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Abstract

Optical biosensors that can precisely quantify the presence of specific molecular species
in real time without the need for labeling have seen increased use in in the drug discovery
industry and molecular biology in general. Of the many possible optical biosensors, the
TM mode Si biosensor is shown to be very attractive in the sensing application because
of large field amplitude on the surface and cost effective CMOS VLSI fabrication.

Noise is the most fundamental factor that limits the performance of sensors in
development of high-sensitivity biosensors, and noise reduction techniques require
precise studies and analysis. One such example stems from thermal fluctuations.
Generally SOI biosensors are vulnerable to ambient temperature fluctuations because of
large thermo-optic coefficient of silicon (~2x10™ RIU/K), typically requiring another
reference ring and readout sequence to compensate temperature induced noise. To
address this problem, we designed sensors with a novel TM-mode shallow-ridge
waveguide that provides both large surface amplitude for bulk and surface sensing. With
proper design, this also provides large optical confinement in the aqueous cladding that

renders the device athermal using the negative thermo-optic coefficient of water (~

—1x10™*RIU/K), demonstrating cancellation of thermo-optic effects for aqueous solution
operation near 300K.
Additional limitations resulting from mechanical actuator fluctuations, stability of tunable

lasers, and large 1/f noise of lasers and sensor electronics can limit biosensor performance.



Here we also present a simple harmonic feedback readout technique that obviates the
need for spectrometers and tunable lasers. This feedback technique reduces the impact of
1/f noise to enable high-sensitivity, and a DSP lock-in with 256 kHz sampling rate can
provide down to ps time scale monitoring for fast transitions in biomolecular
concentration with potential for small volume and low cost.

In this dissertation, a novel high-sensitivity, athermal biosensor on a TM-mode SOI
resonator was designed, fabricated, and evaluated High-performance biosensing for bulk

and surface detection limits of 1x10” RIU and 24 fg/mm? was demonstrated.



Chapter 1

Introduction

1.1 Motivation

Dramatic development of molecular chemistry and biology has been a compelling driving
force of demands for analytical diagnostic apparatus to characterize molecular
interactions, with higher throughput or/and lower sample consumption [1], [2]. In Figure
1.1 the global market for biosensors is forecast to reach $12 billion by 2015 [3] with their
vast application area such as biomedical research, healthcare, pharmaceuticals,

environmental monitoring, homeland security, and battlefield [1]-[4].

Figure 1.1. The total biosensors market showing the world revenue forecast [3]
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One of big potential markets is diabetic sensors [5]. Over the past decade the prevalence
of type 2 diabetes has increased dramatically and is still increasing, and World Health
Organization (WHO) predicted that diabetic patients worldwide will increase up to 350
million people by 2030, which is double the current number [6]. Reflecting these
concerns, the social interest in diabetes and demands for diagnostics and treatments are

increasing.

In detection of complex interaction between antibody and antigen quantitatively and
accurately, biosensors have huge therapeutic potential [1], [2], [7]. However it is difficult
to sense small molecular interactions [8], such as drug compounds which are usually less
than 500 Dalton molecular weight because of small affinity and interaction area, and this

motivates the development of very highly sensitive methods [9].

Recent reports on biosensors show outstanding performance [8], [10], [12] but optical
biosensors show several advantages: robustness to vibration, compact device size, and
insensitivity to electromagnetic interference with excellent performance down to single
molecule detection [11], [12]. In particular, label-free detection techniques draw more
attention because target molecules are detected in their natural forms; instead the sensor
surface is modified to bind with target molecules [1], [2], [4], [8], [12], [13]. These label-
free techniques provide opportunities to explore biomolecular interactions without
unwanted side effects of labeling techniques such as spatial-interference, autofluorescent,

or quenching effects [4], [13].
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High-density and high-yield CMOS VLSI technology with to the capability of achieving
deep submicron feature sizes (0.5 um and below) allows for progress toward higher speed
and lower power consumption [14], [15]. A CMOS process compatible silicon-on-
insulator (SOI) waveguide technologies promises optoelectronic integrated circuits that
encompass optical and electronic functions together on a small-scale silicon chip at a low
cost [15], [16]. The advantageous use of SOI waveguide technology on a CMOS process
for evanescent wave chemical and biological sensing of both thin adsorbed biomolecular
layers and bulk homogeneous solutions has been firmly established following the
pioneering work of Densmore, et al.[17]. In particular, SOl was shown to provide an
order of magnitude increase in sensitivity compared to other material systems [17]. This
allows for high-performance interferometric sensors using folded Mach-Zehnder and ring
resonator configurations, and practical, low detection limit devices have already been
demonstrated [18]-[20]. The increased sensitivity resulting from the electric field
amplitude jump upon entering the low-index cladding in transverse magnetic (TM)
operation has been previously documented [17]. SOI wafers provide very tight vertical
confinement of optical power in the waveguide due to the large refractive index
difference (An=2) between Si core and buried-oxide (BOX) cladding, and enable low
loss and compact optical components to be fabricated. The large An also maximizes the
sensitivity of waveguides to the small perturbation of refractive index in cladding when
we use TM mode. Optimally utilizing this effect requires the use of thin layer shallow-

ridge TM guides carefully designed at “magic widths” to avoid fundamental leakage to
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lateral transverse electric (TE) radiation modes [21]. It is widely acknowledged that the
scattering loss from side-wall roughness is a dominant loss in optical devices, and scales
in magnitude as (An)* where An is the index difference between the two media [22]. We

minimize scattering loss by etching the silicon field only 13 nm with additional oxidation
process, and this waveguide geometry leaves room for electrical access for photonic

integration with active devices.

Graffinity Attana

1% TN TTP Labtech B e
Bio-Rad .\\ % \ |
5% A, \ / GE Healthcare
— . =
x\ \ | ‘).-‘ 29%
RH“‘.,_ . - \ ll /
Fujiflm
5% —
Other "
10%
- FOrEEBiO
SRU Biosystems _/// | .-

10%

N
\
\Cornlng

MicroCal | 13%
10%

Figure 1.2. Estimated vendor market share for label-free binding analysis instruments

(2008 to 2010) [23]

As shown in Figure 1.2 [23], current label-free biosensor market is dominated by surface
plasmon resonance (SPR) based technology because of its high sensitivity [24], and also
due to successful marketing by Biacore (GE Healthcare, UK [25]) [26], [27]. SPR
detects the dip in the reflected light from the surface at a specific resonance angle as a

function of refractive index change on the surface as shown in Figure 1.3. The resonance
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angle shifts from | to 1l when molecular interaction is detected. However the relatively
low quality factors (Qs) due to the large absorption by metal films and prism coupling

method limits performance and instrument size.
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Figure 1.3. Conceptual setup diagram for an SPR biosensor [27]

Other silicon photonic biosensors have been demonstrated based on microspheres [28],
[29], [30] microdisks [31], [32], microtoroids [12], [33], and photonic crystal cavities
[34]. Microspheres, microdisks, and microtoroids exhibit extremely high Qs (>10°)
which would enhance the sensitivity, but these configurations also have many higher
order whispering gallery modes (WGMs) which are not necessary for sensing [18]. Also
it is hard selectively excite only the fundamental mode in these configurations, and it is
also particularly difficult to couple light in and out of the microspheres in a practical and
reproducible manner. Typically photonic crystals have relatively low Qs which limit the

sensitivity compare to the other structures listed above. In this sense, ring resonators
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provide promising solutions for biosensors due to their high Qs, single mode operation,

simplicity of light coupling, and reproducible manufacture [18], and commercially

available in the marketplace [35].
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Figure 1.4. Basic biosensor configurations of (a) microsphere [28], (b) microdisk [32], (c)

microtoroid [12], and (d) photonic crystal [34]



Chapter 1 - Introduction
1.2 Detection Limit

Detection limit is an important parameter that captures the performance of a biosensor
and represents the minimum resoluble signal [1], [4]. To determine the detection limit of
a biosensor, the noise of the sensor must first be characterized which can be easily
accomplished by measuring the time-resolved signal output to determine the standard
deviation ¢ of the signal measurement. The smallest measurable signal Sy, is usually
defined as a signal S whose magnitude is the same as the noise o, i.e., signal-to-noise

ratio (SNR) of 1.

Smin -0 (ll)
The detection limit is then a measure of the index change, or concentration change, or
mass deposition of detected species, that results in the signal Smin. The units of detection

limit are refractive index unit (RIU) for bulk homogeneous index sensing, or either
surface mass density in units of fg/mm?or mass in units of ag (attogram) for surface
sensing. The surface mass density or mass, however, are difficult to directly measure, so
it is usually obtained by relating them to the effective refractive index or thickness

change that could be determined experimentally. Another way to measure interaction is

to use the concentration of analyte in units of ng/mL or molarity.

