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Abstract: Optical resonant microcavities with ultra high quality factors
are widely used for biosensing. Until now, the primary method of detection
has been based upon tracking the resonant wavelength shift as a function of
biodetection events. One of the sources of noise in all resonant-wavelength
shift measurements is the noise due to intensity fluctuations of the laser
source. An alternative approach is to track the change in the quality factor
of the optical cavity by using phase shift cavity ring down spectroscopy,
a technique which is insensitive to the intensity fluctuations of the laser
source. Here, using biotinylated microtoroid resonant cavities, we show
simultaneous measurement of the quality factor and the wavelength shift
by using phase shift cavity ring down spectroscopy. These measurements
were performed for disassociation phase of biotin-streptavidin reaction.
We found that the disassociation curves are in good agreement with the
previously published results. Hence, we demonstrate not only the applica-
tion of phase shift cavity ring down spectroscopy to microcavities in the
liquid phase but also simultaneous measurement of the quality factor and
the wavelength shift for the microcavity biosensors in the application of
kinetics measurements.
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1. Introduction

The last two decades have seen tremendous progress towards the development of real time, label
free and miniature optical biosensors. Researchers have demonstrated numerous techniques
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based on the surface plasmon resonance, interferometers, waveguides, microcavities, optical
fibers, and photonic crystals [1]. Among these different approaches, the large photon lifetime
(Quality factor of 106 −109) of microcavities makes them a strong candidate for ultrasensitive
biosensing, as the circulating photons will sample a biodetection event many times. The first
microcavity biosensor was demonstrated by Vollmer et. al [2] in 2002, in which they detected
proteins by measuring change of the resonant wavelength of a microsphere as a function of the
binding event. Since then researchers have transitioned the microcavity-based sensors towards
diagnostics platforms and protein behavior detection [3, 4].

Until now, the majority of work using microcavity biosensors focused on correlating the
change in the resonant wavelength to a biodetection event on the surface of the microcavity.
However, the binding event will also influence the photon lifetime or the ring down time (and
hence quality factor) of the microcavity [5]. Apart from few instances, where quality factors
have been determined based upon linewidth measurements [6, 7], researchers have not sought
to measure this property, and thus important information about the biodetection event is lost.
Moreover, in all configurations of the microcavity biosensors used so far, random intensity
fluctuations of the laser source add noise into the final measurement and hence the overall
performance of the biosensor is degraded [8, 9]. These issues can be overcome by using the
microcavity as the key component in a phase shift cavity ring down spectroscopy (PS-CRDS)
measurement.

Cavity ring down spectroscopy (CRDS) was first demonstrated in 1984 by Anderson et.
al [10] in which laser light was injected into a free space optical cavity and after reaching a
predefined transmission level at the cavity output, the laser was switched off by using a Pockels
cell. The decay rate of the output light was then correlated with reflectivity of the mirrors. In
1988, O’Keefe et. al [11] transformed CRDS into a sensing method by measuring the absorption
of molecular oxygen filled in a free space optical cavity. Since that time, many variants of
the original CRDS technique have been demonstrated, and now CRDS is a well established
technique for absorption measurements in gaseous phase [12]. One of the major advantages of
this technique is its insensitivity to the intensity fluctuations of the laser source, since the decay
rate is measured instead of the absolute intensity of the ring down time signal [12]. However, in
order to extract the decay rate, fitting algorithms are applied [13] to the ring down time signal,
and as a result, a noise term is added to the final result. To overcome the fitting noise whilst
remaining insensitive to the intensity fluctuations of the laser source, PS-CRDS can be used.
This technique was first developed by Herbelin et.al [14] for measuring reflectance of mirrors
and then later Englen et. al [15] successfully applied it to investigate the absorption of vibration
states of molecular oxygen. In PS-CRDS, intensity modulated light is injected into the cavity
which undergoes a phase change and decrease in modulation depth as it comes out of the cavity.
Both of these parameters are related to the ring down time of the cavity.

