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ABSTRACT   

We experimentally demonstrated a silicon photonic crystal (PC) microcavity biosensor with 50 femto-molar detection 
limit. Our devices have demonstrated sensitivities higher than than competing optical platforms at concentration of 
0.1μg/ml across a range of dissociation constants KD 1 micro-molar to 1 femto-molar. High sensitivities were achieved 
by slow light engineering which reduced the radiation loss and increased the stored energy in the PC microcavity 
resonance mode which contributed to high Q as well as enhanced optical mode overlap with the analyte. By integrating 
subwavelength grating coupler, we showed that not only coupling efficiency increased but also the working device yield 
significantly improved 

Keywords: photonic crystal waveguide, photonic crystal microcavity, biosensor, sub-wavelength grating coupler. 

*yzou@utexas.edu, swapnajit.chakravarty@omegaoptics.com, raychen@uts.cc.utexas.edu; phone 1 512 471-4349; fax 1 
512-471-8575;  
 

1. INTRODUCTION  
Silicon photonics is a promising platform for high density integration of photonic devices. It is compatible with CMOS 
fabrication and therefore high volume manufacturing is feasible. In spite of several performance advantages, coupling of 
light into and out of silicon devices reliably has been a primary impediment towards large scale adoption of silicon 
photonics to real applications. Optical fibers have been the primary guiding medium for light into and out of the 
photonic chips. However, due to large mode and effective index mismatches between fiber and silicon waveguide, 
dimensions of which are of the order of several hundred nanometers, silicon based optical devices suffer very high loss 
when coupling light into/out from chips. In order to solve this problem, several coupling approaches have been 
proposed. Two methods typically adopted are inverse tapers [1, 2, 3, 4] and grating couplers which include traditional air 
trench grating design [5, 6, 7, 8, 9, 10] and sub-wavelength nanostructures [11, 12, 13, 14, 15, 16]. The results 
demonstrated that among the competing methods, coupling efficiency can be significantly improved in sub-wavelength 
grating couplers which provide a lot of design freedom to meet the requirement of different applications. Recent work 
has also shown that the special designed sub-wavelength grating coupler for TE polarization can be fabricated 
simultaneously with the other photonic devices thus adding no additional step for fabrication, and achieve very high 
coupling efficiency [15].   Since transverse-electric (TE) polarization is the polarization state we need to guide inside 2-
D silicon photonic crystal waveguides, by adding a TE selected sub-wavelength grating coupler we actually have an 
additional polarization filter that can further increase the extinction ratio between TE and TM polarizations inside our 
waveguide.  In recent years, photonic crystal (PC) microcavities, because of its compact size (of the order of a few 
square microns in surface area) and high sensitivity, have attracted significant interest in bio-sensing. The working 
mechanism is based on transducing the specific binding of the biomolecule of interest to its conjugate biomolecule 
receptor bound to the photonic crystal microcavity into an optical signal. Compared to other competitors such as ring-
resonators [17, 18], wire waveguides [19] and surface plasmon resonance (SPR) [20], PC microcavities have higher 
sensitivity due to its slow light effect, high quality factor resonances and a larger optical mode overlap with the analyte 
within compact optical mode volume [21]. However, in spite of significant success in demonstrating highest sensitivity 
biosensors [22], working device yield using end-fire coupling, after successful fabrication was dismal, of the order of 
10% in some instances [23]. 
In this letter, we integrated sub-wavelength grating couplers and PC microcavity coupled waveguides for bio-sensing. 
Not only is coupling efficiency increased compared to previous end-fire coupling methods, but also the working device 
yield is significantly improved to 70% with significantly improved spectral purity of observed resonances. We 
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experimentally detected sensitivity more than one order of magnitude better than our previous results [22]. Our 
preliminary yield results combining sub-wavelength grating couplers with PC microcavity coupled waveguides are 
extremely significant for bio-sensing microarray applications that will consider dense integration of multiple 
simultaneously interrogated sensors on chip [24]. 

