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Abstract: A conceptual lab-in-a-photonic-crystal biosensor is demon-
strated that can multiplex four or more distinct disease-markers and
distinguish their presence and combinations simultaneously with unique
spectral fingerprints. This biosensor consists of a photonic-band-gap,
multi-mode waveguide coupled to surface modes on either side, encased in
aglass dide with microfluidic channels. The spectral fingerprints consist of
multiple peaksin optical transmission vs. frequency that respond sensitively
and uniquely in both frequency shift and nonmonotonic change of peak
transmittance levels to various analyte bindings. This specia property
enables complete, logical determination of twelve different combinations
of four distinct disease-markers through one scan of the transmission
spectrum. The results reveal unique phenomena such as switching between
the strong-coupling and weak-coupling combinations of surface states by
analyte binding at different locations along the central waveguide. The un-
conventional transmission spectra are explained using a L andauer-Bdittiker,
multiple-scattering, transmission theory that reproduces the main features
of the exact finite-difference-time-domain simulation.
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1. Introduction

Lab-on-a-chip (LoC) optical biosensors are promising paradigms for portable, convenient, and
inexpensive medical testing technologies. They enable finding fatal diseases at early stages at
home without requiring expensive and time-consuming laboratory medical examinations[1,2].
Facilitated by the statistical correlation between the density anomaly of certain bio-materials
(disease markers) and diseases, these biosensors can provide diagnostic tools that are non-
invasive and require only a very small specimens (e.g., blood) [3-10]. The functiona princi-
ple of conventional LoC optical biosensors is to detect tiny amounts of targeted biomaterials
around localized optical modes through resonant frequency shifts, detected by light transmis-
sion measurements. The concentrated optical fields of localized optical modes greatly enhance
light-matter interaction. The modification of local refractive index induced by tiny amounts of
disease markers then leads to visible change in the transmission spectrum. Using a small scale
(sub-centimeter) optical chip and scarce amounts of specimen, the LoC optical biosensor can
detect the density of disease-markers and provide medical diagnosis [9-15]. The quality factor
of the resonance controls the limit-of-detection of the biosensor. The strength of light-matter
interaction determines the sensitivity to small amount of bio-materials.

Biosensors ideally exploit localized modes with high quality-factors that do not share fre-
guencies with other spurious modes. These requirements are uniquely fulfilled for point-defect,
waveguide/line-defect, and surface modes in the photonic-band-gap (PBG) of a photonic crys-
tal [16-22]. Photonic crystals provide a versatile means of tailoring the properties of lo-
calized/guided electromagnetic modes to achieve strong light-matter interaction and a high
quality-factor simultaneously [19, 22-25]. A remarkable property of PBG waveguides is that
they can confine light in the low-refractive-index region (e.g., water in our biosensor). Thisis
especially beneficial for biosensing since the analytes usually reside in the low-refractive-index
region. This facilitates simultaneous realization of high sensitivity and low limit of detection, a
pair of conflicting figures of merit for conventional optical sensors[1,9].

While a full PBG is realized only for certain three-dimensional photonic crystals, two-
dimensiona (2D) photonic crystals can still offer a directional stop gap (2D PBG) and as-
sociated waveguide modes [18, 19]. With proper geometry for directional light injection and
detection, the 2D PBG can filter out spurious modes that muddle the transmission spectra. Ad-
vanced schemes of bio-recognition such as antibody-antigen binding and DNA aptamer-protein
binding have been realized recently [26-29]. If antibodies or DNA aptamers are attached to
specific internal surfaces of the photonic crystal where the photonic modes are localized, ac-
cumulation of small amounts of antigen or protein will considerably modify the transmission
spectrum [9].

Biosensors based on a single point-defect [12,30] mode have demonstrated the working prin-
ciples of transmission spectrum modification. However, the sensing surface areais very small
in those designs, creating disadvantages such as higher limit of detection, lower sensitivity (in
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terms of sample density), and long detection times (for “mouse” to find the “mouse-trap”). A
possible solution is to use (extended) guided modes in PBG materials such as guided surface
modes and PBG wave-guide modes. Surface modes often have strong light concentration and
high quality-factors which provide high sensitivity. However, weakly coupled surface modes on
opposite surfaces of athick photonic crystal slab often have very low transmittance. Recently,
amechanism was demonstrated [ 31] to enhance the transmittance by coupling opposite surface
modes using a central waveguide mode in the middle of the photonic crystal. It was shown that
transmission of surface modes is highly sensitive to their coupling with the waveguide mode.
This enables a novel mechanism for multi-parametric biosensing: through surface-waveguide
coupling, analyte-induced frequency shift of a single mode also modifies hybridization with
other modes, leading to transmission enhancement/suppression of that mode. The resulting
spectral fingerprints were able to logically discriminate six different disease-marker configura-
tions with three distinct types of analytes.

In the present paper, we demonstrate enhanced logical discrimination of twelve disease-
marker configurations enabling more detailed medical diagnosisin a single measurement. Our
generalized design exhibits two highly visible surface modes in the transmission spectrum, pro-
viding greater contrast between configurations. The two surface modes, the “ strong-coupling”
antisymmetric combination and the “weak-coupling” symmetric combination, have distinctive
linewidths and frequencies. When analyte binds on only one of the chip surfaces, the strong-
coupling mode has a large frequency red-shift and mild decrease of transmittance, while the
weak-coupling mode has little frequency shift but distinctive transmittance change. The trans-
mittance of the latter first decreases rapidly and then increases with further analyte binding.
This characteristic is a distinguishing feature of our multiplexed biosensor.

The underlying biosensing mechanism is understood via a simplified Landauer-Buttiker
mode-coupling model [32-35], which reproduces the main features of our rigorous finite-
difference-time-domain (FDTD) simulation. It reveals the formation of a “strong-coupling”
surface mode that concentrates hybridization with the central waveguide mode and a “weak-
coupling” surface mode that minimizes this hybridization, even when the left-right mirror sym-
metry is broken due to unequal amounts of analyte bound to the left and right surfaces. A
distinctive spectral fingerprint is that the peak transmittance level of the weak-coupling surface
mode is first suppressed and then recovered with increasing binding asymmetry. Our gener-
alized lab-in-a-photonic-crystal chip consists of two central waveguide modes with enriched
transmission characteristics. This leads to enhanced multiplexing that can logically distinguish
twelve different analyte binding configurations with four different types of disease markers.

