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Abstract: Refractive index (RI) sensors based on optical resonance
techniques are receiving a high degree of attention because of the need to
develop simple, low-cost, high-throughput detection technologies for a
number of applications. While the sensing mechanism of most of the
reported Rl sensors is similar, the construction is quite different from
technique to technique. It is desirable to have a uniform mechanism for
comparing the various Rl sensing techniques, but to date there exists a
degree of variation as to how the sensing performance is quantified. Here
we set forth a rigorous definition for the detection limit of resonant RI
sensors that accounts for all parameters that affect the detection
performance. Our work will enable a standard approach for quantifying and
comparing the performance of optica resonance-based RI  sensors.
Additionally, it will lead to design strategies for performance improvement
of RI sensors.

©2008 Optical Society of America

OCIS codes: (140.4780) Optical resonators, (230.3990) Micro-optical devices; (130.6010)
Sensors.

References and links

1.

2.

10.

11.

12.

J.Homola, S. S. Yee, and G. Gauglitz, " Surface plasmon resonance sensors: review," Sens. Actuators B 54,
3-15(1999).

E. Chow, A. Grot, L. W. Mirkarimi, M. Sigalas, and G. Girolami, "Ultracompact biochemical sensor built
with two-dimensional photonic crystal microcavity," Opt. Lett. 29, 1093-1095 (2004).

M. Leeand P. M. Fauchet, "Two-dimensional silicon photonic crystal based biosensing platform for protein
detection,” Opt. Express 15, 4530-4535 (2007).

L. Rindorf, J. B. Jensen, M. Dufva, L. H. Pedersen, P. E. Hoiby and O. Bang, "Photonic crystal fiber long-
period gratings for biochemical sensing," Opt. Express 14, 8224-8231 (2006).

N. A. Mortensen, S. Xiao and J. Pedersen, "Liquid-infiltrated photonic crystals - enhanced light-matter
interactions for lab-on-a-chip applications," Microfluid. Nanofluid. 3 (2007). DOI: 10.1007/s10404-007-
0203-2

S. Arnold, M. Khoshsima, |. Teraoka, S. Holler and F. Vollmer, " Shift of whispering-gallery modesin
microspheres by protein adsorption,” Opt. Lett. 28, 272-274 (2003).

T. Baehr-Jones, M. Hochberg, C. Walker and A. Scherer, "High-Q ring resonators in thin silicon-on-
insulator," Appl. Phys. Lett. 85, 3346-3347 (2004).

N. M. Hanumegowda, C. J. Stica, B. C. Patdl, I. M. Whiteand X. Fan, "Refractometric sensors based on
microsphere resonators," Appl. Phys. Lett. 87, 201107 (2005).

A. Ksendzov and Y. Lin, "Integrated optics ring-resonator sensors for protein detection,” Opt. Lett. 30,
3344-3346 (2005).

A. M. Armani and K. J. Vahala, "Heavy water detection using ultra-high-Q microcavities," Opt. Lett. 31,
1896-1898 (2006).

C.-Y. Chao, W. Fung and L. J. Guo, "Polymer microring resonators for biochemical sensing applications,”
IEEE J. Sel. Top. Quantum Electron. 12, 134-142 (2006).

A.Yadcin, K. C. Popat, O. C. Aldridge, T. A. Desai, J. Hryniewicz, N. Chbouki, B. E. Little, O. King, V.
Van, S. Chy, D. Gill, M. Anthes-Washburn, M. S. Unlu and B. B. Goldberg, "Optical sensing of

biomol ecules using microring resonators,” 1EEE J. Sel. Top. Quantum Electron. 12, 148-155 (2006).

#89212 - $15.00 USD Received 31 Oct 2007; revised 3 Jan 2008; accepted 10 Jan 2008; published 11 Jan 2008
(C) 2008 OSA 21 January 2008/ Vol. 16, No. 2/ OPTICS EXPRESS 1020



13. M. Sumetsky, Y. Dulashko, J. M. Fini, A. Haleand D. J. DiGiovanni, "The microfiber loop rresonator:
theory, experiment, and application,” J. Lightwave Technol. 24, 242-250 (2006).

