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ABSTRACT   

We experimentally demonstrate two devices on the photonic crystal platform for chip-integrated optical absorption 
spectroscopy and chip-integrated biomolecular microarray assays. Infrared optical absorption spectroscopy and 
biomolecular assays based on conjugate-specific binding principles represent two dominant sensing mechanisms for a 
wide spectrum of applications in environmental pollution sensing in air and water, chem-bio agents and explosives 
detection for national security, microbial contamination sensing in food and beverages to name a few. The easy 
scalability of photonic crystal devices to any wavelength ensures that the sensing principles hold across a wide 
electromagnetic spectrum. Silicon, the workhorse of the electronics industry, is an ideal platform for the above optical 
sensing applications. 

Keywords: photonic crystal slot waveguide, on-chip absorption spectroscopy, near-infrared integrated spectrometer, 
photonic crystal microarray, xylene detection, methane detection, greenhouse gas sensor, biosensor. 

 

1. INTRODUCTION  
Chem-bio sensors improve the quality of our life by control of our immediate environment from intentional and 
unintentional contamination. For instance, pollution of water resources in the US and the world can have serious and 
wide-ranging effects on the environment and human health. Chemical explosives can cause billions of dollars of damage 
to the government and detecting them at low concentrations is extremely important for the security of our ports and 
airports. Bio-terrorism also presents a potent threat as evidenced internationally as well as domestically. A common 
miniature sensor platform that can be suitably modified to address different sensing needs is highly desirable. Optical 
transducers have the advantage in being free from electromagnetic interference and enables non-contact, non-invasive 
sensing in most instances. However, commercially available optical sensors are still bench-top in most instances, 
characterized by large size, weight and power (SWAP) requirements. Over the last decade, lithography advances have 
seen dramatic progress in artificial dielectric structures called photonic crystals with high sensitivity to refractive index 
changes that promise SWAP and cost benefits highly desired for integrated photonic sensing. 

We propose a photonic crystal (PC) open sensor chip-integrated platform for high throughput low cost optical sensing 
with high sensitivity and selectivity with projected applications in environmental sensing, biomedical sensing, as well as 
explosives detection for national security. Silicon based devices are proposed as the generic platform for the 
development of these devices due to its mature processing technology which makes it amenable for cost-effective high 
volume production. Two device layouts for sensor implementation are discussed in this paper, one based on the PC Slot 
waveguide that detects analytes based on their infrared absorption signatures and the other based on the PC microcavity 
coupled to a PC waveguide that detects analytes by transduced changes in refractive index.  

2. ON-CHIP ABSORPTION SPECTROSCOPY 
As mentioned earlier, pollution of air and water in the United States and the world can have serious and wide-ranging 
effects on environment and human health. Contamination of the environment and the fatal danger to human health by 
hazardous materials and greenhouse gases is an omnipresent problem and is a concern of several departments of the U.S. 
Government. Due to enormous significance of keeping the environment clean and free from intentional and 
unintentional contamination, an elaborate in-situ and highly sensitive sensing technology with remote monitoring 
capacity is an absolute necessity.  
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Infrared (IR) spectroscopy is widely used as a simple and reliable technique for quality control and analysis. Due to the 
fact that infrared spectroscopy does not require costly analyte labeling, the technique is very attractive for sensing and 
identification compared to other spectroscopy methods. Commercially available optical absorption spectrometers are 
mostly large, heavy, power consuming and expensive. Furthermore, they can detect only a few species at a time. 
Systems that detect multiple species are prohibitively expensive and not portable. A sample cell into which the analyte is 
routed for measurement is required in most instances, thereby substituting for in-situ monitoring. Optical fibers have 
been used for remote monitoring systems but they need to be very long to achieve detection sensitivities mandated by 
US Occupational Safety and Health Administration (OSHA).  

Infrared absorption spectroscopy is based on the Beer-Lambert law.  According to this technique, transmitted intensity I 
is given by:   

I =   I0 exp (-γαL) ……..(1) 

where I0 is the incident intensity, α is the absorption coefficient of the medium, L is the interaction length and γ is the 
medium-specific absorption factor determined by dispersion enhanced light-matter interaction. In conventional free-
space systems, γ = 1; thus L must be large to achieve a suitable sensitivity of measured I/I0. Although various complex 
schemes have been demonstrated to increase absorption path lengths, present state-of-the-art dimensions are still 
significantly large to be accommodated on a semiconductor chip. 

For lab-on-chip systems, L must be small, hence γ must be large. Mortensen et al showed [1] using perturbation theory 

that                                                                    
gv
ncf /

×=γ …… (2)                                                 

where c is velocity of light in free space, vg is group velocity in medium of effective index n and f is filling factor 
denoting relative fraction of optical field residing in the analyte medium. Equation 2 shows that slow light propagation 
(small vg) significantly enhances absorption. Furthermore, greater the electric field overlap with the analyte, greater the 
effective absorption by the medium. Both conditions of small vg and high f are fulfilled in a photonic crystal slot 
waveguide. 

PC waveguides have demonstrated group velocity slow-down factors in silicon ~100 [2]. Slot waveguides have also 
demonstrated significant increase in the electric field intensity in a narrow low index slot in a high index ridge 
waveguide, by at least a factor of 10. Slow light in PC waveguides coupled with electric field intensity enhancement in a 
slot in the silicon PC waveguide, can therefore reduce vg and enhance f, thereby theoretically shrinking the required 
absorption path length by a factor of 1000 compared to ridge waveguide devices, an order of magnitude greater than ring 
resonator devices [3].  