It is obvious from Eg. (1.1), that an improvement in the detection limit can be made by

increasing the magnitude of signal of sensor for a given index change, and our use of the
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thin, shallow-ridge SOI structure targets this approach. However, reducing noise is also

critical, these noise sources are discussed next.
1.3 Diagnostics of Current Limitations for Optical Biosensors

A biosensor is the transducer that converts the complex biochemical parameters into
quantitatively measurable signals [36]. In optical biosensors, biochemical parameters in
the cladding cause a modal index perturbation within an evanescent field of the
propagating optical mode in the waveguide, and the resulting phase change is typically
interferometrically converted into an intensity change in some fashion, and the intensity
change is detected and the resulting electrical signal is analyzed. Biosensors however
pick up many unwanted signals, for example, thermal effects in waveguide, adding onto
the output signal, thereby reducing the sensitivity [19], [37]. In addition to thermal-
induced ambient noise, noises from the transmitter and receiver reduce the sensitivity. In
the development of high-sensitive biosensors, noise is the fundamental factor that limits
their performance. Three standard deviation (30) value is often used to describe overall
system performance [18], [38], where o represents the totality of temperature induced
noise, optical intensity noise, and a variety of electronic noise sources, and we will

demonstrate ways to minimize these contributions throughout this work.

Due to the large thermo-optic coefficient of silicon (~2x10™* RIU/°C), these sensors
typically exhibit a strong temperature dependence [19], [37]. This requires, for example,
the use of reference rings [37] or additional temperature measurement [33], to allow for

nullification of false reading or noise due to resonance shifts from unavoidable small

10
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environmental temperature fluctuations. In an aqueous sensing environment, the negative

thermo-optic coefficient of H,O (~ -1x10* RIU/°C) can reduce the temperature

dependence slightly, but standard wire waveguide designs are still dominated by the
silicon index shift because of the strong confinement of optical power in silicon. In this

work we illustrate that thin shallow-ridge waveguides provide sufficient confinement in
an upper H,O cladding to completely athermalize sensor operation, while still providing

a near-ideal large field amplitude for homogenous and surface sensing.

Current method for signal readout in ring biosensors relies on scanning devices [18]-[20],
[33], [37] such as high-precision tunable lasers, which are usually very expensive.
Furthermore, this method is inherently prone to 1/f noise in the amplification electronics,
even when great care has been taken to match the electronic (and noise) bandwidth to the
desired system response times. We demonstrate a feedback technique using a digital
signal processing (DSP) lock-in amplifier without a scanning tunable laser that can
provide narrow detection bandwidth at a high frequency, thereby reducing 1/f noise in the

biosensor system at a low cost.
1.4 Thesis Outline
Chapter 1 provides an introduction.

Chapter 2 starts with design and fabrication of low loss quasi planar ridge waveguide for
TM mode operation which is important in achieving highly our sensitive biosensor. Our

TM mode shallow-ridge waveguide technology is designed on a “Magic Width”

11
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phenomenon that minimizes the severe lateral leakage losses into TE mode because of
the mode conversion at the waveguide boundary. Also our novel waveguide fabrication
techniques are discussed which enable smooth waveguide surfaces that noticeably reduce
the scattering induced propagation losses in SOI high index contrast system. In our work

400 pm ring resonator with water absorption loss limited Qs of 47,000 for the TM mode

in H,O were achieved as a result and integrated with the microfluidic channel.

In Chapter 3, we consider all noises in a system which degrade the performance of
biosensors. Firstly, we study and measure intrinsic electronic and photonic noises in the
system and discuss how to engineer low noise detection systems. Lastly, we discuss the
ambient temperature induced noise because of thermo-optic coefficients in a waveguide

and point out need for athermal waveguides.

In Chapter 4 we theoretically and experimentally examine the athermal performance of
novel TM mode SOI waveguide for aqueous biosensing application by taking advantage
of opposite thermo-optic coefficients of water and silicon. Temperature independent
operations of TM mode SOI waveguides that have slightly different thicknesses were

measured and compared with TE mode.

Chapter 5 demonstrates the harmonic dithering technique which ensures low-noise, real-
time, and low-cost biosensing using a single frequency distributed feedback (DFB) laser
diode and a DSP lock-in amplifier. This is dithering technique similar to those developed

for the laser frequency stabilization to an atomic resonance in a vapor cell, but we use the

12
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Lorentzian lineshape drop port signal of ring resonator. We could successfully achieve
reduced electronic 1/f noise operation by harmonically dithering the laser frequency at
high frequency, and complementing this with the standard low-pass filter of lock-in
amplifier matched to the desired system response time to minimize broadband noise
effectively. Also the performance of feedback loop is evaluated and compared with the

more conventional DC detection method.

Finally in Chapter 6, both refractive index sensing and surface sensing are demonstrated
to evaluate the biosensor performance using the introduced works in chapter 4 and 5, and

we discuss the results of biosensing.

Chapter 7 draws the thesis conclusions and proposes future work.
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Chapter 2

Low Loss Shallow-Ridge Waveguide on
SOl Wafers

Sensitivity of ring resonator is proportional to Q(=v / Av) of resonator for intensity-noise

limited operation [38]. To evaluate the relationship between sensitivity and Q following

the formulation given in [39], assume resonant transmission of a ring resonator has full

width at half maximum (FWHM) of Avg,. ~ 1 where 7, is photon lifetime in a
27T 5,

ring resonator. Frequency shift Av from center frequency v by small perturbation of

modal effective index change Ang is

—_—  —

2.1)

where n, is group index of waveguide. As a reference point, a full dynamic range signal

would be obtained when the resonator shifts its peak location by Avgy,. » and

corresponding index change is, from Eq. (2.1),

(2.2)
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A resonator that has high Q clearly needs very small An to shift the peak by AV -

o
=N

Intensity (A.U.)

0.01

e
=N

0.01

Intensity (A.U.)

Frequency Offset

Figure 2.1. An example that shows why using a low loss device is beneficial for high-
sensitivity biosensing.

Suppose that we have two drop port signals from two identical ring resonators with a
signal-to-noise ratio of 60 dB, but the Qs are different by factor of 10 respectively, for
example one has Avq,,, =1 and the other one has Avg,,, =10. For the reference if

there is a frequency shift by Av=0.5 as illustrated in Figure 2.1, obviously it is easier to
read the signal change from the higher Q ring resonator (upper plot in Figure 2.1). 1. M.

White et al. also theoretically estimated detection limits for different Q values in [38].
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Sensitivity of Mach-Zehnder sensors can be enhanced by increasing the arm length as
shown in Figure 2.2 [40], but in the aspect of device size, ring resonator provides better
potential. The accompanying requirement of strongly frequency-dependent operation
provides both constraints in the laser used for sensor readout, but also opportunities for

simplification of detection techniques as shall be illustrated later.

Figure 2.2. Image of spiral Mach-Zehnder biosensor to maintain a small footprint [40].

The arm length is 2 mm.

Our group has demonstrated high Q ring resonators of 16x10° for TE and 7.5x10° for
TM which corresponds to waveguide propagation losses of 0.36 dB/cm and 0.94 dB/cm
respectively [41], and when Q is larger than 10°, the phase noise of laser starts play a
bigger role in noise [38]. However there is a fundamental limitation of Q in TM mode

aqueous biosensors.  1.55 um is the very common wavelength in modern
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telecommunications because of erbium-doped fiber amplifiers (EDFAs) and low-loss of

single-mode optical fibers [42], but water has a large intensity absorption coefficient

@ 55, =11.67cm™ [43] which will cause the propagation loss of ~30 dB/cm for TM

mode operation of silicon waveguide. The absorption is almost ten times smaller,

& 31,m =1.49cm™ [43], at 1.31 um the original telecommunication wavelength which

still limits the minimum propagation loss of ~ 3 dB/cm, Q ~10° for TM mode. This

nevertheless represents a 10-fold improvement, and all measurement use 1.31 um
wavelength through this thesis. The absorption spectrum of water in near infrared range
is plotted in Figure 2.3, and we can clearly see absorption coefficient decreases as

wavelength approaches to visible range.
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Figure 2.3. Absorption coefficient spectrum of water at 22 °C for near infrared

wavelength
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Conventional SOI wire waveguide, in Figure 2.4, typically uses reactive ion etching (RIE)
to form the waveguide core. The high vertical and lateral confinements in silicon provide
excellent bend radii down to the um scale, but significant (multi-nanometer scale)
sidewall roughness is commonly encountered from standard lithographic and etching
processes. This suggests alternative fabrication techniques for highly smooth waveguides
that minimize exposure of the mode to etched interfaces. Our goal of achieving high-
sensitivity, low loss waveguides can be achieved by using the shallow ridge waveguide
on the “magic width” technique [21]. It is known that shallow ridge waveguides do not
support TM mode in general because of lateral leakage into cladding by TE mode.
However there is “magic width” that eliminates the leakage loss of TM mode by using

destructive interference of TE mode.

Figure 2.4 TM-mode electric field profile for conventional Si wire waveguide.

Waveguide shown here has W = 500 nm and H = 200 nm.
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In this chapter, we describe our strategies to minimize the propagation loss to achieve

high Q devices suitable for high-sensitivity sensors, including physics, design, fabrication,

and characterization of the SOI waveguide we elected to use.