2. Design of PBG surface and waveguide modes

The key performance metrics of a LoC biosensor are (i) the sensitivity Sy and (ii) the limit-
of-detection tr<r'1'm) (associated with the m-th transmission peak) of the spectral fingerprint. The
sensitivity is defined by the ratio of the frequency shift 6 oy, to a tiny change of the analyte

binding thickness t:
ST] = —= (X)mym. (1)

Here, .#m (with units of inverse length), measures the optical field intensity at the analyte
binding-interface. The limit-of-detection characterizes the minimum thickness of the analyte
that induces a visible change in the transmission peak. It can be defined as:

(lim_ 1M
t = 2
" Faln @

where 1 ~ 1isadimensionless constant and Qn, is the quality-factor of the m-th mode.
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Fig. 1. lllustration of photonic crystal biosensor. The blue regions at the left and right
sides are glasses. The surface layers are elliptical shaped to support surface modes. The
distance between the center of the surface micro-pillars and the glass is a. The waveguide
mode is introduced by a larger micro-pillar with radius 0.445a where a is the center-to-
center distance between adjacent micro-pillars. The radius of normal micro-pillarsis0.25a.
Adjacent elliptic micro-pillars at the surface have the same semi-minor axis 0.15a, while
their semi-major axes are 0.25a and 0.28a, respectively. Three different types of disease
markers o, B, and ¢ are attached to three different analyte binding sites (labeled as “L”,
“R”, and “W” in the figure) at the left surface, the right surface, and the central waveguide
layer, separately. The length of the photonic crystal in they direction can bel = 3 (asshown
in the figure) or | = 4 (not shown).

Our photonic crystal architecture is illustrated in Fig. 1. The arrows in Fig. 1 indicate the
direction of light injection and transmission. The light source and detector (spectrometer) are
placed at the left and right side of the photonic crystal, respectively. The top view of the square
lattice photonic crystal in one unit cell is shown in Fig. 1 where the black regions are silicon
micro-pillars which are immersed in water (the white regions). The structure is periodically
repeated in the x direction but finite in the y direction. There are| = 3 unit cells of the photonic
crystal to the left and right sides of the central waveguide layer, forming a length in the y
direction Ly = (21 4+ 1)awhereaisthelattice constant. Thistype of structure has been fabricated
with fine control of the pillar shape [36-39]. Water (in the region between the left and right
glass dides) alows analytes (disease markers) to flow and bind to the designated pillar surfaces
along the left, central and right columns. These three types of binding sites are labeled as “L”,
“W”, and “R”, respectively. The “W” sites selectively binds the o disease marker, while the
“L” (“R") binding site only binds the o () disease marker. Analyte-binding configurations
involving more than one site are hence denoted as “LR”, “LW”, “RW” and “LRW”. Light
propagates along the y direction through the surface and waveguide modes. We assume plane
waves of light with normal incidence and the detector collects all transmitted light. Analyte
attachments to the three binding sites are simulated in FDTD calculation as uniform layers with
thickness from 0 to 0.2a around the micro-pillars at the surface and central waveguide columns
[see Fig. 1]. The refractive index of the analyte layers is 1.45, while the refractive index of
silicon is 3.4. We take the refractive index of water and glass as 1.35 and 1.5, respectively.

The micro-pillar shapes are designed to introduce two surface modes and a waveguide mode
with almost degenerate frequencies. The normal circular pillars that form the photonic crystal
backbone have radii 0.25a, while the central waveguide has aternating large pillars of radii
0.445a. The resulting periodicity along the x direction is 2a. Adjacent elliptic micro-pillarsin
the left and right columns have the same semi-minor axis 0.15a, while their semi-major axes
alternate between 0.25a and 0.28a. The “period doubling” [31] in the x-direction brings the
guided surface modes below the light line from the X point (gx = %) to the " point (gx = 0) as
shown in Fig. 2(a).

The bulk photonic bands and the dispersion of each guided mode are shown in Figs. 2(a)
and 2(b) [we consider only the TM mode with polarization along z direction throughout this
work]. Clearly, the two surface modes and the central waveguide mode are nearly degenerate
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Fig. 2. (a) Band structure of the photonic crystal sensor. The blue shaded regions denote
the bulk photonic bands. The red (dashed), green (dotted) and blue (solid) curves in the
PBG stand for the waveguide and (two) surface guided modes, separately. The yellow
solid line denotes the light line in glass. Period doubling in the x direction folds the re-
gion & < o« < I back to the first Brillouin zone —Z; < dx < 2. As a conseguence the
surface and waveguide modes originally below the light line are moved to above the light
line which are then able to couple to light in glass. Since the structure possess |eft-right
mirror symmetry, the two surface modes form the anti-symmetric (blue curve) and symmet-
ric (green curve) modes, respectively. The field distribution of the waveguide and surface
modes are illustrated in (c)-(e). The frequencies of the anti-symmetric surface mode, the
symmetric surface mode and the waveguide mode at gx = 0 are 0.2605, 0.2613 and 0.2640
(in unit of Zf’;C) separately. The length of the photonic crystal inthey directionis| =3
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near gy = 0. For the chosen parameters, there is afrequency range, 0.22 to 0.36 (in units of %C)
(finite-size effect reduces this window to 0.25 to 0.28) where the transmission is negligible for
nearly normal incidence (gx ~ 0). This 2D PBG filters out other modes and (in the absence of
disorder) the transmission comes exclusively from the two surface modes and the waveguide
mode. The electric field E; distributions of those modes are plotted in Figs. 2(c)-2(e). The
waveguide mode is anti-symmetric in the y direction. The two surface modes can be expressed
as anti-symmetric and symmetric linear combinations. Due to the anti-symmetric nature of the
waveguide mode, it couples primarily with the anti-symmetric surface mode, but not with the
symmetric surface mode (opposite to the situations considered by Rashid and John in [31]
where the waveguide mode is symmetric in the y-direction). The field distributions plotted in
Figs. 2(c)—2(e) are those of the hybridized modes. Clearly, the anti-symmetric surface mode has
considerable field strength near the central waveguide, whereas the symmetric surface modeis
much weaker near the central waveguide.

The qualitative features of the field distribution can be understood from a simple mode hy-
bridization theory. The “photon Hamiltonian” can be written as

. o bt
H=1| tr o tw [, ©)
tw trw  Ow

where @ (i = ¢,r,w) are the resonance frequencies of the |eft surface-mode, the right surface-
mode, and the central waveguide mode at the wave-vector gx = 0, t,, is the direct tunnel cou-
pling between the two surface modes, t,y (trw) is the tunnel coupling between the left (right)
surface mode and the waveguide mode. These off-diagonal elements are determined by the
overlap integrals of the field distributions for different modes. Because the waveguide mode
is anti-symmetric along the y direction, the coupling coefficients, t,, and t;y, have opposite
sign. It ismore illustrative to describe the system with symmetric |S) and anti-symmetric |AS)

surface states, which gives
. oas 0 V2
H = 0 s 0 , (4)

\/étléw 0 Wy

where was = @y —tyr and ws = wy +tyr. In the absence of asymmetric analyte binding all
the interaction between surface modes and the waveguide mode is “ concentrated” in the anti-
symmetric surface mode, while the symmetric surface mode does not couple to the waveguide
mode. The eigen-frequencies of the model system are:

Qu=ow+V2tm|, Qas=ay—tyr —V2ltw|, Qs=awy+tu, 5

where Q, is the frequency of the waveguide-like mode, Qas and Qg denote the frequencies of
the anti-symmetric and symmetric surface-like modes, respectively.