2. DEVICE DESIGN 
A. Device Principles of Sub-wavelength Grating Coupler 
 
The sub-wavelength grating coupler works on the same principle as the traditional grating coupler except it replaces the 
air trenches with a sub-wavelength nanostructure, as shown in Fig.1(a). According to effective medium theory (EMT) 
[25], if a composite medium comprises two different materials interleaved at the sub-wavelength scale, it can be treated 
approximately as a homogenous medium with an effective refractive index between these two materials. Based on these 
two working principles, the sub-wavelength grating coupler covered by SU8 protection layer was simulated by two-
dimensional simulation package CAMFR using the design rules laid down previously [15]. The combination of grating 
period and effective refractive index were scanned to get the maximum upward coupling efficiency through sub-
wavelength grating. The simulation result is shown in Fig.1(b). 
As we can see, when the grating period ΛG is fixed at 735nm and the effective refractive index of sub-wavelength region 
is set as 2.15 which are indicated in Fig. 1(b), the upward coupling efficiency to air reaches its maximum which is 
around 26% with an emitting angle of 14 o. The duty cycle is 50% while 22 periods are chosen to make the grating 
region 14 μm wide and 16 μm long that can match well with the mode size of a single mode fiber and also provide some 
tolerances to make the alignment easily [11]. The values for parameters Λsub and Wsub are calculated according to 1D 
stratified structure [26]. And considering fabrication yield and repeatability limitations, we set the trench width 
Wsub=100nm and thus we can fix the parameter Λsub=294nm which corresponds to a filling factor around 34%. 

 

Fig. 1. (a) A schematic of sub-wavelength grating coupler. (b) Upward power efficiency as a function of grating period ΛG  and the 
effective refractive index nsub of the sub-wavelength structure. 
B. Principles of Group Index Based Photonic Crystal Microcavities 
The device investigated is a Ln type PC microcavity side coupled to a W1 Photonic Crystal waveguide (PCW), where n 
denotes the number of missing air holes along the Γ−Κ lattice direction in a triangular lattice Photonic Crystal and W1 
demotes that the width of the PCW is √3a. The schematic of PC device is shown in Fig. 2(a). 

The total quality factor QT of the resonance mode of a PC microcavity side coupled to a PCW, which is related to the 
photon lifetime τp, at frequency ω by QT=ωτp is given by 

 
WGRiT QQQQ
1111

++= ………… (1) 

where QR=ωτR, Qi=ωτi, and QWG=ωτWG, τR, τi and τWG represent time constants for the radiation loss, intrinsic cavity 
loss and waveguide loss respectively. τR is given by: 

Proc. of SPIE Vol. 8570  857008-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/06/2013 Terms of Use: http://spiedl.org/terms



Input Output Taper
Taper 40µm PCW

0.260
-a

C 0.255
!CW1.07 d

. . . .
76
2 0.250

LL

ß
N
N

0.245
ccs

E

Z 0.240

(a) Si substrate (b) Wave Vector

 

 

 
E

R

R W
P

=
τ
1

……………….. (2) 

where PR denotes the total power radiated by the cavity and WE denotes the stored energy in the cavity which is 
proportional to the cavity mode volume. Hence a method that reduces PR and increases WE will decrease the radiation 
loss from the cavity and hence increase the effective Q. A higher Q implies that the light is trapped for a longer period of 
time in the cavity and hence interacts longer with any analyte in the vicinity of the PC microcavity. In addition, since 
WE is proportional to the optical mode volume, a higher WE leads to potential for larger optical mode overlap with the 
analyte which also contributes to higher sensitivity. Since the sensitivity of the device is determined by the resonance 
wavelength shift needed to observe the smallest change in concentration, a large resonance wavelength shift is desired 
for a given concentration of chemicals or biomolecules. We have shown previously [23] that the resonance wavelength 
shift can be enhanced by increasing both the Q and the analyte overlap with the resonance mode of the microcavity. 

