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Abstract In this paper, we reviewed the design princi-
ples of two-dimensional (2D) silicon photonic crystal
microcavity (PCM) biosensors coupled to photonic crystal
waveguides (PCWs). Microcavity radiation loss is con-
trolled by engineered the cavity mode volume. Coupling
loss into the waveguide is controlled by adjusting the
position of the microcavity from the waveguide. We also
investigated the dependence of analyte overlap integral
(also called fill fraction) of the resonant mode as well as the
effect of group index of the coupling waveguide at the
resonant wavelength of the microcavity. In addition to the
cavity properties, absorbance of the sensing medium or
analyte together with the affinity constant of the probe and
target biomarkers involved in the biochemical reaction also
limits the minimum detection limits. We summarized our
results in applications in cancer biomarker detection, heavy
metal sensing and therapeutic drug monitoring.

Keywords photonic crystal (PC) sensor, biosensor, slow
light, photonic crystal microcavity (PCM), photonic crystal
waveguide (PCW), high sensitivity, high specificity,
photonic integrated circuits (PICs), nanophotonics

1 Introduction

It is generally accepted that while the twentieth century is
the era of microelectronics, optoelectronics and photonics
spurred by the advent microlithography, integrated circuits,
the free-space ruby laser and semiconductor chip-inte-
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grated lasers, the twenty-first century is expected to be an
era where electronics and photonics start to play a
dominant role in the field of healthcare. Better medical
facilities accompanied by longer average lifespan ensure
that the demand for new technologies promising better
diagnostic, and accompanying therapeutic capabilities,
will continue to flourish. The invention of the laser in the
twentieth century led to the progress of optical lithography.
As silicon became the platform of choice of the
semiconductor industry, Moore’s law led to increased
device miniaturization. Large room-size Electronic
Numerical Integrator And Calculator (ENIAC) computers
started to shrink to mobile blackberries and IPads with
significantly larger computational processing capabilities.
The silicon electronics revolution ignited the imaginations
of people toward a plethora of applications on smaller and
smaller mobile platforms that has enabled better con-
nectivity and a faster life.

Photonics, offers several advantages over electronics,
particularly the freedom from electromagnetic interfer-
ence, the faster speed of light compared to electrons, and of
course, the absence of charging and discharging effects of
electrons, when photons interact with biologic fluids
thereby facilitating the studies on the basic cellular
building blocks in water based media in the field of
medicine. Various techniques like enzyme linked immune-
absorbent assays (ELISA) [1], Western Blot [2], Northern
Blot [3], etc. to name a few made use of free-space visible
lasers for optical diagnostics and till date, these methods
form the basic diagnostic tools in clinics worldwide. A
common thread among all techniques for qualitative and
quantitative diagnostics is the use of molecular labels [1-4]
that are excited by light. Surface plasmon resonance (SPR)
devices enabled the first label-free optical sensors [5],
thereby enabling the optical detection of a reaction
between a probe and target biomarker without the steric
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hindrance of detection labels. Over the last decade, silicon
photonics based label-free sensors have made increasing
headway, employing the primary device platforms of strip
waveguides [6], Mach-Zehnder interferometers [7], grat-
ings [8], ring resonators [9] and photonic crystal (PC) [10—
12] devices. The miniaturization afforded by silicon
photonics promises the capability of transitioning bench-
top optical diagnostics to a mobile, portable, hand-held
platform [13,14]. Sensor adaptors that interface with
smartphones have been demonstrated with grating based
surface normal coupled devices [13]. However, the
minimum detection limits in surface normal detection
systems are at significantly larger concentrations than those
demonstrated in the ring resonator and in our instance, the
two-dimensional (2D) PC sensor platform, wherein the
sensing mechanism employs integrated optics on a silicon
chip for light guiding and signal transduction. In this paper,
we review our research with silicon 2D PC sensors
comprising 2D photonic crystal microcavities (PCMs)
coupled to 2D photonic crystal waveguides (PCWs) and
their applications in cancer research and drug diagnostics.
We review the totality of design aspects that must be
considered in the design of 2D PC sensors in silicon.

PCs are periodic dielectric structures with a periodic
variation in the dielectric constant that gives rise to
photonic pass and stop bands similar to electronic
bandgaps in semiconductors. Point defects and line defects
in a periodic structure give rise to microcavities and
waveguides respectively, wherein the light is trapped and
confined in the PCM, or is confined and propagating in a
PCW. Since 3D PCs are difficult to fabricate using
conventional planar lithography techniques, much work
over the past two decades has focused on 2D PCs wherein
the confinement in-plane is provided by the 2D PC, and
out-of-plane by total internal reflection (TIR). Silicon has
been the chosen material for PCs for passive photonic
integrated circuits (PICs) while for active PICs with lasers
and detectors, III-V materials such as GaAs and InP have
been used. Our work in silicon 2D PCs was done in the
1.55 pm telecom wavelength band to make use of
numerous optical sources and detectors that are easily
available in this wavelength, to enable the development of
low-cost sensors.

Various designs of PCMs have been proposed for
chemical [15] and bio-sensing [16] using microcavities
with small mode volumes. Radiation losses, however,
increase with increasing refractive index of the ambient
that significantly reduces the resonance quality (Q) factor
due to reduced out-of-plane confinement in 2D PCs. Thus,
although high O-factors have been demonstrated in freely
suspended PC membranes in air [17], which promises the
potential for highly sensitive sensing in air, when such
membranes are suspended in phosphate buffered saline
(PBS) (refractive index n = 1.334), a typical ambient for
bio-molecules, the Q-factors deteriorate by orders of
magnitude. Hence researchers have attempted optimum

designs balancing two contradictory requirements: increas-
ing the Q-factor of the resonance versus increasing the
wavelength shift due to change in refractive index. In
passive silicon PC nanostructures, the transmission drop-
resonance architecture has been used predominantly with
hexagonal [16] and linear PCM coupled to a W1 PCW.

2 A typical device and measurement
principle

The PCW is typically a hexagonal structure with a W1 line
defect waveguide with uniform lattice constant a =
400 nm, where W1 denotes that width of the PCW is
v3a. Silicon slab thickness and air hole diameter are / =
0.58a and d = 0.54a as shown in Fig. 1(a). A microscope
image of a typical patterned device with an array of two
PCM resonators is shown in Fig. 1(b). We consider single
PCM sensors only. In Fig. 1(a), we note that by an ink-jet
patterning, the minimum ink-jet dispensed spot size of
biomolecules is ~35 um. 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 pattern-
ing with ink-jet printing [18]. PCMs of gradually
increasing length were thus investigated to characterize
resonance line-widths and sensitivity.

