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We report a fundamentally new approach to enhance
fluorescence in which surface adsorbed fluorophoretagged biomolecules are excited on a photonic crystal
surface that functions as a narrow bandwidth and tunable mirror of an external cavity laser. This scheme
leads to ~10 increase in the electromagnetic enhancement factor compared to ordinary photonic crystal enhanced fluorescence. In our experiments, the cavity
automatically tunes its lasing wavelength to the resonance wavelength of the photonic crystal, ensuring optimal on-resonance coupling even in the presence of variable device parameters and variations in the density of
surface-adsorbed capture molecules. We achieve ~105
improvement in the limit of detection of a fluorophoretagged protein compared to its detection on an unpatterned glass substrate. The enhanced fluorescence signal
and easy optical alignment make cavity-coupled photonic crystals a viable approach for further reducing detec-

1. Introduction
Surface-based fluorescence assays have become a
mainstay of molecular diagnostics [1, 2] gene expression analysis [3, 4], several next-generation DNA sequencing platforms [5–7], and cell microscopy [8].
All fluorescent assays would benefit from greater
signal-to-noise ratios, which enable detection of disease biomarkers at lower concentrations in serum
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Cross-sectional SEM of the PC fabricated by nanoimprint lithography and image of the device after fabrication.

tion limits of optically-excited light emitters that are
used in biological assays.

for earlier disease diagnosis, and detection of genes
that are expressed at the lowest levels. Likewise, improvement in the efficiency of fluorescence excitation and the efficiency of emission photon collection
can enable detection instrumentation to utilize miniature, low power laser sources and inexpensive uncooled imaging cameras, which would result in portable, low-cost detection systems that can be used in
clinical settings.
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While fluorescence assays are typically performed
upon low-autofluorescence glass or plastic surfaces,
a variety of nanostructured optical surfaces have demonstrated the ability to increase the detected
photon output through the mechanisms of enhanced
excitation, directional emission and reduced fluorescence lifetimes [9–13]. Such structures include plasmonic gratings, nanoantennas, and photonic crystals
(PC) [14–17], which are each capable, to varying degrees, of efficiently coupling incident light from a laser into surface-confined resonant electric fields (enhanced excitation), while at the same time directing
fluorescence emission in a direction normal to the
surface for increased collection efficiency of the detection instrument’s optics (enhanced extraction).
PCs have been shown to be especially advantageous
because their periodic dielectric structures are comprised of materials without loss at the critical wavelengths, and thus provide high quality factor (Q-factor) resonances that, in turn, generate strongly
confined electric fields near the PC surface. Because
PCs are not comprised of metals that are known to
quench fluorescence, fluorophores may be placed
within the region of greatest electric field intensity
while still maintaining high quantum efficiency [18–
20]. The combined effects of enhanced excitation
and enhanced extraction are multiplicative, resulting
in improvements in measured detection limits by
two orders of magnitude [21].
Every previous report of fluorescence enhancement has operated through simple illumination of
the nanostructured surface with a laser, which often
requires illumination with a specific combination of
wavelength and incident angle to generate strong
surface coupling. In this work, we demonstrate a
fundamentally new approach that is capable of generating an even greater enhanced excitation effect,
in which the PC itself serves as a tunable mirror of
an external cavity laser (ECL). ECLs are generally
comprised of a source of optical gain, such as a
diode or semiconductor optical amplifier, that establishes a resonant optical cavity with a reflective surface that is spatially separated from the gain source.
While PCs have been used previously as a mirror of
an ECL [22], it has not been recognized that such a
configuration leads to even higher evanescent fields
on the surface of the PC that can be used for purposes of coupling energy to surface-adsorbed light
emitters. Such an approach will not only benefit
fluorescence detection, as demonstrated here, but
can also be applied to enhancement of surface-enhanced Raman spectroscopy when it is performed
upon a PC surface [23].
Here, we utilize an antireflection-coated semiconductor laser diode (LD) with a gain spectrum in the
639 < l < 645 nm wavelength region as the optical
pump source of an ECL with a PC surface as the external mirror. As shown schematically in Figure 1A,
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Figure 1 Working principle of external cavity coupled
photonic crystal enhanced fluorescence. (A) The resonantly reflected laser wavelength from the PC provides
feedback to the diode. The cavity then lases at the resonant wavelength of the PC. Addition of biomolecules to
the surface of the PC shifts the resonant reflected wavelength, which in turns changes the lasing wavelength of the
PC. (B) Overlap of resonantly reflected laser by the PC
and the gain of the diode with the modes of the cavity determine the lasing wavelength of the cavity.