During the past two decades, photonic crystal devices have attracted significant interest due to their unique dispersive 
properties that allow control and manipulation of light-matter interactions on length scales of the wavelength of light [4]. 
Various miniature applications have been demonstrated for light emission [5], cavity quantum electrodynamics and 
electro-optical modulation [6]. Photonic crystal (PC) devices have shown significant promise in sensing applications due 
to high sensitivity to refractive index changes of the ambient [7]. For chemical sensing, the change in refractive index of 
a medium caused by an analyte is however not sufficiently analyte-specific when considering the vast quantity of 
analytes available with nearly the same refractive index and is therefore not a unique signature of the analyte. In contrast, 
absorption spectrum of an analyte is a label-free signature based on analyte-specific molecular vibrations and thus 
identifies the analyte uniquely.  

We discuss the design, fabrication and experimental results of two PC slot waveguide devices, one for the detection of 
volatile organic compounds (VOCs) in water (xylene being chosen as the representative VOC) [8] and the other for the 
detection of greenhouse gases in air (methane being chosen as the representative contaminant greenhouse gas). [9] 

3. DEVICE DESIGN FOR ON-CHIP SPECTROSCOPY 
For xylene detection in water, the schematic of our silicon PC slot waveguide device with geometry parameters is shown 
in Fig. 1(a). The photonic crystal waveguide is fabricated by removing a complete row of air-holes from the input to the 
output. A W1 photonic crystal waveguide is one where a single row of air holes has been removed from the input to the 
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output. Thus W1= √3a, where a is the lattice constant of the triangular lattice. Wx denotes a PC waveguide where the 
width of the waveguide is modified by a fraction x.  

The PC waveguide is a W0.8 line defect with uniform lattice constant a, and width 0.8× √3a. The device is coated with a 
thin ~8μm film of poly-dimethyl siloxane (PDMS). Since PDMS is hydrophobic, use of PDMS ensures that absorption 
signatures of xylene are obtained without interference from strong near-infrared absorption of water. The PDMS 
cladding thickness is chosen appropriately to avoid interaction between the guided optical mode in the slot and the water 
ambient. The band diagram of the defect-guided mode is calculated using three-dimensional plane-wave expansion 
method as shown in Fig. 2(a).  

 
(a)                                                   (b) 

Figure 1: Schematic designs of the PC slot waveguides for (a) xylene detection in water (PDMS top cladding is not shown for clarity) 
and (b) greenhouse gas methane detection (no extra top cladding). 

The geometry parameters are as follows: Radius of air-holes r =0.25a, width of slot w=0.15a. The design parameters are 
chosen to support a single PC waveguide slot guided mode within the photonic band gap. The mode profile of the guided 
slot mode is shown in the inset which shows the slow light mode strongly confined in the slot at the center of the PC 
waveguide. The device is 300μm long. The device parameters are chosen so that the peak in the xylene absorbance 
spectrum coincides with the normalized frequencies of propagation of the slow light guided mode at a/λ==0.25. 

For greenhouse gas detection, a W1.3 photonic crystal slot waveguide was fabricated, that is, the width of the photonic 
crystal waveguide is 1.3×√3a. Other design parameters are: air hole radius = 0.25a, slot width=0.2a, waveguide 
length=300μm. From Fig. 2, slow light guided mode propagates at normalized frequency a/λ=0.275. We design at the 
normalized frequency a/λ=0.275. At this wavelength, a=461nm. In this case too, the device is 300μm long. 

 

 

 

 

 

 

 

 

 

 

(b)                                                   (b) 

Figure 2: (a) Dispersion diagram of PC slot waveguide device coated with PDMS sensing phase. Single mode guided below light line 
is shown by the red curve and mode profile is shown in the inset. (b) Dispersion diagram of PC slot waveguide showing different 
modes. (Insets) show mode profiles of modes 1, 2 and 3 across the axis A-A’ in (a). Electric field enhancement magnitude as a 
function of position for mode 3 across the axis A-A’ is also shown. 
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Details of the photonic band structures have been covered elsewhere and are not repeated here. Light is coupled into the 
PC slot waveguide via ridge waveguides with optical fiber input and output. Mode converters are designed to couple the 
light efficiently from the ridge waveguide into the slot. However, coupling losses can occur when light is guided from a 
low group index ridge waveguide to the high group index frequencies of the slow light region. A group index taper 
within the photonic crystal waveguide is also designed where holes adjacent to PC slot waveguide are shifted in steps by 
0.0025×√3a over 16 periods to enable gradual change in the group index and thus allow higher coupling efficiency into 
the slow light guided mode [10].  

4. DEVICE FABRICATION 
Devices were fabricated on silicon-on-insulator (SOI) wafer with 230nm top silicon layer and 3μm buried oxide. 45nm 
thermal oxide was grown on top of silicon as etch mask for pattern transfer. 140nm thick e-beam photoresist is spin 
coated and patterned by e-beam lithography, including the input/output waveguides and the photonic crystal holes. Then, 
the oxide layer is etched by RIE, which serves as the hard mask for the waveguide layer etching; in the last step, the 
silicon layer is etched downed to the buried oxide. The entire process is shown in figure 3. PC slot waveguides, tapers, 
and strip waveguides are patterned in one step with e-beam lithography followed by reactive ion etching.  