Linear PCMs L,, where n presents the number of
missing holes along I'-K direction, are fabricated two
periods away from the PCW. The edge air holes are shifted
in the I'-K direction by 0.15a [19]. Figure 1(c) shows a
simulated band structure obtained by three-dimensional
plane-wave expansion simulations of the W1 PCW,
considering water (n = 1.33) as the ambient. The normal-
ized resonant mode frequencies of different PCMs of
increasing lengths obtained by 3D finite-difference time
domain (FDTD) simulations are indicated by dotted lines
in Fig. 1(c). The resonant mode profiles are shown in the
inset.

Light is guided in and out of the PCW by ridge
waveguides with PC group index taper to enable high
coupling efficiency into the slow light guided mode [20].
Devices were fabricated on silicon-on-insulator (SOI)
wafer using established methods [20]. The bottom
cladding of silicon dioxide (n = 1.46) is kept intact to
enable robust devices with high yield. Devices were tested
with transverse electric (TE)-polarized light by end-fire
coupling method with polarization maintaining single
mode tapered lensed fibers. The transmission drop
resonance () and sensitivity to bulk refractive index
changes are analyzed with water and isopropyl alcohol
(IPA) (n = 1.377) as the ambient medium. Figures 2(a)—2
(c) show experimental transmission spectra from W1
PCWs with coupled L3, L7 and L13 PCMs in water. In
Figs. 2(d)—2(f), drop transmission of the resonance closest
to the band edge, as in insets of Fig. 1(b), for L3, L7 and
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Fig. 1 (a) Device schematic; (b) ink-jet printed biomolecules on PC devices showing spacing between printed spots (scale bar is 10 pm);
(c) dispersion diagram of W1 PCW in water. The W1 guided mode is shown together with frequencies of resonant modes for L3, L7 and
L13 PCMs by dashed lines. Respective mode profiles are shown in insets [21]
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Fig. 2 Experimental W1 PCW transmission spectrum in water
with coupled (a) L3, (b) L7 and (c) L13 microcavities.
Experimental spectra showing shift of resonance mode closest to
the band edge in (a), (b) and (c) in (d), (e) and (f) respectively in
water (black) versus IPA (blue). Inset (¢) magnifies the wavelength
range [21]

L13 PC microcavities in water and IPA are shown.
Figure 3 shows resonance shifts A4 observed experi-
mentally with the device in water versus in IPA. Figure 3
also plots experimental Q (= A/AA) in water and IPA, at the
center frequency, and the approximate resonance offset AA

from the W1 transmission band edge. It is observed from
Fig. 3 that as the resonance moves closer to the band edge
of the W1 PCW, Q and A2 increase. Since IPA does not
absorb in the wavelength range studied, Q in IPA is higher
than in water.

3 Analysis of the design principles

The resonance shifts A4 determine the concentration of the
analyte being tested. In subsequent sections, we describe
the detailed design work to maximize the sensitivity and
minimum detection limits of 2D PC structures in sensing
applications.

3.1 Controlling the cavity radiation loss out-of-plane

The total quality factor Ot of the resonance mode of an
isolated PCM, which is related to the photon lifetime 7, at
frequency w by Or = wr, is given by

11
Or Ok O

where Or = wtg and Q; = wt;, 7 and 7; represent the
radiation loss and intrinsic cavity loss respectively. 7 is
given by

(M

1 - i’ )
R We
where Pr denotes the total power radiated by the cavity
and Wg denotes the stored energy in the cavity which is
proportional to the cavity mode volume. Hence a method
that reduces Pr and increases Wy will decrease the
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Fig. 3 Plots showing trends in L3, L7 and L13 PCMs for resonant mode (a) quality factor Q in water (open circle), (b) quality factor Q in
IPA (open square), (c) approximate mode offset from the transmission band edge (filled square, left offset axis) and (d) wavelength shift

from water to IPA (filled triangle, left axis) [21]

radiation loss from the cavity and hence increase the
effective Q0. A high O 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 PCM. In
addition, since W% is proportional to the optical mode
volume, a higher W leads to the potential for larger optical
mode overlap with the analyte which also contributes to
higher sensitivity.

The frequency of the resonance mode is indicated by the
black dashed line in the dispersion diagram of the W1
PCW by 3D plane-wave expansion (PWE) in Fig. 1(c).
The dispersion diagram of the W1 PCW is shown by the
solid black curves.

The higher Q in L13 PCMs is due to the combined
effects of lower radiation loss as the resonance moves
deeper into the photonic band gap compared to L3 PCMs
[21,22] that are studied conventionally, and the larger
mode volume of L13 PCMs compared to L3 PCMs. Higher
O thus increases the ability to detect small changes in
concentration. Furthermore, the increased length enables
larger overlap of the optical mode with the analyte leading
to higher sensitivity. It must be noted here, that in the
geometry selected here, the loss from the microcavity into
the PCW also contributes a term Qwg to Eq. (1) [23].

3.2 Controlling the cavity loss into adjacent waveguide for
light coupling

The total quality factor Or of the resonance mode of a
PCM side coupled to a PCW is thus given by

11 . 1 . 1
Or O Ok Owe
where Owg = WTwg, and Twg represent time constant for
waveguide loss. Since 35 pm is the dispensed spot size, we
consider designs with gradually increasing PCM length to

take advantage of Eq. (1), but also taking into considera-
tion the new term in Eq. (3). Similar to Fig. 2, the simulated

©)

dispersion diagram of a W1 PCW is shown in Fig. 4(b).
The resonance frequencies of the L13 and L21 PCMs are
shown by the dotted black and dotted red lines respec-
tively. As the cavity size increases from L13 to L21, the
resonance frequency moves closer to the band edge and Px
decreases. Since Wg is larger for the L21 PCM, Oy is
effectively increased. As observed from Fig. 4(b), the
group index of the W1 PCW at the coupling frequencies is
higher for the L21 (n, = 16) compared to the L13 (n, =
13.2) PCM. Enhanced optical coupling from the wave-
guide to the microcavity leads to enhanced light-matter
interaction thus improving sensitivity as we have shown
elsewhere [24].