the PC is designed to perform as a narrow bandwidth resonant reflectance filter with a peak reflectance wavelength that falls within the LD gain spectrum. The lasing wavelength of the ECL cavity is
selected by the peak reflectance wavelength of the
PC, and is tuned by the adsorption of biomolecular
layers upon the PC surface. Chemical fluorescent
dyes and semiconductor quantum dots are selected
with strong absorption at the lasing wavelength, and
are excited by surface-confined electric field standing waves that occur on the PC. Our experimental
demonstrations are supported by a theoretical investigation on the working principle of this cavitycoupled PC using finite-difference time domain
(FDTD) electromagnetic modeling. The model is
used to study the electric field distribution that develops on the PC surface with the optical feedback.
Compared to the PC without feedback from the laser, the PC in the ECL configuration shows increased surface electromagnetic fields, which in turn
provide enhanced illumination intensity to surfacebound fluorophores.
Using PCs fabricated upon quartz substrates by
nanoimprint lithography, we experimentally demon-
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strate that this cavity-coupled PC configuration results in a 10 stronger evanescent field upon the surface of the PC compared to the field on the PC substrate without a feedback cavity. Upon comparison
of the net signal intensity from fluorescence molecules within the PC-ECL configuration to the signal
obtained on an unpatterned glass surface, an enhancement factor of ~360 is observed. Direct application of dye-labeled protein to the surfaces of PCs
over a range of protein concentrations is used to demonstrate that use of the PC-ECL system provides a
105 advantage in Limit of Detection (LOD) compared to detection upon a glass substrate. We further
demonstrate that the PC-ECL configuration will
tune itself to the resonant wavelength of the PC,
thus eliminating the need to adjust the incident angle
of the detection instrument when the PC is altered
by surface chemistry layers or by capture molecules.
Our results show that integration of photonic crystal
enhanced fluorescence (PCEF) with excitation via
an external cavity provides efficient coupling from
the illumination source and greater enhanced excitation than an equivalent system that operates without
the benefit of optical feedback.

2. Results
2.1 Cavity-coupled photonic crystal
for fluorescence enhancement
Figure 1A shows the working principle of the cavitycoupled PC-ECL system, which is comprised of a laser diode (LD), the PC, and a system for detecting
fluorescence output as either an intensity output or
an image. One facet of the LD has high reflectance
(95%) while the other facet is coated with an anti-reflection layer (reflectance R < 104). The PC surface
is placed directly in front of the AR-coated facet, with
a lens between them to collimate the light onto the
PC, and to focus the reflection back into the diode.
The PC is designed to have a reflection resonance
wavelength within a 639 < l < 645 nm range, to overlap with the gain spectrum of the LD. The PC couples
to the modes of this external cavity and provides
feedback to the LD. When the PC resonance matches
the optical cavity modes lying within the gain spectrum of the diode, the entire cavity lases with single
mode output spectra as shown in Figure 1B.
As described in previously reported detection instruments that take advantage of PCEF, variability
in the PC will lead to variability in the precise incident angle required to produce resonant coupling
for a fixed wavelength, which in turn necessitates
precise tuning of the incident angle in order for the
surface to be maintained on-resonance [24]. The PC-

# 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2 Self tuning and cavity laser power. (A) Change
in the resonant reflection wavelength of the PC shifts the
lasing wavelength of the cavity. (B) The laser power incident on the PC surface with and without coupling to the
cavity, demonstrating that the PC feedback reduces the
lasing threshold.

