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Abstract—A biosensor application of vertically coupled glass microring resonators with Q ∼ 12 000 is introduced. Using balanced
photodetection, very high signal to noise ratios, and thus high sensitivity to refractive index changes (limit of detection of 1.8 × 10−5
refractive index units), are achieved. Ellipsometry and X-ray photoelectron spectroscopy results indicate successful modification of
biosensor surfaces. Experimental data obtained separately for a
bulk change of refractive index of the medium and for avidin-biotin
binding on the ring surface are reported. Excellent repeatability
and close-to-complete surface regeneration after binding are experimentally demonstrated.
Index Terms—Biomedical transducer, cavity resonator, circular
waveguide.

I. INTRODUCTION
NTEGRATED devices featuring resonant microcavity structures such as disks, rings, toroids, and spheres have been
demonstrated in add-drop filter [1], [2], optical switch [3], and
laser [4], [5] applications. These devices have recently become
popular for research in biological and chemical sensing [6]–[11]
as the demand for compact devices to detect biomolecules has
increased. Light coupled to these cavities is confined within the
structure by total internal reflection, forming high quality factor
(Q) resonant modes. Any interaction with the evanescent tail
of the optical field affects the guided-mode, and thus changes
the resonance behavior of the cavity. This change in resonance
can be detected with very high sensitivity by optimizing the
microcavity design and the method of observation.
In this paper, we demonstrate sensing of biomolecules using
microring resonators. Their small size, low cost, and potential
for high sensitivity make them attractive for biosensing applications. Fabrication of high-Q resonators is essential for achieving
high sensitivity. With the Q values we report (∼12 000), sensi-
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tivities comparable to current devices utilizing surface plasmon
resonance [12] can be reached. Microring resonator Q-values
on the order of 106 are available, but optimizing them for sensing configurations needs to be more closely investigated. Aside
from their high sensitivity, microring resonator devices are compact, integrated, and can be mass-manufactured utilizing well
established silicon integrated circuit fabrication techniques.
To demonstrate sensing of biomolecules with microring resonators, the well-documented avidin-biotin binding chemistry
is utilized. When a biotinylated-lectin solution is introduced to
a surface previously treated with avidin, the molecular binding
changes the effective index of the microcavity, and initiates a
shift in its resonant modes. We report the procedure used for
avidinylating the surface and verification by ellipsometry and
X-ray photoelectron spectroscopy (XPS). We also describe the
experimental measurement technique, and report two observations: resonance shifts induced by a change in refractive index
of the medium (a bulk change) to quantify the sensitivity of the
system, and resonance shifts caused by molecular binding on
the surface to prove the applicability to sensing of biomolecules.
II. VERTICALLY COUPLED MICRORING RESONATORS
A. Fabrication
Microring resonator/waveguide structures have been fabricated using several materials including InGaAsP [13],
Ta2 O5 /SiO2 [14], Si3 N4 [15], and SiON [16]. It is important
to use a high refractive index contrast material to reduce bending losses. Both our microring and waveguides are fabricated
through chemical vapor deposition (CVD) of a glass-based material termed Hydex,1 which has an adjustable refractive index
contrast of up to 25%.
Another critical fabrication parameter is the coupling coefficient. Coupling between the microring and the waveguides
can be achieved vertically [1] or laterally [14]. The microring resonators used in this work are vertically coupled to input/output waveguides (Fig. 1). In laterally coupled structures,
the input/output waveguides and the rings are all coplanar. Narrow coupling gaps are required in the lateral geometry, which
taxes photolithography and results in large variations in device
performance. Further, in the lateral geometry all the waveguides
would be air clad and exposed to the surface treatments. In vertical coupling, the waveguides are buried and remain isolated
from the effects of surface treatment. The resonator–waveguide
1 Little
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Fig. 1. Vertically coupled microring resonator and waveguides. Lateral and
vertical offsets allow control over the coupling coefficient. Receptor molecules
are attached to the microresonator surface, and binding occurs during flow of
ligand molecules over the surface. Inset shows top view of the device.

Fig. 3. Experimental setup. Microring resonator is mounted under the flowcell.