14. H. Zhu, |. M. White, J. D. Suter, P. S. Daleand X. Fan, "Analysis of biomolecule detection with optofluidic
ring resonator sensors," Opt. Express 15, 9139-9146 (2007).

15. V. Zamora, A. Diez, M. V. Andrés and B. Gimeno, "Refractometric sensor based on whispering-gallery
modes of thin capillaries," Opt. Express 15, 12011-12016 (2007).

16. J.Homola, I. Koudelaand S. S. Y ee, " Surface plasmon resonance sensors based on diffraction gratings and
prism couplers: sensitivity comparison,” Sens. Actuators B 54, 16-24 (1999).

17. P. Pfeifer, U. Aldinger, G. Schwotzer, S. Diekmann and P. Steinrucke, "Real time sensing of specific
molecular binding using surface plasmon resonance spectroscopy,” Sens. Actuators B 54, 166-175 (1999).

18. T.Allsop, R. Neal, S. Rehman, D. J. Webb, D. Mapps, and |. Bennion, "Generation of infrared surface
plasmon resonances with high refractive index sensitivity utilizing tilted fiber Bragg gratings,” Appl. Opt.
46, 5456-5460 (2007).

19. M. Sumetsky, R. S. Windeler, Y. Dulashko and X. Fan, "Optical liquid ring resonator sensor," Opt. Express
15, 14376-14381 (2007).

20. C. A.Barios, K. B. Gylfason, B. Sanchez, A. Griol, H. Sohlstrém and M. Holgado, "Slot-waveguide
biochemical sensor,” Opt. Lett. 32, 3080-3082 (2007).

21. L.Kou, D. Labrieand P. Chylek, "Refractive indices of water and icein the 0.65-2.5um spectral range,"
Appl. Opt. 32, 3531-3540 (1993).

22. J.D. Suter, I. M. White, H. Zhuand X. Fan, "Thermal characterization of liquid core optical ring resonator
sensors," App. Opt. 46, 389-396 (2007).

23. M. Hanand A. Wang, “ Temperature compensation of optical microresonators using a surface layer with
negative thermo-optic coefficient,” Opt. Lett. 32, 1800-1802 (2007).

24. H.Zhu, |. M. White, J. D. Suter, M. Zourob and X. Fan, "Integrated refractive index optical ring resonator
detector for capillary electrophoresis,” Anal. Chem. 79, 930-937 (2007).

25. D.Markov, D. Begari and D. J. Bornhop, "Breaking the 107 Barrier for Rl measurementsin nanoliter
volumes," Anal. Chem. 74, 5438-5441 (2002).

26. Z.WangandD. J. Bornhop, "Dual-capillary backscatter interferometry for high-sensitivity nanoliter-
volumerefractive index detection with density gradient compensation,” Anal. Chem. 77, 7872-7877 (2005).

1. Introduction

Optical refractive index (RI) sensors are widely researched for a number of applications and
are prominent among the commercial landscape of current sensing technologies. This sensing
paradigm promises real-time results and minimal sample preparation with no fluorescent
labeling required. Examples of optical RI sensors include surface plasmon resonance (SPR)
[1], 2-D photonic crystal structure [2, 3], long-period fiber grating (LPFG) [4, 5], and various
forms of ring resonators [6-15]. In these sensors, an optical resonance can easily be observed;
at least a fraction of the corresponding mode is interacting with the sample. A changein RI of
the region probed by the resonant mode causes a corresponding frequency shift of the optical
resonance of the sensor. The change in resonant frequency is converted to the sensing signal.
For applications requiring the analysis of a liquid sample, the sensing signal can be used to
determine the RI of the sample as compared to a reference sample. For biomolecule detection
applications, the specific capture of biomolecules at the sensor surface results in a local
change in RI, producing a sensing signal that enables quantification of the biomoleculesin the
sample[3,6,11,12,14].

RI sensors are often quantitatively compared by their Rl sensitivity. Here we define the
RI sensitivity as the magnitude in shift of the resonant wavelength versus the change in RI of
the sample. However, this measure alone is not sufficient for quantitatively characterizing the
ability of the sensor to identify and to quantify the targeted material in the sample. To fully
describe the performance of the sensor, the detection limit must be presented. The purpose of
this correspondence is to put forth a definition for the detection limit for RI sensors for both
refractometric and biomolecule sensing applications, and to comment on the factors that
determine the detection limit, including RI sensitivity, system resolution, and a number of
NoiSe sources.
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Fig. 1. (A). Optical Rl sensors typically utilize an optical resonance that has
a resonant wavelength dependent upon the RI of the sample. When the
sample RI changes, the mode shifts spectrally. (B). The RI sensitivity is
determined by measuring the spectral shift of the resonant mode for known
chanaes in sample RI.

