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TECHNICAL INNOVATION

Methods to array photonic crystal microcavities for high throughput high
sensitivity biosensing on a silicon-chip based platform
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We experimentally demonstrate a method to create large-scale chip-integrated photonic crystal sensor
microarrays by combining the optical power splitting characteristics of multi-mode interference
(MMI) power splitters and transmission drop resonance characteristics of multiple photonic crystal
microcavities arrayed along the length of the same photonic crystal waveguide. L13 photonic crystal
microcavities are employed which show high Q values (~9300) in the bio-ambient phosphate
buffered saline (PBS) as well as high sensitivity, experimentally demonstrated to ~98 atto-grams.
Two different probe antibodies were specifically detected simultaneously with a control sample, in the

same experiment.

1 Introduction

Microarrays provide an unprecedented opportunity for compre-
hensive concurrent analysis of thousands of biomolecules such as
proteins,1 genes, DNA molecules, small molecules or nucleic
acids. The global analysis of the response to a toxic agent, as
opposed to the traditional method of examining a few select
biomolecules, provides a more complete picture of toxicologi-
cally significant events. In proteomics studies for the detection of
various infectious diseases and cancers, microarrays have been
used ubiquitously. The measurement throughput in such
methods is however low due to the necessity to measure each
sensor spot separately with an individual detector, which also
increases the detection antibody requirement as well as the
sample volume needed for measurement.

Label-free biosensors are particularly attractive since they
avoid complex chemistries caused by steric hindrance of the
labels. All methods of detection transduce the specific binding of
the biomolecule of interest to its specific conjugate biomolecule
receptor bound to the device substrate, into an electrical,
mechanical or optical signal. Optical detection techniques are
generally preferred due to their freedom from electromagnetic
interference. While several platforms based on ring resonators,
wire waveguides* and surface plasmon resonance (SPR)’ have
been investigated. Photonic crystal (PC) microcavities,® in
general, are more compact (of the order of a few square microns
in surface area) and have higher sensitivity than other devices
due to slow light effect and a larger optical mode overlap with
the analyte within compact optical mode volume. Recent
research has shown that PC biosensors have biomolecular
surface mass density detection limit of 22 pg mm > which
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compares quite favorably with detection limits of 1 pg mm ™2 in

SPR on almost four orders of magnitude smaller surface area.’
In contrast to conventional notion of trying to achieve the
smallest possible PC microcavity for sensing purposes, we
showed that a slightly longer PC microcavity can deliver
significantly improved performance both in terms of higher
sensitivity as well the ability to detect small changes in
concentration. Increasing the length of the PC microcavities
reduced the radiation loss, which scales inversely with the cavity
length, thereby reducing the resonance linewidth and thus
increasing the ability to detect small changes in concentration.
Furthermore, the slightly increased length enables larger overlap
of the optical mode with the analyte leading to higher sensitivity.
The increased length of the PC microcavities is not a drawback
in terms of chip scale miniaturization, since a primary require-
ment in such hybrid architectures is the need to functionalize the
resonators with target receptor biomolecules that will bind
specifically to their probe biomolecule conjugates in a diagnostic
assay. The ink-jet printed target receptor spot size we achieved is
about 35 um in diameter,” which thus determines the minimum
spacing that can be achieved between adjacent resonators
functionalized with different unique target receptor biomolecules
in a chip-integrated diagnostic microarray.

In addition, much of the research in the literature concerns
single PC microcavity biosensors. Methods to array two-
dimensional PC microcavities have primarily focused on the
detection of a single biomolecular probe binding to its specific
conjugate target biomolecule on all microcavities.® In this paper,
we demonstrate the high sensitivity of long PC microcavities. We
also demonstrate two methods to array these PC microcavities,
which can be combined to create large chip-integrated micro-
arrays in which all PC microcavity sensors, each coated with a
different biomolecule target receptor, can be simultaneously
interrogated with the same small quantity of probe sample,
resulting in high throughput diagnostic assays. All devices are
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demonstrated in a silicon-on-insulator (SOI) platform, which
also guarantees higher fabrication yield, more robust devices,
and demonstrates better performance characteristics than the
best devices demonstrated to date in the PC platforms on free-
standing membranes.

2 Device design

Fig. 1(a) shows the schematic of the test system on chip (SoC),
where individual components are clearly shown.