Fig. 2. Transmission spectrum of the microring coupled device for a wavelength sweep with 20-pm resolution. FSR, FWHM, Q, and F are determined
from this spectrum.

separation (and, thus, the coupling coefficient) is determined
by material deposition, which is a process that is much better
controlled than lithography and etching [1], [15].
The microring resonator waveguide used in this experiment is monomode, with a radius of 60 µm and an effective index of neﬀ ≈ 1.5 measured in deionized water (DIThe decay coefficient of the mode is given
H2 O) ambience.
by α = (2π/λ0 ) n2eﬀ − n2sol , where nsol is the refractive index of the solution that flows over the surface. In DI-H2 O at
λ0 = 1550 nm, α ≈ 28 × 103 cm−1 for the guided mode. This
corresponds to a penetration depth of ≈ 360 nm.
B. Transmission
Fig. 2 illustrates the transmission spectrum of the microring
coupled device when DI-H2 O is flowed over the surface. The
peaks represent the resonant modes of this microring cavity,
and their positions depend on the path length L and neﬀ where
neﬀ L is a multiple of the wavelength. Device parameters are
measured from this transmission spectrum, and are reported as

full-width at half-maximum (FWHM) ≈0.126 nm, free spectral
range (FSR) = λ2 /Lneﬀ ≈ 4.2 nm, Q ∼ 12 000, and finesse
F ≈ 33. The wavelength resolution when performing this scan
was 20 pm; this step size accounts for the nominal difference
in peak heights.
III. EXPERIMENTAL TECHNIQUE
A. Setup
The experimental setup is illustrated in Fig. 3. The fibercoupled tunable laser output is directed through a polarization
controller, which is manually set for maximum signal transmission. The cavity supports both TE and TM polarization modes,
and adjusting the polarizer allows one of the modes to be used.
An optical splitter located after the polarizer splits the signal
into two paths, with a power ratio of 70/30. The 70% arm is
mechanically chopped in free space at a frequency of 220 Hz,
and this modulated signal is coupled to the input waveguide of
the microring. The output waveguide is coupled to a photodetector as the signal input. For balanced detection, the 30% arm
is optically attenuated and connected to the photodetector as a
reference input. Optical attenuation of the reference is required
in order to meet the photodetector specification of reference to
signal power ratio. Common-mode noise cancellation of up to
50 dB is achieved with balanced detection, effectively improving signal-to-noise ratio (SNR) and, thus, the overall system
sensitivity.

150

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 12, NO. 1, JANUARY/FEBRUARY 2006

Fig. 4). In this way, the magnitude of the change in intensity
is maximized for the smallest measurable change in refractive
index.
IV. SURFACE PREPARATION
Ring resonator surfaces are modified for bulk and binding
experiments using the following procedures.
A. Cleaning and Hydrophilizing Biosensor Surfaces

Fig. 4. A shift in resonance peak when deionized water and 0.1X PBS solution
are flowed across sensor surface. The derivative of the spectrum is highest at
1532.61 nm. Inset shows the wavelength (horizontal) and intensity (vertical)
shifts at this wavelength.

Surfaces were cleaned and hydrophilized using a standard
RCA cleaning procedure. Surfaces were treated with 1 : 1 : 5
proportions of 30% H2 O2 , NH4 OH, and DI-H2 O at 80 ◦ C for
10 min to remove residual metal impurities. They were subsequently washed with DI-H2 O and further treated with 1 : 1 : 6
proportions of 30% H2 O2 , 50% HCl, and DI-H2 O at 80 ◦ C for
10 min to introduce -OH groups on the surface. The surfaces
were then rinsed three times with DI-H2 O, dried with nitrogen,
and used immediately for further modification.
B. Silanization