For xylene detection, to enable selective spectroscopic detection of xylene, independent of water absorption, PDMS is 
employed as the top cladding. PDMS top cladding was prepared by spinning a 10:1 mixture of Sylgard Elastomer 184 
from Dow Corning, NY (refractive index n=1.43) and curing agent, followed by oven-baking for 3 hrs at 90oC. The 
device processing prior to PDMS deposition is exactly the same as in the photonic crystal slot waveguide device for 
methane detection. We thus have a robust platform for various kinds of on-chip optical spectroscopy that can be tailored 
for each individual sensing environment. 

 
                  (a)                                      (b)                                       (c)                                 (d) 

Figure 3: Fabrication steps of a PC slot waveguide (a) Growth of thermal oxide (b) E-beam Resist (ZEP-520A) patterning (c) Transfer 
of resist pattern to thermal oxide by RIE using CHF3 followed by resist strip (d) Transfer of pattern from thermal oxide to Si by RIE in 
HBr and Cl2. [Legend: Silicon (blue), Silicon Dioxide, SiO2 (red)] 

 
(a)                                                                                         (b) 

Figure 4: Scanning electron micrograph (SEM) images of photonic crystal slot waveguide devices with the mode converter and 
photonic impedance taper fabricated for efficient coupling of light from a ridge waveguide into the photonic crystal waveguide for on-
chip (a) xylene detection and (b) methane detection. 
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Scanning electron micrograph (SEM) images are shown in Fig. 4 for fabricated devices for (a) xylene and (b) methane. 
In the case of xylene, absorption signature in the near-infrared extends from 1665nm to 1745nm with absorption peaks at 
1674nm, 1697nm and 1720nm respectively [11]. Three lattice constants a=455nm, 458nm and 460nm are thus selected 
for three separate W0.8 PC slot waveguide devices so that slow light propagation occurs at individual absorbance 
maxima. For methane, the absorbance peak selected occurs at 1665.5nm [12]. The lattice constant of the W1.3 PC slot 
waveguide device chosen is 461nm. 

5. EXPERIMENTAL SETUP 
A glass cell is mounted on top of the silicon chip. The experimental setup is shown in Fig. 5.   

  

 

 

 

 

 

 

 

 
       (a)                                                                               (b) 

Figure 5: (a) Experimental setup showing light coupled into sample through optical fiber. Gas flows into and out of the experimental 
volume through a glass cell as shown. (b) Schematic of the experimental setup showing the alignment of photonic crystal slot 
waveguide device with respect to the input and output optical fibers and the input and output flow of gas.  

The alignment of the glass cell in Fig. 5(a) is compared to the schematic in Fig. 5(b) to show the relative alignment of 
the gas flow cell with respect to the photonic crystal slot waveguide. Tygon tubes are used to flow the analyte into and 
out of the device area. The purpose of the glass cell is simply to have a controlled environment for experiments. For 
practical field applications, the slot at the middle of the photonic crystal slot waveguide serves as the analyte sample cell 
in our device.  

The devices were tested on a Newport six-axis auto-aligning station. Input light from a broadband source (SuperK Versa 
from NKT Photonics, Denmark) was TE-polarized and butt-coupled to / from the device with polarization maintaining 
single mode tapered lensed fiber with mode field diameter ~3μm. For xylene detection, sample solutions were prepared 
by transferring 200μl of xylene into a sealed beaker with 200ml of deionized (DI) water, followed by continuous stirring 
for 12 hrs at room temperature, as described in ref. [13]. The entire device is wetted with sample solution, similar to a 
real environment. Transmitted light was analyzed with an optical spectrum analyzer, in the presence and the absence of 
xylene in water. For methane detection, a mixture of 4% methane (CH4) in nitrogen (N2) from Matheson Tri-Gas, was 
diluted to various concentrations in N2 using factory calibrated rotameter settings at 20psi pressure and flowed through 
the glass cell. For xylene detection, since PDMS is very thin, the response time is a few seconds only. Measurements are 
performed immediately after the analyte is introduced. Using eq. 1, the difference in the transmitted intensity through 
PDMS clad PC slot waveguide is calculated in the presence and the absence of xylene and the absorbance of xylene 
determined. For methane detection, measurements are performed immediately after gas introduction. 

6. EXPERIMENTAL RESULTS 
As mentioned previously, due to the broad absorption spectrum of xylene, the spectrum is divided into three regions 
since xylene has three peaks and the measurements are centered on the peaks of the xylene absorption spectrum. 
Measurements are performed for all three lattice constants. The theoretical spectrum of xylene [11] shown in Fig. 5, 
divided into 3 sections shown by dotted green lines. Experimentally obtained xylene spectrum is shown for each section, 
corresponding to individual lattice constants, in insets of Fig. 6(a). Good correspondence is observed between 
experimentally observed absorption peaks and theoretical spectrum. 