ECL configuration eliminates this constraint. As the
cavity only lases with the feedback from the PC, the
lasing wavelength always corresponds to the PC resonance wavelength. The self-tuning action is shown
in Figure 2A, for several discrete positions on the
PC surface, where a slight gradient in the TiO2 film
thickness results in a gradient in resonant wavelength across the device. It can be seen that with
feedback the lasing wavelength corresponds to the
peak in the reflection spectrum of the PC. This selftuning ability of the PC-ECL configuration is useful
for efficient excitation of surface-bound fluorophores, as adsorption of capture molecules and other
surface chemistry layers also shift the resonant coupling condition of the PC. The adsorption of biomolecules to the surface of the PC increases the effective refractive index of the resonant mode, which in
turn shifts the resonant wavelength of the PC to a
longer wavelength. We observe that a positive shift
in the resonant reflection wavelength of the PC
caused by biomolecule adsorption in turn causes a
positive shift of the lasing wavelength of the ECL.
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Figure 3 Device design. (A) Cross-sectional SEM of the
PC fabricated by nanoimprint lithography. (B) Image of
the device after fabrication.

As a result, a surface-bound fluorophore is always
excited with the PC in an optimal on-resonance condition. While the diode is capable of lasing without
feedback from the PC, its interaction with the PC
through the formation of an external cavity effectively
reduces the lasing threshold. This effect is clearly observed in Figure 2B, which shows the emitted power
with feedback and without feedback for equal diode
injection current. The self-tuning behavior is only observed when feedback from the PC is present.
As shown in Figure 3, the PC is fabricated on a
quartz substrate selected for its low autofluorescence
(See Methods) [21]. The PC structure is comprised
of a periodic (L ¼ 400 nm) linear grating structure
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that is patterned by nanoimprint lithography and
etched into the quartz by reactive ion etching
(depth, d ¼ 40 nm). After removal of the imprint resist, the quartz grating is coated with a film of TiO2
by sputtering to complete the structure (thickness,
t ¼ 125 nm). The PC period, grating depth, and TiO2
thickness are selected to produce a surface that resonantly reflects a narrow band of wavelengths that
falls within the gain spectrum of the diode when the
media above the PC is comprised of air. The width
of the lasing peak and the suppression of the sidebands in the lasing profile depend largely upon the
reflectivity and the linewidth of the reflection peak
of the PC [25]. In previous work, we have shown
that an optimal design for PC enhanced fluorescence
utilizes transverse magnetic (TM) polarized light
(polarization perpendicular to grating direction) for
normal excitation and transverse-electric (TE) polarized light (polarization parallel to grating direction)
for extraction of the emitted fluorescence signal [26].
Therefore, the PC was designed for normal-incidence excitation using TM polarized light to have a
resonance in the 639 < l < 645 nm wavelength range.
FDTD simulations were performed to model the
coupling between the optical cavity and the PC,
using a simplified approach that approximates the
behavior of the actual external cavity. Figure 4A
shows a schematic of the simulated FDTD model.
The simulation space must be partitioned into small
volume elements with a size scale that can accurately

Figure 4 Theoretical formulation.
(A) Schematic illustration of a unit
cell simulated using FDTD, showing one period of the PC and a
plane-wave source sandwiched between the PC and a gold mirror for
a cavity of length l. (B) FDTD computed far-field transmission intensity for PC-coupled cavity showing
cavity modes enveloped by a PC resonance mode. The peak in the
transmission spectrum represents
lasing action in the cavity. (C) Simulated electric field intensity on
the PC surface when coupled to the
cavity. (D) Simulated electric field
intensity on the PC surface when
incident light is resonantly coupled
to the PC. On averaging the field in
5nm area above the PC surface (for
both c–d), an increase of 330 in
the average fields is calculated for
the cavity-coupled PC biosensor.
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capture the spatial variability of electromagnetic
fields near the PC surface. If a spatial dimension of
5 nm for such a cell were used, the entire length of
the cavity (30 cm) would be too large to be easily
simulated. Because the vast majority of the cavity is
comprised of empty space, we chose to simulate a
shorter cavity (1.85 mm) that produces the same physical effect, with the exception of the wavelength
spacing between allowed external cavity modes, as
described by the free spectral range (FSR),
FSR ¼