2.1 Theory of Lateral Leakage Loss in Shallow Ridge Waveguides

Slab Modal Effective Index

Figure 2.5. (a) Ridge waveguide geometry (b) Slab mode indexes used in effective index

calculations. The modal indexes for the guided TE-like and TM-like modes, respectively,

lie intermediate between their slab values for slab thicknesses {, and t,. We use index

3.0

25

S0 S—= |
@) Si t; t,
Si0, 0

TM-like
mode N

0 50 100 150 200 250

Slab Thickness (nm)
(b)

values of Ng=3.50and ng, =1.45 at 1.31 um wavelength.
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Under an equivalent slab model for the ridge waveguide geometry (Figure 2.5 (a)), the
lateral leakage loss for the TM-like mode is due to TM/TE mode conversion at the ridge
boundary [21],[44]-[47]. It should be emphasized that this effect is not caused by any
surface or side-wall roughness. With reference to slab waveguide dispersion curves in
Figure 2.5 (b), for the case of TE-like modes, this mode conversion at the boundary
cannot lead to any propagating field or leakage loss in the lateral cladding since
longitudinal phase-matching requires that any fields generated at the ridge boundaries be
laterally evanescent in the slab lateral cladding for both the TE and TM generated fields.
However, in the case of the TM-like mode, while phase-matching requires that the lateral
TM slab mode be evanescent in the lateral cladding, any TE slab field component
generated at the boundary is phase-matched to a laterally propagating TE slab mode at

some angle 6 in the lateral slab cladding region.
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Figure 2.6. (a) Phase-matching diagram showing TM-like waveguide mode phase

matched to a propagating TE slab mode in the lateral cladding (b) Ray picture of the TM

mode lateral leakage

This phase-matching is illustrated in Figure 2.6 (a). Here B and S, represent the

propagation constants of the TE-like and TM-like modes of the ridge waveguide,
respectively. This diagram illustrates that the propagation constant of the TM-like mode

is much less than that of the TE-like mode, and for many practical rib guides may also lie

below the propagation constant of the unguided TE slab mode k2. Since this slab mode
is unguided by the rib, it may propagate at any angle and if £, <k | it is possible to

rotate kf'Ead by an angle & such that the TE-slab and TM-guided mode are phase-matched

in the z direction. Since the guided mode is then phase-matched to a radiation mode, it is

possible that leakage may occur if there is some means for mode conversion.
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For a thin enough lateral slab thickness, and certainly in the case of a strip or wire
waveguide where, the TE slab effective index can lie below the TM-like mode effective
index, and hence, avoid this phase-matched leakage. However, for electrical access,

these designs may not be practical, and thus, this leakage loss must be well understood.

The leakage process is illustrated in Figure 2.6 (b). Since the z components of all
propagation constants are conserved, all waves develop the same relative phase along the

length of guide and we can discuss phase in the lateral direction only.

Starting at the bottom, a TM mode is guided by the rib and is represented as the solid ray
incident on the right wall, where the angle of incidence is such that TM total internal
reflection occurs. However, due to the step discontinuity at the rib wall, mode
conversion from TM to TE can occur, and it can be shown from mode-matching
calculations [47] that TE transmitted and reflected propagating waves are produced that
are approximately equal in magnitude, but are ~z radians out of phase. The reflected TE

radiation mode traverses across the core as shown by a dashed line. Upon total internal

reflection, the TM mode experiences a negative phase shift ¢, and the combination of

#r with the phase from a single traverse of the guide to the left is zero for the

fundamental mode.

At the left rib wall, the TM mode generates additional small reflected and transmitted TE
propagating waves. The new transmitted TE wave, with a relative phase of z radians as

noted above, combines with the previous reflected TE wave that has traversed the guide
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with a phase shift of k2 .W . Thus, if this phase shift across a single traverse for the TE

X, TE
in the core is a multiple of 2z, the TE waves will interfere destructively. This leads to a
width dependence for the leakage minima that satisfies a resonance-like condition [46] of

ki -W =m- 27, or alternatively stated [21], [44],

m-A

W - core \2 2 ! m 21’ 2’3 (23)
\/(neff TES T Nei ™

where ng'i. , is the two-dimensional slab effective index of the TE mode in the core
while N 1, is the full three-dimensional effective index of the TM-like mode for the

structure. N o, has a weak W dependence, so some care must be used if precision is

required. From this argument, we would expect to see significant leakage loss for TM
propagation, except at precise, specific waveguide widths — “magic widths” satisfying the
resonance condition in Eq. (2.3), where the leakage loss would be greatly reduced due to
destructive interference of radiating TE waves. It is also interesting to note that the next
higher order mode will be lossy at these widths, since the radiated fields add in phase for

this mode. This may allow relatively wider guides with effectively single-mode behavior.
2.2 Experimental Demonstration of Magic Widths

A series of ridge waveguides with widths varying from 0.8 to 2.4 pum in 25 nm
increments with slab thickness ;=144 nm and t, =131 nm (i.e. a 13 nm ridge height)

were fabricated on an SOI wafer with a 3 um BOX layer thickness. These waveguides
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were formed by wet etching, followed by oxidation to thin the device and passivated by

1.5 um thick oxide using the plasma-enhanced chemical vapor deposition (PECVD).

The upper plot in Figure 2.7 shows calculated waveguide loss for TM mode waveguide
using COMSOL [48] with a finite element model (FEM) with perfectly matched layer
(PML) boundary conditions when the waveguide width varies from 0.8 to 2.4 um. The

calculated magic widths are both 1.27 and 1.91 pum for the structure shown in Figure 2.7.

Measured waveguide transmissions using the tapered fiber coupling method is shown in
lower plot of Figure 2.7 for both TE (black closed square) and TM (red opened circle)
mode as a function of waveguide width on the mask file. There is about 50 nm difference
in width between two plots due to combination of shrinking in waveguide width because
of oxidation and underexposure in lithography. For single mode operation, using

narrower waveguide width is preferred. Waveguide widths for biosensor were designed

to be 1.23 and 1.27 um for SiO, and H,O cladding respectively.
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Figure 2.7. TM-mode waveguide width dependent loss from simulation using COMSOL

in upper plot and measured waveguide transmission for both polarizations in lower plot.
2.3 Fabrication of Shallow-Ridge Waveguides Using a CMOS Process

The waveguides are patterned on 6” Soitec [49] SOI wafer via lithography which

provides uniform linewidth control. Two different masks were used to form waveguides
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and to open circular windows around rings for sensing. The fabrication process flow is

illustrated in Figure 2.8.
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Figure 2.8. Fabrication flow of the Si waveguide on SOI wafer

RN

The SOI wafers used have 3 um BOX and 220 nm silicon on it, and a 1 um thick AZ703
photoresist coated SOl wafer was exposed by ultraviolet light through the Cr mask
(Figure 2.8 (2)) and developed (Figure 2.8 (b)). The BOX is thick enough to prevent the
field associated with the optical modes from penetrating the silicon substrate below.
Waveguide widths were defined by using an isotropic wet etchant of silicon consisting of
nitric acid, ammonium fluoride, and de-ionized water in the ratio of HNO, : H,O: NH,F of
1000:800:20 to etch the field as illustrated in Figure 2.8 (¢), using “magic width” designs.

We thinned the silicon via thermal oxidation as show in Figure 2.8 (d) to have
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cancellation of the thermo-optic effect which will be discussed in Chapter 4. This
process not only guarantees a high-quality oxide suitable for integration with electrical
components on the same chip, but has the benefit of smoothing silicon surface roughness

[50].

We deposited additional 1.5 pum thick SiO, , in Figure 2.8 (e), using the PECVD to

protect the bus waveguides from the absorption of water, and the oxide layer was
removed locally in a circular region around the ring resonator to expose the sample to a
flowing aqueous solution within microfluidic chamber as illustrated in Figure 2.8 (f).
Figure 2.9 (a) illustrates the electric field profile in shallow-ridge silicon waveguide for
TM mode obtained from COMSOL with PML. The geometry of waveguide is the one
used for this thesis, and we can see strong confinement of electric field in cladding that
increases the sensitivity of sensors. Figure 2.9 (b) is schematic view of 400 um radius

ring resonator sensor.
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Figure 2.9. (a) Simulated 3D electric field profile for a fundamental TM mode in the Si

waveguide and (b) schematic of fabricated ring resonator silicon chip
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Fabricated 6” SOI wafer was diced into 54 pieces of 16x9 mm silicon chip (American
Dicing, NY [51]), and the end-facet of each chip was mechanically polished to 0.1 um for

good light coupling between tapered fibers and waveguides. All chips were washed in
piranha solution (1:3 mixture of H,0, and H,SO,) for ten minutes to clean any residual

photoresist and to render the hydrophobic silicon surface into hydrophilic by forming a
monolayer of oxide on surface, resulting better wetting of sensor surface to aqueous
medium. The micro fluidic cell was made of Polydimethylsiloxane (PDMS) on the
silicon wafer mold and integrated with silicon ring biosensors as can be seen in Figure
2.10 (a). The PDMS microfluidic channel was designed to be 0.05 mm in height x 1 mm
in width. And then we annealed PDMS cells in the convection oven for three days at
120 °C to decrease the hydrophobic recovery time [52]. The bottom side of PDMS was
then treated in piranha solution to make its inherent hydrophobic surface into hydrophilic.
Figure 2.10 (b) shows the ring resonators in the PDMS microfluidic channel. A spring-
loaded plastic fixture was developed to provide a gentle pressure onto PDMS cell to
prevent possible fall-off of chip during the measurement. After the measurement, both

chip and PDMS were washed by piranha solution to be reused again.

29



Chapter 2 - Low Loss Shallow-Ridge Waveguide on SOl Wafers

(b)

Figure 2.10. (a) Silicon mold for PDMS microfluidic channel and fabricated silicon

photonic biosensor chip. Each circular pattern on the chip is the ring biosensor after the

oxide etching. (b) Array of ring biosensors in the microfluidic channel.
2.4 Waveguide Loss Measurement Technique

Considering the contributions due to both loss and coupling efficiency, it is not easy to
accurately measure the propagation loss using the straight waveguide. Several techniques
are available for waveguide loss measurement such as cut-back or Fabry-Perot resonance
methods, but these methods do not provide accurate results because of variation in fiber
coupling loss and end-facet reflectivity [50]. For accurate and reliable quantization of

propagation losses, we use the resonance characteristics of under-coupled ring resonators.