On each output arm of the 1 x 4 multi-mode interference
(MMI) studied here, photonic crystal (PC) microcavities are
arrayed along the length of a single photonic crystal waveguide
(PCW). The test SoC we designed and then fabricated has one
PC microcavity on three arms. On the fourth arm, two PC
microcavities are arrayed along the length of one PCW. The
scanning electron micrograph (SEM) of the key sections is shown
in Fig. 2(a) which consists of a 1 x 4MMI optical power splitter
which splits the input light from a ridge waveguide into four
output channels.

The MMI was simulated by two-dimensional beam propaga-
tion method using RSoft’s BeamProp software using design rules
laid down previously.” The simulation result is shown in
Fig. 2(b). The length and width of the MMI were designed as
123 pm and 16 um respectively. Each of the input and output
waveguide arms after the 1 x 4MMI is 2.5 pm wide and the
output waveguides are separated by 1.5 um. The output arms of
the MMI are numbered as shown in Fig. 2(a). The PCW is a W1
line defect waveguide with uniform lattice constant ¢ = 400 nm,
where W1 denotes that width of the PCW is \ﬁ/S(a). Silicon slab
thickness and air hole diameter are 7 = 0.58« and d = 0.54a.

Since the ink-jet spot size is 35 pm in diameter, we are
pursuing optimized designs investigating sensitivity versus
increasing size of the PC microcavity. We have shown earlier
that L13 PC microcavities with dimensions ~5.5 ym x 0.5 um,
not only have high sensitivity due to overlap of the confined
optical mode with more air holes along the periphery of the PC
microcavity but also have high quality factor (Q-factors), QO ~
26 760, which enables the detection of smaller changes in
concentration.” Linear L13 PC microcavities with 13 missing
holes along I'-K direction, as shown in Fig. 3(a), are fabricated

PC Microcavi

\
PC Waveguide

Fig. 1 (a) Generalized schematic of the test system on chip with
integrated 1 x xMMI and PC microcavities coupled to PC waveguides.
On each of the x output arms of the MMI, multiple PC microcavities are
arrayed. Each microcavity is coated with a different target receptor
biomolecule, each responsive to its specific conjugate, as indicated by a
different color. (b) Stitched microscope image of 1 x 4MMI device
studied here.

Fig. 2 (a) SEM of PC devices on 4 arms of a | x 4MMI (b) Simulation
showing optical power distribution in 1 x 4MMI.

two periods away from the PCW. On arms 1-3, the edge air holes
on the axis of the PC microcavity are shifted outward'® in the
T'-K direction by 0.15a. Shifts beyond 0.15a lead to fabrication
challenges with adjacent holes. The mode profile of the resonant
mode of interest, as described in Ref. 7, is shown in Fig. 3(b).

On arm 4, both PC microcavities are of the specially designed
L13 type. In the PC microcavity labeled A, the edge air-holes are
shifted in the ['-K direction inward by 0.05a. In the other PC
microcavity labeled B, the edge air-holes are shifted outward in
the I'-K direction by 0.154. The inward shift of 0.05« causes the
resonant mode to interact more with the edge holes along the
axis, thus pulling the resonance up in frequency.!® The design
leads to resonant modes from the two series-arrayed microcav-
ities on the same PCW that are separated by wavelength. The
spacing of 50 um between the two microcavities ensures no cross-
talk. As said previously, the spacing of 50 pm is not a drawback
since we have shown earlier’ that our Dimatix ink-jet printer
achieved a minimum spacing of 50 pm between adjacent printed
target antibodies that each covered a circular area with diameter
35 pum.

3 Device fabrication

Devices were fabricated on SOI wafer with 230 nm top silicon
layer and 3 pm buried oxide. 45 nm thermal oxide was grown on
top of silicon as an etch mask for pattern transfer. PC
waveguides, PC impedance tapers to minimize reflection loss,
1 x 4MMI optical splitters and strip waveguides are patterned
in one step with e-beam lithography followed by reactive ion
etching.