l20
2nl cos q þ l0

ð1Þ

where n is the refractive index of the cavity, l is the
length of the cavity, q is the angle of incidence and
l0 is the central wavelength of the nearest transmission peak.
For our 30 cm external cavity, the spacing between
the optical modes is FSR ~0.7 pm, ensuring that the
PC resonance peak always overlaps with an available
cavity mode that provides feedback to the diode.
Within the simulation, the laser diode was replaced by
200 nm thick gold to act as the high reflectivity end of
the cavity. A TM polarized plane wave source (overlapping a wavelength range of 639 < l < 645 nm) was
inserted into the cavity. When the PC is not coupled
to the cavity, its simulated resonant reflection displays
a full-width at half-maximum (FWHM) of ~2 nm, as
shown in Figure 4B, which is also observed experimentally, as shown in Figure 1B. Insertion of the PC
into the cavity results in narrowing of the resonant
transmission spectrum to FWHM ¼ 0.1 nm (Figure 4B). This phenomenon is also experimentally observed (Figure 1B) as the stimulated emission in the
diode, and combined with feedback, results in lasing
of the external cavity system.
Importantly, the interaction of the PC with the external cavity results in an increased evanescent electric field magnitude on the surface of the PC, thus
providing an additional mechanism for PCEF gain.
Figure 4C–D compare the simulated power density
(|E|2) associated with the electric field near the surface of the PC for the PC-ECL configuration, compared to a PC that is resonantly excited by the illumination source without the benefit of an external
cavity. Averaging |E|2 within the volume of media that
is within 5 nm of the sensor surface (within the air
media), where surface-bound fluorophores would be
located, an enhancement factor of 330 is obtained.
Our simulation supports the hypothesis that evanescent fields with enhanced magnitude will form upon
the PC surface within the cavity, and lead to efficient
enhanced excitation of surface-adsorbed light emitters, such as fluorophores and quantum dots. The simulation utilizes uniform perfect plane waves and a
cavity that does not suffer from various sources of optical loss; therefore we expect experimental enhancements to not be as high as in simulation.
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2.2 Enhanced excitation of quantum dots
and dye-labeled streptavidin
To demonstrate enhanced excitation of fluorophores
by the cavity-coupled PC, detection experiments
were performed using streptavidin labeled with a
fluorescent dye (Alexa633), and semiconductor
quantum dots (QD) coated with streptavidin. A
schematic diagram of our detection instrument is
shown in Figure 5, which enables us to gather fluorescent images of the PC surface from below the
substrate, while the cavity is formed above the substrate. An excitation filter was added to the cavity to
attenuate laser diode emission at wavelengths greater than l ¼ 650 nm, while a quartz window was
added to monitor the power inside the cavity at one
end, while enabling measurement of the lasing spectrum at the other end. For the 1-dimensional PC, the
resonance coupling condition only depends upon the
angle between the incident beam and the grating’s
normal vector in the plane perpendicular to grating
direction (labeled as q in Figure 5). The resonance
condition is insensitive to the angle in the plane
along the grating direction (f). The diode illumination was incident on the PC at an angle of q ¼ 0
and f ¼ 17 . This configuration ensures that no excitation light leaks into the objective (NA ¼ 0.28, acceptance angle ~16 ) of the imaging setup, thus reducing background noise in our collected signal
while the resonance condition for the PC is maintained. The resonantly reflected light from the PC

Figure 5 Detection instrument schematic. Cavity-coupled
PC with the imaging setup used in the experiment. A resonance angle of q ¼ 0 is used as the incidence angle for
the laser on the PC. f ¼ 17 is chosen to prevent the transmitted laser light from entering the objective.
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Figure 6 Fluorescence enhancement. (A) (Inset) Fluorescence images of quantum dot labeled streptavidin on a solitary PC and a PC-coupled cavity. Line profile of the
images showing an enhancement of 10. (B) Plot of net
fluorescence signal intensity of Alexa-streptavidin versus
its concentration to compare the signal intensity from the
PC-coupled cavity biosensor and glass. The limit of detection on the PC was ~1 pM compared to an unpatterned
glass surface, where no spots were seen below 0.1 mM.

