of the proposed structureansymmetric
cladding. A portion of the light is scattered under an ang#®0° and the Lorentzian shape
is distorted (this is more clearly visible in the right figure).

We can see that the Lorentzian shape is distorted (morelychdaible in the right part of
Fig. 5) and that now also light is scattered at an aggi@0".

As itis difficult to fit a proper Lorentzian to tHeK spectra we can make an estimation of the
shift by simply observing the maxima of the peaks. It turnstbat the sensitivity is roughly
equal to that of the structure excited in thil direction.

3.3. Other parameters

Itis clear that there are still a lot of other properties it be optimized (e.g. the shape of the
unit cell, slab thickness, polarization of incident ligthte periodic lattice). We have investigated
the effect of the number of periods in the direction of lightmagation but have found that it
is of little influence. The hole diameter has been chosencsefftily large as to maximize the
light-matter interaction keeping in mind technologicahiiations for eventual fabrication of
the device (i.e. minimal distance between adjacent holds).influence of the slab thickness
has been investigated briefly and we have found that withedeang thickness, the frequency
region in which the Lorentzian shape appears widens antsshihigher frequencies and the
sensitivity also slightly increases.

3.4. Noise analysis and detection limit

In simulations, it is virtually impossible to take into acet all noise factors that will influence

measurements (e.g. temperature variations, fabricationsg. In order to already make some
predictions on how the structure will react due to this noigse can add Gaussian noise to
the simulated signal. By performing a Monte Carlo simulatioe. repeatedly determining the



peak position of a noise-ridden signal, it is possible tedatne the spread on the calculated
peak position: by fitting a Gaussian distribution to the deteed peak positions we extract
the spreads. This spread is in turn a measure for the detection limit. ddeaments of other
structures using our Fourier measurement setup have sloovaverage, a signal-to-noise ratio
(SNR) of 22 dB. The amplitude of the added noise in the MontdoCGamulation is therefore
chosen as to reach the same SNR.
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Fig. 6. Adding noise in Monte Carlo simulations delivers the spreash correct peak
detection (left). The width of the peak, which is in itself dependent on théeahgis
directly related to thiso. Using this information, we can calculate (right) the detection
limit (considering the worst case/largestof the shifted peaks). The detection limit is
smallest at a high frequency as this is where the peak width is smallest.

Fig. 6 leads us to conclude that the spreaid practically independent of the cladding con-
figuration (variations are due to numerical and statisiécedrs) but above all, we can say that
the spread increases with the an@leAs already mentioned above, it is therefore interesting to
work at a high frequency, which is at small an@leclose to the normal to the PhC membrane.

Instead of looking at the sensitivity, a more commonly usgdré of merit is the detection
limit which is defined here ag/shift. Fig. 6 shows the detection limit in function of the{r
quency for the Fourier setup measurement method. As expebte detection limit is highest
for high frequencies due to the small peak width at theseu&rrgies. If we would be able to
increase the SNR of the measurement setup, the detectibiediaid also improve. Simulations
have shown that the detection limit is linearly related t® tloise amplitude.

4. Conclusions

Exploiting the coupling of guided to free space modes, wesltivised a new photonic crystal
based biosensor concept. The major advantage of this dexéceesonance based sensors (e.qg.
ring resonators) is that it is able to operate at a singleuaqy. With a simulated sensitivity
of 65° per RIU, the proposed device performs better than a SPR iseng® angular regime
(i.e. operating at a single wavelength) [16]. Furthermuoreen fabricating the device there is
no need for a metal deposition step or a coupling prism.

If a broadband light source is available, it is possible terape the device in a reciprocal
way by measuring the peak frequency shift at a fixed angle.
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