Proc. of SPIE Vol. 8198  819802-5

Downloaded from SPIE Digital Library on 25 May 2012 to 206.76.84.74. Terms of Use:  http://spiedl.org/terms



 
 

 
 

To determine the detection limit, xylene concentration in DI water was varied from 10-5% or 100ppb (v/v) to 1% by 
volume. The intensity of the strongest absorbance peak at 1697nm is plotted in Fig. 6(b) as a function of xylene 
concentration in water. Fig. 6 shows that the Beer-Lambert law is followed linearly for small concentrations between 
100ppb (v/v) to ~1ppm (parts per million) (v/v); at higher concentrations, absorbance curve deviates from linearity, 
potentially due to reduced uptake of xylene by the 8μm thin PDMS film as it reaches saturation. 

 

 
 

             (a)                                                                               (b) 

Figure 6: Theoretical spectrum of xylene obtained from ref. [11] divided into 3 regions as shown by dotted lines. Experimental 
transmission spectrum centered on absorbance maxima in each section is plotted in respective insets for 100ppm (v/v) concentration. 

In Fig. 7(a), absorbance spectrum variation at 1665.5nm is plotted versus methane concentration. In Fig. 7(b), 
absorbance magnitude at 1665.5nm is plotted versus methane concentration. The lowest experimentally determined 
concentration was 100ppm (parts per million) or 0.2% PEL. As observed in Fig. 7(b), the linear Beer-Lambert law is 
followed for low concentrations of methane. At higher concentrations, deviations from linearity are observed.  

 
 
 
 
 
 
 
 
 
 
 
 

             (a)                                                                               (b) 
Figure 7: (a) Experimental absorbance spectrum of methane as a function of concentration in nitrogen by direct absorption 
spectroscopy. Theoretical absorbance is shown as the black scatter plot. (b) The absorbance magnitude at 1665.5nm is plotted as a 
function of concentration obtained by direct absorption spectroscopy experimentally. 

7. DISCUSSION ON ON-CHIP ABSORPTION SPECTROSCOPY 
In the case of xylene detection, the detection limit of 100ppb (v/v) [~86μg/L] demonstrated in our 300μm long device is 
lower than near infrared detection limits observed with PDMS disks in water (3mg/L) [13]. The device is more sensitive 
than some other methods which require pre-processing for salinity to enhance sensitivity [14]. Our device is more than 
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an order of magnitude smaller in length than PDMS disks above. The detection limit of our device is better than 400μg/L 
demonstrated with 11meter long optical fibers [15]. Also, response time in our device is a few seconds compared to ~60 
minutes [13] due to small PDMS thickness for xylene to diffuse. The detection limit can be enhanced by at least a factor 
of 3 in current devices in the near-infrared by better control of fabrication that positions the band edge closer to the peak 
absorbance as designed. It must be noted that in the mid- infrared, 20μg/L (v/v) detection limit was demonstrated with 
50mm long sample cells [16]. The PC slot waveguide device, with dispersive properties determined by Maxwell’s 
equations, is readily scalable to mid-infrared. Since xylene has approximately 2 orders of magnitude larger absorption 
cross-section in the mid infrared, few hundred parts per trillion (ppt) detection limits are possible in PC slot waveguide 
devices on 300μm length scales at longer wavelengths. In analyte solutions with mixtures of various volatile organic 
compounds, multiple PC waveguides can be fabricated simultaneously, each with a different lattice constant, as in the 
present work to measure absorption spectrum in the corresponding wavelength range, and identifying the analytes 
uniquely by comparing with known infrared absorbance databases.  

In the case of methane detection, the detected sensitivity of 100ppm in the near-infrared is lower than commercially 
available systems. However, we note that the length of our device is only 300mm. When compared to commercial off-
chip handheld TDLAS systems with near-IR sensitivity 1ppm-m [17] or bench-top TDLAS systems with sensitivity 
0.1ppm-m, our device has a near-IR sensitivity 0.03ppm-m (100ppm×300μm), consuming less than 20mW power. If the 
technique is combined with frequency or wavelength modulation in near-IR, more than an order of magnitude 
enhancement in sensitivity can be expected. As in the case of xylene detection, if the methane detection device is 
designed in the mid-IR with suitable sources and detectors, such as at 3.3μm, where methane has ~2 orders larger 
absorption cross-section [18], high parts per billion (ppb) detection sensitivity can be achieved in PC slot waveguide 
devices on 300μm length scales in mid-IR with direct absorption spectroscopy, with low ppb sensitivities achieved when 
combined with wavelength/ frequency modulation. Such low sensitivities can potentially be achieved without the need 
for high reflectivity mirrors and 200 watts of power in CRDS [19]. 
In Table 1, the photonic crystal (PC) slot waveguide is compared to using existing principles such as cavity ring-down 
spectroscopy (CRDS) [19], tunable diode laser absorption spectroscopy (TDLAS) [17], Fourier Transform Infrared 
Spectroscopy (FTIR) [20] and photo-acoustic spectroscopy (PAS) [21]. It may be noted here that a handheld TDLAS 
device for methane detection exists but it is still based on bulk absorption spectroscopy principles and is not scalable to 
smaller sizes. Table 1 shows that our PC slot waveguide spectrometer offers superior SWAP benefits to conventional 
bulk spectroscopy methods. Our method also represents the smallest platform that has till date demonstrated on-chip 
optical spectroscopy. 