retraces its path back to the diode by reflection
against a mirror, thus forming the cavity.
To compare the evanescent field magnitude on the
surface of the PC in the cavity to its magnitude without
the cavity, while avoiding the effects of photobleaching, streptavidin-coated QDs selected for their absorption at l ¼ 640 nm were used (QD 705, Life
Technologies, emission wavelength ¼ 705 nm). The
streptavidin-coated QDs were applied using a pipette
at a concentration of 20 mM on a PC surface that had
been functionalized with dimethylethoxysilane. After
an overnight incubation and a wash with deionized
water, fluorescence intensity was measured with the
PC on-resonance and with the cavity-coupled PC at the
same incident laser power. This was achieved by blocking and unblocking the resonantly reflected laser beam
from reaching the second mirror and adjusting the injection current to the diode. The net fluorescence intensity (emission-background fluorescence) on the cavitycoupled PC was increased by a factor of 10, compared
to the solitary PC, as shown in Figure 6A. No measureable increase in the background and noise were detected in the cavity-coupled PC compared to PCEF giving an increase in signal-to-noise ratio (S/N) of 10.
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This factor represents the gain achieved over “ordinary” PCEF.
To demonstrate the overall gain for this approach
compared to detection of the same analyte on an ordinary glass surface, we tested a series of concentrations (1 mM–1 pM range) of Alexa-633 labeled
streptavidin (Alexa-SA). The net fluorescence signal
intensity of Alexa-SA on the PC surface substantially increased for all concentrations tested, compared to the signals from the glass surface (Figure 6B). These measurements were taken using
identical incident laser power, camera gain, and integration time. The highest concentration of Alexa-SA
on the cavity-coupled PC resulted in saturation of
the photon count available from the CCD. On the
glass surface, only the two highest Alexa-SA concentrations were visible, while all lower concentrations
resulted in fluorescence counts lower than the background noise level. The concentration of 1 pM was
observed on the cavity-coupled PC biosensor with a
signal-to-noise ratio (S/N) of ~6.1, while no fluorescence was detected on the glass surface for concentrations below 0.1 mM. As the concentration was increased, fluorescence intensity on the cavity-coupled
PC increased while the signal intensity on the glass
surface only started to show a detectable signal starting above 0.1 mM (an intensity equivalent to the
1 pM concentration on the cavity-coupled PC). For
the concentrations of Alexa-SA that were measurable upon both the PC and the glass surface, comparison of the net signal intensity demonstrated an
enhancement factor of ~360.