In an uncoupled cavity, increasing the length of the PCM
increases the total Q of resonance modes. However, simply
increasing the length of the microcavity from L13 to L21
based on Eq. (2) does not increase Ot for the resonance
modes of interest in the cavity-waveguide architecture. A
longer cavity leads to increased leakage from the cavity to
the PCW leading to lower Qwg which lowers the effective
Ot. A high Oy is desirable since it enables smaller changes
in concentration to be detected. Hence, an optimum design
requires optimizing the cavity-waveguide coupling for
high Q and high sensitivity, in addition to other factors
such as the magnitude of slow light in the coupling
waveguide that we will discuss later [24]. To optimize Ot
while enhancing sensitivity, the PCM is moved laterally
away from the PCW to increase QOwg. Since Owg is
primarily determined by the number of periods between
the PCM and the PCW, we fabricated devices in which the
L21 PCM is located 2, 3, 4 and 5 rows away from the
PCW. Figure 5 shows the experimental Q (= A/AQ).

As the L21 PCM moves away from the PCW, O
increases indicating reduced cavity to waveguide loss and
improved optical confinement by the PCM. At the same
time, the normalized frequency of the resonance mode
increases as the dielectric fraction in the vicinity of the
PCM decreases as it moves away from the PCW. From the
dispersion diagram in Fig. 4(b), a higher normalized
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Fig. 4 (a) Schematic of PCM device; (b) dispersion diagram of W1 PCW inwater. The W1 guided mode is shown together with
frequencies of resonant modes for L13 and L.21 PCMs by black and red dashed lines respectively. The mode profiles are shown in insets
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Fig. 5 (Q-factors (black squares) and bulk sensitivity (blue
triangles) variation of L21 microcavity side coupled to W1 PCW
in water versus microcavity location change (L21 2 represents
L21 microcavity 2 rows away from the PCW) [23]

frequency implies more radiation loss as a greater fraction
of the optical mode is above the light line, which will
decrease QOr. O; will also decrease as the PCM moves
further away from the W1 PCW due to the increased mode
overlap with surface roughness of more surrounding holes.

A limiting situation is reached when the PCM is located
more than 4 rows away from the PCW.The increase of Or
and Q; dominate over the increase in Owg and hence the
effective Or decreases. Since the loss rate from the cavity
to the waveguide and vice-versa is directly proportional to
the cavity length, the highest Os will be achieved at
different distance of the cavities from the PCW for cavities
of different lengths such as L13 and L21. The L13 PCMs
in Fig. 1 were considered 2 rows away laterally from the
W1 PCW. For our L21 PCM, it is observed in Fig. 5, that
when the PCM is located 4 rows away from the PCW, Q
reaches a maximum. The Q of a L21 PCM located 2 rows
away from the W1 PCW (Q~2500) is lower than the Q of a

L13 PCM located 2 rows away from the W1 PCW. Hence,
a simple increase of the cavity length does not increase Q;
other factors such as the cavity-waveguide coupling
determined by QOwg need to be engineered. The bulk
sensitivities of the L21 PCM devices shown in Fig. 5,
change negligibly as the L21 PCM is moved away from the
W1 PCW, since the mode volume of the microcavity
changes negligibly as the cavity is moved farther away
from the W1 PCW.

In general, Owg is primarily determined by the distance,
in terms of number of periods, of the PCM from the PCW
as well as the orientation of the PCM with respect to the
PCW. It is obvious that Ot will increase with increasing
distance of the PCM from the W1 PCW, however, since
the coupling efficiency between the PCW and the PCM
decreases with increasing distance of the PCM from the
PCW, further work is in progress to determine the optimum
separation of the PCM from the PCW for sensing
applications.

3.3 Controlling the analyte overlap integral of the resonant
cavity mode

Resonator based sensors are characterized by a resonance
that shifts in frequency or wavelength in response to a
change in the ambient refractive index (for bulk sensing) or
a change in the refractive index caused by biomolecules in
the vicinity of the surface of the resonator (for biosensing).
The response can be understood by first order perturbation
theory [25], in which the change in eigenfrequency Acw,, of
the mth mode can be described as

T (EnlClEm)vi. Ag 1
" 2 <Em|gl|Em> 8[ v ’

Vliquid+diclcctric gm

Aw

4)

where Ae¢ is the change in dielectric constant of the analyte
from ¢; upon perturbation, and v, ,, is the group velocity of
the mth mode at the frequency w,,. Equation (4) implies
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that the magnitude of wavelength/ frequency shift for a
given mode caused by a small index change is directly
proportional to the fill fraction f5, defined as the ratio of
electric field energy existing outside of a dielectric
structure to the total, and inversely proportional to the
group velocity.

(Enl1|Ep)

Viiquid
. 5
<Em |81 |Em> ( )

Vliquid+dielectric

Iz =

In Fig. 6(a), the electric field intensity is simulated by 2D
FDTD method for different isolated L,-type PCMs (i =
number of missing holes) and f5 in water is computed.
Typically, in silicon 2D PCs, light is coupled from a PCW
into an adjacent PCM [10,21-24]. An isolated PCM is
considered for simulations in order to eliminate the effect
of coupling between the PCM and the PCW in cavity-
waveguide coupled sensors [20-24]. Simulations consid-
ered water (refractive index R/ = 1.33) as the ambient
medium and a silicon effective index (n.y) = 2.9 for
operation at 1550 nm. The radius of the holes of the bulk
PC lattice is (R = 0.275a, where a = lattice constant). We
note from Fig. 6(a) that fg for the TE polarized optical
mode in water is highest in a LO cavity (where two adjacent
holes in the lattice are shifted by 0.154a). f5 increases from
L3 to L21 PCMs. Commercial ring resonator sensors use
TE polarization with thin waveguides for higher analyte
overlap integrals to overcome significant bend losses in
waveguides with transverse magnetic (TM) polarization
[9].

Defect holes are introduced into the L13 PCM at the

35
[e]
301
N
a 25F
<
— [ ]
o
3
< 20r o ®
©
=}
.215
= L
3 o o o o
©
m}
101 Ce o0
5_|||||||||';‘|||
S =M= 5 m<s Tt
'_]'_]'_]'_]'_]’_]:SF[_'BOO
on
é".sm@@
€ ¥ nan
—

microcavity
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antinodes of the resonance mode. A scanning electron
micrograph (SEM) of the device is shown in Fig. 6(b).
Simulated TE-confined electric intensity profile in Fig. 6(c)
shows strong optical localization at the defect holes. In
PCMs with defect holes, Rp denotes the radius of the
defect hole as a fraction of R. While fg increases in
fractions of percentages from L3 to L21, when defect holes
are introduced, a dramatic increase by 8% in fg is observed.
The resonance mode closest to the PCW transmission band
edge is considered [20-24]. We consider defect holes > 90
nm diameter for better fabrication tolerance and yield in
high volume manufacturing. We refer to such low-index
defects as defect holes, rather than nanoholes elsewhere.
Such devices have been fabricated by 193 nm immersion
lithography [27].