To enable the biosensing function, the on-chip sensing sub-
system (OCSS) was functionalized by treating with 10% by
volume 3-aminopropyl-triethoxy-silane (3-APTES) in toluene. It
was then washed 3 times in toluene to ensure complete removal
of unbound 3-APTES, 3 times in methanol to remove toluene
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Fig. 3 (a) SEM image of L13 PC microcavity adjacent to a W1 PCW.
(b) Electric field intensity profile of the resonance mode of the L13 PC
microcavity.
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and finally 3 times in de-ionized water to remove methanol. The
OCSS was then incubated in 1% glutaraldehyde in phosphate
buffered saline (PBS) for 5 min and washed 3 times in PBS and
ink-jet printed with target antibodies (Abs) in glycerol. Past
research has shown that the 3-APTES-glutaraldehyde coupled
layer retains its initial activity for several weeks.!' This negates
any potential concern regarding time-dependent binding affi-
nities of the target Abs, due to the time it takes to switch
cartridges in our ink-jet printer. The printed spots were left to
incubate overnight. Subsequently, all target Abs not bound to
the functionalized device layer were removed by washing 3 times
in PBS. The washing steps were completed within a few seconds,
which ensures that unbound target Abs do not have sufficient
time to bind to undesired areas to create any cross-talk. On arms
1 and 2 of the MMI, as defined in Fig. 2, human IL-10 (Insight
Genomics, Cat #: RP027) and rabbit anti-goat IgG (BioRad
Labs, Cat. #: 172-1034) target Abs were dispensed on the PC
microcavities within the OCSS. On arm 4, the PC microcavity A
is printed with rabbit anti-goat IgG Abs. After overnight
incubation and washing, the device was coated with bovine
serum albumin (BSA) to prevent any non-specific binding and
washed. The PC microcavity in arm 3 and the second PC
microcavity B in arm 4 were thus effectively covered with BSA
and served as control microcavities for biomolecule binding. The
device was kept wet in PBS at all times.

4 Device characterization

Light is guided in and out of the PCW by ridge waveguides from
the MMI with PC group index taper to enable high coupling
efficiency into the slow light guided mode.'? Devices were tested
with TE-polarized light by end-fire coupling method with
polarization maintaining single-mode tapered-lensed fibers. All
probe Abs are introduced in PBS which forms the top cladding.
When probe Abs that are specific to their conjugate target Abs on
the different arms are introduced, the conjugate specific binding
causes a change in the refractive index in the immediate vicinity of
the corresponding PC microcavity leading to a change in
resonance frequency and hence a shift in wavelength of the
dropped resonance from the transmission spectrum of the PCW in
the corresponding arm of the MMI. The magnitude of the shift
gives a precise interpretation of the concentration of probe Abs.

4.1 Single PC microcavity biosensor characterization

The resonance spectrum of the L13 PC microcavity was first
measured in PBS, functionalized with target receptor Abs. The
transmission spectrum of the OCSS with the coupled L13 PC
microcavity is shown in Fig. 4(a). The resonance wavelength is at
1578.9 nm, near the band edge at 1588 nm, with approximately
12 dB extinction ratio. The corresponding mode profile of the
microcavity coupled resonance mode was shown in Fig. 3(b).

The resonance wavelength shift versus concentration of probe
Abs on arms #1 and #2 were first separately characterized for
different concentrations of rat anti-human IL-10 (Invitrogen,
Cat #: RHC1K1001) (molecular weight MW = 150 kDa) and
goat anti-rabbit IgG (Cat. #: 170-6515) probe Abs (MW = 150
kDa) and the results shown in Fig. 4(b).

Before a new addition of antibody solution carrying a different
type of probe protein, the resonance wavelength was measured (1;).
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Fig. 4 (a) Transmission spectrum of W1 PCW with coupled L13 PC
microcavity. (Inset) shows the normalized transmission, magnifying the
wavelength range around the resonance. (b) Wavelength shift of the
resonance shown by arrow in (a) as a function of concentration of probe
antibodies, rat anti-Human IL-10 (open circles) and goat anti-rabbit IgG
(filled circles). (inset) shows the spectral shift from black to red curve
when 0.1 nM of probe rat anti-Human IL-10 antibodies is added to a
0 nM PBS background. Dashed line indicates detection limit.

For each concentration of newly added probe antibody solution,
the chip was incubated in the probe antibody solution and the
resonance wavelength monitored as a function of time. No
resonance wavelength shift was observed for 20 min. After
20 min, the resonance wavelength increased as a function of time,
until the shift saturated after another 20 min at /,. The chip was
next washed 3 times in PBS to remove unbound probe Abs and the
resonance wavelength /3 (< 4,) measured again. The final
resonance wavelength shift, A, as plotted in Fig. 4(b) is given by
AL =23 — Ay

A larger wavelength shift is observed in Fig. 4(b) with the probe
AD solution of rat anti-human IL-10 Abs than goat anti-rabbit
IgG Abs. The difference in wavelength shifts for the two Abs is
related to the lower dissociation constant Ky of rat anti-human IL-
10 Abs (Kg ~ 1079 M) than goat anti-rabbit IgG (K4 ~10~¢ M),
the details of which are being submitted in a concurrent paper.

A typical resonance shift upon specific binding for the high-Q
L13 PC microcavity resonance of 0.1 nM rat anti-human Abs to
Human IL-10 Abs is shown in the inset of Fig. 4(b).