For phase-sensitive detection, the photodetector output signal and a reference signal from the modulator are sent to a
lock-in amplifier. The filtered signal from the amplifier matches
the desired frequency and phase, with noise at other frequencies rejected. This signal is acquired by LabVIEW via GPIB
connection.
The microring is mounted under a custom-designed flow-cell,
which facilitates the flow of solutions over the surface. Flow
rate and duration are controlled by syringe pumps. A manually
adjusted valve enables switching between the solutions and the
elimination of air bubbles in the flow channel.
B. Data Acquisition
Fig. 4 displays an example of a shift in the resonance when DIH2 O and 0.1X concentration of phosphate buffered saline (PBS)
solution are flowed across the resonator surface. The refractive
index of DI-H2 O is used as a calibration reference for a refractometer, and the difference in refractive index between DI-H2 O
and 0.1X PBS is measured as ∆n = 1.7 × 10−4 . Direct measurement of such a shift illustrated in Fig. 4 requires repeated
spectral scans to determine each new peak position. This method
is time consuming, offers limited sensitivity to small refractive
index changes, and much of the data collected is uninformative
when determining the resonance shift [17]. Alternatively, the
resonance shift can be measured indirectly by remaining at a
single wavelength and observing the real-time intensity change
of the signal. This signal can then be mapped to a shift in resonant modes. In terms of acquisition speed, this method is more
advantageous than the first; however, it requires high optical
stability. High stability is achieved by reducing the effects of
laser intensity fluctuations via balanced photodetection.
To select the particular wavelength for data acquisition, the
transmission spectrum is differentiated, and the wavelength corresponding to the highest derivative is selected (1532.61 nm in

The cleaned and hydrophilized sensor surfaces were silanized
with a solution phase technique. Surfaces were immersed in
a 5% APTES (3-aminopropyltriethoxysilane) solution in 2propanol for 2 h. APTES was used to silanize the silicon surfaces, since it is known to act as a bridge between biomolecules
and inorganic surfaces such as silicon. The surfaces were rinsed
twice with DI-H2 O to remove any weakly bonded silane on the
surface. The surfaces were then dried with nitrogen and were
used immediately for further avidin attachment.
C. Avidin Conjugation
Avidin conjugation was achieved using a standard EDAC (NEthyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride)/NHS (N-Hydroxysuccinimide) coupling reaction [18]. A
monomeric form of avidin is used in this study which allows use
of mild conditions to break the avidin-biotin bonds. Silanized
surfaces were immersed in a solution of 0.06M EDAC, 0.04M
NHS, and 3 µM avidin in DI-H2 O at room temperature for 36 h
with mild shaking at 30 r/min. Surfaces were then rinsed three
times with DI-H2 O, dried with nitrogen, and were immediately
used for flow experiments.
D. Biotinylated Lectin Binding
After mounting the avidin-conjugated surface under the flow
cell, a 3.5 µM solution of biotinylated lectin in DI-H2 O was
flowed for 50 min at 5 µL/min. Surfaces were then rinsed three
times with DI-H2 O and dried with nitrogen for surface characterization.
V. SURFACE CHARACTERIZATION
Surface characterization is performed on flat surfaces that are
identical to the waveguide material. Ellipsometry and XPS measurements are taken after each step of the surface preparation
protocol.
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TABLE I
C/Si AND N/Si RATIOS FOR VARIOUS SURFACES OBTAINED FROM ATOMIC
SURFACE CONCENTRATIONS COMPUTED USING SURVEY SCANS

Fig. 5. Progressive increase in thickness on the original surface with modification with silane, avidin, and biotinylated lectin.

A. Spectroscopic Ellipsometry
Spectroscopic ellipsometry was used to determine surface
thicknesses after each step of modification. In ellipsometry, the
polarization of a light beam is altered when reflected from a
bare or film-coated surface. An elliptically polarized light beam
is defined by the angular position of an ellipse, its shape, and
the sense of rotation of the light vector.
The states of polarization are determined by two parameters:
amplitude ratio (PSI (ψ)) and phase difference (DELTA (∆)).
An automatic ellipsometer equipped with a 632.8-nm laser was
used to measure thickness. Measurements were performed at a
beam incidence angle of 70 ◦ at room temperature and a relative
humidity of 30%–50%. Effective thicknesses were computed as
the difference between the thickness of the modified and unmodified surface. Three measurements were taken on each surface
to obtain average values for thickness and standard deviation.
Progressive increases in thickness from the original to final
surface height provide evidence of surface deposition of successive molecular layers. The baseline thickness of the unmodified
hydrophilized surfaces was normalized to 0 nm to account for
the presence of native oxide. The silane layer thickness after
APTES modification was approximately 5.5 nm (Fig. 5). Based
on this measurement, it is likely that APTES chains not only
attached to surface -OH groups but also oligomerized to form
multiple silane layers. Avidin conjugation increased the surface height by 6.5 nm, and binding of biotinylated lectin added
an additional 3.2-nm-thick layer to the surface (Fig. 5). These
ellipsometer measurements show that surface thicknesses increased after silanization, avidin conjugation, and biotinylated
lectin conjugation, suggesting successful deposition of discrete
layers on the surface.
B. X-Ray Photoelectron Spectroscopy (XPS)
XPS analysis was performed to determine the chemical composition of unmodified, silane-, avidin-, and biotinylated lectinimmobilized surfaces. An x-ray photoelectron spectrometer
with a monochromatic Al-Kα-X-ray small spot source (1486.6
eV) and multichannel detector was used for this analysis. A concentric hemispherical analyzer (CHA) was operated in constant
analyzer transmission mode to measure the binding energies of
emitted photoelectrons. The binding energy scale was calibrated

