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We report the optimization of the H0, H1 and L3 cavity in a silicon photonic crystal 
slab for optical trapping of bacteria in water, using FDTD simulations. The procedure 
includes reduction of out-of-plane losses and accounting for in-plane coupling to the 
waveguides, and for the trapping induced resonance shift. Optimized quality factors are 
a few thousand, while modal energies and resonance shifts indicate that the H1 cavity 
serves best for trapping of 1 micrometer sized bacteria. In evaluation experiments with 
the fabricated designs we demonstrate optical trapping of polystyrene beads. This 
trapping functionality is applicable in lab-on-a-chip sensors, e.g. for monitoring the 
quality of drinking water with respect to hazardous bacteria. 

Introduction 
In the field of monitoring the quality of drinking water there is a strong focus on the 
detection and identification of hazardous bacteria. In this context, lab-on-a-chip 
technology may be important as a cheap and fast alternative for the present culture 
growing techniques. In particular, the combination of photonics and microfluidics on a 
chip is promising, since this may lead to detection and identification at the level of 
single bacteria. For example, it is possible to build an optical trap on a chip, based on a 
dual-waveguide assembly [1, 2] or on a cavity in a photonic crystal (PhC) [3, 4], in the 
latter case using the evanescent field of the cavity mode. With the resulting photonic 
lab-on-a-chip, bacteria can be immobilized one at a time in a microfluidic water channel 
using optical forces [5]. At the same time the light of the trap may be used for label-free 
spectroscopic characterization of the object, e.g. using the induced luminescence 
spectrum or Raman spectrum. 

In this contribution we report on the optimization of cavities in a silicon PhC slab 
for optical trapping of bacteria. We envision that such PhC slabs, known already as a 
platform for the guiding and manipulation of light [6], will form a versatile platform for 
photonic sensing as well. With circuits based on PhC waveguides and using optical 
forces for trapping and propulsion, particles in water can be sorted on-chip and can be 
guided towards cavities operating as analysis station. 

We have selected three cavities, viz. the well-known H0, H1 and L3 cavities, each 
in a hole-type PhC. See Fig. 1 for the basic geometries. The H0 cavity is defined by 
changing for two adjacent holes the semi-circles facing each other into semi-ellipses. In 
this way a small dipole is created. The H1 cavity consists of a central hole of reduced 
radius (here: r/a=0.2) and two surrounding holes for which the semi-circles facing the 
central hole are changed into semi-ellipses. This cavity has an enhanced dipole mode 
and has a significant part of its electric energy in the central hole. The third cavity is the 
L3 cavity. It is a line defect of three removed holes with on each side of the line a hole 
shifted outward. For this cavity, the fundamental mode is used.  
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Fig. 1. Final designs for the H0, H1 and L3 cavities in a, b and c, respectively (Si in grey), obtained after 
simulations as described. The red patterns are the distributions of the electric field energy of each cavity 
mode in the plane 10 nm above the PhC surface. The cavity parameters are given in the panels. The blue 
circle indicates a 1 µm diameter spherical bacterium. 

Cavity Design and Optimization 
The basic design is a PhC with a triangular lattice with lattice constant a, reduced radius 
r/a=0.3 and a Si thickness of 220 nm. We optimize the cavities for optical trapping of 
single bacterial cells [4] using 3D finite-difference time-domain (FDTD) simulations 
with MEEP [7]. Our model for a bacterium is a 1 µm diameter sphere, with a 20 nm 
thick membrane of index n=1.42, which surrounds a cytoplasma of index n=1.35. 

The main optimization goal is a strongly enhanced e.m. field for the cavity mode 
(implying a high quality factor Q), so that strong trapping forces can be generated. The 
limiting condition is that the trapping induced resonance shift, i.e. the shift of the cavity 
resonance due to the dielectric perturbation of the trapped bacterium, should be smaller 
than the resonance width (thus limiting the Q), since otherwise the trapping event would 
set the cavity off resonance at the operation wavelength. 