Devices are fabricated on a SOI wafer in 250 nm silicon
on a 3 um bottom oxide cladding, which offers better
structural stability than free standing membranes. The air
hole radius is R = 108 nm. Figure 7(a) shows PCW
transmission spectrum in water with Rp = 0.6R. Defect
holes raise the frequency of the resonance mode in the
photonic band gap. Consequently, the width of the PCW is
reduced for efficient coupling to the PCM at the slow light
guiding wavelengths.

The optimized waveguide width indicated in Fig. 7(a) is
WO0.855 where W0.855 denotes that the width of the PCW
is 0.855 x v3a. To determine sensitivity in refractive index
unit (RIU), measurements are done in water (R/ = 1.33)
and glycerol (RI = 1.45). The bulk sensitivity increased by
66% from ~68 nm/RIU for L13 [21] to ~112 nm/RIU for
the L13 PCM with defect holes for different R as shown

(©

Fig. 6 (a) 2D FDTD simulated fill fraction/field overlap computed for different PCMs with R = 0.2754 (filled circles), R = 0.35a (open
circles) and ring resonator (open square). Ring TM value is taken from Ref. [9] for a ring resonator with diameter 30 um and width
500 nm; (b) SEM image of L13 PCM with defect holes; (c) mode profile of the confined defect mode in (b) [26]
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Fig. 7 (a) Transmission spectra for PCWs in water with Rp = 0.6R; (b) bulk sensitivity computed from experimentally observed
resonance wavelength shift from water to glycerol for different Ry, [26]

in Fig. 7(b). The experimentally observed QO is between
1 x 10* and 1.5 x 10*. When R = 0.35a, Rp = 0.7R, the
calculated f3 is 32%; a sensitivity of 200 nm/RIU can thus
be expected by linear extrapolation [16].

3.4 Effect of analyte absorbance

Equations (4) and (5) clearly indicate that sensitivity of a
sensor for bulk sensing can be increased by increasing fg,
so that detection limit (DL) is inversely related to
sensitivity (S). However, a critical parameter in computing
DL is the intrinsic quality factor (Q;) of the resonator and
the total Q due to analyte absorbance. We estimate the DL
for water at (4,, = 1550 nm) (absorbance a~800 m™"). We
also consider a hypothetical liquid with R/ = 1.33 having
absorbance 0.1 m™" at 1550 nm. The total Q is calculated as
(28]

1 1 1 1 1
N — 6
0-0 "o Tow Tor ©
2nn
0. = ™

where, we now add the new term, Q, which is the quality
factor due to optical absorption at wavelength A, o is the
analyte absorbance, and # is the refractive index weighted
by fg. nis calculated as n = fgna + (1 —fg)ns, where n, and
ng are refractive indices of analyte and dielectric
respectively.

The Ln-type PC cavity can be considered as a closed
PCW. Consequently, at the resonance frequency, group
index n, of the mode can be considered the same as in an
open ended PCM (or equivalently a PCW). Taking into
account the effect of slow light and fz enhancement on
absorbance by a factor y [25,29], Eq. (7) can now be
written as

Ou=—= ®)

Anfpo ng’

E 2N N
a

c 1
Y =/8 —
Nefp Vg,m

©)

where k is the wavevector and n.g 1s the mode effective
index with no slow light effect. Ina L21 PCM [23], ng~16.

Assuming a signal to noise ratio (SNR) of 60 dB, with
no other sources of noise, the standard deviation of
linewidth (AApwnum) 1S given by [29]

AAFWHM

~N— D 10
7~ 4.5(SNRO%) (19)
The DL is calculated as [28]
30
DL = — 11
7, an
where
Am
S = —fpn,. (12)
Reff

3.5 Summarizing the effective minimum detection limit for
biosensing

The minimum detectable concentration (C,;,) is dependent
on O, n, and f;. From Ref. [28], the resonance wavelength
shift (6A) is proportional to the sensitivity (S) and
biomolecule surface density (o;,). From Eq. (9), 04 can
be expressed as [28]

3 o< Aay fing, (13)

Chin 18 proportional to the bulk DL, and related inversely
to f; and n,. Equation (13) does not account for the size of
the detection area or affinity constant between a probe and
its conjugate biomolecule.

Bio sensing was conducted with biotin as probe receptor
and avidin as target protein [20-24]. Figure 8 plots J4
versus concentration for four different PCMs, L13, L21,
L55, and L13 with defect hole. When Rp = 0.4R, the
lowest concentration detected is 1 fM (67 fg/mL),
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defect holed PCMs. 1 M =1 mol/L [26]

compared to 10 pM in L13 cavity [22] without defect
holes.

The resonance mode frequency offset from the band
edge is closest in L55 PCM followed by L21 and L13.
Since n, increases with decreasing wavelength offset from
the W1 PCW transmission band edge, a larger JA is
observed in L55 with higher (n, ~20) than in L21 (n, = 16)
[23] and L13 (n, = 13) PCMs [21] for a given
concentration as seen in Fig. 8. In addition to a larger
optical mode volume, the larger 64 in L55 PCMs therefore
enhances the ability to detect lower concentrations, within
the limitations set by measurement apparatus. Larger n, in
PCMs thus also results in larger 64 and higher sensitivity
when compared to ring resonators.

From Eq. (13), based on ny ~20, the 22 um long L55
PCM is apparently 5 times more sensitive in biosensing
than ring resonators. In the L55 PCM, 64 = 50 pm at the
minimum detected concentration of 3.35 pg/mL with
avidin (67 kDa). The 30 pum diameter ring resonator
detected a minimum 3.3 pg/mL of streptavidin (55 kDa);
however 64 = 0.1 pm [9] which is 500 times smaller o4
than the LS55 PCM, although binding affinities in both
cases is same (dissociation constant Kg~10""> M) [30].