Fig. 6. XPS survey scans for various surfaces showing overall elemental constituents.

by the Au4f7/2 peak at 83.9 eV, and the linearity was verified
by the Cu3p1/2 and Cu2p3/2 peaks at 76.5 and 932.5 eV, respectively. Survey spectra were collected from 0 to 1100 eV
with pass energy of 160 eV, and high-resolution spectra were
collected for the C1s peak with pass energy of 10 eV. All spectra
were referenced by setting the C1s peak to 285.2 eV to compensate for residual charging effects. Data for percent atomic
composition and atomic ratios were calculated using analysis
software. For peak fit analysis, a convolution of Gaussian components was assumed for all peak shapes.
Table I shows the ratios of atomic compositions of C/Si and
N/Si for different surfaces obtained from XPS survey scans
(Fig. 6). The data shows that surface carbon increased after modification with silane and subsequent immobilization of avidin
and biotinylated lectin (carbon on hydex due to impurities).
These increases were expected since APTES, avidin, and biotinylated lectin are composed predominantly of carbon.
Cleaned and hydrophilized surfaces lacked nitrogen, while
silanized surfaces with APTES contained nitrogen. With subsequent surface immobilization of avidin and biotinylated lectin,
the N/Si ratios increased as a result of amide groups in avidin
and biotin. The silicon percentage decreased after each surface
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Fig. 7. High-resolution C1s scans for various surfaces showing different carbon chemistries.
TABLE II
RESULTS OF DECONVOLUTION OF HIGH-RESOLUTION C1S SPECTRA INTO
FRACTIONS OF VARIOUS PEAKS REPRESENTING DIFFERENT CARBON
CHEMISTRIES

layer deposition, as expected since XPS is a depth sensitive technique. Because XPS characterizes only the uppermost
(7–10 nm) surface chemistries, bulk silicon is masked as more
layers are deposited.
To further support the presence of APTES, avidin, and biotinylated lectin on the surface after modification, high resolution C1s scans were taken (Fig. 7). The major hydrocarbon
peak (C-C) is at 285.2 eV. The binding energy at 286.8 eV is
assigned to amines (CH2 N) and alkoxy groups (CH2 -O), and
the binding energy at 288.0 eV is assigned to amide functional
groups (O=C-N).
For the APTES modified surface, a peak at 286.8 eV is seen,
which confirms the covalent attachment of the aminosilane on
the surface. After avidin attachment, the peak at 286.8 eV increases and a peak at 288.0 eV appears. Furthermore, an increase
in these peaks after biotinylated lectin conjugation supports the
presence of biotinylated lectin on the surface.
Table II shows the deconvolution of high resolution C1s spectra into separate peaks. The decrease in the peak at 285.2 eV
and the subsequent increase in peaks at other binding energies
reflect the successful modification of the surfaces with silane,
avidin, and biotinylated lectin.
VI. RESULTS AND ANALYSIS
A. Bulk Experiments
Cleaned and hydrophilized surfaces (without avidin) were
used for bulk flow experiments. DI-H2 O and degrading concen-

Fig. 8. A real-time recording of the change in intensity as 0.5X, 0.1X, and
0.01X PBS concentrations are introduced. Each concentration is flowed for three
consecutive cycles.