We first maximize the out-of-plane quality factor Q⊥, representing the radiation 
losses, by tailoring the details of the cavities. For this purpose we embed the cavities in 
a large PhC, so that the in-plane quality factor Q// amply exceeds Q⊥ (i.e. Qtot≈Q⊥). In 
an iterative approach, with water (n=1.33) as upper and lower cladding and inside the 
holes, we optimize Q⊥ for the H0 and H1 cavity by varying the ellipticity of the semi-
ellipses and for the L3 cavity by varying the position of the two adjacent holes, using a 
grid resolution of a/20. The lattice constant for each PhC/cavity combination is obtained 
iteratively as well, under the conditions Si thickness h=220 nm and cavity resonance 
wavelength λres≈1550 nm. The optimization yields ellipse short-axis diameters 
De=0.29a and De=0.33a for the H0 and H1 cavity, respectively, and an outward shift 
Δ=0.2a for the L3 cavity. See Fig. 1. The resulting optimized Q⊥ values are 2470, 5000 
and 5780, for H0, H1 and L3, respectively.  

The trapping induced resonance shifts are obtained by repeating the above 
simulations in a typical trapping situation: the bacterium is positioned at the cavity, 
using 10 nm as the equilibrium distance of the bacterium to the surface. For drinking 
water with a ‘typical’ ion concentration, the Debye screening length, which plays a role 
in view of the surface charge of the bacterium and the silicon surface, is 10 nm. It is 
found that the resonance shift is around 1 nm, which imposes a maximum allowable 
quality factor Qmax≈λres/1 nm. The actual Qmax values obtained are 1810, 1950 and 
4300, for H0, H1 and L3, respectively. This difference for H0 and H1 on the one hand 
and L3 on the other hand arises from the larger mode profile for L3 on the scale of the 
bacterium. See Fig. 1. 
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In the final simulations we symmetrically couple two PhC waveguides, oriented in 
the ГK direction, to the cavities for in-plane optical access. This is seen in Fig. 1. For 
such a geometry, coupled mode theory [6] predicts that the energy of the cavity mode is 
maximum for Q//=Q⊥, which further implies that Qtot=Q⊥/2. Based on the above results 
for Qmax, for H0 and L3 (Qmax>Q⊥/2) we then adjust the coupling to the PhC 
waveguides to obtain Qtot=Q⊥/2, while for H1 Qtot is limited by Qmax. For the three 
cavities this procedure yields reduced radii rc/a of the outer coupling holes as indicated 
in Fig. 1. The final optimization result is Qtot=1170, 2000 and 2810 for H0, H1 and L3, 
respectively. 

For these final designs we further estimate the modal electric energy of the cavities 
for an input power of 1.2 mW, the value used in trapping experiments (see below). For 
this situation we deduce modal energies of 1.2, 2.4 and 2.8 fJ for H0, H1 and L3, 
respectively. This suggests that the L3 cavity would be most suitable for trapping. 
However, from the fact that for the L3 cavity a relatively small fraction of the mode is 
responsible for trapping of our model bacterium (reflected in the largest Qmax), we 
suggest that the H1 cavity is the best candidate. The final answer has to be given by 
calculations of the trapping force for the modal fields we now have available from the 
simulations. 

Fabrication 
We have fabricated the designed PhC/cavity combinations on silicon-on-insulator 
material with a 220 nm thick device layer and a 2 μm thick buried oxide layer. In the 
actual devices the PhC waveguides are coupled to ridge waveguides extending to the 
chip border, for pumping the cavities during in-plane transmission experiments. 
Waveguide facets for efficient in- and out-coupling are made by cleaving the chip. 
Fabrication includes e-beam lithography and dry etching with a fluorine-based plasma. 
Fluidic channels crossing the PhCs are created by laminating a bilayer of TMMF dry 
film resist onto the chip. With an exposure/development step on the first film the 
channel is created, which is sealed with the second film, into which access holes are 
punched. Before laminating the second film, PhC membranes are created by 
underetching the Si in BHF, to allow for water cladding on either side of the PhC. The 
whole assembly is mounted in a holder, for fluidic control and enabling in-plane light 
transmission. SEM pictures of the three types of cavities are shown in Fig. 2. 
 

 
 
Fig. 2. SEM pictures of fabricated H0, H1 and L3 cavities in a, b and c, with lattice constants of  
465 nm, 470 nm and 430 nm, respectively. Semi-ellipses (a, b), holes of reduced size (b, c) and two 
shifted holes (c) can clearly be seen. 
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Trapping Experiments 
At this stage we have evaluated the devices in trapping experiments with 1 µm diameter 
polystyrene beads (n=1.6), using an end-fire set-up with a tuneable laser around 1550 
nm. In preparation for this, we first measure the transmission spectrum of the cavities to 
accurately determine λres. Combining power measurements on control waveguides and 
on the cavity devices, we derive that the optical power presented to the cavities in a 
trapping experiment (i.e. at λres) is 1.2 mW.  