3. Single-mode waveguide sensor transmission spectrum

In this section we demonstrate some striking features of transmission spectra in response to
analyte bindings in our photonic crystal biosensor using al = 3 chip with a single waveguide
mode. The unique spectral fingerprint due to surface-waveguide mode-coupling provides dis-
tinctive determination of various combinations of disease markers.

Wefirst study the response of transmission spectrum to analyte binding at the central waveg-
uide, the W-hinding. Figure 3(a) reveals three resonance peaks, resulting from hybridization of
the surface and central waveguide modes. Their field distributionsreveal that the rightmost peak
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Fig. 3. Transmission responses to analyte hinding for different binding configurations. The
right-most peak is dominated by the central waveguide mode, whereas the central peak
arises from the weak-coupling surface mode, and the left-most peak is dominated by the
strong-coupling surface mode. (a) When analyte ¢ is bound to the W site at the central
waveguide. (b) When analyte « is bound to the L site at the left surface of the photonic
crystal. (c) When analytes o and 8 bind to the L and R sites at the surfaces with equal
thickness. (d) When analytes o and ¢ bind to both the L and W sites. From red, blue, green
to black, the thickness of analyte layer is 0, 0.05a, 0.1a, and 0.15a, respectively. For (a)
and (c), the system has mirror symmetry and the strong-coupling (weak-coupling) surface
mode is the anti-symmetric (symmetric) combination of the left and right surface modes.
In comparison, for (b) and (d), the mirror symmetry is broken, the strong-coupling (weak-
coupling) surface modeis no longer the anti-symmetric (symmetric combination of the | eft
and right surface modes, but other mixture of the two. The length of the photonic crystal
along they directionis| = 3.
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is the waveguide-like mode, the leftmost peak corresponds to the anti-symmetric surface-like
mode, while the central peak stands for the symmetric surface mode. The symmetric surface
mode has a much higher quality-factor than the other two modes. For | = 3, the quality-factor
of the central waveguide mode is too low for practical applications, but useful to demonstrate
the underlying physics of the observed spectral features. In Sec. V we study the | = 4 chip with
two central waveguide modes where the quality-factors are much higher and more favorable for
practical applications.

The anti-symmetric surface mode in the | = 3 chip has alow quality-factor due to its strong
hybridization with the low quality-factor waveguide mode. When the disease marker o is at-
tached to the W binding site, the resonance peak of the waveguide-like mode shifts toward
lower frequencies. This also induces a red-shift of the anti-symmetric surface-like mode, while
the symmetric surface mode does not respond to the analyte binding at the W site. The inter-
action between the waveguide mode and the anti-symmetric surface mode “pushes’ the latter
toward lower frequency. Analogous behaviour was reported in an alternative design [31] where,
instead, the symmetric surface mode hybridizes strongly with the central waveguide mode.

Due to the left-right mirror symmetry, our biosensor does not distinguish between disease
marker o binding at the left surface L sites (see Fig. 3(b)) and the disease marker 8 binding
at the right surface R sites. The induced spectral features are unique to our biosensor design
and distinct from conventional sensors as well as the multi-parametric biosensor studied ear-
lier [31]. The leftmost peak shifts continuously to lower frequencies as the thickness of the dis-
ease marker o isincreased. In contrast, the frequency of the central peak only moves slightly.
The transmittance level of the leftmost peak continuously decreases, whereas the transmit-
tance level of the central peak first decreases and then increases. In Fig. 3(b) this manifests as
disappearance and reappearance of the central peak with analyte layer thickness. This non-
monotonic variation and nontrivial modification of transmission of one channel (the central
peak) due to frequency-shift of another channel (the leftmost peak) is a distinguishing feature
of our photonic crystal biosensor. It differs from the monotonic changes of transmission with
analyte-binding shown in [31] and is explained using a L andauer-Bdittiker mode-coupling the-
ory [32-35] in Sec. 4. The key role of surface-waveguide coupling in those spectral fingerprints
is demonstrated in Appendix: A.

The transmission response of equal amounts of disease markers oz and  to both L and R
sites (same thickness of analytes) is shown in Fig. 3(c). The two surface-like modes (the left
peak and the central peak) shift to lower frequency together. The peak transmittance levels of
the two modes do not reduce because the mirror symmetry in they direction is kept.

When disease markers oo and ¢ attach to both the left surface ( L site) and the waveguide
(W site), we observe [see Fig. 3(d)] both red-shift of the waveguide mode and distinctive
disappearance and reappearance of the central peak, due to the weak-coupling surface mode.

The responses in the transmission spectrum (peak-frequency shifts and transmission level
variations) to different disease marker combinations are summarized in Table 1. Our single-
waveguide-mode photonic crystal biosensor can logically discriminate between six disease
marker combinations within a single transmission measurement through the chip. The detailed
spectral fingerprints are easily discernible due to high quality-factor resonances. The nonmono-
tonic variation of transmission through the weak-coupling surface mode (central peak) is also
more apparent in the circular-post design. This spectral signature corresponds to the splitting
of the surface-mode resonance in the square-post design [31], but is now much easier to re-
solve. At the same time, there is reduction of transmission level and (significant) red-shift of
the strong-coupling (leftmost) peak. The reduction of transmission levels of the two surface
modes is characteristic of asymmetric analyte binding. In contrast, if disease markers o and
B bind symmetrically on the L and R sites, the peak transmittance of the two surface modes
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Table 1. Diagnostic logic table using three disease markersin the | = 3 biosensor with asin-
gle central waveguide mode. Changes in peak frequencies and transmittance in response to
various analyte-binding configurations are tabul ated. The frequency shift of the waveguide
mode, Qy, (right peak), the strong-coupling surface mode, Qg;, (Ieft peak), and the weak-
coupling surface mode, Qy, (centra peak), together with changes in peak transmission
levels, T and Ty, Of the latter two surface modes, provide distinct spectral fingerprints
of different analyte-binding configurations. The symbol |:1 denotes that peak transmission
first decreases then increases.

Analyte-binding configuration Qw
no binding

o binding only
(& B) & (- 0)
(x®B)& o
(& )& (- o)
o0& B&o

T Twe

T T

TTTT TR

TTTT__é?
| =

is undiminished as they red-shift. The quantitative spectral fingerprints of resonance frequency
shifts and transmission level changes are summarized in Appendix B. The optimal length of the
chip along they direction is discussed in Appendix C.