Table 1:  SWAP Comparisons of different Absorption Spectroscopy Platforms  

 
The attractiveness of the photonic crystal open sensor platform thus resides in the ready extension of one single design 
scaled in lattice constant on the normalized photonic band dispersion curve to any wavelength to achieve the detection of 
the necessary analyte with high sensitivity. Of course, silicon is transparent from ~1.2μm to ~6μm. Hence infrared 
absorption spectroscopy in silicon is only possible in between these wavelengths. To access other wavelengths, III-V 
semiconductors and silicon nitride/silicon dioxide are suitable for far-infrared and visible wavelengths respectively. 

8. INTRODUCTION TO CHEM-BIO MICROARRAYS 
A second application of the photonic crystal open sensor platform in silicon is in microarrays. Microarrays provide an 
unprecedented opportunity for comprehensive concurrent analysis of thousands of biomolecules such as proteins [22], 
genes [23], DNA molecules [24], small molecules [25] or nucleic acids [26]. The global analysis of the response to a 
toxic agent, as opposed to the historical method of examining a few select biomolecules, provides a more complete 
picture of toxicologically significant events. Array based expression profiling is useful for differentiating compounds 
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that interact directly with the species from those compounds that are toxic via a secondary mechanism. Microarrays are 
consequently finding numerous applications in pathogen detection and biodefense [27]. 

In recent years, lab-on-a-chip systems for detection of biomolecules at very low concentrations have become very 
important for high throughput biomolecular analyses, such as protein assays for basic molecular biology research [22], 
disease marker identification and pharmaceutical drug screening [28]. At present, the most frequently used technique for 
detection of target-probe binding is fluorescence detection [29]. Other techniques include wavelength absorbance, 
ELISA (enzyme-linked immunosorbent assay), and radiometric methods. A major drawback of these methods is the 
need to perform target labeling and the potential to cause changes in target-probe interactions due to structural or 
functional changes or steric hindrance induced by the label. These assays are functional and rely on inhibition of 
particular reactions. However, not all binding events of a probe molecule to a target result in functional inhibition. At the 
same time, arrays of immobilized target biomolecular species must be fabricated and their functionality preserved in 
aqueous phase. Hence, alternative technologies to affinity- tagged detection that preserve biomolecule functionality in 
aqueous phase are being actively sought. 

The device consists of a triangular lattice of air holes etched into silicon in a silicon-on-insulator (SOI) substrate. 
Photonic crystal waveguides are defined and photonic crystal microcavities with different geometries are fabricated at 
specific intervals along the length of the photonic crystal waveguide. The resonant wavelength of a photonic crystal 
microcavity is dependent on the geometry of the microcavity. Light propagating in a photonic crystal waveguide couples 
to a photonic crystal microcavity at the resonant wavelength of the microcavity. The transmission spectrum of the 
photonic crystal waveguides consequently shows minima corresponding to the resonant wavelength of each photonic 
crystal microcavity. Target proteins for bio-agents and pathogens, each specific to a unique probe molecule for 
diagnostic distinction, are patterned on a unique microcavity using a fabrication technique that preserves the protein 
functionality. When a probe molecule binds with its specific target, the resonant wavelength of that microcavity shifts 
which consequently shifts the corresponding minimum in the waveguide transmission spectrum. The shift in the 
minimum in the transmission spectrum identifies the occurrence of a binding event. The magnitude of binding is 
determined by De Feijter’s formula [30] that relates the absolute amount of adsorbed molecules M with the change in 
refractive index as:   

dc
dn

nn
dM CA

A
−

=  

where dA is the thickness of adsorbed layer, nA is the refractive index of adsorbed molecules, nC is the refractive index of 
cover solution and dn/dc is the change in refractive index of molecules which is proportional to the shift dλ in position of 
the resonance peak [31]. The magnitude of resonant wavelength shift is proportional to the amount of adsorbed 
biomolecules and hence provides a label-free means to quantitatively determine biomolecules of interest.  

In spite of significant research performed in semiconductor optofluidic detection and integration by various groups [32] 
to achieve sensing of individual species, sometimes to single molecule levels [33], limited research has been performed 
to achieve multiplexed label-free miniaturized lab-on-a-chip optofluidic protein microarrays. It must be noted that the 
detection principle of our device is significantly different from fluid sensing techniques demonstrated using photonic 
crystal waveguides only [34-36], which rely on shifts of photonic crystal band edge upon sensing and thereby can 
identify only one analyte at a time (since there is only one stop gap), or research performed that couples light straight 
from a standard ridge waveguide into a single photonic crystal microcavity [37-39] which can again identify only one 
analyte at a time. Multiplexed structures in two-dimensional photonic crystals have demonstrated modest quality-factors 
of the resonances [40]. Recently, ring resonators coupled to waveguides are being designed for multiplexed antibody-
antibody binding detection [41], with one ring being measured per waveguide; ring resonator devices however, have 
significantly narrow free spectral range (~5nm) than photonic crystal microcavity devices (~60nm) that limits the 
number of rings that can be multiplexed along a single waveguide with a narrow-band wavelength source. 