trations of PBS were flowed consecutively across the resonator
surface, and the signal at a single wavelength is recorded in
real-time (Fig. 8). In the figure, the inset shows the instants
when PBS and DI-H2 O are introduced to the flow cell. Each
PBS concentration cycle is applied three times to demonstrate
repeatability.
As shown in Fig. 8, the signal level is stable within a single
PBS concentration flow, and the difference between the DI-H2 O
and PBS signal level (corresponding to upper and lower levels
respectively) decreases with decreasing concentration. To obtain
the relation between the PBS concentration (or the refractive
index of the medium) and the shift in resonance, the change in
signal level (∆T ) in each cycle is measured using a linear curve
fit. By differentiating the transmission spectrum (λ versus T )
that is recorded in each cycle before introducing PBS, the shift in
resonance (∆λ) can be determined using (dλ/dT )∆T = ∆λ
The resulting relationship between the refractive index of the
flowed solution and the corresponding resonance shift is plotted
in Fig. 9, which shows a strong linear fit.
To approximate the limit of detection, LOD(n), for a change
in refractive index, we calculated the standard deviations, δ
(pm), of the signal levels during PBS flow. According to
LOD(n) = 3δ/m, where m is the slope of the curve in Fig. 9,
LOD(n) is calculated to be 1.8 × 10−5 refractive index units
(RIU).
B. Binding Experiments
After calculating an approximate value for the refractive index
sensitivity of our system, we turned our attention to binding
experiments, where resonant mode shifts are caused by binding
of molecules on the surface. Avidin–biotin interaction is selected
because of its well known bond strength approaching that of a
covalent bond with an affinity constant of 10−15 Molar. The
experiment consists of two parts: binding and regeneration. In
the binding portion, a 3.5 µM biotinylated lectin solution is
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tem. At these two levels, the solution running across the surface
is identical, and thus the change in intensity is caused only by
binding of molecules on the surface. The signal level reached
when the regeneration phase is complete indicates that avidinbiotin bonds are broken and close to complete regeneration of
the surface is achieved.
As a control experiment, a biotinylated lectin solution of
the same concentration was flowed over a surface on which no
avidin-conjugation had been performed. The intensity recording
from this experiment shows the same step function-like behavior
as the bulk experiments with PBS. As in the bulk experiments,
there is no appreciable difference between DI-H2 O signal levels before and after biotinylated lectin flow. This indicates that
biotinylated lectin did not bind to the surface, and the flow of
DI-H2 O removed all the biotinylated lectin molecules from the
medium. Furthermore, the difference between the signal levels of biotinylated lectin and DI-H2 O flow is much smaller in
magnitude compared to those for the binding experiments, because they correspond only to a bulk change in refractive index,
rather than strong binding of molecules to the surface. These
observations strengthen our claim that the binding experiments
demonstrate specific binding of biotin to surface-bound avidin.
VII. CONCLUSION
A surface preparation protocol to modify the surfaces for
binding experiments, and an experimental measurement technique, are reported. Surface characterization by ellipsometry
and XPS revealed both successful deposition of biolayers on
the surface, and binding of biotin to surface-bound avidin. Bulk
experiments showed a linear relationship between the refractive index change of the surrounding medium and the resonance
shift. The refractive index sensitivity of the system is found
to be 1.8 × 10−5 . Comparison of data from control and binding
experiments indicate the system’s capability to measure specific
avidin-biotin binding.

Fig. 10. Data from binding experiment illustrating binding and regeneration
phases. (BL: biotinylated lectin, DI-H2 O: deionized water, pH: pH-7 buffer).
Binding efficacy is measured between the signal levels when DI-H2 O is flowed.
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flowed over the surface. The biotin molecules bind to the avidin
molecules attached to the surface, and a new signal level is
reached. Once the signal level is stabilized, DI-H2 O is flowed
to wash away any unbound biotinylated lectin, and to bring the
bulk refractive index of the medium to the same prebinding level.
For surface regeneration, a chemical pH-7 buffer is introduced to
break the avidin-biotin bonds, and is followed by a DI-H2 O flow.
The real-time intensity recording is shown in Fig. 10, where
binding and regeneration phases can be distinguished. The
change in transmission is not governed by an approximate
step function anymore (as it was in bulk experiments), but
is now dependent on the binding kinetics of the avidin-biotin
complex.
As shown in Fig. 10, the actual amount of change in the signal due to binding is measured between the DI-H2 O flow levels
before and after the introduction of biotinylated lectin to the sys-
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