To characterize ring resonators, we used the resonance condition of resonator by

measuring Avg,,, Of drop port transmission and free-spectral range. The normalized

Lorentzian lineshape for Avg,,,, , when transmission peak is centered at v, is
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(A Ve 12)°
(v =v5)* + AV 1 2)°

f(v)= (2.4)

Ideal lossless resonator has transmission peak of delta function lineshape (AVeyuu = 0),
but due to material absorption, imperfection of fabrication, bending loss, radiation, and

finite waveguide input-output coupling loss, we have finite value of Av -

The ring configuration in Figure 2.9 (b) has separate through and drop ports and consists
of two directional couplers that are designed to be under-coupled so that the ring losses
are dominated by the waveguide losses rather than the input/output coupling of the ring to
the thru-port and drop-port waveguides. Using the nomenclature of Yariv [53], the

expression for line width for our structure is

AVewrm = s % (2.9)
7l |Tt1tz|

where v, is the group velocity, L, is the round-trip length, 7 is the field transmission of

the waveguide for one round trip of the ring, and t, t, are the field transmission
coefficients of the directional couplers. The couplers are assumed to be lossless, giving
|t|2 +|zc|2 =1 where x is the field coupling coefficient. To simplify the expression in Eq.
(2.5), we can write |z’| =exp(—al, /2) with a being the waveguide intensity attenuation
coefficient and if we let |t,| =exp(-aL,, /2) and |t,| = exp(-a,L,, / 2), then for the case

of low loss (|| ~1) and weak coupling (|t,| ~|t,| ~1), we obtain the simple expression
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aan
AV = 7 (2.6)

Polarization Ge Optical
Controller Power Meter

Tunable Laser
1260-1375 nm

Computer

Figure 2.11 Experimental setup for the ring resonator (gray colored) measurement using
the tunable laser instrumentation. 125 um tapered fibers are used to couple the light in

and out.

The round-trip loss «, is the sum of the waveguide propagation losses o and the
coupling losses from the two directional couplers (¢« and «,), but, if the ring is
designed to be weakly coupled, then Avg,,, =av,/2z . Since precision frequency

scans allow for an accurate determination of resonance width, this provides an

unambiguous and conservative figure for waveguide transmission losses.
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Figure 2.12. Measured black line and Lorentzian fitted red dashed line from the 400 um

ring resonator at 1310 nm using the tunable laser

For the loss measurement with the setup shown in Figure 2.11, the external cavity tunable
laser scanned wavelength A from 1310 to 1312 nm, and we fitted the photovoltage
response using a Lorentzian fitting method. We employed a InGaAsP Fabry-Perot
external cavity tunable laser (Agilent, CA) with a narrow linewidth of < 10 MHz and
slow A tuning speed of 0.5 nm/s, and the 1 kHz bandwidth of power meter was large
enough not to distort drop port signals in our measurement. A polarization controller is
implemented between single mode and polarization maintaining fibers to avoid launching

the TE mode. The extinction ratio between TE and TM mode was ~ 23 dB.

Figure 2.12 shows measured (black sold line) and fitted (red dashed line) drop port

spectrum of 400 um ring resonator with magic width of 1.23 pm for TM mode. From
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fitted curves, we obtained free spectral range of 0.3 nm, total loss of 9.5 dB/cm, and

Q=4.7x10".

Each diced silicon chip had dimension of 16x9 mm and 36 different unique 400 pm ring
biosensors. Two different masks for the lithography of waveguides and sensing windows
are shown in Figure 2.13 (a) with blue and purple colors respectively. The ring resonator
used for the biosensing is highlighted with black circle among 36 ring biosensors. The
coupling gap G between ring and bus waveguides was 1.85 um as shown in Figure 2.13
(b), and two dimensional simulations using RSOFT [54] result in a predicted coupling
power of 1.3 % for each coupler. Since there are two couplers for the ring resonator, the
overall contribution of coupling loss is 0.45 dB/cm, and thereby the propagation loss is
estimated to be 9 dB/cm after the coupling correction. We observed 5.5 dB excess loss in
addition to the estimated loss of 3.5 dB/cm (absorption of water and fabrication loss), and

we suspect that it is caused by HF defects while opening sensing windows.
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Figure 2.13 (a) Overlapped two mask images of the silicon biosensor chip. The blue

layer is the waveguide level, and the purple is for oxide etching. The actual ring
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resonator used for the measurement is highlighted with the black circle. (b) Coupler

between bus and ring waveguides.
2.5 Principles of a Silicon Photonic Biosensor

While an electromagnetic field propagates along a waveguide, its evanescent wave
interacts with biomolecules adsorbed on the sensor surface or homogeneous index change
in cladding, thereby causing change in the modal effective index. To increase the surface

sensitivity, maximizing the filed overlap with thin adsorbed layer is required.

This surface sensitivity was calculated for a thin biological layer (n=1.5) on the silicon
surface using the weighting function [55]. The modal index change in a slab waveguide
due to the adsorbed biolayer can be expressed
Ang = [ An(y)f(y)dy 2.7)
biolayer
f(y) is the weighting function that implies structural sensitivity of waveguide to refractive
index perturbation An(y) and defined by

2ce,n(y)E-E’
j_“’ (ExH"+E"xH)-2dy

f(y)= (2.8)

where c is the speed of light, &, is permittivity in vacuum, n(y) is the distribution of

refractive index in y axis, E and H denotes electric and magnetic fields respectively, and
2 is the normalized vector of propagation axis of light. The calculation of electric field is

detailed in Chapter 3.
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Use of a high Q ring resonator for biosensors is advantageous over a Mach-Zehnder
configuration. A Mach-Zehnder interferometer that has L arm length requires an index

shift of [39]

An =" (2.9)

for V_, and to have the same sensitivity to a ring resonator

A
L_QET (2.10)

g
The Q we can achieve for 1.31 um operation is~10° in an aqueous environment, and this
leads to a 22 mm long arm for a Mach-Zehnder interferometer of comparable sensitivity.
In this sense, a ring resonator configuration provides benefits because of small size and
simplicity.
When a ring resonator experiences index change, the wavelength of resonantly coupled

drop port signal shifts according to Eq. (2.1)

AN

Ny

A=A

(2.11)

To convert adsorption of molecules on a sensor surface, we can effectively think that the

thickness is uniformly increasing over the 2um lateral optical field. And An,, due to the

thickness change can be easily obtained by separate calculations.
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The area of 400 pm ring biosensor surface is 5026.6 um?, and in contrast 251.3 um?for
20 pum ring resonator. This indicates, for the same absolute number of adsorbed
molecules, that the smaller ring biosensor would provide fundamentally higher sensitivity

if the molecules could be directed specifically to the smaller ring structure

Figure 2.14. Adsorbed molecules near the ring waveguide can be regarded as a thickness

increase of thin film on the waveguide across the lateral optical field.
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Athermal Silicon Waveguides for
Aqueous Evanescent Biosensor

High-sensitivity optical biosensor can accurately measure any index changes within its
evanescent field, but they also sensitively interact with any environmental noises such as
microfluidic turbulence, ambient temperature fluctuation, electronic noises, and

mechanical noises which are not desirable.

However there are always unavoidable fluctuations in the environmental temperature
induced by equipment, air circulation, or body heat of users. Even at a thermal
equilibrium, introducing another aqueous solution during the measurement can break the
steady state, thereby leading a false reading of signal. Not only the instruments, but also
silicon based optical sensors themselves exhibit strong temperature dependence because

of index shift with temperature. For example, the thermo-optic coefficient of silicon at

1.31 um is 2x10™* RIU/°C near room temperature [56]. This is also a challenging part
in development of silicon photonic components for wavelength division multiplexing

(WDM) applications. Room temperature was continually monitored over four hours and
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plotted in Figure 3.1, and it has ~ 0.1°C root mean square (rms) fluctuations in

temperature.
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Figure 3.1. Fluctuation of room temperature over 4 hours

An optical biosensor that uses an aqueous medium as a cladding experiences the index
change of H,0 with temperature according to the thermo-optic coefficient of —1x10~*
RIU/°C [57] in both visible and near-infrared ranges at a room temperature. For silicon
wire waveguide based biosensors in aqueous medium that have typical geometries of 500
nm width and 200 nm height, the fluctuation shown in Figure 3.1 causes the refractive
index noise of 1.3x10°RIU which is orders of magnitude larger than detection limit
typically in the range of 10 RIU for bulk refractive index sensing [18], [29], [58]-[62].
Therefore the temperature effects must be avoided. TM mode silicon microring
resonators on wire waveguide geometry have slightly mitigated temperature effects

because silicon and water have opposite thermal effects each other, but still large optical
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confinement in silicon requires precisely temperature controls. This is a less desirable

solution because it takes additional space and power consumption.

There have been several demonstrations of reference techniques to compensate the
temperature induced signal change by using a reference ring [40] or ice water [33] as
shown in Figure 3.2. These two techniques require additional calculation steps to
compensate the relative wavelength shift using obtained data, and thereby hinder the
efficacy of real-time measurements. Particularly the use of an ice water, in Figure 3.2 (b),
adds major complexity in the experimental setup and does not provide a practical

engineering solution.