The larger f; (due to larger f) for the L13 PCM with
defect holes results in a larger 64 compared to the L13
PCM without defect holes. Equation (13) and fz data in
Fig. 6(a) suggests a factor of 1.25 enhancement, however
experimental data shows 4 orders of magnitude enhance-
ment in minimum concentration detected in biosensing.
Empirical data therefore suggests a superlinear relation
between f; and 64 and hence the minimum experimentally
detected concentration.

3.6 Effect of group velocity in the coupling waveguide on
sensitivity

Figure 9 shows that multiple resonances of the L13 PCM
are dropped from the transmission spectrum of the W1

—50 s

transmission/dBm

80520

1550

1570
wavelength/nm

Fig. 9 Experimental transmission spectrum, showing the reso-
nance modes and mode profiles in the insets [24]

PCW. We limit our study to the three modes labeled A, B
and C nearest to the W1 PCW transmission band edge.
Figure 10 plots the dispersion diagram that shows the
resonance mode of the L13 PCM coupled to the W1 PCW.
The resonance mode frequencies of A, B and C are
calculated from the experimental transmission spectrum in
Fig. 9. The band edge in Fig. 9 corresponds approximately
to a/A2=0.25 where the simulated group index is n, = 33 as
seen from Fig. 10(a). The experimental band edge is offset
from the simulated band edge due to high transmission
losses at higher n, values and is consistent with maximum
ng, ~35 observed experimentally in air-clad PCW structures
[31]. It is observed that at the coupling frequencies of
modes A, B and C, the group velocities of the W1 PCW
guided mode are 13.2, 9.8 and 7.9, respectively.

Devices were measured in water (refractive index n =
1.33) and glycerol (n = 1.46) and the bulk sensitivity in
nm/RIU was determined and plotted in Fig. 10(b) for the
individual modes A, B and C. Figure 10(b) shows that
mode A has the highest bulk sensitivity of 66 nm/RIU.
Figure 10(b) also plots the O and the bulk sensitivities of
modes A, B and C when the L13 PCM is coupled to wider
PCWs W1.025 and W1.05 (W1.05 indicates that the width
of the PCW is 1.05 x v3a, where a is the lattice constant of
the PC pattern). Figure 11 plots the sensitivity of the
respective modes A, B and C as a function of concentration
of the biomolecule avidin, which binds to its conjugate
specific biotin that is immobilized on the L13 PCM that is
coupled to a W1 PCW. It is observed from Fig. 11 that
mode A shows the highest sensitivity. The difference in
wavelength shifts of the resonance modes is much larger
than the 0.02 nm wavelength accuracy of our optical
spectrum analyzer.

With respect to the modes A, B and C, it is expected that
the sensitivity is determined by the mode Q as well as the
optical overlap of the mode with the analyte near the
surface of the PCM and the holes in the vicinity of the
PCM.
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O of the modes A and B are nearly the same within the
range of experimental variation of Q. The optical overlap
of modes A and B, estimated from the mode profile by
integrating over an area where the E-field intensity is more
than 50% of the maximum value [32] and including the
entire internal surface area of the holes along the periphery
of the PCM, is nearly the same. However, the optical
coupling efficiency from the W1 PCW of resonance mode
A is much higher than that of B. The coupling efficiency 7,
between the cavity and the waveguide is described by [24]

1
no<—, (14)
Ve
where v, denotes the group velocity at the resonance
frequency of the corresponding optical mode. v, is
inversely proportional to n,. Since the coupling strength

is inversely proportional to v,, farther away from the band
edge where v, is high, the coupling strength is low. As a
result of the lower optical coupling of incident light into
the optical cavity for mode B compared to mode A, light-
matter interaction inside the cavity is also reduced which
contributes to the lower sensitivity of B compared to A.
Similarly, resonance modes A, B and C have decreasing
sensitivity in order, when the L13 PCM is coupled to the
wider PCWs W1.025 and W1.05.

3.7 Biochemistry aspect: effect of dissociation/association
constants on sensitivity

Wafers were functionalized by treating with 10% by
volume 3-aminopropyl-triethoxy-silane (3-APTES) in
toluene. It is then washed 3 times in toluene to remove
unbound 3-APTES, 3 times in methanol to remove toluene
and finally 3 times in de-ionized water to remove
methanol. The wafers are then incubated in 1% glutar-
aldehyde in PBS for 5 min and washed 3 times in PBS and
ink-jet printed with target antibodies in glycerol. Past
research has shown that the 3-APTES-glutaraldehyde
coupled layer retains its initial activity for several weeks
[33]. Hence we do not expect any reduction in activity
within the 30 min by which time the target antibodies are
printed. The printed spots were left to incubate overnight.
Subsequently, all target antibodies not bound to the
functionalized device layer were removed by washing 3
times in PBS. After overnight incubation and washing, the
device is coated with bovine serum albumin (BSA) to
prevent any non-specific binding and washed 3 times with
PBS. The device is now ready for measurements.

Before a new addition of probe antibody solution, the
resonance wavelength was measured (4;). For each
concentration of newly added probe antibody solution,



Swapnajit CHAKRAVARTY et al. 2D photonic crystal microcavity biosensors in silicon and their applications

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 A,. The chip was next washed 3 times in PBS to
remove unbound probe antibodies and the resonance
wavelength A3 (< 4;) measured again. The final resonance
wavelength shift A4, is plotted later, given by AA= A3 — A;.

The binding between a target antibody and its conjugate
probe antigen/antibody is governed by the three equili-
brium equations below. The nomenclature that is followed
is that target refers to the receptor biomolecule that is
linked to the silicon substrate while probe refers to the
biomolecule in the sample solution that will bind
specifically to the target if it is the conjugate of the target.
Assuming that [P] denotes the concentration of probe
biomolecules, [T] denotes the concentration of target
antibodies and [PT] denotes the complex formed by the
binding of the target biomolecule to the probe biomolecule,
the equilibrium equation is given by Ref. [34]

P+ T—PT. (15)

The factor which determines whether the reaction
proceeds more favorably forward or backward is the
dissociation constant (K4) or its reciprocal, the affinity
constant (K,), according to

_ [P 1

TP K 1o

Ky is thus a measure to describe the strength of binding
(or affinity) between receptors and their ligands. Hence, the
amount of probe biomolecules that remain bound to the
target biomolecules at any instant of time is larger for a
conjugate pair with lower K.