4. Mode-coupling interpretation of spectral fingerprints

To understand the nonmonotonic transmission level change of the weak-coupling surface mode,
we employ the Landauer-Bittiker multiple scattering theory [32—35]. We reduce the transmis-
sion through our biosensor into a simplified effective model with only three coupled modes,
since the PBG effectively suppresses tunneling through the chip via other states. The Landauer-
Biittiker theory is more general than the temporal coupled-mode theory [19, 40, 41] and our
previous perturbative treatment of light scattering [31]. It includes all possible multiple scatte-
ring pathsin contrast to single-pass tunneling involving second-order perturbation theory [31].
The nonmonotonic behavior of peak transmission level cannot be explained within the single-
pass tunneling theory. As shown in Appendix D, the dominant tunneling trgjectory changes
during the nonmonatonic variation of the peak transmission level.
In the n-mode Landauer-Buittiker model, the transmission spectrum is given by the trace of a
product of n x n matrices [34] o
T(w) = Tr([LG TRGa). ©)

Here, the matrix ' describes scattering rates from the photon continuum in the left-side 2 glass
to the n modes in the photonic crystal chip. The two photonic Green's functions Gr and G, de-
scribe multiple scattering/tunneling between the n modes within the chip. Finally, I'r describes
scattering rates from the chip into the photonic continuum in the right-side glass. The photonic
Green's functions are given explicitly by:

~ PO ~ ~ ~
G =[o—H +§(FL+FR)]’1, Ga=Gl. )
In the case of only three guided modes in the chip, the photon Hamiltonian is given by Eq. (3).

The resonance frequencies in Eq. (3) @ (i = ¢,r,w) can be extracted from FDTD calculation.
The photon hopping energy from the left surface mode to the right surface modet,; is estimated
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Fig. 4. Calculation of transmission using asimplified three-mode Landauer-Biittiker model
inthel = 3 chip with asingle central waveguide mode. () Comparison between Landauer-
Buttiker theory (dashed curve) and FDTD calculation (solid curve) for no analyte binding.
Parameters are given in the main text. (b) Transmission from the Landauer-Blittiker theory
for different analyte binding asymmetries Ay = w; — @y (varying o, with oy fixed). Ay =
0 (red), 0.4 (green), 0.8 (black), 1.2 (blue), and 1.6 (cyan) (in unit of 103 x (27c) /).

from the FDTD calculation (for the structure without the central waveguide) as half of the fre-
quency splitting of the two surface modes. We find that, without analyte binding, the parameters
for the biosensor are w; = @y = 0.26118, wmy,, = 0.26338, and t;; = 1.3 x 104 (in units of Zf’jc).
To reproduce the splitting between the strong-coupling and weak-coupling surface modes, we
et tpy = —trw = 9.2 x 1074(2nc/a).

The I'L (I'r) matrix describes the rates at which the three modes scatter into the photonic
continuum in the left (right) glass. Explicitly, they can be written as [35, 41]

Iy =27p,V)V,, v=LR (8)

where p, (v = L,R) isthe density of states of the photonic continuum in the left/right glass,
Vv = My e, Vy 1, Vi w) describes the coupling between the photonic continuum with the localized
states in the photonic crystal chip. From the mirror symmetry of the surface and waveguide
modes, the relationships between the coupling coefficients can be deduced,

Vie=Vrr, Vir=Vre, Viw=—VRw. 9

For simplicity we ignore the coupling between the left photonic continuum and the right surface
state V¢, and similarly V¢, because tunneling through the photonic crystal is suppressed by
the PBG. The FDTD transmission spectrais fitted best whenV_y : Vi ¢ : VL y = —2.15:0.84:0
and 27py (Tiwer [Vv,il?) = 5.33 x 104(27c/a) for v = L, R [see Fig. 4(a)]. The Landauer-
Biittiker theory also faithfully reproduces the nonmonotonic behavior of the peak transmission
level of the weak-coupling surface mode [see Fig. 4(b)] when the disease marker o bindsto the
L site. This binding configuration induces a red-shift of left surface mode, which ismodeled in
Fig. 4(b) by the frequency change w; — @, — Ay With A, standing for the frequency difference
between the left and right surface modes.

5. Multi-mode waveguide sensor with enhanced multiplexing

To enhance the diagnostic capability of our biosensor, we introduce an architecture with two
central waveguide modes [see Fig. 5(8)]. The electric fields E, of the eigen-modes are plot-
ted in Figs. 5(b) and 5(c). The two waveguide modes are introduced by using two enlarged
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Fig. 5. (a) Ilustration of photonic crystal sensor with two central waveguide modes and
enlarged unit cell. Four different analyte binding sitesarelabeled as“L”, “W1”, “W2", and
“R". Theradii of the two enlarged micro-pillarsinthemiddlearer; = 0.47a(W1) andr, =
0.455a (W2), respectively. (b) and (c): Electric field E; distribution of the waveguide and
surface modes from plane-wave-expansion cal culation for the case with no analyte binding.
At gy = 0, thew; waveguide mode has frequency 0.2591(2%C ), the w, waveguide mode has
frequency 0.2628(22¢), the anti-symmetric surface mode has frequency 0.2614(2%¢), and
the symmetric surface mode has frequency 0.2618(%”). Note that these frequencies are
slightly different from the peak frequencies in the FDTD calculation. The length of the
photonic crystal in the y direction is| = 4. The structure is periodically repeated in the x
(vertical) direction.

micro-pillars separated in space with the radii r; = 0.47a (upper) and r, = 0.455a (lower), re-
spectively, in each unit cell. Theseradii are chosen such that one waveguide mode has frequency
higher than the surface modes, while the other waveguide mode has frequency lower than the
surface modes. The structure exhibits mirror symmetry in the y direction, but breaks the mirror
symmetry in the x direction. Direct coupling between the two surface modes is negligible for
thisdesign with | = 4. Nevertheless, as shown below, in many situations the surface-waveguide
coupling can split the degeneracy of the two surface modes, separating them into the symmetric
and anti-symmetric superposition states. The electric field distributions of the symmetric and
anti-symmetric surface states have visible differences: In Fig. 5(c), the anti-symmetric surface
mode has considerable fraction of field near the two modes of the central waveguide, while
the symmetric surface mode has negligible field strength there. Moreover, the symmetric su-
perposition of surface modes does not interact or hybridize with the waveguide modes due to
symmetry-induced orthogonality.

We show that the strong-coupling and weak-coupling surface modes picture remains valid,
even when analyte binding further breaks the mirror symmetries of the system and the surface
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Fig. 6. Transmission spectra for different analyte binding combinations in the | = 4 pho-
tonic crystal biosensor with two central waveguide modes: (a) analyte o3 is attached to the
W1 site (see Fig. 5), (b) analyte o, is attached to the W2 site, (c) analyte o and 3 are
attached to the L and R sites at the surfaces with equal thickness, (d) analyte o binds to
the L site. The red, blue, green, orange, to black curves in each figure represent different
thicknesses of disease markers: (a) 0.025a, 0.05a, 0.075a, and 0.1a; (b) 0.05a, 0.1a, 0.15a,
and 0.2a; (c) 0.025a, 0.0375a, 0.05a, 0.0605a, 0.075a, and 0.1a; (d) 0, 0.025a, 0.05a, and
0.1a.

modes are no longer symmetric and anti-symmetric superpositions. The two waveguide modes,
in the course of coupling with surface modes, form strong-coupling and weak-coupling super-
positions aswell. That is, one superposition of the waveguide modes concentrates the coupling
with the surface modes, while the other superposition minimizes the coupling with the surface
modes.