To study trapping, a water solution with beads is flown steadily through the fluidic 
channel across the PhC, the velocity close to the surface being about 10 μm/s. The 
channel is oriented perpendicularly to the light propagation direction. Under these 
conditions we clearly observe trapping events of single beads for the three types of 
cavities. Apparently, for a bead in the range of the evanescent field of the cavity modes 
the trapping force on the bead is that strong that it can overcome the drag force. That we 
indeed observe trapping and not sticking on the surface is evidenced by de-trapping of 
the particle when the laser light is switched off and by the observation of suppression of 
Brownian motion of the particle while it is trapped, which results from the confinement 
of the trapping potential. In Fig. 3 we show snap shots of a typical movie for an H0 
cavity which traps a bead. The left, middle and right panel, show the situations of 
approach, being trapped and release, respectively, the latter only happening when the 
laser light is switched off. 
 

 
 

Fig. 3. Snap shots of a trapping movie for an H0 cavity, showing that a 1 µm polystyrene bead approaches 
the cavity (a), is trapped at the cavity (b) and can be released (c) when the laser light is switched off. 
Water flow direction is vertical. Red circles indicate the bead. The PhC waveguide on either side of the 
cavity tapers up to a ridge waveguide. The bigger dark spot in panels (b, c) is a cluster of beads.  

Conclusions 
We have designed and optimized H0, H1 and L3 cavities in a Si photonic crystal slab 
with a triangular lattice for trapping of bacteria in water using 3D FDTD simulations. 
Preliminary experiments with the fabricated designs of the three cavities show clear 
trapping events of 1 µm diameter polystyrene beads. 
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The appearance of residual strains and stresses, having a direct impact on the quality of 
the final product, during composite materials manufacturing is due to the anisotropic 
and non-homogeneous nature of their constituents (polymer matrix, reinforced fibers). 
Until now, one of the techniques used for residual strain measurements is based on the 
monitoring of the fibre Bragg grating (FBG) amplitude reflection spectrum that 
becomes split into two peaks due to asymmetric thermal residual strains. To observe the 
first sights of residual strains appearance and also the shrinkage of the resin during 
polymerisation, for which the birefringence value is very small, we use the evolution of 
FBG polarization dependent loss (PDL) spectrum during the curing process. 

Introduction 
Residual stresses existing in most of fibre-reinforced composite structures can have a 
significant effect on the mechanical properties by inducing matrix cracks, delamination 
and debonding. Theses stresses may appear during the manufacturing process but also 
during the life of the structure. Several mechanisms induce residual stresses appearance 
during the curing process. The mismatch between the thermal expansion coefficient of 
the polymer matrix and that of the reinforcing carbon fibers causes residual strains on a 
microscopic level while the difference in thermal behaviors between plies of different 
orientations yields a similar effect on a macroscopic level. Other parameters such as 
cooling conditions [1], post moisture absorption, cure shrinkage and differential curing 
through the thickness due to exotherms may cause additional residual stresses. 
Therefore, there is a huge need to evaluate process-induced residual stresses. Several 
methods exist to determine residual strains. They are classified into destructive and non-
destructive methods. The first class allows providing information about the distribution 
of global residual stresses in composites or along the plies. The incremental hole drilling 
method belongs to this category [2]. Non-destructive methods are further divided into 
those that use the inherent material properties [3], those that use in-plane and out-of-
plane deformation [4] and finally those that use sensors [5-6]. For this last case, optical 
fiber sensors and more particularly FBGs are of high interest, as they present decisive 
characteristics like low weight, small dimensions and high mechanical resistance. Up to 
now, the curing residual strain was assessed via changes in amplitude spectra, intensity 
attenuation and wavelength shifts of FBGs. This method is limited and does not allow 
observing the first sights of residual strains appearance, for which the birefringence 
value is very small (10-6 typically). The use highly-birefringent optical fibres overcomes 
this limitation. However, their high price and relative difficulty to splice also limit their 
practical use. For these reasons, we propose to exploit another property of FBGs 
manufactured in standard optical fibres, so-called PDL spectrum [7]. By tracking both 
the amplitude and wavelength of the PDL peaks during the curing process, we are able 
to observe the residual strains and also the shrinkage of the resin during polymerization.  
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Polarization Dependent Loss definition 
Birefringence Δn is the difference in refractive index between two orthogonal 
polarization (x and y) modes. Refractive indices for these modes are defined by neff,x = 
neff + Δn/2 and neff,y = neff - Δn/2 where neff is the core effective refractive index without 
birefringence. Due to Δn, x and y modes undergo different couplings through the 
grating. PDL is defined as the maximum change in the transmitted power when the 
input state of polarization is varied over all polarization states: 
 

 
 

with Tx(y)=|tx(y)|2 where tx(y) is the transmission coefficient of the x(y) mode FBG. 