' Reference Interferometer

oy Ol Ilumvp-
Owectir

(a) (b)

Figure 3.2 (a) On-chip temperature cancellation using a reference ring [40] and (b)

schematic experimental setup using an ice-water bath as a reference [33]

In this chapter, we focus on the large optical confinement of shallow-ridge waveguide
geometries which can provide an embedded solution for athermal waveguide biosensors

without requiring any reference techniques.
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3.1 Calculation for Athermal Silicon Waveguides

The performance of the biosensor is numerically modeled using exact slab values
combined with lateral effective index methods [56] suitable for the shallow ridge
waveguide, with published index of refraction values for Si [56], H,O [57], and SiO,
[63] for 1.31 um wavelength. Refractive indices used for calculations are detailed in

Appendix A.

3.1.1 Effective Index Methods via a Transfer Matrix Method

(1) TM mode calculation

(2) TE mode calculation
n

‘
clad ; core clad

Figure 3.3. Decomposition of ridge waveguide into two imaginary slab waveguides for

the effective index calculation.

For the calculation of effective index of ridge waveguide shown in Figure 3.3, we first

consider the propagation of TM mode in a multilayer slab waveguide along the vertical
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direction using a transfer matrix method [64]. And then repeat the lateral slab mode
calculation for TE mode using the obtained TM-mode slab values from the previous step

to find the root. The effective index method provides a very accurate solution for the

shallow-ridge waveguide model because of small index contrast between N, and N,

This sub-section closely follows the formulation given in [64].

The interface matrix for TE polarization

e, Mg €9, My

Figure 3.4 Reflection and refraction at the interface for TE polarization

Figure 3.4 illustrates the interface between two media for TE polarization. All electric
field vectors are perpendicular to the plane of incidence, and magnetic field vectors are

determined to have a positive energy flow along the direction of wave vectors. Due to

the continuity of E, and H, fields at y=0
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Els + Els
f 3.1
4 ( . —E,)cosd, = (EZS E,.)cosé, &5

where H = ’ﬁE and i denotes medium 1 or 2.
M,

We can rewrite the Eq. (3.1) using a matrix equation

Els EZS
DTE(l)(E' ]: DTE(Z)(E' J (3.2)

where

1 1
D (i) = : : 3.3
e (1) ,ﬂcosei ~ ,ﬁcosei 3.3)
H; H;

We define the matrix D (i) the interface matrix for TE polarization. When a light

comes from medium 1, reflection and transmission coefficients are at the interface

E.) ncoséd —n,cosd,
e =| = |=

E. /) ncosé +n,cosé, (3.4)
L= B | 2n, cos 6,
™ | E,) ncosé, +n,cosé,

under the assumption of £, = 1, , which is acceptable for most of optical material. The

refractive index of media 1 and 2 are n, and N, respectively.
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The interface matrix for TM polarization

€1 Ug €9, My

Figure 3.5 Reflection and refraction at the interface for TE polarization

TM mode has perpendicular magnetic field vectors to the plane of incidence as shown in

Figure 3.5. Imposing the continuity of E, and H, leads to

(E,, +E,,)cos6, = (E,, +E,,)cos b,
’5 : £ . (3.5)
Zl(Elp_Elp): lu_z(EZp_EZp)

2

We can rewrite the Eq. (3.5) using a matrix equation

E, E,,
Dy (D(E' ]:DTM (2)(E' J (3.6)

1p 2p

and the interface matrix for TM polarization is
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cosd cosé,

ot 67)
Hi Hi

If a light is incident from medium 1, reflection and transmission coefficients are

rT M

(El'pj _ n,cos6, —n,cosé,

E,, )] ncosd,+n,coso,

. Eop | _ 2n, cos 6,
™ | E, ) ncosé,+n,cosd

(3.8)

and again assuming 44 = f, .

Transfer Matrix Method for Multilayer Structure

For the calculation of effective index of ridge waveguide shown in Figure 3.3, we first
consider the propagation of TM mode in a multilayer slab waveguide, for more practical

approach, with index profiles given by

nov y<y0
n, Yo <Y<Y,
n,, y<y<y
n(y)=1 > Pl (3.9)
Ny, Yna <Y<Yy
n,, Yn <Y

where n, is the refractive index of the I-th layer, Y, is the position of interface between

the I-th layer and the (I+1)-th layer, and n,and n, are refractive index of substrate and

top cladding materials as shown in Figure 3.6.
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No ny n, NN-1 Ny Ns

Ao |AL AJA A Avi Ava AV Ay A

By |Bi By B, B Bna Buna|Bw By | Bs

Yo Y1 Y2 Yn-1 Yn y
d, d, Ay dy

Figure 3.6 A multilayer medium system

The thickness d, of each layer is

dl =1 Y%
dZ = y2 - yl (3 10)
dN =Yy~ Yna

The wave equation with the electric field can be obtained from Maxwell’s equations

{d—zﬁ(g“j —ﬁZ}Em(y):o (3.11)
dy c

where £ is a propagation constant what we are looking for, and m denotes mode number,

and these modes are mutually orthogonal.

The electric field of a general plane-wave solution of the above equation is
E=E(y)e" " (3.12)

Note that the mode number is dropped since we are interested in the fundamental mode.

The electric field distribution E(y) can be expressed as
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A)e*iKOy(Y*YU) + BoeikOy(Y*YO)’ y < yo
—ik - ik —
E(y) =1 A O 4B ™™y <y <y, (3.13)
v ik _ ik _
Ageusy(y yN)+Bselsy(y yN)’ Yy <Y

where k; is the y component of the wave vectors given by

Ky {[m %} —ﬂz} (3.14)

and is related to the propagation angle &, by geometric optics treatment

k, =n, %cos 6, (3.15)

y

The electric field E(y) consists of a right- and left-travelling wave in each layer as

E(y)=Ae ™" +Be™ " = A(y) +B(y) (3.16)
For the matrix method, we define

A =AY, ) B =B(y, )

A, =A(Y,"), B, =B(Y,"),

A, =AY ), B,=B(y,),
: (3.17)

Ay =AYy By =B(yy4"),

Ay =AYy ), By =B(yy)

A =Alyy"), B, =B(yy"),

where y,~ represent the left side of the interface, Y=Y, and y," represent the right

side of the same interface.

Using the Eq. (3.2) and (3.6), we can write
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)00 s)

A A (3.18)
(B ] =R DI_lDHl[B +1J7
| 1+1
where B is layer matrix which is
e 0
P _ 3.19
' [ 0 e ] (3.19)
with

¢ =k,d, (3.20)

Now the relation between top cladding and substrate field amplitude, A,, B, and A, B,,

can thus be expressed as

HEF
B0 MZl M22 Bs
and the matrix M is given by

M, M N
( N j =Dy’ {H DP Dll} D, (3.22)
MZl M22 1=1

In medium 0, the right-travelling wave A, would go zero when y approaches to -oo, and

likewise in medium s, the left-travelling wave B, would go zero when y approaches to oo.

Then the new relation between amplitudes in the waveguide is
0 M, M :
( j:( 11 12}[’6%} (3.23)
BO MZl MZZ 0
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which indicates

M, (8)=0 (3.24)
Roots that satisfy the Eq. (3.24) are the propagation constants in the waveguide.

3.1.2 Optimization of Shallow Ridge Waveguide for Athermal Performance

15 . T . T . T .
| | . —=—133nm
10 E42a T °_143nm_
! 1 ‘ 153 nm
. 5 S S
@) ®—o_o_
OE 0 ) .\.\.\.\.\°~9
= T \.\.‘°~o\.\.\.\. ””””
z \I\.\.\-\ —o—g
2 '5 B = >j”“l<i;’.’;’.’; ”””””””””””””””””””””””
< .\-\.\I\
1 .\!\I\.\.§
70— TS S S Mo
15 : : : :
20 22 24 26 28 30

Temperature ("C)
Figure 3.7. Temperature derivation of effective index of TM mode for three different

core thickness; 133, 143, and 153 nm

Typical 200 nm silicon thickness on an SOI wafer provides tight vertical confinement in
silicon for a TM mode waveguide, and therefore the thermal effect in waveguide is
dominated by silicon. The thermo-optic coefficient of H,O is nearly a half of Si but
negative. This means the thermal effect in silicon can be eliminated if the optical

confinement in H,O is doubled than in Si. For shallow-ridge waveguide, the optical
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confinement can be precisely controlled by using different silicon thicknesses via thermal

oxidation technique [65].