Wefirst study the situation when only the disease marker o3 is bound to the upper waveguide
mode (denoted asw;), i.e., the W1 binding site. From Fig. 6 only the leftmost peak (i.e., the wy
waveguide mode) is shifted, while other peaks remain unmodified. In this case the biosensor
acts as a conventional resonance-shift biosensor.

For pure W1 binding the splitting between the strong-coupling and weak-coupling surface
modes is barely visible due to their finite linewidth and relatively weak surface-waveguide
coupling, compared to the architecture with a single central waveguide mode. As more o1
disease marker bindsto site W1, the w; waveguide mode shifts to lower frequency, away from
the surface modes. This effect leads to even weaker hybridization with the surface modes.
In addition, the peak transmission levels of the two waveguide modes are reduced. This is
mainly because, in the present case, the waveguide modes have significantly different profile
(due to dielectric periodicity of 6 along x direction) compared with the surface modes (with

#257100 Received 13 Jan 2016; revised 17 Feb 2016; accepted 15 May 2016; published 26 May 2016
© 2016 OSA 30 May 2016 | Vol. 24, No. 11 | DOI:10.1364/0E.24.012166 | OPTICS EXPRESS 12178



(a) central waveguide modes
) L A TRNPERNFERW R W ‘ gy \ I\ T e J W e
’ODOOOOCO # 20000008
socelileece vsoco(Joooe
’309000000‘ #0000 0CO0O0CH
000000 CHI® O OO0 008
Reco(Hooe® @(’"C‘“OGOO
& o I D . @ v NIy W Y ) E [al
(b) surface modes
L A A IRNERARERE 2. . A - -
 _NoNoNoNoNeoNoNoR [ JCONG) oF 3
®coo0f)iooe® ®o 0 R 3
 NCNCNONCNeNoNoR [ JCNG) R 3
®#coocooe® ®ae O R J
wocosilao cm®o oo« o8 |
- - e e o o o e .

Fig. 7. Electric field E; distributions of the (a) central waveguide modes and (b) surface
modes (from plane-wave-expansion calcul ations) for the case with disease marker o, bind-
ing to the W2 site with thickness 0.2a. At gx = 0, the upper waveguide mode (w;) has
frequency 0.2591(22¢), while the lower waveguide mode (w,) has frequency 0.2619(22¢).
The anti-symmetric surface mode has frequency 0.2613(%rC ), while the symmetric surface
mode has fregquency 0.2618(%“). Note that these frequencies are slightly different from
the peak frequencies obtained by FDTD simulations.

dielectric periodicity of 2). When photons enter one waveguide mode from the | eft surface mode
or leave that waveguide mode through the right surface mode, they suffer considerable filtering,
rendering reduced transmission even at resonances. Our cal culation indicates that reducing the
width of the chip along they direction does not improve the transmission level of the waveguide
modes [see Appendix C]. Thefiltering effect impliesthat adding more central waveguide modes
for agiven set of surface modes will lead to even further reduction of the overall transmission
signal in each channel.

For disease marker o, binding to the W2 site, however, both the rightmost peak and the peaks
in the middle are affected. This is because the antisymmetric (strong coupling) surface mode
couples more strongly with the W2 site than the W1 site [see Fig. 7]. The frequency of the
rightmost peak (corresponding to the waveguide mode wo) isreduced and itstransmission level
is suppressed. Asthe rightmost peak approaches the central peak (corresponding to the surface
modes), the splitting between the strong-coupling (anti-symmetric) and weak-coupling (sym-
metric) surface modes increases: the strong-coupling surface mode shifts to lower frequency
whereas the weak-coupling surface mode does not move. This splitting occurs because disease
marker o, binding to the W2 site preserves the mirror symmetry in the y direction. Conse-
quently, the weak-coupling symmetric surface mode remains nearly orthogonal to the waveg-
uide modes. In contrast, the strong-coupling antisymmetric surface mode is pushed lower in
frequency by the waveguide mode w» as this waveguide mode approaches it in frequency.

It may seem surprising that the responses are so different for analyte binding on the W1 site
compared to analyte binding on the W2 site. From the field distribution in Fig. 5(c), in the case
of no analyte binding, the antisymmetric surface mode exhibits stronger hybridization with the
w; than the w, waveguide mode. However, a more careful examination of the field profiles of
the modes for the case of analyte binding to the W2 site with thickness 0.2a [see Fig. 7] reveals
that as analyte binds to the W2 site and the w, mode shifts toward the surface modes, the anti-
symmetric surface mode interacts and hybridizes more strongly with the w, mode than with the
wi mode. From Fig. 7(b), the anti-symmetric surface mode has much larger field distribution
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Fig. 8. Electric field E; profiles of the (a) central waveguide modes and (b) surface modes
(from plane-wave-expansion calculations) for analyte binding to the L and R sites with
equal thickness 0.1a. At gy = O, the w; waveguide mode has frequency 0.2590(2%;‘3), the
w, waveguide mode has frequency 0.2628( ngc), the anti-symmetric surface mode has fre-
quency 0.2609(2%¢), and the symmetric surface mode has frequency 0.2601(22°). These
frequencies are slightly different from the peak frequencies obtained by FDTD simulation.

at the wp waveguide mode than at the wy waveguide mode. The enhanced interaction between
the w, mode and the anti-symmetric surface mode pushes the anti-symmetric surface mode to
lower frequency and enhances the splitting between the anti-symmetric and symmetric surface
modes.

We now study the situation when the disease markers o and 3 are bound to the L and R sites
with equal thickness (so that the structure retains mirror symmetry in the y direction. In this
configuration, the two surface modes (central peaks) shift simultaneously to lower frequency.
This frequency shift enhances the coupling between the anti-symmetric surface mode and the
wy waveguide mode (the leftmost peak), whereas it reduces the coupling between the anti-
symmetric surface mode and the w, waveguide mode (the rightmost peak). This change leads
to intriguing modification of transmission levels of the surface modes. With small amounts of
LR-binding, the anti-symmetric surface mode is mainly repulsed by the w, waveguide mode,
so its frequency is lower than that of the symmetric surface mode. This appears in the surface
mode transmission spectra as a higher left-central peak and a lower right-central peak. The
left-central anti-symmetric surface mode has higher transmission because there are additional
transmission paths through hybridization with waveguide modes [see Fig. 6].