9. DEVICE DESIGN FOR ON-CHIP MICROARRAYS 
Fig. 8(a) shows a typical microcavity resonance spectrum of a L3 photonic crystal microcavity. A L3 microcavity is 
formed by removing a row of three air holes as shown in the top inset of Fig. 8. The mode profile of the L3 microcavity 
is shown in the bottom inset. As noted from the experimental spectrum of the L3 microcavity, the free spectral range of 
the photonic crystal microcavity is ~57nm when designed around the center wavelength of 1550nm. Several L3 
microcavities are fabricated along the length of a single photonic crystal waveguide. Fig. 8(b) shows a three-dimensional 
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finite difference time domain (FDTD) simulation where 8 resonances from 8 individual photonic crystal microcavities 
are coupled to a single photonic crystal waveguide. The photonic crystal waveguide is a W1 line defect with uniform 
lattice constant a, and width √3a. A photonic crystal impedance taper is designed, as in ref. [42] to enable efficient 
coupling of light into the slow light region where coupling efficiency into photonic crystal microcavities is enhanced. 

 

 

 

 

 

 

 

 

 
(a)                                                                        (b) 

Fig. 8: Experimental transmission of a L3 photonic crystal microcavity. (top inset) Schematic of a L3 photonic crystal microcavity. 
(bottom inset) TE mode profile of the photonic crystal microcavity showing strong confinement in the dielectric volume of the L3 
photonic crystal microcavity. (b) (a) Finite Difference Time Domain (FDTD) simulation for a set of 8 photonic crystal microcavities 
coupled to a single photonic crystal waveguide. 

The sensitivity of a photonic crystal microcavity to small changes in binding events between a target antibody and its 
conjugate probe antigen, determined by small changes in refractive index, is determined by 2 factors----1) the photonic 
crystal microcavity quality factor (Q) which is approximately defined as the ratio of the wavelength to the linewidth of 
the resonance (λ/Δλ) and 2) the overlap of the electric field intensity profile of the trapped optical mode in the photonic 
crystal microcavity with the binding biomolecules in the vicinity of the photonic crystal microcavity. 

Quality factors (Q-factors) of resonances in photonic crystal microcavities in excess of 106 have been demonstrated in 
free-standing silicon devices [34] where both the top and bottom cladding are air. However, when such microcavities are 
inserted into the bio-ambient, which is generally phosphate buffered saline (PBS), Q is reduced drastically. Lower Q 
implies that the linewidth of the photonic crystal microcavity resonance becomes larger, hence it becomes more difficult 
to resolve small shifts in the resonance wavelength of the photonic crystal microcavity, caused by small changes in 
refractive index due to binding events. In contrast, ring resonators have demonstrated Q-factors ~43,000 [41] in PBS 
ambient. However, in ring resonators, the optical mode interacts evanescently only with the ambient, unlike in a 
photonic crystal microcavity where the tightly confined optical mode interacts more strongly with the binding 
biomolecules evanescently as well as through the etched holes in the periphery of the microcavity.  

 
 
 
 

 
 
 
 
 
 
 

(a)                                                  (b)                                                                                                      (c) 

Fig. 9: Finite Difference Time Domain (FDTD) simulation of (a) L7 PC microcavity (schematic in inset) and (b) L15 PC microcavity 
(schematic in inset). The resonance mode of interest is shown in dotted red. (c) Mode profile of the dotted L7 PC microcavity in (a). 

We have thus designed photonic crystal microcavities, such as L7 and L15, as shown in the simulations in Fig. 9(a) and 
(b) where the Q is increased significantly by almost an order of magnitude compared to the L3 photonic crystal 
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microcavity in Fig. 8(a). It should however, be noted that the increase in Q is achieved at the loss of free-spectral range 
(FSR). Free-spectral range is defined as the wavelength offset between the resonance mode of interest and the resonant 
mode immediately adjacent to it. The free-spectral range determines the number of photonic crystal microcavities that 
can be arrayed along the length of a single photonic crystal waveguide. Ring resonators have free-spectral ranges of 5-
6nm. In contrast, as observed in Fig. 9, the free spectral ranges for the L7 and L15 microcavities are ~15nm and ~10nm 
respectively. Since the free spectral range is still large, our design still allows multiple photonic crystal microcavities to 
be coupled along the length of a single photonic crystal waveguide. 

10. DEVICE FABRICATION 

 
Fig. 10: Scanning electron micrograph (SEM) images of PC microcavity coupled into a single PC waveguide. 

Device fabrication steps are same as those for photonic crystal slot waveguide devices which advocates thus the open 
sensor concept. Scanning electron micrograph (SEM) of a representative fabricated sensor is shown in Fig 10. 

11. BIOMOLECULE PATTERNING ON PHOTONIC CRYSTAL MICROCAVITIES 
High density integration can be achieved for microarray applications if each microcavity is coated with a unique target 
protein. This antigen can then bind specifically to a probe protein for which it has unique affinity, resulting in a 
corresponding wavelength shift. In this way antibody-antigen and protein-protein interactions can be captured with both 
sensitivity and specificity in a high throughput manner. It is known from simulations and literature that it is sufficient for 
individual PC microcavities to be separated by about 20 lattice periods for their resonances to be free from any cross-
talk. For a device on a silicon platform operating at 1.55μm with a lattice periodicity of ~400nm, this translates to a 
spacing of ~8μm. However, the density of integration for microarray applications, i.e. the minimum distance between PC 
microcavities, is limited by the spacing resolution of the process for patterning proteins on the PC microcavities.  