The magnitude of binding is determined by de Feijter’s
formula [35] that relates the absolute amount of adsorbed
molecules M per unit surface area with the change in
refractive index as

nay—nc
M:dA d}’l s

de
where dj is the thickness of adsorbed layer, n, is the
refractive index of adsorbed molecules, nc is the refractive
index of cover solution (in this case, the probe biomolecule
solution), dc represents the differential change in concen-
tration of adsorbed molecules as a function of distance

(17)

Table 1 Target and probe protein conjugates
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from the silicon surface, and dn is the differential change in
refractive index of adsorbed molecules, also a function of
distance from the silicon surface, which is proportional to
the shift dA in position of the resonance peak. 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.

Since K4 determines how many probe biomolecules and
hence the amount of bound probe biomolecule mass to the
target receptor biomolecules on the silicon surface, from de
Feijter’s equation, the magnitude of resonant wavelength
shift is larger for a conjugate pair with lower K4 We
selected the Table 1 of target receptor antibody and
conjugate probe antibodies for our study. Table 1 also lists
the corresponding dissociation constants.

The items we acquired are as follows: rabbit anti-goat
IgG (Bio-Rad Laboratories, Cat. #: 172-1034), goat anti-
rabbit IgG (Bio-Rad Laboratories, Cat. #:170-6515),
human IL-10 (Insight Genomics, Cat #: RP027), IL-10-
rat anti-human (Invitrogen, Cat #: RHCIL1001), biotin
(Sigma, CAS #: 1405-69-2), avidin (Sigma, CAS #:
89889-52-1), bovine serum albumin (Invitrogen, Cat #:
15561-020), 3-APTES (Acros, CAS #:919-30-2), glutar-
aldehyde (Fischer Scientific, CAS#111-30-8).

The resonant wavelength shift is maximum for the
conjugate pair of avidin (67 kDa)-biotin which has the
smallest K4 ~10™"° M since Eq. (15) shows that the
denominator is higher when the exponent in Ky is larger.
Both rat anti-human IL-10 and goat anti-rabbit IgG
antibodies have a molecular weight of 150 kDa. Yet,
since the human IL-10 to rat anti-human IL-10 K4~10"'1°M
compared to the rabbit anti-goat IgG to goat anti-rabbit I[gG
binding K4 ~10° M, hence a larger resonant wavelength
shift is observed with rat anti-human IL-10 conjugation
biochemistry.

As summarized from results in Fig. 12, the sensitivity of
PC biosensor sensitivity is a function of the dissociation
constant of the binding reaction. The results also prove the
ability of PC biosensors to be used effectively in analyzing
binding kinetics.

3.8 Comparing the minimum detection limits of different
integrated photonics platforms

Figure 13 summarizes the sensitivities and detection limits
demonstrated in PCMs compared to other label-free
methods, including SPP devices [5], opto-fluidic ring

target protein probe protein

K4(M), dissociation constant

rabbit anti-goat IgG
human IL-10

biotin avidin

goat anti-rabbit IgG

IL-10, rat anti-human

~10°® (Kuo et al., 1993) [36]
~107-10""" (de Groote et al., 1994) [37]
~10"" (Scullion et al., 2011) [38]
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series and parallel in the optical circuit. We demonstrated
that multimode interference (MMI) power splitters can be
employed to connect several PCM sensors in parallel [46].
Multiplexing of two and five H1 (one missing or modified
hole) PCMs in series were demonstrated previously in 2D
[47] and 1D [44] PCs respectively. While the 1D PC
couples to a ridge waveguide at group index n,~3.7, the 2D
H1 PCM couples to the 2D PCW at ny~4.2. 2D PCMs of
the L3, L13 or L55 types (where Ln denotes that the PC
microcavity is formed by removing n holes along the I'—
Klattice direction in a hexagonal lattice), have demon-
strated experimentally higher sensitivities [20—24] than
devices in Refs. [44,47]. In Ln type PCMs, the resonances
couple to the PCWs at n, > 12 [20-24]; hence group index
engineering is necessary from coupling strip waveguides to
the input and output of the PCWs to overcome Fresnel
reflection losses at the resonance frequency of the PCM.
We experimentally demonstrated that group index taper
engineering [48,49] is necessary to efficiently multiplex
L3-type PCMs in series. We demonstrated a dense
microarray of 64 microcavity-based sensor nodes with
series and parallel connected PCM sensors, all sensors
being simultaneously interrogated at the same instant of
time, from a single optical source.

The engineered PC structure has a L3 PCM side coupled
to a W1 line defect PCW, where L3 denotes 3 missing air
holes and W1 denotes that the width of the PCW is v3a
where a is the lattice constant. Silicon slab thickness and
air hole diameter are # = 250 nm and d = 0.55a
respectively. For TE polarization, the PCW only supports
a single propagation mode inside the bandgap as shown in
the dispersion diagram in Fig. 14. The band diagram of the

resonators [39], ring resonator [1,40—42] and other PC
devices [10,16,38,43—45], as function of sensing area. The
sensitivities as a function of dissociation constant is also
reflected in this figure. The PC devices thus demonstrated
the highest sensitivities among existing chip-integrated
nanophotonic sensing technologies.

4 Dense integration of miniature PCMs: 64
simultaneous sensors

Dense integration of PC sensors on chip for high
throughput sensing requires that PCMs be laid out in
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Fig. 14 Schematic of the PC sensor device with input and output
strip waveguide, PC tapers, PC guiding region and L3 PCM; (b)
dispersion diagrams of W1 (solid), and W1.08 (dash) PCWs in
water (n = 1.33) for PC with ¢ = 392.5 nm. The normalized
resonance frequency of the coupled PCM at @ = 392.5 nm is
denoted by D. C, B, and A denote the normalized resonance
frequencies of L3 PCMs in PC regions with a =393.5, 394 and 396
nm respectively cascaded in series with D (¢ = 392.5 nm). Group
index is plotted and its magnitude at the couplingfrequency
indicated in respective colors [49]
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W1 PCW is obtained by 3D plane wave expansion (PWE)
simulations, considering water (refractive index n = 1.33)
as the ambient.