When analyte binding at the L and R sites pulls the surface modes frequencies close to the
w; waveguide mode, the resulting strong interaction and repul sion between the anti-symmetric
surface mode and the wy waveguide mode renders the anti-symmetric surface mode with higher
frequency than the symmetric surface mode. In this situation, the transmission spectrum of the
surface modes exhibits a lower left-central peak and a higher right-central peak. This under-
standing is confirmed by the field profiles of different modes for a large analyte thickness of
0.1a. In Fig. 8, the anti-symmetric surface mode has much stronger hybridization with the w;
mode. Our calculation from plane-wave-expansion also confirms that the anti-symmetric sur-
face mode has higher frequency than the symmetric one.

We now turn to the situation when the disease marker o isbound to the L site (or equivalently,
the disease marker 8 is bound to the R site). As the amount of analyte increases, the left and
right surface modes gradually become independent. When the surface modes decouple and
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Fig. 9. Transmission responses of different two-analyte binding configurationsfor thel =4
biosensor with two central waveguide modes:. (a) analytes o1 and o bind to the W1 and
L sites, respectively (b) analytes o, and o bind to the W2 and L sites, respectively (c)
analytes o1 and o, bind to the W1 and W2 sites, respectively (d) analytes «, o1, and o>
bind to the L, W1, and W2 sites, respectively. The red, blue, green, and black curves in
each figure represent different thicknesses of disease markers: (a) 0.025a, 0.05a, 0.1a, and
0.15a; (b) 0.025a, 0.05a, 0.1a, and 0.15a; (c) 0.025a, 0.05a, 0.1a, and 0.15a; (d) 0.025a,
0.05a, 0.1a, and 0.15a.

the left surface mode approaches the w; waveguide mode (the leftmost peak) its transmission
level increases again due to enhanced coupling with the wy waveguide. This enhanced coupling
dightly red-shifts the leftmost peak (the w; waveguide mode).

The transmission spectral fingerprints of other more complicated combinations of disease
markers are shown in Figs. 9 and 10. In general, the features there are (almost) combinations of
thosein Fig. 6. To further demonstrate that the surface modes form strong-coupling and weak-
coupling superpositions even when mirror symmetry in the y direction is broken, we plot in
Fig. 11 the field profiles for analyte binding to the L, W1, and W2 sites with thickness 0.15a.
Clearly, the surface mode with lower frequency (mostly left surface mode with weak admix-
ture of the right surface mode) has much stronger hybridization with the waveguide modes. In
contrast, the right surface mode (with higher frequency) has little mixing with the left surface
mode and the waveguide modes. The lower frequency surface mode corresponds to the strong-
coupling surface mode, while the higher frequency surface mode is the weak-coupling surface
mode. Moreover, the wi-like waveguide mode hybridizes with the surface modes much more
than the w,-like waveguide mode. Hence, the former is a strong-coupling waveguide mode,
whereas the latter is a weak-coupling waveguide mode.

We summarize the spectral fingerprints of our biosensor in Table 2. From these character-
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Fig. 10. Transmission spectrafor different three-analyte binding combinations: (a) analytes
are bound to all sites with equal thickness, (b) analytes are bound to all except the W2 site
with equal thickness, (c) analytes are bound to all except the W1 site with equal thickness.
From the red, blue, green, orange, and black curvesin each figure represent different thick-
nesses of disease markers: (a) 0.05a, 0.1a, 0.12675a, 0.15a, and 0.2a; (b) 0.025a, 0.05a,
0.0827a, 0.1a, and 0.15a; (c) 0.025a, 0.05a, 0.0828a, 0.1a, and 0.15a.

istics, one can logically discriminate 12 different disease marker combinations, allowing for
detailed diagnosis of diseases. While enabling a higher level biomarker multiplexing than pre-
vious designs [31], the spectral fingerprints in our biosensor remain highly visible and distinc-
tive.

We study the quantitative spectral fingerprints of resonance frequency shiftsand transmission
level changes for 11 different combinations of disease marker binding in Appendix B. From
datain Appendix B we estimate the sensitivity (from the slope of the resonance frequency vs.
disease marker thickness) of the s; surface mode to disease marker o to be S = 0.0122a—’§°.

For a= 1um, we find that Sy = 2.3 x 10'® Hz nm~*. The quality-factor of the surface mode
is estimated from the transmission spectrum as 2100 [from Fig. 6(d)]. Therefore the limit-of-
detection ist{'™ = 10 nm [if n = 1 in Eq. (2)]. The longest distance for a disease marker to
travel in order to reach abinding sitein our biosensor is 10a (i.e., the width in they direction for
| = 4 chip). For a~ 1um and disease marker diffusion constant in water [42] of ~ 10-10 m?s~1,
it takes about 1 second to reach the binding site (after the chip isimmersed in the sampleliquid).

For a practical photonic crystal sensor with ~ 20 supercell periods in the x direction, the total
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Table 2. Logic tablefor enhanced medical diagnosis using four disease markersinthel =4
biosensor with two central waveguide modes. Here we show how the peak frequencies and
transmission levels change in response to the increase of analyte-layer thickness for the
12 analyte-binding configurations. The leftmost, middle-left, middie-right, and rightmost
peaks in the transmission spectrum are denoted as w1, S1, S, and wy. Their frequencies
are denoted as Qy1, Qq, Qg, and Qp, and their peak transmission levels are denoted as
Tw1, Ts1, Te, and Typ. We use the symbol |:1 to represent that the transmission level first
decreases then increases.

Analyte-binding configuration Qg
No binding

o1 binding only

o> binding only

(00 & ) & (=01) & (—02)
(a® B) & (—01) & (—02)
(o B) & 01 & (—02)

(0 ®p)& (—01) & 02
(-a) & (-B) & 01 & 02
(a®B)& o1& o

& P& 01L& O
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e | |
D e e e el wel SR =
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width in x direction is ~ 120 um (if a ~ 1um). Since the length of each biosensor segment
is on the scale of ~100um, it isin principle possible to integrate nearly 100 segments in a
single biosensing chip with an overall length scale of ~ 1 cm. Each biosensor segment can
have different sensing functions by using different analyte bindings. A laser beam with a spot-
size diameter of 100 um can be scanned over the entire chip. The whole device can offer a
logical diagnosis for complex diseases without recourse to external laboratory testing.

In redlistic situations, several effects may reduce the quality of the biosensor. The first one
is the fabrication imperfection which induces scattering loss and reduction of the quality factor
of the waveguide and surface modes. With current photonic crystal fabrication technology,
this effect can be controlled and reduced. Very high quality-factor (exceeding 10000) localized
modes in photonic crystal s have been achieved and exploited for biosensing in [43]. The second
one comes from absorption of light by water or analytes. Absorption by water is shown to be
negligible for wavelength around 1500 nm [44]. Analytes are regarded as non-absorbing in this
work (because analytes absorbing light can be detected more easily using its absorption).