With the success of CRDS in gaseous phase, the technique is also emerging as a new way
for performing absorption measurements in the liquid phase [16] and for biosensing [17]. The
first application of CRDS biosensing involved a resonator made of an optical fiber with cou-
plers at its ends[18]. In this work, the researchers used taper section of the fiber as a sensing
medium where the evanescent tail of the cavity modes interacted with the analyte molecules.
An alternative, inexpensive design is the use of fiber in a loop with a gap between the two
ends for the insertion of a micro-fluidic chip. Loock et. al. applied PS-CRDS to the fiber loops
to detect μM concentrations of chemicals in liquid samples [19]. However, fiber loop cavities
have significantly lower quality factors than silica spheres or toroidal microcavities, resulting
in significantly shorter photon lifetimes. Thus, by combining the advantages of PS-CRDS with
an ultra-high-Q microcavity transducer, this sensing modality will be greatly improved. With
this motivation, Barnes et.al [20] applied PS-CRDS to silica microspheres for determining their
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losses in air. To determine the ring down times, they did linear curve fitting of phase change
as a function of modulation frequency. Such a measurement requires the use of a small angle
approximation of Eq. (9) (see section 2.1) and will be marginally correct for only small phase
changes. The experimental scheme that was employed is not well-suited for biosensing appli-
cation as it is not possible for that setup to track the quality factor or the resonant wavelength,
as a function of a biodetection event, at multiple modulation frequencies. Therefore, the goal
of our research is to show, 1) the application of PS-CRDS to microcavities in the liquid phase,
and 2) to simultaneously track changes in the quality factor (ring down time) and the resonant
wavelength shift as function of a biodetection event by PS-CRDS in a microcavity biosensor.

In our work, we used a bioconjugated [21] microtoroid optical resonator [22] to specifi-
cally detect unbinding of streptavidin (Fig. 1). We tracked both change in the Q and the res-
onant wavelength by using PS-CRDS and we found that the disassociation curves of biotin-
streptavidin are in good agreement with the previously published results.

2. Phase shift cavity ring down spectroscopy (PS-CRDS)

2.1. Theory

Following the similar procedure as outlined in [12, 15] for free space optical cavities, PS-CRDS
equations for a microcavity coupled with a tapered optical fiber can be developed. The intensity
modulated light entering the fiber can be represented by :

Iinput = Io(1+αinput sinωt) (1)

where α is the modulation depth and ω is the modulation frequency.
Depending upon the coupling regime [23], a fraction of light will be coupled to the microcavity.
If I1 represents the uncoupled light and I2 represents the coupled light, then the modulated light
entering into the microcavity can be written as:

Icavity = I2(1+αinput sinωt) (2)

If τ represents the ring down time of the microcavity, then its impulse response will be:

h(t) =C exp
(
− t

τ

)
(3)

Therefore intensity at the fiber output will be

Iout put(t) = I1(1+αinput sinωt)+ Icavity ∗h(t) (4)

= I1(1+αinput sinωt)+C
∫ t

−∞
I2(1+αinput sinω t́)exp

(
− t − t́

τ

)
dt́ (5)

where t́ is dummy variable for performing convolution. Under steady state conditions [23] for a
microcavity coupled with a tapered fiber, the value of C can be found by applying the principle
of conservation of energy, i.e. total intensity coupled to the cavity in a time interval must be
equal to the intensity coupled out in that time interval i.e.

C
∫ t

−∞
I2exp

(
− t − t́

τ

)
dt́ = I2 (6)

⇒C =
1
τ

(7)

Therefore,
Iout put(t) = I1(1+αinput sinωt)+ I2(1+αout put sin(ωt +φ)) (8)

#164026 - $15.00 USD Received 2 Mar 2012; revised 23 Mar 2012; accepted 27 Mar 2012; published 3 Apr 2012
(C) 2012 OSA 9 April 2012 / Vol. 20,  No. 8 / OPTICS EXPRESS  9093



where,
tanφ =−ωτ (9)

αout put =
αinput√

1+ω2τ2
(10)

Hence, the ring down time (τ) of the microcavity can be found by taking the ratio of in phase
and out of phase sinusoidal components at the fiber output. The quality factor then can easily
be extracted by the following relation:

Q =
2πcτ

λresonant
(11)

where λresonant is the resonant wavelength of the microcavity.

2.2. Experimental Setup

In the conventional PS-CRDS experiments with the free space cavities, a locking technique,
such as Pound-Drever-Hall [24] technique, is used for locking the laser frequency to the cavity
mode. Such locking techniques can also be applied to microcavities [25]. However, locking
the laser to the microcavity for biosensing means that information about the shift in resonant
wavelength will not be measured; at the same time, if the locking technique is not used, then
the ring down time can not be measured because the microcavity resonance wavelength will
shift due to the biodetection event. We have developed a novel experimental setup to overcome
these difficulties. The experimental setup is shown in Fig. 1.