Four such structures of L3 PCMs coupled to a W1 PCW,
are connected in series to result in 4 PCMs in series, as
shown in Fig. 15(b). In contrast to previous designs, where
the two PCMs are coupled to the same PCW, the isolated
PCM design ensures negligible cross-talk between indivi-
dual sensors. Each PC structure in series is designed with a
different lattice constant a of 392.5, 393.5, 394, and 396
nm respectively to stagger the transmission band edge in
each PC section. Since the L3 PCM resonance is offset by a
fixed wavelength (~20 nm) from the transmission band
edge of the corresponding PCW, the staggering of lattice
constants thus ensures that the individual PCM resonances
do not overlap in the final output transmission spectrum. In
each PC pattern, the group index taper is engineered by
gradual widening of the PCW from W1 to W1.08 near the
coupling strip waveguide. W1.08 indicates that the width
of the PCW in that section is 1.08 x +3a. Figure 14 is the
dispersion diagram of the W1 PCW with the smallest
lattice constant @ = 392.5nm. The dispersion profile for the
W1.08 PCW, also at @ = 392.5 nm, is shown by the dashed
black line. The corresponding group indices are also
indicated in the figure.

Figure 16 plots the output transmission spectra from 2, 3
and 4 cascaded L3 PCMs in series, with and without index

taper. All spectra are measured in water with the objective
to implement biosensing.

With group index tapers, as shown in Figs. 16(a)—16(c),
2, 3, and 4 resonant peaks respectively are clearly seen. In
Fig. 16(c), when four PCMs are connected in series as
shown in Fig. 16(b), the resonances of the L3 PCMs in the
respective sections are dropped from the transmission
spectrum of the series connected W1 PCWs. The four
resonances are indicated as A, B, C, and D respectively
arising from resonances in largest to smallest lattice
constant PC sections. The resonances are easily distin-
guished, and the bandedges are also sharp with 20 dB
extinction ratio between the transmission band and the
band gap. In contrast, in Figs. 16(d)— 16(f), without PC
group index tapers, the resonant peaks are probably buried
in noise fringes resulting from group index mismatch
between the strip waveguide and PCW.

The normalized resonance frequencies of 4 cascaded L3
PCMs are calculated from the experimental transmission
spectrum as indicated by lines with different colors A, B, C
and D in Fig. 14. In demarcating the position of the
resonance wavelength in the dispersion diagram, based on
previous results [24,48], we estimate that the group index
at the experimentally observed transmission bandedge is 7,
~35. Mode D represents the microcavity resonance for the
L3 PCM in the PC pattern with smallest lattice constant a =
392.5 nm. The resonance wavelength that is dropped by
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Fig. 15 Scanning electron micrograph of the fabricated device. (a) Full device with 16 arms; (b) each of the 16 arms with 4 cascaded
microcavities; (¢) PCW adiabatic group index taper achieved by adiabatic width taper of PCW and high group index region; (d) one of the
4 cascaded microcavities shown in (b); (e) close up of the L3 PCM located 2 rows away from a W1 PCW [49]
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this PCM is coupled to the PCW at the ridge waveguide-
PCW interface at ny~ 6 instead of n,~13 which is in the
absence of a group index taper.

Since the wavelengths C, B and A that are dropped in
succeeding PC stages must first propagate through the PC
stage with @ = 392.5 nm, Fig. 14 shows that in the absence
of a group index taper, these wavelengths would be
coupled into the first PC stage at increasing group indices,
reaching n, = 34 at the resonance wavelength A. Such a
large group index mismatch with the single mode strip
waveguide makes the coupling efficiency very low. It also
results in huge Fresnel reflections and Fabry-Perot
resonance fringes in the output transmission spectra as
observed in Figs. 16(d), 16(e) and 16(f). We also note the
higher propagation loss with increasing series cascading of
PC sections. The higher loss and decrease in extinction
ratio is also evidenced by Fig. 16, where a bandedge is
vaguely discernible in Fig. 16(d), by comparing with Fig.
16(a); however, no sharp bandedges can be seen in Figs. 16
(e) and 16(f). When a group index taper is employed,
resonance wavelength A instead couples to the first PC
pattern and succeeding PC patterns at a low group index
ng, = 7.5 which significantly lowers the reflection losses and
Fabry-Perot fringes. Noise ripples arising from such
reflection is thus suppressed below 2 dB. The transmission
bandedge is clearly observable in each case. The dispersion
engineering is done in each stage, so that the resonance
wavelength A dropped in the PCM in the last (fourth) stage
with a = 396 nm has significantly reduced reflection losses
in preceding stages. The same argument holds for
resonances C and B dropped by the L3 microcavities in
the second and third PC stages in series.

The series cascaded PCMs are next combined with two-
stage cascaded 1 x 4 MMIs to build a high density
microarray with 1 input arm and 16 output arms, as shown
in Fig. 15(a). 4 PCMs are connected in series on each arm.
Thus, in total, 64 (4 x 4 x 4) PCMs are integrated in one
device. The output transmission spectrum in all 16 arms
(4%x4) is shown in Fig. 17. All 16 arms have similar
spectra; 4 distinct resonant peaks and sharp bandedges can
be seen from each spectrum. The Q-factor in all
microcavities in water varies between 2000 and 4000,
which is a typical range of Q’s that have been observed in
our oxide clad single L3 PCMs in silicon. The location of
the resonant peaks and bandedges are very similar. Small
differences in absolute wavelength are observed due to
fabrication imperfections. In biosensing, or chemical
sensing, such small differences in the absolute wavelength
do not matter since the relative resonance wavelength shift
is the parameter of interest.

5 Commercial foundry fabrication of 2D
photonic crystal devices

The 2D PC devices studied in research were later translated
to fabrication in a commercial foundry. Figures 18(a) and
18(b) show SEM images of two typical devices, that were
fabricated in Rpizfab, Ghent, Belgium. Figures 18(c) and
18(d) show the resonance spectra corresponding to the
devices in Figs. 18(a) and 18(b) respectively. Several
devices were fabricated on a chip as shown in Fig. 19, ata
much higher density than possible in ebeam-lithography-
fabricated silicon PC chips in university cleanrooms. As



Swapnajit CHAKRAVARTY et al. 2D photonic crystal microcavity biosensors in silicon and their applications