Figure 3.7 shows the calculated derivative of the ring resonator resonant frequency shift
as a function of temperature for TM mode operation using three different Si core
thicknesses which are 133, 143, and 153 nm. It is seen that the value of 143 nm predicts
a zero temperature derivative at a room temperature of ~ 25 °C. The athermal
relationship between waveguide modal index change An and resonant wavelength shift is

O_M_iAneﬁ
AT n, AT

(3.25)

If we miss the target thickness by £ 1 nm, we can simply shift operation temperature by +
1 °C. We thinned the Si thickness by oxidation in the furnace at 975 °C to a target value
of ~144 nm, and removed the resulting oxide with HF. Using a microscope, the cross
section image was obtained after the fabrication and shown in Figure 3.8. The bright

yellow is Si, light brown is SiO,, and top brown layer is air. We can see the thin Si

device layer is sandwiched by SiO, claddings.
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1.5 pm SiO,
3 pm BOX

l ~131 nm Si

Figure 3.8. Cross section of fabricated silicon chip

For the optimization of waveguide structure, we plot the calculated weighting function in
Figure 3.9 (a) within a 5 nm biological layer while varying the silicon slab thickness in
water for both TE and TM modes at 1.31 um wavelength. And we can clearly see the
TM mode has higher surface sensitivity than TE mode overall, and especially at the
optimum thickness of 183 nm for TM mode, it has 4.4 times higher sensitivity than TE
mode. For this particular structure this means that the TM mode will see 4.4 times larger
modal change for any events in the biological layer. In addition, this thickness ensures

the single mode operation for both TE and TM mode.
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Figure 3.9. (a) Magnitude of weighting function of TE and TM modes denoted with red

and blue lines respectively for a 5 nm biolayer above the silicon waveguide surface in
H,O as a function of silicon slab thickness and (b) weighting functions for 144 nm

silicon waveguide. The inset is zoomed weighting functions near the biological layer for

both polarizations.

Figure 3.9 (b) illustrates the weighting function f(y) for TE and TM mode with red and
blue lines respectively when the silicon waveguide is 144 nm, and also a close-up plot of
weighting functions above the silicon surface are plotted together in the inset. We can
see in the inset that TM mode has 2.1 times higher sensitivity to the index change of thin

biolayer than that of TE mode which makes TM mode very attractive for the surface

sensing.

It is important to note that, for the 1.31 um operation, our calculations indicate that this

143 nm thickness only results in a 30 % reduction in sensitivity for surface bound species
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for the 143 nm thickness relative to the optimum thickness of 183 nm as shown in Figure

3.9 (b).
3.2 Verification of Athermal Performance

For the examination of athermal performance of SOl waveguide, we used 400 pm ring

resonators thinned to a target thickness of 143 nm.

The samples were exposed to an aqueous solution with the local microfluidic chamber
temperature controlled by a thermoelectric cooler (TEC), and a tunable laser tracks the
resonant wavelength shift while scanning temperature. The experimental blue squares of
Figure 3.10 show near-perfect cancellation of thermo-optic effect of the TM mode near
28 °C for a fitted silicon thickness of 145 nm, in very good agreement with the modeled
predictions (blue line) based on the Eq. (2.11). Note that this very high degree of
temperature independence is in stark contrast to the very high temperature dependence
for TE mode operation, which is shown theoretically (red dashed line) and
experimentally (red triangles). We have also measured waveguides with slightly
different core thicknesses by 13 A which confirm the predictions shown in Figure 3.7 and
this is shown in Figure 3.11. Red circular points are measured data and solid line is
calculated fit from the measurement which indicates the silicon thickness is 143.7 nm,
and blue data are from Figure 3.10 of TM mode. Both red and blue lines which are
numerically calculated fits using Eq. (2.11) show very close matching with experimental

data.
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Figure 3.10. Experimental and theoretical curves of resonator wavelength shift with

temperature for TM (blue) and TE (red)

Temperature fluctuation of £ 0.1°C at the optimum operation temperature of 26.1°C, for
143.7 nm thick waveguides, causes wavelength shift of + 6 pm for TE mode, but TM
mode only shows £ 0.02 pm which is very high degree of athermal operation.

We believe the magnitude of noise seen in the experimental data, which is much larger
than our system noise and ultimate sensitivity, results from mechanical drift of setup due

to the thermal expansion.
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Figure 3.11. Comparison of two chips with slightly different thicknesses

3.3 Summary

We have presented nearly perfect athermal operation of silicon waveguides for aqueous
solution around 300 K. A high degree of temperature independence for shallow ridge
waveguide operating in TM mode promises lower ambient noise for biosensor
application and improvement in performance. While active temperature control of SOI
waveguides can be realized by embedding thin-film Pt surface heaters [39], this still
poses difficulties in accurate temperature monitoring and low-noise, stable active control
servo circuits. An athermal SOI waveguide, on the other hand, has an intrinsic property
of temperature independence based on material or design engineering and is an ideal

approach for the optical integration. This configuration may be advantageous in enabling
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simpler, faster, lower-cost sensor readout methods than are possible using reference
techniques.

There have been approaches to athermalize SOI ring resonator using polymer claddings
for WDM optical communication [66], [67], but using H,O as a cladding may provide

simple and cost effective manners, especially when the sensed species is anticipated to be

in an aqueous environment.
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Harmonic Dithering Feedback Technique
for a High-Sensitivity Biosensor

A large evanescent electric field on a silicon surface for TM mode SOI biosensors allows
for high-sensitivity chemical and biological sensing of both thin adsorbed biomolecular
layers and bulk homogeneous solutions. SOI waveguide biosensors on a ring resonator
configuration with the low detection limit are reported [18], [19], but their expensive and
large tunable laser instrumentation is problematic, and also their maximum performance

is limited because of the large, unavoidable 1/f noise contributions.

These techniques also typically require a reference ring to read relative wavelength shift
because of the instability from the mechanical actuator in external cavity tunable laser
system [18]. Finally, the slow wavelength scanning speed for the high-precision data

acquisition limits the measurement speed to several seconds [18],[19].

We propose a simple and inexpensive dithering technique with a DFB laser and a lock-in
amplifier based on the TM-mode SOI shallow-ridge waveguide ring resonator [68]. In
this chapter, the dithering technique is detailed based on the SOI ring waveguide, and we

analyze the system noise in frequency domain.
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4.1 Harmonic Dithering Feedback Technique

At low modulation frequencies, for example below 1 MHz, the current modulation of
laser diode renders the optical frequency modulation because of the thermal modulation
of laser [69]. Specifically, changing the injection current induces change in refractive
index of gain medium due to the temperature and causes optical frequency shift. The
frequency response of DFB laser at DC is typically 1 GHz/mA, but when we increase the
modulation frequency, the frequency response starts to decrease because of slow thermal

response [70].

|
Ol
\4

Laser Driver
Current source

S RO
]

Figure 4.1. Experimental setup for the harmonic dithering technique

We harmonically dither the laser drive current on the Lorentzian shape resonator signal

of SOI ring waveguide at high enough frequency to minimize the impact of 1/f noise, and
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feed the resulting photodetector signal to the lock-in. The experimental setup for the

feedback technique is illustrated in Figure 4.1.

When the position of resonant frequency is exactly in the center of dither amplitude, in
Figure 4.2 with the solid line, lock-in gives out nothing because the transmitted signal
intensity has no component at the first harmonic. As the resonant frequency deviates
from the center by ¢ due to sensing, the optical signal starts to have odd harmonic signals
as shown in Figure 4.2 with the dashed line. The lock-in picks up the first harmonic

signal and generates the DC output after a narrow low-pass filter.

Figure 4.2. Temporal Lorentzian transmission lines and their PSD signal in frequency
domain for small frequency deviation 6. A low-pass filter removes higher order signals

and broadband noise.
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This output signal is further amplified and goes as feedback into the DFB laser through a
bias tee to minimize the first harmonic signal. We can reduce noise again by averaging
the feedback signal or using additional filtering. When the feedback loop gain is large
enough, the optical signal always stays in the same position with zero first harmonic and
provides a large dynamic range of measurement. In this circumstance, the feedback
signal itself then provides the sensor output as it is a direct measure of the shift required
by the DFB laser to stay centered on the Lorentzian transmission curve. The dashed box

in Figure 4.1 is the digital part of lock-in amplifier.
4.2 Principle of a Lock-In Amplifier

Lock-in amplifiers are used to measure very small signals buried in noise using phase-
sensitive detection (PSD) technique [71]. By measuring the synchronous system
response from an incoming AC signal, the DSP lock-in amplifier can detect very small
changes. The block diagram DSP lock-in amplifier is shown in Figure 4.1 with internal
oscillator, linear multiplier, low-pass filter, and amplifier. The 16-bit analog-to-digital
converter (ADC) locates between receiver and lock-in amplifier with a sampling rate of

256 kHz.

Lock-in amplifier can increase the signal-to-noise ratio by narrowing the bandwidth of
low-pass filter at an interested frequency. For example, suppose we have a 10 nV sine
wave signal. Obviously we need some amplification to see such small signal, and typical
voltage amplifier has the input noise of 5n\v/</Hz . If we try to measure or see the signal

after the amplifier with bandwidth of 100 kHz, our effort turns into vain because of poor
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(10nV)>

(5nV/Hz xJ100KHZ)? =0.0004. However if we could narrow the bandwidth
n \/ ZX Z

SNR of

to 1 Hz, SNR increases to 4. With much narrower bandwidth of 0.01 Hz, SNR increases
up to 400.

If a signal that we have is

V,, =V, sin(eot +6,) 4.1)
and the lock-in amplifier needs a reference signal which is

Ve =V, SiN(o,t+6.) (4.2)

The PSD or linear multiplier in the lock-in amplifier multiplies these two signals together,

and the output signal from PSD is

Vosp = V.V, Sin(at +6,)sin(o,t+6.)