 
Fig. 11: Fabrication steps for bio-molecule patterning. (1-a) SOI wafer with photonic crystal pattern is used. (1-b) Parylene deposits 
on SOI wafer (1-c) Chromium (Cr) is evaporated on top of parylene (1-d) Photoresist is spun on Cr (1-e) Developing photoresist 
pattern (1-f) Reactive Ion Etching (RIE) etch of Cr (1-g) RIE etch of parylene (1-h) Strip Cr and parylene pattern is left (1-i) Using 
Ink-Jet printing to print bio-molecule on top of micro-cavities (1-j) Peel off parylene and bio-molecule is left on top of micro-cavities. 
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At present the most popular technique for patterning proteins on silicon substrates is the use of PDMS microchannels 
[43] and ink-jet printing [44]. Typically, PDMS microchannels 100μm wide with a channel-to-channel spacing of 
200μm are ideal to achieve laminar flow. Narrower channels lead to more difficult flow, which will lead to increased 
cost of device fabrication and complexity of functionalization. Furthermore, in a microarray several spots interact with 
target antibodies in the same test fluid (blood, serum or saliva), so the microchannels are unnecessary after 
functionalization and can be removed. In contrast, ink-jet printing removes the microchannel fabrication and removal 
process and can potentially lead to higher density integration. The steps in the biomolecule patterning process are shown 
from step 1-b to step 1-h in Fig. 11. This process was carried out on un-patterned silicon samples.  

 
(a)                                           (b)                                                    (c) 

Fig. 12: (a) Ink-Jet patterned biomolecules (35μm spot size), dyed for visual clarity on parylene at a center to center spacing of 50 μm 
vertically. (b) Ink-Jet patterned printed spots of different biomolecules (35μm spot size) at a 60 μm center-to-center spacing, dyed for 
visual clarity (c) Ink-jet printed spots on two adjacent photonic crystal microcavities. The scale bar is for 10μm. 

The typical width of a PDMS microchannel for laminar flow of biomolecules is ~ >70μm; and channel walls would also 
need to be ~70μm. With those dimensions, the minimum spacing between photonic crystal microcavities would have 
been >140μm. Hence, ink-jet printing enables high density integration. As shown in Fig. 12, we have achieved 60 μm 
center-to-center spacing between individual spots of different printed protein solutions. Antibodies specific for certain 
proteins were used in this study, and common dyes were used to facilitate visualization in ambient light. The minimum 
spacing demonstrated to date is >120μm. 

 

 

 

 

 

 

 

 
(a)                                                        (b)                                                                (c) 

Fig. 13: (a) Device image showing the six openings above six photonic crystal microcavities that have been arrayed along the length 
of a single photonic crystal waveguide.  (b) Magnified device image showing the opening in parylene above a single photonic crystal 
microcavity. SEM of the PC microcavity has been shown in Fig. 10 Confocal microscope image of in-situ binding on the patterned 
silicon surface. 

Based on ink-jet printing results in Fig. 12, the minimum spacing between photonic crystal microcavities along the 
length of a single photonic crystal waveguide was set at 50μm. A microscope image of a typical patterned device with an 
array of two PC microcavity resonators is shown in Fig. 12(c). Detailed characteristics of the arrayed device will be 
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covered elsewhere. In Fig. 12(c), we note that by employing an ink-jet patterning technique, the minimum ink-jet 
dispensed spot size of biomolecules is ~35μm, which at 1550nm is ~90periods of air holes. The ink-jet dispensed spot 
size determines the minimum spacing between adjacent sensors, and is different from the device surface area that can be 
functionalized by combining lithographic patterning with ink-jet printing. Openings were made in parylene as described 
in Fig. 11. In Fig. 13(a), optical microscope image of the many openings in parylene along the length of the photonic 
crystal waveguide are shown, enclosed by the dotted red boxes. In Fig. 13(b), the magnified view of an opening of a 
single photonic crystal microcavity is shown. The devices were next processed as follows. Wafers were incubated in 
10% 3-aminopropyletriethoxysilane in toluene for 1 hour at room temp and washed 3 times in phosphate buffered saline 
(PBS). Wafers were next incubated in 3.5% glutaraldehyde in PBS for 1 hour at room temp and washed 3 times in PBS. 
Finally, Alexa Fluor 594 goat anti rabbit in 5% glycerol was dispensed onto surface of wafer and incubated at 4oC 
overnight. Wafers were subsequently washed 3 times in PBS, the parylene peeled and the wafer imaged in Fig. 13(c). 
Non-specific binding is avoided with BSA. 

12. EXPERIMENTAL RESULTS 
In Section 11, glycerol was used as a solvent for the probe protein solution to control its viscosity to avoid clogging the 
ink-jet printer nozzles. For sensitivity characterization of our devices, the probe protein solutions were directly dispensed 
from a micro-pipette above the device and the washing steps as above performed. The diameter of the 60μl dispensed 
from the micro-pipette directly on silicon is ~8mm. After each step in the device functionalization process, the resonance 
wavelength of the photonic crystal microcavity was measured and plotted in Fig. 14(a). After binding the target protein, 
the devices are washed in PBS and the resonance wavelength measured. The sample solution is introduced as in the 
fourth step in Fig. 14 and then washed in PBS. The resonance wavelength shift of interest is shown by Δλ in Fig. 14(a) 
which denotes the actual probe protein that is bound to the target protein. In Fig. 14(b), the magnitude of resonance 
wavelength shift as a function of probe protein concentration is plotted. Since 20pm is the minimum resonance shift 
observable with our optical spectrum analyzer, from that perspective, the extrapolated curves indicate a minimum 
detection sensitivity of ~35pM in our devices till date. In Fig. 15(a), the photonic crystal waveguide transmission 
spectrum is shown. The single photonic crystal microcavity resonance is dropped from the waveguide transmission 
spectrum. The linewidth of the resonance spectrum translates to a quality factor (Q-factor) of 3430. As mentioned 
previously, we are fabricating designs that increase the Q-factor in order to achieve the optimum Q-factor versus 
resonant wavelength shift on binding. 