3. Discussion
In this work, we demonstrated for the first time that
a PC surface excited within an optical cavity results
in enhanced fluorescence with even greater evanescent field magnitude than is available from an
equivalent surface that is illuminated by ordinary laser exposure. The higher magnitude evanescent electric fields generated by this method have been
shown theoretically and experimentally to reduce
achievable limits of detection and to increase signalto-noise ratio for two varieties of optically pumped
light emitters, namely chemical fluorophores and
semiconductor quantum dots.
We envision PC-ECL excitation to be applicable
to any surface-based fluorescence bioassay that is
currently performed upon a glass surface, particularly those that would benefit from reduction of
detection limits, or development of a miniature detection instrument for clinical point-of-care applications. For example, “sandwich” assays for detection
of disease biomarkers in serum utilize fluorophoretagged secondary antibodies to specifically label cap-
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tured analytes [27], but achieve detection limits that
are typically two orders of magnitude lower than the
dissociation constant for the interaction of the capture antibody and the analyte. PCEF has demonstrated the ability to enhance weak fluorescence signals for low concentration biomarkers, thereby
reducing detection limits [28] and potentially achieving the ability to perform diagnosis at an earlier
stage. Further increase in the electromagnetic enhancement factor will enable the detection limits
achievable via PCEF to be pushed further.
An important aspect of the detection system is its
throughput, as measured by its ability to integrate a
large number of biological assays into a small PC surface area. The most basic implementation of a PCECL instrument, illuminates a ~2200 mm2 region of
the PC with a collimated (but not focused) laser beam
and measures fluorescence intensity integrated from
that entire region, essentially performing one assay
with a single illuminated spot. Such an approach will
be appropriate to assays performed within standard
format microplate wells, in which the entire bottom
surface of each well would be covered with PC, and
coated with a uniform layer of capture molecules. We
also envision, as partially demonstrated here, the ability to capture fluorescent images of the PC surface
while it is being excited by the external cavity, which
would enable a PC surface to be partitioned into a
microarray of discrete capture spots. We have observed that an important factor that must be addressed for the PC-ECL approach to become effective for imaging is to achieve a high level of
illumination uniformity. In the implementation of the
system presented here, the diode illuminates a
~700 mm diameter region with a Gaussian beam, resulting in only a ~2200 mm2 region in the center of the
beam experiencing strong excitation. To overcome
this limitation, we envision an illumination approach
in which the beam will be focused by a cylindrical
lens with its cone of incident angles spread in the f
direction, while the orthogonal q direction couples to
the PC in the on-resonance condition [29]. Such an
approach would allow a fluorescent image to be gathered for a tightly focused line, which would then be
scanned across the PC to gather an image of an entire
surface populated with small capture spots. Such an
imaging approach could be extended to detection of
other surface-bound fluorescent emitters, such as
those used to label the surface of cells or tissue. We
further expect this approach to translate to PC structures operating within a microfluidic channel, enabling enhanced detection of analytes (such as virus
particles or DNA molecular beacons) flowing
through the channel and entering the evanescent field
region of the PC [30].
Besides enhancing fluorescence, the cavitycoupled PC may also be employed to further magnify surface enhanced Raman spectroscopy (SERS).
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As SERS signal scales with |E|4, any increase in |E|
would lead to considerable increase in the signal.
Thus SERS signal of a molecule linked to metal nanoparticles dispersed on the surface of the PC can
be enhanced by overlapping the extinction spectra
of the particle with the resonance of the cavitycoupled PC. The optical gain provided by the diode
in this case can help overcome sources of optical
loss/absorption from metal nanoparticles while enhancing the coupling of the laser to the metal nanoparticle via PC. We expect this to be a topic of future work.
To conclude, we have presented a novel method,
supported by experimental demonstrations and theoretical modeling, for sensitive detection of dye-labeled proteins in which a PC surface serves as a tunable mirror of an external cavity laser, where the
cavity results in an enhanced evanescent field magnitude above that generated by ordinary PCEF. In addition to greater sensitivity, the approach provides a
self-tuning capability that ensures on-resonance excitation of the cavity, even as the PC resonant condition is altered by attached biomolecules. Using both
chemical fluorophores and semiconductor quantum
dots, we demonstrate detection limits over ~105-fold
lower than traditional techniques. Coupled with the
simplicity afforded by physical signal enhancement
and compatibility with existing biodetection tools,
the cavity-coupled PC is expected to find broad use
in disease diagnosis and other fluorescence-based
sensing applications.

4. Methods
4.1 PC fabrication
The PC was fabricated using the step and flash
nanoimprint lithography technique, using a Molecular Imprints Imprio-55 tool. Briefly, a quartz template was fabricated (Dai Nippon Printing Co., Ltd.)
with a linear grating structure (period ¼ 400 nm,
depth ¼ 100 nm, 50% duty cycle) by e-beam lithography with a grating area of 9  9 mm. A 4-inch
quartz wafer was used as a substrate for the PC. A
planarization layer (Transpin, Molecular Imprints)
was spin-coated onto the wafer prior to dispensing
droplets of the imprint resist (MonoMat, Molecular
Imprints) so as to fill the template pattern without
extrusions. The template was pretreated with a release layer (RelMat, Molecular Imprints) and was
pressed onto the imprint resist creating a replica of
the mold. The imprint resist was cured into a solid
phase by exposure to ultraviolet light. The template
imprint/cure/release process was stepped and repeated across the wafer to create a 4  7 array of
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gratings. A resist (Silspin, Molecular Imprints) was
then spin coated over the imprint resist, to serve as a
hard mask for the etching process. Reactive-ion
etching was then used to transfer the pattern onto
the wafer surface with a depth of 40 nm. After removal of the resist films and planarizing films (using
Piranha clean), TiO2 (~125 nm, refractive index
~2.35) was sputtered onto the wafer. Finally, the wafer was diced to produce 2, 1  3 in2 slides.