 
Fig. 2. (a) A schematic of photonic crystal microcavity device, (b) dispersion diagram of W1 PCW in water. The W1 guided mode is 
shown together with frequencies of resonant modes for L13 and L21 PC microcavities by black and red dashed lines respectively. The 
mode profiles are shown in insets. 

3. EXPERIMENTAL RESULTS  
To characterize the performance, devices were tested on a measurement setup described in a previous paper [15]. Input 
light from a broadband amplified spontaneous emission (ASE) source (Thorlabs ASE-FL7002) covering the 1520–1610 
nm wavelength range was TE-polarized and coupled to and from the sub-wavelength grating with a polarization 
maintaining single mode fiber. Light is guided in and out of the PCW by ridge waveguide with PC group index taper to 
enable high coupling efficiency into the slow light guided mode. The bottom cladding of silicon dioxide (n=1.46) is kept 
intact to enable robust devices with high yield. The sub-wavelength grating coupler is firstly characterized by measuring 
the insertion loss of fiber-to-device-to-fiber and the coupling efficiencies of two couplers are assumed as equal. 
Therefore we can get the efficiency of one grating as shown in Fig. 3. The curve indicates that the peak efficiency for 
one sub-wavelength grating coupler is around -7dB which corresponding to 20% efficiency at 1550nm and the 3dB 
bandwidth is around 53nm. The efficiency drop compared to previous reported data [15] is due to the SU8 top cladding 
of grating region which serves as the protection layer to eliminate any interference to the grating signal due to analyte 
spreading during bio-sensing. The output spectrum of the grating was used as reference for the whole device 
characterization. 
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Fig. 3. Normalized transmission of one sub-wavelength grating. 

In order to test the repeatability, we made 10 L21 devices on a chip and measured all the spectra under water and 
glycerol. Nine out of ten devices give similar output power as well as good spectra, all spectra show clear and sharp 
transmission band edges, of which the power drop almost 30dB within 5nm range during the transition from 
transmission band to band gap. The spectra from each of the nine devices in glycerol are shown in Fig. 4(a). The output 
power from each of the devices is shown in Fig. 4(b). Inside the transmission bands, the spectra are very smooth with 
less than 2dB of Fabry-Perot effect, so the resonant modes are easy to distinguish. The absolute wavelength positions of 
all the resonant modes and band edges are very close to each other, the slight difference may be due to fabrication errors 
or the different thicknesses of the SOI wafer at the specific location of the photonic crystal pattern on the SOI wafer. The 
bulk sensitivity of a resonance mode is calculated for the resonant mode closest to the band edges in all nine devices in 
spectrum of Fig. 5(a), by comparing the resonance wavelength position in water and glycerol. The bulk sensitivities also 
show good consistency across devices being roughly around 72nm/RIU as can be seen from Fig. 5(c). We also provide 
the output power and spectrum of Device 5 in Fig. 4(b) and Fig. 4(d) respectively. The transmission of this device is 
much lower than others, and its spectrum has Fabry-Perot resonances separated roughly 6nm away from each other 
overlapped with the PC microcavity resonance modes. We believe that the transmission power drop is contributed by a 
defect on the stripe waveguide section to Device 5, as shown in the SEM image in Fig. 4(f). 
                            

 
Fig. 4. (a) Experimental transmission spectra in glycerol of 9 out of 10 devices comprising W1 PCW coupled to L21 PC 
microcavities. (b) Output power of all ten L21 devices, (c) bulk sensitivity of 9 devices, (d) transmission spectrum of L21 device #5 
(d) SEM image of defect on ridge waveguide section at the input of PCW in Device 5. 