   CW
Tunable
  Laser

Wavelength Modulation

Intensity Modulation

FG1

Signal
Processing

Flow Cell

Syringe
 Pump

FG2

Oscilloscope

Tapered Optical 
Fiber

To Syringe 
   Pump

Cover Slip

(a)

(b)

(c)

Fig. 1. (a) Experimental Setup, FG - Function Generator (b) Magnified view of the microac-
quarium. A cover slip is placed 2mm (approx.) above the microcavity chip holder with a
spacer to form the microacquarium. (c) Scanning electron microscope (SEM) image of the
microtoroidal cavity

A tapered fiber [26] is used to evanescently couple the light from the CW tunable laser cen-
tered at 633nm into the microtoroidal cavity with a 105μm (6μm) major (minor) diameter. The
microtoroidal cavity is covalently functionlized with biotin [21]. The bioconjugated cavity is
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immersed in the PBS microacquarium to ensure the biostability and bioactivity of the biotin
layer and subsequent protein, and the setup is then flushed with 6mL of fresh PBS. We then
inject 1nM of streptavidin via syringe pump at the rate of 50μL/min. After 7 minutes of the
injection, we switch off the syringe pump and start tracking the change in the Q and the reso-
nant wavelength. As shown in previous works [23], the quality factor is very dependent on the
coupled input power, which is controlled by the coupling gap. Therefore, all measurements are
performed in contact at the same position on the cavity. We also monitor depth of the peaks to
make sure that it remains constant throughout the recording phase. Therefore, changes in cou-
pled input power do not play a role in the change in the Q [23] in the present measurements. The
procedure of tracking the ring down time and the resonant wavelength involves the following
process:

A function generator (FG1) with triangular wave output (100mHz, 1V peak-to-peak) contin-
uously modulates the wavelength of a tunable laser (New Focus, Velocity Scan 633nm tunable
laser) to generate the resonant peaks as shown in Fig. 2a. The peaks are labelled as Forward
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Fig. 2. Two types of measurements (a) Minimum of one of the resonant peak is tracked as
function of the biodetection event (b) Phase shift experienced by the sinusoid coming out
of the microcavity is tracked as a function of the biodetection event. With reference to Fig.
(a), black sinusoid is extracted at the resonant peak.

Scanning Peaks (FSP), and Backward Scanning Peaks (BSP). After locating a resonant peak,
a second function generator (FG2) is switched on (13MHz, 4V peak-to-peak) to provide si-
nusoidal modulation of the laser intensity. After switching on both of the function generators,
the phase shift between a reference sinusoid (sinusoidal modulated intensity of the laser before
coupling) and the sinusoid at the fiber output is continuously recorded. In such a scan, there
will be phase shifts only at the resonant peaks (Fig. 3). The same values of the phase shifts at
the FSP and BSP indicate that there is no difference in the FWHM widths of the two peaks and
hence any nonlinear effects are negligible[27], an important consideration for the biosensing
experiments. The values of the peaks are the phase shifts which correspond to the ring down
time (and hence Q) and positions of the peaks correspond to the resonant wavelength. Both of
them can easily be extracted by further signal processing of the captured data.

3. Results and discussion

The binding kinetics of the biotin-streptavidin system in association and disassociation phase
can be approximated by an exponential curve for the resonant wavelength [28]. During the
association phase, the resonant wavelength shifts towards the red and in the disassociation phase
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Fig. 3. Full scan with zoom in view of FSP and BSP (a) Continuous monitoring of phase as
function of disassociation of the streptavidin from the biotin (b) Due to limitations of the
computer speed, two FSPs and BSPs are separated by 5s respectively.

it shifts towards the blue [4]. The change in resonant wavelength during the disassociation of
the streptavidin from the biotin are shown in Fig. 4 which is in excellent agreement with [4].
The change in Q during the disassociation phase is also shown which is following an increasing
trend which makes sense as the binding and unbinding of the streptavidin will decrease and
increase the overall quality factor of the microtoroid respectively. The error signal, which is
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Fig. 4. Experimental parameters. The curves are not smooth because each data point is 5s
apart on each curve, a limitation of the computer used in the experiment. In (b), negative
values signify that the resonant wavelength is shifting towards blue

recorded with the tapered optical fiber alone, is also shown in Fig. 5. The noise shown in Fig. 5
is significantly smaller than the signal shown in Fig. 3 with the minimum and maximum signal
to noise ratios of 12dB and 15.8dB respectively.