6. Conclusions and discussion

Using a photonic crystal lab-on-a-chip architecture we have demonstrated a conceptual
paradigm for disease diagnostics using combinations of four distinct biomarkers. Using FDTD
simulation, we calculate the spectral responses of our biosensor to different analyte binding
configurations and quantify their spectral fingerprints. It was first shown for a biosensor with
a single central waveguide mode that 6 different combinations of disease markers can be dis-
tinguished with highly visible and differentiated characteristics in the transmission spectrum.
We then showed that for the design with two waveguide modes in a single unit cell, 12 dif-
ferent combinations of disease markers can be unambigously identified. The underlying phys-
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Fig. 11. Electric field E; distributions of the (a) central waveguide modes and (b) surface
modes from plane-wave-expansion cal culations for the case with analytes binding to the L,
W1, and W2 sites with equal thickness 0.15a. At gx = 0, the upper waveguide mode (w;)
has frequency 0.2590(22¢), the lower waveguide mode (w,) has frequency 0.2620(2Z),
the left surface mode has frequency 0.2603( Z%C), and the right surface mode has frequency
0.2616(%). These frequencies are sightly different from the peak frequencies obtained
by FDTD simulations.

ical mechanism is based on the interaction and hybridization of surface and central waveguide
modes. The transmission spectraand field distributions reveal the presence of a strong-coupling
linear combination of surface modes that concentrates interaction and hybridization with the
central waveguide modes. On the other hand, a weak-coupling linear combination of surface
modes minimizes interaction and hybridization with the central waveguide modes. The intri-
cate modificationsin hybridization and coupling between resonance modes give rise to striking,
disease-specific, spectral fingerprintsin our biosensor. These include frequency shift and trans-
mission level changes of amode, induced by the frequency shift of another mode, in responseto
analyte binding. These correlated spectral responses are key ingredients of our disease-marker
multiplexing. The spectral fingerprints are highly distinguishable using amicrofluidic chip with
a complete photonic band gap.

Our conceptua 2D design demonstrates the principles of enhanced multiplexing for a lab-
in-a-photonic-crystal. In any real 3D system, a mechanism for light-confinement in the vertical
(z-direction) is also required. A simple glass encasing of the liquid region above and below
the 2D photonic crystal (consisting of vertical pillars) will cause light to be guided around the
detection region dueto the higher refractiveindex of glassrelativeto water. If the pillarsare very
long in the z-direction, diffraction of light will occur in the vertical direction. In either case, the
coupling of light to the analyte binding region will be weak. Refractive index guiding of light
can be achieved in the z-direction by inserting athin planar slab of high-index material at thez=
0 plane (center) of the 2D photonic crystal, with fluid regions above and below the planar slab.
However, thistypically leads to low quality resonances in the transmitted signal. These factors
underscore the requirement for atrue 3D photonic crystal with additional dielectric periodicity
in the vertical direction. When such a 3D lab-in-a-photonic-crystal possesses a complete 3D
PBG, strong light confinement in the vertical direction is possible and high-quality optical
resonances are realized. Such an optical biosensor, utilizing a 3D PBG and highly robust to the
effects of structural disorder, will be presented elsewhere.
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Fig. 12. Importance of surface-waveguide coupling is demonstrated via the peak transmit-
tance at the two surface modes when the disease marker o is attached to the left surface
(the L binding site) for (a) | = 3 and (b) | = 4 chip. The solid curves (red and blue) are
for structures with the (single-mode) central waveguide, whereas the dashed curves (black
and green) are for structures without the central waveguide. Curves with e stands for peak
transmittance at the lower frequency surface mode, whereas curves with A represent peak
transmittance at the higher frequency surface mode. The vertical axis of (b) ison log-scale.

A. Importance of surface-waveguide coupling

In Fig. 12 we plot the transmission levels of the two surface modes as functions of analyte
layer thickness at the L binding site. To demonstrate the importance of the surface-waveguide
coupling for biosensing, we also plot the transmission levels of the surface modes of a chip
without the waveguide mode in the middle. For the latter case, the transmittance through both
surface modes decay quickly when @, and o, are tuned off-resonance, which is a common
phenomenon in off-resonance sequential tunneling. In the presence of the waveguide mode,
the transmission level of the weak-coupling surface mode first decreases rapidly. However,
when the frequency difference Ay, further increases, the transmission level of the weak-coupling
surface mode is gradually recovered. At large A, the transmission level of the weak-coupling
mode is aready considerable. The disappearance and recovery of the weak-coupling surface
mode in the transmission spectrum adds valuable functionality to our biosensor. In contrast,
for the chip without the central waveguide mode the transmission levels of the surface modes
decrease monotonically and vanish quickly with analyte binding asymmetry.

B. Quantitative features of transmission spectral fingerprints
B.1. Sngle-waveguide-mode biosensor

The quantitative transmission spectral characteristics for the single-waveguide-mode biosen-
sor are explored in Fig. 13. Figure 13(a) shows the ubiquitous resonance frequency shift for
the central waveguide mode for analyte binding at the W site. The resonance frequency of
the strong-coupling surface mode is red-shifted whenever there is analyte binding at the L
or R surface (or both) as indicated in Fig. 13(b). In contrast, the resonance frequency of the
weak-coupling surface mode can only be red-shifted when analytes are bound to both L and R
surfaces [see Fig. 13(c)]. The peak transmittance level for both the strong-coupling and weak-
coupling surface modes can be used as a measure of asymmetric analyte binding at the left and
right surfaces. While the transmittance of the strong-coupling surface mode decreases mono-
tonically when the asymmetry increases, the transmittance of the weak-coupling surface mode
first decreases dramatically (to amost zero) and then recovers gradually. At large analyte thick-
ness, the transmittance of the two surface modes is comparable. However, the strong-coupling
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Fig. 13. Quantitative transmission spectral signatures of our biosensor with asingle central
waveguide and | = 4. (a) Resonance frequency of the central waveguide mode vs. ana
Iyte thickness for different binding configurations. (b) and (c): resonance frequencies of
the strong-coupling surface mode (left peak) and the weak-coupling surface mode (cen-
tral peak) as functions of analyte thickness. (d) and (e): transmission level of the strong-
coupling surface mode and the weak-coupling surface mode as functions of analyte thick-
ness.

surface mode exhibits much more red-shift than the weak-coupling surface mode.

B.2. Double-waveguide-mode biosensor

Quantitative features of transmission spectral fingerprints for the double-waveguide-mode
biosensor are explored in Figs. 14 and 15. For the waveguide mode ws, the red-shift of the
resonance frequency is mostly induced by the analyte binding at the W1 site. Analyte bind-
ing at the surface sites L and R may also induce red-shift of the resonance frequency of w;
but only slightly. Similarly, red-shift of the resonance frequency of the w, waveguide mode is
only induced by analyte binding at the W2 site. The effect of surface analyte binding on the
Wy waveguide resonance frequency is negligible. However, analyte binding at L and R sites
has strong effects on the peak transmission levels of the central waveguide modes wy and ws.
While analyte binding on the W1 site has negligible effect on peak transmission level of the
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Fig. 14. Quantitative transmission spectral fingerprints of the| = 4 biosensor with two cen-
tral waveguide modesin response to six different disease marker combinations. Resonance
frequency (a) and transmission level (b) of the central waveguide mode wy as functions
of analyte binding thickness for various analyte binding configurations. Note that “W15”
in the figure stands for W1+W?2, i.e., anaytes bind simultaneously to sites W1 and W2.
Resonance frequency (c) and transmission level (d) of the surface mode s; (left-central
peak) as functions of analyte thickness. Resonance frequency () and peak transmittance
(f) of the surface mode s, (right-central peak) as functions of analyte thickness. Resonance
frequency (g) and transmission level (h) of the central waveguide mode w, as functions of
analyte thickness.

w1 waveguide mode, analyte binding at the W2 site can suppress the transmission peak of the
w, waveguide mode. This difference between the two central waveguide modes can be used to
differentiate analyte binding at the W1 and W2 sites.