4.3
= %vsvr cos(ot-wt+6,-6,) —%vsv, cos(ot+mt+6,+6.) 43

We have two different signals in frequency, but @, and o, are same frequency driven by
the internal oscillator
1 1
Vesp =5 Vs cos(6, —6,) - PAAZ cos(at + 6, +6.) (4.4)

and latter 2w part will be removed after low-pass filtering. Now what we have the DC

signal

Vogp = %vsvr cos(6, —6.) (4.5)
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Since 6, and 6, do not have time dependence, the output signal from PSD is clean DC

signal, and there is a phase shifter that makes the phase difference to be zero for the
maximum output. In our application, PSD output is the first harmonic component from
the optical transmission from the ring biosensor.

Let us consider a simple RC circuit, a low-pass filter of lock-in, as shown in Figure 4.3.

V,: is the voltage across the capacitor C, and the transfer function is

o]

\Y (a))| 1
[H(@) =3~ = (4.6)
Vio(@) | ay1+(Rc:co)2
i
LA :
A
[
Vin :: C Vout
l A\ 4
[ —— ®
Figure 4.3. Circuit diagram of a low-pass filter
To see the transition of filter output as a function of time, we define a constant input
voltage in time V, (t) =V,, and its Laplace transform is
[ omst Vo
L3V, (O} = [eV,dt = ' (4.7)
0
Resulting output voltage of low-pass filter from Eq. (4.6) is
V
V. (8)=—2— 4.8
()= 57 Ry (48)
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Inverse Laplace transformation yields

y+io

1 .. \V/ -t
Vs =—| t____ 0 ds=V (l-e R 4.9
Vo ()3 27i TT?oy:'. € s(1+ RCs) s=Vod-e ™) (49)

And Taylor expansion of output signal in time when t ~0 will give us the time response

of low-pass filter by

_t t t 2
Vo(l—e RC) :VOE—VO(EJ +... (410)

t=0
We can clearly see that the single-pole circuit has linear time response. The time

response of n-th order RC circuit is

Vo Ol =\ﬁ( t ] —\i(ijn (4.11)

n\RC) nilr
and plotted in Figure 4.4 up to four successive low-pass filters where 1 is time constant
setting of lock-in. Higher order low-pass filters have nonlinear time response and slowly

respond to any change.
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Time (t)

Figure 4.4. Time response of n-th order low-pass filter

It is desirable to use 6 dB/oct roll off low-pass filter for feedback because of its fast time
response and stability. However, for the measurement in this thesis, 12 dB/oct roll off
was used to decrease the noise further. And the voltage gain for feedback loop was ~ 120.
When excessively large gain is used, it may cause oscillations in a feedback loop because
of its slow time response.

Equivalent noise bandwidth (ENBW) for single-pole and double-pole filters can be easily

calculated from Eqg. (4.6) by integrating over whole frequency range

6dB/oct : B:i.ﬂH(w)Fdw:L:i
2r s, ARC 47

. (4.12)
12dB/oct 8- [|H()'do-— =1
2r s, 8RC 87
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Figure 4.5. The example of DSP lock-in amplifier composed of only three integrate

circuits [71]

In the context of a future, commercially-implemented biosensor system, we anticipate
that the current bulky lock-in size and relatively high cost, primarily resulting from its

high versatility and elaborate user interface, can be avoided by replacing the lock-in by

Lock-in Section "
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single Si application-specific integrated circuit (ASIC) chip. This ASIC would comprise
a simple microprocessor, the amplifiers and very limited control functions, together with
the oscillator and PSD and filters implemented digital signal processor, as illustrated in
Figure 4.5 [71]. The fact that SOI technology has complementary metal-oxide—
semiconductor (CMOS) compatibility even opens possibility to integrate all optical and

electronic functions on a single low-cost chip at the same foundry.
4.3 Dither Theory

The Lorentzian lineshape function is given by

F(v) = o 4.(‘/2_‘/0)2 (4.13)
AVenm
where Avg,w IS the Full-Width-To-Half-Maximum of the Lorentzian resonance.
Without losing generality, we reference frequency to v,, and normalize frequency v to
be in units of Avq,,, /2 such that a deviation of one unit takes the lineshape to its 50%
point.

In this case the expression becomes simply

F(V) = 1+l‘72 (4.14)

We now propose to scan this lineshape with a sinusoidal dither with an amplitude A, and

we further allow for an offset from the peak of the lineshape by an amount & such that
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vV =06+ Asin(Qt) (4.15)
and a signal passing through a filter with the Lorentzian transmission will have a current

or voltage proportional to

1
W = 1+(5+ Asin(x))2 (4.16)

where, for further mathematical simplification, we have let x = Qt.

This signal is to be measured using phase-synchronous detection (PSD) with a lock-in
amplifier, which is essentially measuring the Fourier series components of the signal at a

harmonic chosen by the lock-in, i.e.,

S(x) = %+i[an cos(nx) +b, sin(nx)] (4.17)
Where
a, = 1 .T S(x) cos(nx)dx (4.18)
4 -
and
b, = 1 ]T. S(x)sin(nx)dx (4.19)
4 -

We will focus our attention on just the first harmonic, n =1, and inspection of the
symmetry of S(x)reveals that a, =0. This can be seen by decomposing the range of

integration into two parts,
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17 cos(x)dx 1% cos(x)dx
a = | el b
7 2 1+(5+ Asin(x)) ZTol+(S+ Asm(x)) (4.20)
_ 1 ]5 cos(x)dx 1 .’f cos(x)dx '
+(5—Asin(x))2 ZTol+(S5+ Asm(x))
Letting y = x— /2 in each term converts this to
13 sin(x)dx 132 sin(x)dx
& = _J ) 2 _I ) 2 (4.21)
7 % 1+(5+ Acos(x)) 7 "1+ (85— Acos(x))
2 2

and both integrals can be seen to be an odd function of X over an even range of

integration, thus yielding zero.
The coefficient of the sin(x) term of the series, b,, does not in general vanish and is
given by

T

_ 1 sin(x)dx
b= 7Z_'[,1+(§+Asin(x))2 (4.22)

While at & = 0 this is also an odd function of x over an even range and thus vanishes, for
non-zero & this does not vanish, and inspection of the integral reveals that it is an odd

function 5. The concept of the sensor is use the relationship between & and b, to
determine & through a measurement of b, using PSD with the lock-in at the fundamental

harmonic. While the integral above can be evaluated analytically, the expression is rather

complicated and is given in Appendix A. However, because we will be using a feedback
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circuit, we will be generally be concerned with small deviations &, and thus we can use

just the derivative of b, with respectto & because

Ab = S+ (4.23)

00|,

We can take this derivative directly inside the integral to get

ab liff —2(6+ Asin(x))sin(x)zdx 624)
00 e (l+ (6+ Asin(x))z)

and thus

ob,

= (4.25)

J —2Asin? (x)dx _ 4 T —2Asin?(x)dx
5-0 1+ A’ sin? (x) 79 1+ Azsinz(x))2

This integral can be done analytically by noting that we can consider g—% to be a
6=0

function of A, i.e.,

ob|  _
i F(A) (4.26)

We can then show that F(A) is perfectly integrable in the variable A and determine (by

exchanging the order of integration)

8 e 4%A —2Asin?(x)dA
F(A)JA = = d 4.27
! “ ﬂM(qusinz(x))Z " @20
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If we can evaluate this analytically we can then just differentiate the result to get F(A).

This integral in A is easily done by letting

y =1+ A?sin?(x) (4.28)
and thus

dy = 2Asin?(x) dA (4.29)
and we have
A %1+ AZsin?(x) _ % 1+ A%sin? (x) %
[F(A)dA = ij | %x = ijl dx = ij{ : 1}1)(
5 r 1 y ol Y, 73| 1+ A?sin?(x)

(4.30)

Noting that the second term will have no dependence on A, we will have

d _T dx
dA | 7 3 1+ A?sin?(x)

=F(A) = (4.31)

00|,

This last definite integral is a common integral, which can also be evaluated with the

residue theorem and integration in the complex plane, with the result

dx 7
1+ A%sin®(x) 2\/1+ A2

(4.32)

o=y

and then performing the differentiation in A indicated gives the final result
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=F(A) = iAg (4.33)

5=0 ( 1+ A2 )E

ob
05

This gives the desired PSD signal for small deviations & as noted earlier. We are also in

a position to determine analytically what the optimum dither amplitude A is, i.e., by

maximizing % as a function of A,
6=0
2
i(%]:iLAS:L—Z‘S:O (4.3
AL 9050 Al (14 m2) (1+A%)?

which requires that A, :}/«/520'71’ 71% across the FWHM of the lineshape. The

behavior of this derivative as a function of normalized dither amplitude is shown in

Figure 4.6.
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Figure 4.6. Derivative of harmonic amplitude with derivation
The negative sign of (4.33) can be eliminated by properly adjusting the phase information

of PSD in a lock-in amplifier before we use. The DC level of S(x) is a, = 2/\/1+ A? and

filtered out by using the AC coupling method of lock-in amplifier.

The time averaged electrical power measured in this fundamental harmonic is then given

at this optimized dither by

1 8
<Psignal >harmonic « E(Abl )2 - E ' 52 (435)

We can compare this with the “direct measurement” DC method, biased at the 50%

transmission point, where the signal change results trivially from the transmission change
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with the deviation § . It is easy to show that, for deviations § from this bias point, the

signal is

1
SO = ——— )
(©) 1+(5+1)2 (4.30)

and at this 50% transmission point the first derivative is evaluated as S'(§ =0)=-1/2 so

for a small deviation of § the power of the deviation signal becomes

1
(Piga o = (88)" =707 (4.37)

We thus see that we have actually increased the measured signal power by using the
harmonic dither method, for small values of &, by the ratio of 32/27 or an 18.5%

improvement.
4.4 Analysis of Noise for Harmonic Dithering Feedback Technique

In this section, we examine the effectiveness of harmonic dithering technique for low-
noise biosensor measurement methodology by using a data acquisition technique

introduced in Appendix B.5.