4. BIOSENSING RESULTS 
The biomolecule functionalization process has been described in detail in ref. [22]. 60μl target protein Avidin (67kDa) 
solution was directly dispensed from a micro-pipette. The diameter of the dispensed spot on silicon is around 8mm. 
During biosensing measurements, after each new addition of a new concentration of target protein, the device is washed 
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three times in PBS and the effective resonance wavelength shift is measured. Experimental resonance transmission 
spectra observed when avidin binds to the probe biotin is shown in Fig. 5(a). The lowest concentrations are shown 
separately in Fig. 5(b) for clarity. At the lowest concentration of 1pM which corresponds to 67pg/ml avidin, a resonance 
wavelength shift of 0.04nm was observed as shown in Fig. 5(b). In the L21 PC microcavity, (integrating over an area 
where the E-field intensity is more than 50% of the maximum value and including the entire internal surface area of the 
holes along the periphery of the photonic crystal microcavity in the Γ−Κ orientation where the E-field intensity is more 
than 50% over a fraction of the periphery of the hole) [27], from Fig. 2(b), the optical mode overlaps a surface area on 
the chip of 13.62μm2. The actual real estate coverage of the optical mode on the chip is approximately 5.7μm2 similar to 
the L13 PC microcavity [22]. By assuming uniform surface coverage, the detection limit for surface density is 80fg/mm2. 
Fig. 5(c) plots the resonant wavelength shift Δλ as a function of concentration. To verify sensing repeatability, two 
identical L21 PC microcavity coupled PCW devices were fabricated and tested. Both show similar wavelength shift 
when different concentrations were added. These results further prove the measurement repeatability of L21 PC 
microcavity devices. A control experiment is done to verify that no resonance wavelength shift occurs in a control PC 
microcavity coated with BSA when different concentrations of avidin are introduced. The wavelength shifts observed in 
the control experiments are within 0.02nm, which is within the wavelength accuracy limit of our optical spectrum 
analyzer. Consequently, in all sensing experiments, resonance wavelength shifts greater than 0.02nm were considered as 
the signature of a binding event between the receptor capture biomolecule and its specific conjugate. 

 
 
Fig. 5. Experimental drop resonance spectra for the binding between Avidin to Biotin (Kd~10-15M) (a) between 0pM to 100pM and 
(b) at the lower concentration range between 0pM and 5pM. (c) Experimental spectral shift for various concentrations of avidin 
binding to biotin in two L21 (filled circles and filled squares) PC microcavities.   

We also made a L55 PC microcavity device. In this case the cavity size was increased to around 20μm, but it is still less 
than 35μm which is the drop size of our inkjet-printed probe protein. We did biosensing on this device following the 
same procedure as for L21 devices, and we successfully detected Avidin-Biotin binding at the concentration of 50 
femto-Molar that further extends the detection limitation more than one order than our previous results.  

 
Fig. 6. Experimental drop resonance spectra for the binding between Avidin to Biotin (Kd~10-15M) on L55PC microcavity device (a) 
between 0fM to 1000fM and (b) at the lower concentration range between 0fM and 100fM. (c) Experimental spectral shift for various 
concentrations of avidin binding to biotin in L55 PC microcavities.   
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5. SUMMARY 
In summary, we demonstrated an on-chip sensing system for high yield and high sensitivity bio-sensing combining sub-
wavelength grating couplers and L21 and L55 PC microcavity side-coupled to PCW. In addition to high device yields, of 
70% successful rate for L21 devices, sub-wavelength grating couplers also significantly improve the quality of the 
resonance spectrum. Future devices will further investigate lower yield issues observed in L21 PC microcavities. The 
experimentally detected the binding of 1pM and 50femto-molar concentration of avidin to its specific conjugate biotin in 
PBS for L21 and L55 devices respectively, at least one order of magnitude higher than our previous demonstration [22] 
and with higher sensitivity than other competing technologies. Device miniaturization is still retained from the context of 
practical engineering limitations of biomolecule patterning in a biosensing microarray. The sensing area of our device is 
smaller than other techniques such as nano-hole plasmonic arrays [28], or surface enhanced Raman scattering sensors 
[29] at equivalent detected concentrations, which essentially interrogate the signal over a large number of hot spots to 
achieve published sensitivities.  
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