2. Detection limit

Consider an RI sensor in contact with a liquid sample, with a resonant mode as illustrated in
Fig. 1(A). If the RI of the sample changes, the resonance condition for the device changes,
and as aresult, the resonant mode shifts to a new wavelength [Fig. 1(A)]. The magnitude of
the wavelength shift divided by the change in RI is the sensitivity of the device. In other
words, if the spectral shift is measured for several changesin RI, the sensitivity is the slope of
the generated trend, as illustrated in Fig. 1(B). The sensitivity is given in units of nm/RIU,
where the difference between aRl of 1.4 and 1.3is0.1 RIUs.

A RI sensor’s sensitivity is governed by the fraction of the optical mode that interacts with
the sample. For many resonant-based Rl sensors, a change in sample RI, Ang, results in a
spectral shift AL isgiven by

AA =nAn, A 1)

neﬂ

where 1) is the fraction of optical intensity that exists in the liquid sample [5,14] and hy is the
effective Rl experienced by the resonant mode. Two resonant RI sensor configurations of
note do not fit Eq. (1). For the first configuration, LPFG, the sensitivity is aso related to the
fraction of light interacting with the sample. The sensitivity increases as a function of 7, —
14, Where 7. and 7, are the fraction of optical intensity in solution in the core mode and the
cladding mode, respectively [4]. The expressions for the second one, SPR, sensitivity in a
prism-coupled and in a grating-coupled configuration are given in Homola[16].

Demonstrated RI sensitivities for various Rl sensors are listed in Table 1. In general,
designs that enable high interaction between the resonant mode and the sample have high
sensitivity. In contrast, in a conventional ring resonator, only around 1-3% of the optical
mode interacts with the sample [8,12], which leadsto arelatively low sensitivity.

Table 1. Examples of demonstrated RI sensitivity for various Rl sensing technologies.

RI sensor configuration Demonstrated RI sensitivity
SPR (prism coupled) 7120 nm/RIU [17]

SPR (grating coupled) 3365 nnV/RIU [18]
LPFG ~ 6000 nm/RIU [4]
Capillary ring resonator 800 nm/RIU [19]

2-D Photonic crystal 200 nm/RIU [2]

Planar ring resonator 212 nm/RIU [20]
Microsphere ring resonator 30 nm/RIU [§]

#89212 - $15.00 USD Received 31 Oct 2007; revised 3 Jan 2008; accepted 10 Jan 2008; published 11 Jan 2008
(C) 2008 OSA 21 January 2008/ Vol. 16, No. 2/ OPTICS EXPRESS 1022



However, the magnitude of the spectral shift (i.e., the sensitivity) does not wholly
articulate the capability of the device to detect and quantify the properties of the sample.
Equally important is the ability to precisely and accurately measure the spectral shift that
results from the sample. Here we introduce the concept of the sensor resolution, which
characterizes the smallest possible spectral shift that can be accurately measured. As
described later, this term takes into account the spectral resolution of the system and a number
of noise parameters. The sensitivity (S) and the sensor resolution (R) combine to form the
detection limit (DL) of the device:

DL = E . 2
S
For refractometric sensing, the DL reports the smallest sample RI change that can accurately
be measured. For biomolecule sensing, the DL describes the minimum amount of analyte that
the RI sensor can accurately quantify.

Spectral resolution and system noise factor into the DL because of the methodology for
measuring the spectral shift in response to a sample. In most resonant-based RI sensors, the
resonant mode has a Lorentzian spectral profile. One simple method to monitor the spectral
shift is to track the position of the extremum (i.e., minimum or maximum, depending on the
measurement configuration). The total sensor response is the spectral difference between the
final and initial extrema, as illustrated in Fig. 1(A). If infinitely high spectral resolution were
available and absolutely zero system noise were present, the sensor performance could be
characterized by the sensitivity alone. However, spectral resolution and system noise detract
from the precision and accuracy with which the true center of the resonant mode can be
located. The minimum error in determining the actual mode spectral position leads to finite
sensor resolution, and subsequently to the need for the sensor DL.