The experimentally confirmed Q-factor is approximately 9300.
Our previous W1 coupled L7 PC microcavity device,” with seven
missing holes, in SOI structures had a Q-factor approximately
7300. O ~ 9300 represents the highest Q reported for biosensing
in SOI PC devices. 60 pl of probe Abs was directly dispensed
from a micro-pipette. Note that only the probe Abs are
dispensed with the micro-pipette, as in a diagnostic scenario
where the sample will be directly dispensed on the microarray
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chip. The target receptor Abs was ink-jet printed. Based on
dispensed spot diameter of approx. 8§ mm, the L13 PC
microcavities can thus detect the binding of 7.5 ng ml™! of rat
anti-human IL-10 probe Abs. From Fig. 3(b) inset, considering a
sensing area of approx. 11 pm? (integrating over a surface where
the E-field intensity is more than 50% of maximum value and
including the inner surface area of peripheral holes),” and
uniform surface coverage, the estimated detection limit, without
considering unbound Abs that are washed away in L13 devices is
98 atto-grams for rat anti-human IL-10 probe Abs. In Ref. 13, at
a concentration of 0.67 nM of probe biomolecules with Kg ~
6 x 1077 M, the authors observed a resonance wavelength shift
less than 0.05 nm with resonances that had Q ~ 300. In contrast,
the interpolated resonance wavelength shift that would be
observed in our L13 PC microcavity device (from Fig. 4) for
biomolecules with Ky ~ 10~° M is about 0.2 nm. The diffusion
limited time limit for sensing can be reduced in the future by
choosing a smaller volume of dispensed probe solution and/or by
incorporating a flow cell into our measurements.

4.2 MMI coupled PC biosensor characterization

The multiplexing experiment is performed with the device in
Fig. 1. Results from each arm of the MMI are shown in
Fig. 5(a)—(c). 60 ul of 600 nM of goat anti-rabbit I[gG Abs in PBS
is introduced which causes a resonance wavelength shift in arm 2
that is printed with its specific conjugate rabbit anti-goat IgG
Abs. A similar shift is observed in the PC microcavity A in arm 4
of the MMI. No shift is observed in arm 1, printed with human
IL-10 Abs, which is not specific to the introduced probe Abs.
Similarly, no shift is observed in arm 3 or in the PC microcavity
B in arm 4 that was coated with BSA. Next, 60 ul of 600 nM of
rat anti-human IL-10 Abs in PBS is introduced. A resonance
wavelength shift is observed in arm 1 of the MMI that was
printed with its specific target conjugate Human IL-10 Abs. No
resonance wavelength shift is observed in the other arms.
Fig. 5(d) shows the transmission spectrum of the W1 PCW in
arm 4 of the MMI with the two coupled L13 microcavities with
slightly different geometry as described earlier. The resonances
corresponding to PC microcavities A and B are at 1565 nm and
1573 nm respectively. Fig. 5(d) shows the resonance wavelength
shift observed in the W1 PCW in arm 4 in A at 1565 nm when
1 nM of probe goat anti-rabbit IgG Abs in PBS is added. No
shift is observed in B at 1573 nm.

Our current measurement setup can only measure one waveguide
at a time; however, one can couple outputs from all waveguides to a
multi-core optical fiber to enable all measurements to be monitored
simultaneously for high throughput biosensing.

5 Conclusions

In summary, we demonstrated an on-chip sensing subsystem for
high-throughput, high-sensitivity biosensing with MMI power
splitters and multiple PC microcavities coupled to PCWs. In
addition to the highest Q observed in bio-ambient PBS with SOI-
based PC microcavity devices, which enables higher accuracy, we
observed more than an order of magnitude higher Q and four
times-larger resonance wavelength shift than previous demonstra-
tions.'* The present demonstration interrogates five PC micro-
cavities simultaneously, that recognize different specific binding
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Fig. 5 Resonance wavelength shift or none thereof observed in the (a)-
(c) L13 PC microcavities in arms 1-3 of the I x 4MMI when probe
antibodies goat anti-rabbit IgG in PBS and rat anti-human IL-10 in PBS
are added in sequence and (d) arm 4 of the 1 x 4MMI with 1 nM of
probe antibodies of goat anti-rabbit IgG in PBS.

interaction between target and probe antibody conjugates. Based
on past designs,” future devices will extend to larger arrays for
simultaneous high throughput high sensitivity measurement that
will benefit the microarray end-user community in diverse fields.
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