219

g
g —4sL3-1| & £ £ — 4sL.3-4
@2 -60 f < 60 a 2 -60r A
g e %umlﬂl’ﬁ'\ g g % N‘\/-‘: 'vj| !
£-70 IH A 5 70 = g-op 11 A
g f ? g i I
£ -80r ‘ 2 -80 Z 2 80t ‘
: ‘ B z z
8 -90 ° 90 3 -90 2 ~90
1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 15701580 1590 1550 1560 1570 1580 1590
wavelength/nm wavelength/nm wavelength/nm wavelength/nm
£ 35| & — 4136 & — 437 & — 4sL3-
§760- ﬁ(\ﬁ 4sL.3-5 % 6ok qﬂf' S %760- A S §760— . 4s1.3-8
g Py 'Iﬂ E M 'l ) E M 'f.#'\ E LNV
5 70t 1R | £ -70r I\ ! £ -70t+ 1 g-70F W 1!
2 R ' : L S
s -80F ‘ s -80r 5 -80r = -80f
= 2 2 ‘ &
E ; g E \ !
° 90 ° 90 ° 90 ° 90
1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590
wavelength/nm wavelength/nm wavelength/nm wavelength/nm
£ g —4s1310] & —4si3-
g % 60 A 4sL.3-10 g 60t A —4s1.3-11 5—60— Y. 4sL.3-12
£ g ../“\ﬂ‘.:‘ g AN Kl T Y l'.f.\
£ & -70¢ I E-7or 1Y 0 |
: : 1 ey i
= 2 80 5 -80} <80}
°© 90 ° 90 ° 90
—90 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590
wavelength/nm wavelength/nm wavelength/nm wavelength/nm
£ —413-13] E —asl314| & —4sL3-15| & — 41316
£ wf A sL3-13 & wf_ann 4sL3-14| & gl A $L3-15) @ o )
§ '_"” | § n{ I r"l g \Mﬁ‘ |‘q ,"\': E LM ﬁ \ ‘If\ b
| S TR R LT i A
2 ! 2 \ & & ' |
1) L :2 B L & L b i |
é_ -80 ’ g5 80 1 ‘ E‘ 80 E’- 80
g £ E E
© =90 © 90 =90 -90
1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590 1550 1560 1570 1580 1590
wavelength/nm wavelength/nm wavelength/nm wavelength/nm
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4 MMI in Fig. 15(a) [49]

can be seen, by direct comparison with similar devices
fabricated at the university research laboratories, the
devices fabricated by Epixfab have typical QO factors
~40000 compared to typical values ~10000 observed in
our university fabricated devices, when measured in water.

6 Sensing of biomarkers for various
applications on chip

6.1 Chip-integrated detection of lung cancer cell line lysates
We experimentally demonstrated label-free PCM biosen-
sors in SOI to detect the epithelial-mesenchymal transition
(EMT) transcription factor, ZEB1, in minute volumes of
sample. Multiplexed specific detection of ZEBI in lysates

from NCI-H358 lung cancer cells down to an estimated
concentration of 2 cells per micro-liter was demonstrated.

L13 PCMs, coupled to W1 PCWs, are employed in which
resonances show high Q in the bio-ambient PBS. When the
sensor surface is derivatized with a specific antibody, the
binding of the corresponding antigen from a complex
whole-cell lysate generates a change in refractive index in
the vicinity of the PCM, leading to a change in the
resonance wavelength of the resonance modes of the PCM.
The shift in the resonance wavelength reveals the presence
of the antigen. Multiplexed sensors permit simultaneous
detection of many binding interactions with specific
immobilized antibodies from the same bio-sample at the
same instant of time. Specificity was demonstrated using a
sandwich assay which further amplifies the detection
sensitivity at low concentrations. The device representeda
proof-of-concept demonstration of label-free, high
throughput, multiplexed detection of cancer cells with
specificity and sensitivity on a silicon chip platform, using
sandwiched assay techniques. Details are covered in Ref.
[50].
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Fig. 18 SEM images of (a) L13 and (b) L13 with nanoholes devices and their respective transmission spectra in (c¢) and (d), from devices

fabricated in a commercial foundry [51]

Fig. 19 Dense arrays of devices on a chip multiplexed with
MMIs [51]

6.2 Chip-integrated detection of pancreatic cancer
biomarkers

2D PCMs were fabricated by photolithography and their
respective sensitivities to biomarkers in patient serum
samples were compared for different microcavity char-
acteristics of quality factor and analyte fill fraction. Three
different biomarkers in plasma from pancreatic cancer
patients were experimentally detected by conventional L13
PCMs without nanoholes and higher sensitivity .13 PCMs
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Fig. 20 Plot showing the enhanced sensitivity of L13 with
nanohole type of PCM versus conventional L13 PCM, with respect
to detection of pancreatic cancer biomarkers [51]

with nanoholes. 8.8 femto-molar (0.334 pg/mL) concen-
tration of pancreatic cancer biomarker in patient plasma
samples was experimentally detected at 50 times dilution
than ELISA in a PCM with high quality factor and high
analyte fill fraction, as shown in Fig. 20. A higher
sensitivity was observed, as expected with a L13 PCM
with nanoholes versus the L13 PCM without nanoholes
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due to the higher overlap integral in the former (Fig. 20).
Details are covered in Ref. [51].

6.3 Chip-integrated detection of antibiotics for therapeutic
drug monitoring

PCM sensors on SOI substrates were utilized as on-chip
biosensors to detect small molecule antibiotics with high
specificity. Three types of antibiotics, with molecular
weight 467.5, 477.6, and 1449.3 g/mol were successfully
detected when they bound to their specific conjugate
antibodies pre-immobilized on the sensor surface. Wide
dynamic detection range of antibiotics gentamicin over 6
orders of magnitude in concentration (from 100 pg/mL to
over 10 pg/mL) was realized on a single silicon sensor chip
by combining four distinct types of PC biosensors with
different biomarker concentration detection limits [52].

6.4 Chip-integrated detection of heavy metals in water

Heavy metal ions released into theenvironment from
industrial processes lead to various health hazards. We
demonstrated an on-chip label-free detection approach that
allows high-sensitivity and high-throughput detection of
heavy metals. 2D PCMs were combined by MMI to form a
sensor array. We experimentally demonstrated the detec-
tion of cadmium-chelate conjugate with concentration as
low as 5 parts-per-billion (ppb) [53].

7 Conclusions

Silicon based chip integrated PC biosensors have demon-
strated very high sensitivities till date versus competing
photonic biosensor technologies. We have investigated the
design methods to achieve high sensitivities and minimum
detection limits as a function of cavity resonant mode
quality factor, fill fraction and the group velocity of the
waveguide at the resonant frequency of the microcavity.
With judiciously chosen designs, we investigated applica-
tions in the sensing of biomarkers for lung cancer and
pancreatic cancer, in antibiotic detection for therapeutic
drug monitoring, and heavy metal sensing in water
pollution monitoring.
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