There are two classes of noise that contribute to errors in determining the positions of the
resonant mode: amplitude variations and spectral variations. Amplitude noise refers to the
cumulative noise added to the spectral mode profile. Noise sources include thermal and shot
noise in the photodetector, laser relative intensity noise, and quantization error. Figure 2(A)
shows a spectral mode trace with noise signals added to it. In atypical system, the extremum
is located quickly and automatically by the system’s processor, such as a computer. With
added amplitude noise, the actual extremum is not likely to be at the exact center frequency of
the Lorentzian shape as it should be. Thus, the amplitude noise processes result in a random
spectral deviation of the measured spectral |ocation of the resonant mode.

It is important to analyze the random process of this deviation and its dependence on the
magnitude of the noise and the linewidth of the mode. Although the noise processes are well
characterized by standardized datistical distributions, the extremum operation prevents a
direct analytical solution for the statistical distribution of the resulting spectral variation of the
actual extremum. However, the system can be studied numerically using a Monte Carlo
simulation. Here we use this technique to determine the statistical variance of the extremum
of a Lorentzian-shaped mode when a random noise signal is added to the amplitude of the
mode. For simplicity we draw each amplitude noise data point from a white Gaussian
distribution (in reality, shot noiseis produced by a Poisson process).

The Lorentzian modes pictured in Fig. 2(A) have a noise signal added to produce a signal
to noise ratio (SNR) of 40 dB and 60 dB (60 dB is a good SNR for a typical photonic link),
respectively, where the signa is defined as the height of the signal (power normalized to 1)
and the noise is the variance of the noise distribution. In the Monte Carlo simulations, these
signals are created repeatedly while the maximum is found for each resulting mode profile in
each iteration. The deviation of the spectral location of the maximum amplitude from the
actual center wavelength of the mode is determined for each iteration and then the resulting
data set is statistically analyzed to determine the standard deviation. Figure 2(B) plots the
three standard deviations (3c) value of the determined maxima for SNRs ranging from 20 dB
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Fig. 2. (A). Lorentzian mode amplitude with Gaussian noise added for SNR of 40 dB and 60
dB (SNR = peak power of signal divided by variance of noise distribution). (B). Results of
Monte Carlo simulations over arange of Q-factors and amplitude noise variances. Circles are
the results of the numerical simulations; lines are the approximation given by Eq. (3).
Simulation was run for 400,000 iterations for each Q-factor and SNR.  Spectral precision in
the simulation is the 0.001 of the mode linewidth (results change very little when using an
improved resol ution of 0.0005 of the mode linewidth).

to 80 dB, and for Q-factors between 10° and 10°. The inset shows a numerically generated
probability density function (PDF) for the relative spectral position of the maximum value for
a particular simulation run. The PDF is similar to a Gaussian distribution. The simulation
results reveal that having a high Q-factor is advantageous in reducing the spectral noise of the
sensor.  This phenomenon can be explained by the fact that the noise signal results in a finite
probability for samples within the optical bandwidth of the resonant mode to be identified as
the extremum [see Fig. 2(A)]. Resonant modes with narrower linewidth filter the spectral
noise more effectively, which leads to lower spectral deviation from the actual center of the
mode. As aresult, Q-factor plays an important role in the DL of the sensor.

Although an analytical solution for the statistical variance of the location of the mode
amplitude maximum value is not available, the Monte Carlo simulation results provide an
opportunity to approximate the relationship between Q-factor, SNR, and the resulting spectral
variation of the mode’s maximum value. The simulation results reveal alinear dependence of
the standard deviation on the linewidth and an exponential relationship with the SNR. 1t is
found that within the ranges of parameters considered here, the numerical results can be
approximated by:

AA
T AR 3

where ¢ is the standard deviation of the resulting spectral variation and AL is the full-width-
half-max of the mode amplitude and is related to the Q-factor by Q = A/AL. SNRis in linear
units in this expression (e.g., 60 dB = 10°). The results of this estimation are plotted in Fig.
2(B), and show good agreement with the Monte Carlo simulation results. Equation (3) is
generally applicable to any RI sensor technology in which the measured extremum value is
used to identify the spectral location of the resonant mode.