 

 

 

 

 

 

(a)                                                                                 (b) 

Fig. 14: (a) Resonance wavelength shift of the investigated L3 photonic crystal microcavity as a function of various steps in the 
binding sequence. (b) Resonance wavelength shift of the investigated L3 PC microcavity (filled circles) as a function of probe protein 
binding. Resonance wavelength shifts of the L7 PC microcavity (open circles) is also shown for comparison. 

Fig. 15(b) shows how the microcavity resonance shifts (to red curve) when the probe protein binds to the target protein. 
The target protein in this measurement is BioRad HRP-conjugated goat-anti-rabbit antibody while the probe protein is 
Invitrogen Rabbit anti-goat Alexa Fluor. In Fig. 15(c), a multi-cavity device with multiple resonances (four in this case) 

Proc. of SPIE Vol. 8198  819802-12

Downloaded from SPIE Digital Library on 25 May 2012 to 206.76.84.74. Terms of Use:  http://spiedl.org/terms



 
 

 
 

was characterized through optical measurements. Similar resonant wavelength shift as in Fig. 14(a) was observed for the 
individual resonances in Fig. 15(c). 

(a)                                                           (b)                                                         (c) 

Fig. 15: (a) Experimental photonic crystal waveguide (PCW) transmission spectrum showing the photonic crystal (PC) microcavity 
resonance at ~1542nm with 8dB extinction ratio and 3dB linewidth ~0.45nm. (b) Experimental transmission spectrum showing the 
shift of PC microcavity resonance shift with probe protein binding (to red) when the probe protein solution is introduced to the sample 
that has been functionalized and bound with target protein. Target Protein: BioRad HRP-conjugated goat-anti-rabbit antibody. Probe 
Protein: Invitrogen Rabbit anti-goat (150kDa) Alexa Fluor. (c) PC waveguide transmission spectrum showing multiple PC 
microcavity resonances from individual PC microcavities that are arrayed along the length of the PCW. 

13. DISCUSSION ON ON-CHIP MICROARRAY SENSITIVITY 
It may be argued from Fig. 14(b) that the range of resonance wavelength shift is smaller than that observed in other 
multiple sensors based label-free devices, available commercially. While further data collection is in progress, at high 
concentrations (>50nM), devices with low Q (~300) show larger wavelength shift [45]. However, at low concentrations 
(10nM), the wavelength shift observed is negligible. The low Q and hence the broad linewidth also limits the ability to 
measure low concentrations, such as in the surface normal coupled photonic crystal grating which shows a minimum 
detectable concentration of ~10nM. The ring resonator, which has very high Q~43000, shows very small wavelength 
shift for comparable concentrations [41]. The extremely small wavelength shift in ring resonator biosensors (0.06nm at 
20nM) implies the requirement of very high resolution, hence very expensive optical spectrum analyzers. On the same 
token, a recent platform with optofluidic ring resonators shows sub-pm shifts at 10nM concentrations [46] which 
increase the cost of detection equipment needed to detect sub-pm shifts. In addition, the inherent nature of the device In 
contrast, our photonic crystal devices with Q~3430 shows a wavelength shift of 0.22nm at 10nM concentration with L3 
PC microcavities and 0.23nm at 1nM concentration with L7 PC microcavities with Q~7500. With present detection 
equipment constraints that can detect up to 20pm wavelength shifts, our extrapolated equipment-limited detection limit 
is ~35pM. From Fig. 9(c), considering a sensing area ~2.1μm2, (integrating over a surface where the electric field 
intensity is more than 50% of maximum value) [47], dispensed volume of probe protein solution of 60μl over a surface 
area with diameter 8mm, and uniform surface coverage, the detection equipment limited mass detection limit, without 
considering the unbound proteins that are washed away, in the L7 devices is 13atto-grams. This is simply an estimate. 
Actual bound mass may be much lower since a significant fraction is washed away. Various designs are being 
investigated to increase Q to increase sensitivity to small changes in refractive index and increase resonance wavelength 
shift of our devices at low concentrations, results of which will be presented elsewhere. 

14. SUMMARY 
In summary, we have demonstrated two typical devices on the photonic crystal open sensor platform, both on silicon, 
one for chip-integrated absorption spectroscopy and the other for chip-integrated biomolecular microarray assays. In 
both cases, we have demonstrated sensitivity and SWAP value larger than conventional off-chip devices. Lasers and 
detectors can be integrated on-chip to create a complete integrated broadband miniature absorption spectrometer and an 
integrated microarray assay. Diverse applications in environmental sensing, explosive detection for national security, 
bio-sensing for microbial contamination, food and beverage protection, various cancer detections can be envisioned on a 
single platform. Using established silicon lithography, a diverse realm of low-cost sensors can be developed, which can 
prove to be a driver in improving the quality of life in developed and developing economies.  
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