For the two-waveguide-mode case, the strong-coupling surface mode red-shifts considerably
in response to asymmetric surface analyte binding, whereas red-shift of the weak-coupling
surface mode is negligible. When analytes o and 8 attach to the L and R sites with equa
thickness, both surface modes red-shift together. This symmetric binding has the opposite effect
on surface mode peak transmittance: the right-central peak is suppressed while the left-central
peak isenhanced. This switching between the strong-coupling and weak-coupling surface mode
is explained in the main text.

Onedistinction of the double-waveguide-mode biosensorsisthat the peak transmission level
of the strong-coupling surface mode is a'so nonmonotonic when analyte is bound asymmetri-
caly to the L and R sites. This is caused by the enhanced coupling with the waveguide mode
of wy when the strong-coupling surface is close to wy in frequency. These detailed spectral
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Fig. 15. Quantitative transmission spectral signatures of thel = 4 biosensor with two central
waveguide modes in response to further disease marker combinations.

signatures greatly enrich the logic table (Table 2) for medical diagnosis.

C. Optimization of chip width

For the photonic crystal biosensor with a single waveguide mode, the | = 4 chip gives the
best balance between quality-factor of resonances and waveguide-surface coupling. The higher
quality-factor givesrise to smaller limit-of-detection according to Eq. (2). The quality-factor of
resonances isimproved through further increasing the width of the photonic crystal chip in the
y direction. However, this reduces the coupling between the localized surface and waveguide
modes, as the distance between surface and central waveguide increases.

From Fig. 16 one can see that the resonance peaks are highly visible in the transmission
spectra. The effect of surface-waveguide coupling is also manifested in the splitting between
the two surface modes and the nonmonotonic transmission level change when disease marker
« is attached to the binding site L. The quality factor of 800 for the | = 4 chip is much larger
than 280 of the | = 3 chip. This quality factor is increased to 7000 for the | = 4 chip with
square-posts [31].

Further increase in width of the photonic crystal chip along they direction leadsto negligible
waveguide-surface coupling, which degrades the multiplexing capability of the biosensor. For
example, the | = 5 chip has only one transmission peak for the two surface modes because of
much weaker surface-waveguide coupling.

The optimal width of the biosensor chip with two waveguide modes is likewise | = 4. In-
creasing the width along the y direction to | = 5 suppresses surface-waveguide coupling and
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Fig. 16. Transmission spectral responsesin the| = 4 chip with one central waveguide mode,
to different disease-marker configurations: (a) disease marker o attached to the site W, (b)
disease marker oo bound to the binding site L, (c) disease markers oo and 3 attached to
the binding sites L and R with equal thickness, respectively, (d) disease markers o and o
bound to the sites L and W with equal thickness, respectively. Red, blue, green, magenta,
and black curves correspond to the thicknesses of the disease marker layers of 0, 0.025a,
0.05a, 0.075a, and 0.1a, respectively.
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Fig. 17. Transmission spectral responsesto different disease-marker configurationsfor pho-
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Red, blue, green, and black curves in each figure represent different thickness of disease
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Fig. 18. Transmission spectra from Landauer-Buttiker theory for the | = 3 chip with single
central waveguide mode, T (o) (red) and T (®) [or Ti(w)], i = w, 4,r, for different analyte
binding asymmetries A, = 0 (a) and (b), A;r = 0.8 x 10-3(2ra/c) (c) and (d), Ay =
2% 10~3(2rra/c) () and (f).

degrades the multiplexing functionality. Reducing the width along the y directionto | = 3, sig-
nificantly reduces the quality-factor of the guided surface and waveguide modes. In addition,
the | = 3 chip does not have improved transmission level for the central waveguide mode, as
shown in Fig. 17. The lower transmission level for the two-waveguide sensor is explained (see
main text) as due to wave filtering effects. It isworth mentioning that although the chip widthis
optimized for the frequency’s of surface and waveguide modes, we did not optimize the quality
factor to improve the sensitivity of the sensor. Such optimization can be achieved by shifting
the frequency’s of surface and waveguide modes closer and increasing the chip width. In that
regime, the quality factors are higher while the coupling between modes is weaker.
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D. Transmission trajectoriesin the Landauer-Buttiker theory

The Landauer-Buttiker theory includes all multiple scattering paths that contribute to transmis-
sion. Insertion of projection operators P = [1)(i| (i = ¢,r,d) into the trace at the left of ILin
Eq. (6) picks out the contribution to transmission through a specific path. When photons are
injected from the left glassinto the guided mode i in the chip, this partial transmission, denoted
asTi(w) = Tr(RTLG,T'rGy), may be negative at some frequencies (reflecting destructive inter-
ference between different paths). However, the total transmission T(w) = Y Ti(o) is always
positive. Similarly, we project on the outgoing paths by Ti(w) = Tr(I'LG,TrR Ga), and again
T(w) =Y, 'ﬁ(w). In Fig. 18 and we plot partial transmissions projected on the injection and
outgoing paths for various asymmetric analyte bindings A, = 0,0.8,2 x 1073 x (2zc) /a.

For the situation with no analyte binding A, = 0 [see Figs. 18(a) and 18(b)], transmission
through the weak-coupling surface mode (central peak) consists of only one path: injection
from the left surface mode and exit from the right surface mode. The linewidth of the central
peak thus reflects the linewidth of the left/right surface mode. In contrast, transmission through
the strong-coupling surface mode consists of multiple paths: photon can be injected from the
left surface mode or the waveguide mode, and leave the photonic crystal chip via the right
surface mode or the waveguide mode.

When Ay, = 0.8 x 10~3(2rra/c), the transmission through the central peak (the weak-
coupling surface mode) is suppressed. Figures 18(c) and 18(d) indicate that such suppressionis
caused by destructive interference between two paths: injection from the waveguide mode and
injection from the left surface mode. Asindicated in Figs. 18(e) and 18(f), the destructive inter-
ference till exists when A, isincreased to 2 x 10-3(2ra/c). However, in this case photon is
mainly injected via the waveguide mode, rather than the other path. These figures also indicate
other path changes in transmission at other frequencies when analyte binding modifies A;.
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