Experiments  
Experiments were carried out on 8 mm uniform FBGs written into hydrogen-loaded 
photosensitive single mode fibre through a 1070 nm-central period phase mask. The 
coating of the optical fibres was chemically stripped along a few centimetres at the 
location of the FBG. The set-up to interrogate the FBGs is presented in Fig. 1. All 
measurements were carried out using an optical vector analyzer with a 3 pm wavelength 
resolution to follow the evolution (amplitude and PDL) of the FBGs. A thermocouple 
was placed in the sample to obtain the temperature in situ. The optical fibre sensors 
were embedded at the centre and perpendicular with the main axis of a 1.54 mm thick 
carbon fibre reinforced epoxy cross-ply laminates ([902,02]2s) realized by a “lighter” 
autoclave manufacturing process (Fig. 2). The curing cycle is presented in table 1. 
 

    
Figure 1: Sketch of the interrogation set-up.  Figure 2: Composite material samples fabrication.  

 
Step Information 

Heating Room temperature to 120°C at 3°C/min 
1st plateau 20min at 120°C 
Heating 120°C to 180°C at 3°C/min 
2nd plateau 100min at 180°C 
Cooling Free decreasing 

 

Table 1: Curing cycle parameters 

Results and discussion 
We present the evolution of common FBG spectrum parameters used to evaluate the 
residual strain and we compare the results with those obtained by tracking the PDL 
peaks (amplitude and wavelength) during the curing cycle. Fig. 3 and 4 show the 
wavelength and amplitude evolutions the Bragg peak during the curing cycle. The 
splitting becomes measurable after ~5 hours. For the full width at half maximum 
(FWHM) evolution (Fig. 5), there is an observable modification after 3h20, when the 
temperature is already decreasing.   

PDL(λ) = 10 log10 (Tx (λ) /Ty (λ))
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Figure 4: Bragg peak(s) wavelength evolution.  Figure 5: Bragg peak(s) amplitude evolution. 
 

 
Figure 6: Evolution of the FWHM Bragg peak during the curing cycle. 

 
Figures 7 and 8 show the evolution (wavelength and amplitude) of the two PDL peaks. 
We can observe that there is modification of the amplitude which appears earlier in the 
curing cycle (1h12). Figure 9 is a zoom over the first hours. It shows that at the 
beginning of the plateau “180°C”, the amplitude of the PDL peaks is modified, probably 
due to polymer shrinkage. Figure 10 shows that the wavelength separation between 
PDL peaks remains constant during roughly 5 hours. It is only when temperature 
decreases that a fast increase of the PDL peaks wavelength separation appears.    
 

  
Figure 7: PDL peaks wavelength evolution. Figure 8: Evolution of the PDL peak amplitude. 

  
Figure 9: Zoom on the first hours of the curing 
cycle of the peaks PDL amplitude evolution. 

Figure 10: Evolution of the PDL peaks separation 
during the entire curing cycle. 

 
Figure 11 presents the transmitted spectra and PDL peaks amplitude at different times 
of the curing cycle, allowing to appreciate the supplementary information resulting from 
the PDL peaks. It is only after 3h30 that a modification of transmission spectrum shape 
is observed whereas the PDL peaks are already influenced after 1h20. 
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Figure 11: Transmission and PDL peaks spectra at different moments of the curing cycle. 

Conclusion 
The appearance of residual strains during the manufacturing process of composite 
materials is hardly difficult to reduce. Knowing this parameter is of high interest to 
determine the aging of the structures. In this context, we have shown that tracking the 
PDL associated to the transmitted amplitude spectrum of a uniform FBGs embedded 
into a composite material is a complementary tool to obtain pertinent information earlier 
in manufacturing process than classical method based only on the reflection spectrum.  
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