The results indicate successful proof of the concept for the application of PS-CRDS to micro-
cavities for biosensing. The PS-CRDS biosensor simultaneously tracks the Q and the resonant
wavelength as a function of the biodetection event as opposed to its frequency domain coun-
terpart which can only track the resonant wavelength. In our current setup, only tracking of the
Q is free from noise due to the intensity fluctuations. However, the performance of the sensor
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can be improved by employing a lock-in amplifier which will reduce the error signal to 0.01o

and hence the minimum and maximum signal to noise ratios will be improved to 27dB and
30dB respectively. In conventional wavelength shift based microcavity biosensors, minimum
of the resonant wavelength is tracked by software. On the other hand, by use of lock-in ampli-
fier in PS-CRDS biosensor, accuracy of tracking of the resonant wavelength will be improved
as compared to the frequency domain biosensor.

Since absorption of analytes influences the quality factor of the microtoroid, the PS-CRDS
biosensor can also conduct such measurements in a faster (electronics) and an intensity noise
free manner. On the other hand, absorption measurements [7, 29] in the wavelength shift based
microcavity sensors are slow (software) and carry noise not only due to the intensity fluctua-
tions but also due to fitting of Lorentzian curves to the resonant peaks. Moreover, other noise
mechanisms that are present in the wavelength shift based microcavity sensors, such as laser
frequency jitter, conversion of FG1 voltage to the wavelength [30], and shift in the resonant
wavelength due to thermal fluctuations [31] are also minimized in the Q measurements. This
observation is clear from the fact that these noise mechanisms will effect the location of the
resonant peak whereas the Q measurements are independent of the peak’s position (see Fig. 2b
along with its caption, Eq. (9), and Eq. (11)).

CRDS with free space cavities is an emerging technique for liquid phase applications such
as liquid chromatography [32, 33]. However, such devices suffer from scattering and reflection
losses due to the placement of the liquid sample inside the cavity. In some cases [33], liquid
is in contact with the mirrors which degrades the mirrors over a period of time. Moreover, dif-
ferent mirrors need to be employed to meet wavelength requirements in an experiment. The
PS-CRDS sensor demonstrated in this work can overcome the above mentioned difficulties and
has potential to offer a compact and sensitive solution for the liquid chromatography applica-
tions.
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4. Conclusions

In summary, we have combined the advantages of CRDS (high noise immunity) and microcav-
ities (high Q, low cost and compact) to develop a sensor that can simultaneously track the Q
and the resonant wavelength as a function of a biodetection event. The sensor can also provide
faster results for absorption measurements than its frequency domain counterpart. This work
is also the first demonstration of applying PS-CRDS to microcavities for liquid phase applica-
tions. This PS-CRDS microcavity sensor has potential of finding wide applications not only in
biosensing but also in analytical chemistry, pharmaceutical and agriculture sectors.
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In section 2.1 of our manuscript [1], we incorrectly calculate the quality factor from the phase
shift of the waveguide signal. The waveguide signal represents a coherent sum of the micro-
cavity signal and the input signal rather than the incoherent sum. Therefore, the expressions in
section 2.1 of [1] should be treated for fields instead of the intensity. From the detected phase
shift (θ ) of the waveguide signal, the correct expression for the phase shift of the microcavity
signal coupled to the waveguide (tapered optical fiber) is given by Eq. (1) [2]:

φ =−cos−1

[√
Iip(Iip + Iwg)+ Iwg(−3Iip + Iwg)cos2 θ ±2Iwg cos3 θ tan2 θ

√
IipIwg

I2
ip + I2

wg−2IipIwg cos2θ

]
(1)

where Iip represents the signal at output of the tapered fiber at the non resonant wavelength (i.e.
it represents the input signal) and Iwg represents the signal at output of the tapered fiber at the
resonant wavelength. In the numerator of Eq.(1), + and − signs will be used for the detected
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negative (the case in [1]) and the positive phase shift (θ ) of the waveguide signal respectively.
The ring down time (τ) is given by Eq.(2).

tanφ =−ω

2
τ (2)

where ω is the modulation frequency [1] and the factor of 2 comes from the fact that the
expressions are derived by considering the coherent sum of the signals. The quality factor will
then be calculated by using the Eq.(11) of [1].

Due to the updated analysis, the values on y axes of Fig. 3, and Fig. 5 in [1] will now represent
the phase shift, |2θ |, of the waveguide signal intensity with respect to the input signal. After
using the updated expressions, the values on the y axis of Fig. 4a in [1] will be reduced by a
factor of approximately two.

The authors regret the error, which does not change the technique and the conclusions pre-
sented in [1].
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