In addition to amplitude noise, there are spectral noise factors that also contribute to
variation in the spectral location of the resonant mode and thus to the sensor resolution. First
is the thermal variation of the system. All Rl sensors are susceptible to thermal-induced
fluctuations because the sensor materiad and the sample have non-zero thermo-optic
coefficients and thermal expansion coefficients. Thus, slight changes in temperature cause the
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RI of the material and of the sample to change, which, as shown by Eq. (1), causes the
spectral position of the resonant mode to shift. This results in another noise source
contributing to error in determining the spectral shift produced by the analyte.

The spectral resolution of the system setup also may limit the precision with which the
resonant mode position may be identified. Depending on the measurement setup, either the
laser or the optical detection mechanism may limit the resolution. In one common setup that
is used for very narrow resonant mode linewidth Rl sensors, the laser is tuned over a very
small spectral range — on the order of pm — while a photodetector measures the amplitude at
the output of the system. It is expected that the processing unit in the setup can sample the
photodetector voltage at a very high rate compared to the laser tuning speed. The limitation in
this case is due to the linewidth of the laser, which is typically lessthan 1 MHz. At 1550 nm,
1 MHz isequivalent to about 8 fm.

In a setup that is common for relatively large resonant mode linewidth Rl sensors, a
broadband optical source and an optical spectrum analyzer or spectrometer are used to record
the resonant mode. In this caseg, it is clear that the spectral resolution of the detection device
provides the limitation, which may be on the order of 1 pm. The resulting error due to
spectral limitations of the detection device can be modeled as quantization error. As an
example, for a device with a spectral resolution of 1 pm, the error in determining the position
of the resonant mode is uniformly distributed between -0.5 pm and 0.5 pm, and has a resulting
standard deviation of ogecres = 0.29 pm.

Once the dstatistical properties of al of the noise sources are understood, the sensor
resolution can be determined. Here we use the typica convention of establishing the
resolution as 3c of the noise in the system. The total system noise variance can be
approximated by summing al of the individual noise variances, i.e

30- = 3\/O-§mpl—noise + O-tzempyinduced + O-szpect—rs )

For illustration, we can compare the DL of two very different cases. Consider one RI
sensor with a sensitivity of 1000 nm/RIU, a Q-factor of 10%, a SNR of 60 dB, a spectral
resolution of 1 pm, and temperature stabilization with standard deviation of 10 fm. Consider
another RI sensor with a sensitivity of 25 nm/RIU, a Q-factor of 10’, a SNR of 60dB, a
spectral resolution of 1 fm, and a temperature stabilization with standard deviation of 10 fm.
Assuming an operating wavelength of 1550 nm and using Eq. (3), we can compare the
refractometric detection limit of these two RI sensors. The parameters and the resulting DLs
are compared in Table2. Despite the lower sensitivity, the high-Q sensor has slightly better
performance because of the dramatically lower spectral variation due to amplitude noise. This
result accents the need for a rigorous method of performance quantification for Rl sensors
instead of relying on the RI sensitivity value to indicate the sensor’ s performance.

This illustration is also designed to emphasize the fact that high-Q-factor RI sensors are
typicaly limited in performance by temperature stabilization, while low-Q-factor Rl sensors
are typically limited by amplitude noise and spectral resolution. Sensor design should focus
on the minimization of theseissuesin order to minimize the detection limit.

Table 2. Comparison of the detection limit of two different resonant modes with largely differing Q-factor and RI
sensitivity.

Q-factor Q=10 Q=10

RI sensitivity 1000 nnV/RIU 25 nm/RIU
Spectral resolution 1pm 1fm

Temp stabilization (o) 10fm 10fm

o of extremum 1.1pm 11fm
Calculated sensor resolution R 3.4 pm 30.3fm
Detection limit DL 3.4x10°RIU 1.2x10°RIU
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Our analysis can also be used to investigate the role of the optical mode fraction that
interacts with the sample, . Equation (1) shows that sensitivity increases linearly withn, and
Eq. (2) statesthat DL decreases linearly with S. Therefore, it seems logical to conclude that a
higher n resultsin alower detection limit. However, closer examination reveals that thisis not
always the case. Although sensitivity increases with increasing n, the absorption of photons
by the sample medium also increases with increasing .  This decreases the Q-factor of the
resonant mode, which is equivalent to an increase in the mode linewidth. This increasing
linewidth serves to counteract the increasing sensitivity, and, depending on the absorption
coefficient of the medium, may have an equalizing effect on the actual DL.