4.2 FDTD model
Here we used FDTD (Lumerical FDTD, Vacouver,
Canada) to model the coupling between the optical
cavity and the PC, using a simplified approach that
approximates the behavior of the actual external
cavity. The detailed FDTD model of the simulated
structure appears in supplementary Figure S1 where
the cavity lengths, gold mirror, source position, grating period, grating depth and TiO2 thickness are L,
M, h, L, d and t, respectively. The refractive indices
of gold and Quartz were taken from the material database of Lumerical; CRC for gold and SiO2 (Palik)
for Quartz. The refractive index of TiO2 was taken as
2.35 for all the wavelengths used in the simulation.
The structure was excited by a linearly polarized
(TM), plane-wave with the wavelength range overlapping 639 < l < 645 nm. The PC was designed to
have a reflection resonance within 639 < l < 645 nm,
by tuning the thickness of TiO2 deposited on the grating surface. A 200 nm thick gold mirror replaced the
LD. Periodic boundary conditions were chosen along
the grating and PML on the top and bottom surfaces
of the simulation region. An accuracy of at least l/22
was used within the simulation region with mesh size
of 5 nm in the region of the PC. The shorter cavity
simulated here produces the same effect as a longer
cavity except for the spacing between the optical
cavity modes. In order to ensure that at least one optical mode of the external cavity couples to the PC,
a simulation was performed for various cavity
lengths. Supplementary Figure S2 plots the transmitted intensity from the bottom of the PC for different cavity lengths for a range of wavelengths.
From this data, a cavity length of 1.85 mm was chosen, for which one of the optical modes coupled to
the PC mode. A cross-section of the transmission efficiency at the cavity length of 1.85 mm is shown in
Figure 4B. The evanescent field profile on the PC
surface was then generated at this transmission peak
wavelength and is shown in Figure 4C. The cavitycoupled PC was then compared to PC without a cavity. For this comparison, the PC in Figure S1 was simulated without the gold mirror, while the remaining simulation parameters were kept constant.
Figure 4B compared this PC reflection peak to the
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cavity-coupled PC. The evanescent field profile on
the PC surface generated at this reflection peak wavelength is shown in Figure 4D.

4.3. Far-field transmission measurements
Transmission spectra were collected by a fibercoupled collimating lens with its distal end connected to a spectrometer with a wavelength resolution of 0.06 nm (Ocean Optics HR 4000).

4.4. Dye-labeled detection experiments
The Alexa-SA (streptavidin, alexa fluro 633 conjugate, Invitrogen) and quantum dot-SA (Qdot 705
streptavidin conjugate, Invitrogen) solutions were
prepared in 1  Phosphate-buffered saline (PBS) solution, pH ¼ 7.4. The surfaces used in the experiment were cleaned and functionalized using dimethylethoxysilane by an overnight incubation in a
vacuum chamber heated to a temperature of 80  C.
The slides were then washed in toluene, methanol,
and de-ionized (DI) water to rinse off any excess silane. The Alexa-SA and quantum dot-SA solutions
were deposited in the form of a ~1 mm diameter
droplet on the samples using a precision pipette
( 5% accuracy at 1 mL). The samples were then incubated overnight and then washed and dried in
PBS-tween and DI before taking fluorescence measurements.

4.5 Fluorescence measurements
The LD (Ridge Waveguide Laser Diode, SAL-640–
100, Sacher Lasertechnik) illuminates a ~700 mm diameter spot on the PC surface. The incident laser
power in the cavity was monitored using a power
meter and controlled using a diode injection current
controller (E3620A, Agilent). All the images were
taken using a laser power of 2 mW incident on the
substrate both with and without feedback. A 10
objective (NA ¼ 0.28) was used to collect the fluorescence signal, which was then imaged by an
EMCCD (Cascade 512B) with a field of view of
800  800 mm2. An integration time of 30 ms was
used for all the images along with the multiplication
gain of 3000. A long pass emission filter (l > 664 nm,
SEMROCK-BLP01–664R-25) was used to block
any excitation light leaking into the objective. The
net intensity for all the fluorophores was calculated
by subtracting the background substrate fluorescence from the fluorophore emission.
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