Consider an optical ring resonator sensor as an example. The ratio of the evanescent
intensity in the sampleto the total mode intensity ism. The sample has an absorption given by
o, where o is related to the Q-factor of the mode by:

_2m
AQ,

where Q,, isthe Q factor due to the absorption of photons and the observed Q-factor is defined
as 1/Q = 1/Q, + 1/Qu. Figure 3(A) compares two Lorentzian modes from a ring resonator
with 1 = 0.05 and 1 = 0.01 when the evanescent field is interacting with water, which has
o~ 1000 m™ at 1550 nm [21]. As shown in the previous analysis, the broader linewidth |leads
to poorer sensor resolution and degrades the DL. Using Egs. (3) and (4) to calculate the noise
term due to the mode linewidth, we can calculate the DL for various sample absorption o and
mode fraction in the samplen. Figure 3(B) plots the calculated detection limit for n of 0.01,
0.05, and 0.1, assuming a wavelength of 1550 nm, a mode amplitude SNR of 60 dB, and a Qq
of 10°. While higher  resultsin alarger sensitivity, the calculations show that for o > 10 m*,
there is no advantage in terms of detection limit because the increasing linewidth counteracts
the increasing sensitivity.  Alternatively, for ao<1m® an increasing m results in a
corresponding improvement to the detection limit, as intuitively expected.

The dashed lines in Fig. 3(B) show the detection limit for n = 0.05 and n = 0.1 if a
temperature-induced spectral fluctuation of ¢ = 10 fm is also factored into the calculation.
The calculation indicates that for oo < 100 m™, the temperature-induced fluctuation dominates,

no 4)
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-] ~ 5
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Y g . )
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Fig. 3. (A). Lorentzian mode of aring resonator withn = 0.01 or 1 = 0.05. A =
1550, Qo = 10° o= 1000 m*. (B) Calculated DL using Egs. (3) and (4) for n =
0.01, n = 0.05, and n = 0.1. For solid lines, only the mode amplitude noise is
considered. For the dashed lines, temperature-induced spectral fluctuation with
6 =10fmisalso considered. A = 1550, Q, = 108, SNR = 60 dB.
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while for o> 100 m™, the effect on linewidth of the optical absorption due to the sample
dominates the DL calculation. When the temperature-induced spectral fluctuation is
dominating, an increase in n results in a linear improvement in detection limit. A direct
consequence of the above result is that under the same experimental condition, the detection
limit is better for the solution of higher RI, asmore light is pulled into the solution [19].

This analysis offers clues for sensor design parameters that can improve performance. For
samples that have low absorption, increasing the mode fraction of light interacting with the
sample improves the sensor detection limit. For samples with higher absorption, there is no
advantage to increasing the interaction between the resonant mode and the sample.
Furthermore, consider the case of water, which has two orders of magnitude lower absorption
for visible light as compared to 1550 nm. Figure 3(B) shows the significant advantage in
sensor performance by operating at the lower wavelength and with higher interaction between
the resonant mode and the sample. Armani et al. recently reported significant reduction in
solvent absorption at near infrared by replacing H,O with D,O [10]. Thisis another strategy to
improve the Rl sensor performance.

Altogether, the analyses presented here provide insight into how to optimize sensor design
to improve the detection limit. In the case of high-Q sensors, controlling the temperature-
induced spectral fluctuations is the key to an excellent detection limit. Design options include
temperature control using a thermal electric cooler (TEC) [22], the use of materials with
advantageous thermal properties [23], or utilizing a reference channel to subtract the common
mode noise, which includes thermally-induced spectral fluctuations [24]. Also, optimizing
the wavelength of operation and the absorption of the sample contribute to improved detection
limit, and lead to the opportunity to further improve the performance by increasing the
interaction between the resonant mode an the sample. For low Q-factor sensing devices, these
parameters are not expected to be particularly important because the detection limit is
dominated by amplitude noise added to the recorded mode spectrum and by spectral
resolution. Reducing the amplitude noise and applying signal processing techniques to reduce
the recorded noise are expected to improve the detection performance of these devices. With
these improvements, it is possible to break the RIU detection limit, which is currently on the
order of 107 RIU [25, 26].

These analyses apply to resonance-based RI sensors operated in a peak-detection
operation. Additionally, resonance-based RI sensors can be operated in an aternative
detection scheme in which a narrow-bandwidth fixed-wavelength laser is used instead of a
broadband or tunable laser [11, 12]. The system is configured so that the wavelength of the
laser is near the spectral location of the half-max point of the resonant mode on either side of
the extremum. When the mode shifts due to RI changes, the amplitude of the optical signal at
the sensor output increases or decreases according to the shape of the mode and the magnitude
of the spectral shift of the mode. The analysis presented above does not directly apply to this
configuration, and thus it remains as an open problem for future development. In this
analysis, the sensitivity is a combination of the spectral shift of the resonant mode and of the
slope of the spectral mode profile (and thus the Q-factor). Thus, again, the linewidth of the
mode factors into the detection performance. Additionally, amplitude noise may also play a
significant role in the detection limit, as the measured intensity is the sensing signal in this
case.

3. Biomolecule detection limit

A number of RI sensors, including SPR and ring resonator sensors, have been utilized for
biomolecule detection. Essentially, the sensors are detecting the RI change resulting from the
specific capture of biomolecules at the surface. The RI sensor is utilizing the evanescent field
at the sensor surface, where biorecognition techniques can be used to ensure specificity in
detection. Non-evanescent-detection-based sensors are not considered in this section.
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It is relatively straight-forward to convert a sensor’'s Rl sensitivity into a sensitivity for
biomolecules because the capture of biomolecules at the sensor surface changes the Rl in the
region probed by the sensor’s evanescent field. An analysis to convert Rl sensitivity to
biomolecule sensitivity has been presented and experimentally verified for generalized ring
resonator sensors by Zhu, et al., in [14]. In that work, the authors began with Eq. (1) above.
The analysis is generally applicable to all resonant-based RI sensors that also conform to Eq.
(1). The analysis leads to an expression for the spectral shift of the resonant mode, A, for
biomolecule capture given an bulk RI sensitivity of S

A 22 —n n_
p“Pex 2 2 S. ®)

A A ng
In this expression, o, is the surface density of the captured biomolecules, o, is the excess
polarizability of the molecule, ny, is the RI of the sensor materia (e.g., glass in atypical ring

resonator), and ng is the RI of the sample buffer. From this, we can define a sensitivity for
biomolecule detection:

oA
Ss=— - (6)

Op
A detection limit analysis for biomolecules is performed in the same manner as the bulk
RI analysis presented above. This provides a DL in terms of analyte molecules per area or
mass of analyte per area on the sensor surface. This value can be used to compare sensorsin
terms of the ability to detect a low density of molecules on the sensor surface, which indeed is
an important standard. Note, however, that this does not include the sensor’s ability to
capture molecules on the surface, which also plays an important part in how well a sensor can
detect and quantify a low concentration of analyte molecules in a sasmple. Naturaly, the
experimentally measured detection limit is the optimal figure for comparison across different

RI sensors.

4. Summary and discussion

We have proposed a method for characterizing the performance of Rl sensors that utilize
optical resonance. The method offers a measure for comparison based on the sensor’s actual
capability to detect and quantify small changes in the RI of the sample. Instead of simply
relying on the RI sensitivity of the sensor, our method uses a DL that is based on the
sensitivity as well as the sensor resolution, where the resolution depends on a number of noise
sources. We have also shown that the method can easily be applied to biomolecule detection
by utilizing a relationship between the bulk RI sensitivity and the sensitivity to capture of
biomolecules on the sensor surface. Our hope is that this proposed methodology contributes
to a standardized comparison tool for optical Rl sensors that accurately represents the utility
of the sensor. Additionally, in identifying the impact of all of the parameters involved in
determining DL, we have revealed design strategies that are focused on improving the actual
ability of the Rl sensor to identify and quantify the target in the sample.
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