Front-end of photodetector and lock-in for floating ground is illustrated in Figure 4.7, and

with given parameters of instruments, the measurement bandwidth, for R, << 10 MQ, is

1
AVyg = 4.38
3B 27xR x26pF (4.38)
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Photodetector Lock-in Amplifier
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Figure 4.7.  Front-end diagram of photodetector and lock-in with instrument
specifications
With current setting of P_= 30 mW, R = 50 kQ, 30 dB loss in total, and RIN = -135

dBc/Hz at 20 kHz modulation frequency, we can estimate the noise before the

preamplifier is (v, ) = 256.1nV/~/Hz from Eq. (B.32). We can also observe that RIN and

shot noise are dominant noise sources in the harmonic dithering measurement system;
(Ve ) = 213.40V/\Hz , vy, ) =138.6nV/\Hz, and (v, ) = 28.6nV/y/Hz . The 50 kQ

input impedance limits the photodetector bandwidth to 118 kHz which is large enough

not to attenuate first harmonic signal.
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Figure 4.8. Photovoltage noise spectra with and without the feedback for the harmonic
dithering technique in (a) log and (b) linear scales. The noise bandwidth of dithering

technique is below 1 Hz while that of conventional method is typically 1000 Hz.
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Figure 4.8 shows the photovoltage density spectra after calculating power spectral density
of sensor signal in both linear and log scales for x axis. The DC conventional tunable
laser instrumentation has a large noise bandwidth up to 1 kHz that includes 1/f and many
in-line noises. However the low-pass filter setting (12 dB/oct filter with 300 ms) used for
the AC dithering technique guarantees the bandwidth slightly below 0.5 Hz from Eg.

(4.12). During the spectral analysis, H,O was continuously flowing on the sensor

surface. The strong peak at 40 kHz is because dithering transmission has 2f component,
but we still see the signal at 20 kHz because of the current modulation of DFB laser. The

flat noise floor for both measured spectra shows close match to the estimated noise floor

of (v,)= 256.1nV/~/Hz at high frequency.

4.4 Revisiting Athermal Operation

Athermal operation of waveguides demonstrated using a tunable laser in Chapter 4 was
confirmed again using the feedback technique and shown in Figure 4.9 for two different
chips. Both upper plot from tunable laser and lower plot from feedback technique show
the same trends for temperature change and the optimum operation at (a) 26.1°C for
143.7 nm thick waveguide and (b) 28 °C for 145 nm. We believe that noise shown in
Figure 4.9 is caused by drifts of optical fibers due to thermal expansion of mechanical
setup while scanning the temperature, and significantly larger than our system noise and

ultimate sensitivity.
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Figure 4.9. Comparison of athermal operation between tunable laser (upper plot) and

feedback technique (lower plot) for (a) waveguide of 143.7 nm thickness that has the
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optimum operation temperature of 26.1 C and (b) 145 nm for 28 C operation. Square

experimental data and fitted line are shown together.
4.5 Summary

We have presented and analyzed the performance of a new signal readout method for
high-sensitivity SOl waveguide biosensors that minimizes the 1/f noise and easily allows
for narrowing the noise bandwidth to a few hertz. Another feature of the harmonic
dithering technique is that it does not forfeit the potential for real-time monitoring ability
in microsecond level because of the high sampling rate of lock-in amplifier. The fact that
SOI waveguide biosensors could ultimately be realized on a small silicon chip cost-
effectively with a DSP lock-in and other electronic functions based on an ASIC

technology makes our approach very attractive.
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Chapter 5

High-Sensitivity and Label-Free
Detection of Biomolecular Binding

Studies of the binding kinetics of chemical or bio molecular interactions using a
biosensor with its real-time monitoring ability provide information about biological
processes and rapid diagnostics for drug discovery applications [1], [13], [73]. For
measurements of very small molecules < 500 Daltons or very low concentrations
typically within the fM ~ nM range, fluorescently labeled is a common detection
approach [74]. However, conjugating these tags may alter or deform the inherent
characteristic of analytes or target molecules. In contrast, the label-free detection
technique offers quantitative measurement and kinetic aspects of these interactions at a

high accuracy by monitoring the binding of target molecules in their natural forms [75].

In previous chapters, developments of novel waveguide biosensors and techniques of
low-noise detection were demonstrated. Herein we use both for high-sensitivity
biosensing. First, bulk homogeneous refractive index sensing is demonstrated to provide

calibrated results for the biomolecular interaction, and then surface sensing is presented
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including the step-by-step procedure for experimental preparation. Lastly, we analyze

the performance of the biosensor and discuss what our fundamental limits are.
5.1 Flow Control in Microfluidic System

Keeping constant flow rate is important in fluid delivery because change in the flow rate
can disturb the thermal equilibrium in a biosensor, and thereby cause noise or drift in the

sensor signal.

At the beginning, syringe pumps (New Era Pump Systems, Inc. [76]) were used to
impose a flow rate directly to a biosensor. The significant advantage of using syringe
pumps is accurate flow control across a microfluidic channel [77]. In contrast, one
drawback of syringe pumps is the pulsation in flows especially at low flow rates [78], and
this appears as a noise in signal. Another problem in syringe pump system occurs when
we want to inject several different sample solutions to a microfluidic channel individually

because they can be mixed at a manifold.

To prevent noise from syringe pumps, the use of hydrostatic pressure to control flow was
devised. A computer-controlled mechanical fluid selector (Valco Instrument Co. Inc.
[79]) was implemented between biosensor and sample to choose which solution to inject.
The pressure difference is obtained by varying the height of sample solutions in different
reservoirs. For water based aqueous solution, the height difference of 10 mm
corresponds to 1 mBar. But a few tens of uBars in large reservoirs can unpredictably

transform several mBars for microfluidic channels because of their small dimensions.
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And another limitation is the continuous decrease in pressure as the liquid flow through a
microchannel to the dump, resulting in a decrease in flow rate with time [80]. This

phenomenon will cause a drift in biosensor output signal as time goes by.

Syringe
Pump

e
ol O

Laser Driver

Current source E 0

Figure 5.1. Schematic diagram of experimental setup for silicon ring biosensor with the

hybrid flow control using the harmonic dithering technique

As a solution for problems found in both methods, both syringe pump and 4 position
selector were used together. Based on the hydrostatic pressure injection system, a
syringe pump for fluid withdrawal is added. The height difference between reservoirs

and syringe pump was 1 m which is high enough to induce pressure in the microfluidic
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channel. Not only is this advantageous from the perspective of low noise fluid delivery
system, but also this configuration reduces cost of setup compare to a syringe pump
system which requires the same number of syringe pumps as the number of sample

solutions to be pumped.
5.2 Bulk Refractive Index Sensing

Using the feedback technique, we demonstrate the homogeneous sensing in aqueous
solution for the calibration. We prepared weak NaCl solution that has slightly higher
refractive index (An = 0.0019) than H,O , and the An between two solutions was
measured using an ellipsometer (VASE32, J.A. Woollam Co. [81]) at room temperature.
During the measurement, no active temperature control loop was used for biosensor.

Initially H,O was flowed continuously over chip surface until the baseline stabilized

while optimizing the flow rate. After reaching a steady state, the feedback signal, which
has become the proxy for the sensor readout in the harmonic dithering feedback

technique, was measured using a low-noise voltmeter (o, =1.5uV), and the result is

shown in Figure 5.2. The rms deviation of the signal was measured to be o, =0.07mV .
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Figure 5.2. Temporal feedback voltage fluctuation with rms error of 0.07 mV.

A mechanical fluid selector was located after the two reservoirs for both H,O and salt

water and was computer-controlled, and the flow alternated every 10 minutes with a flow
rate of 5.5 pl/min. The feedback signal coming from the lock-in was averaged every five
seconds after the sampling using the voltmeter and the result of sensing for TM mode is
plotted in Figure 5.3 (a). Note An=0.0019 in upper cladding gives the output signal of

1300 mV.
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Figure 5.3. Homogeneous refractive index sensing results for the TM mode with (a) the

NaCl solution with An=0.0019 and (b) An and 0.5 An
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To investigate linear sensor response for bulk refractive index sensing, the NaCl solution
was diluted by a factor of two, and we repeated the same experiment for many cycles as
shown in Figure 5.3 (b). We can see the output signal of biosensor is 650 mV for the

diluted NaCl concentration is halved.

In Figure 5.3, we can see that the output signal for index sensing drifts as the cycle
repeats. We believe that this is cause by a hysteresis of active temperature control loops

for DFB laser. Measurement results reveal a homogeneous refractive index response of

684 V/RIU with a sensitivity of 10”7 RIU. The calculation of detection limit is

Detection Limit =0.0019RIU +1030ﬂ =1.02x10'RIU

07mvV
5.3 Real-Time Monitoring of Binding Curves
5.3.1 Avidin-Biotin Interaction and Surface Immobilization

To illustrate the biomolecular recognition performance of label-free silicon biosensor we
developed, we chose avidin-biotin system because it is well-studied system that has high
binding affinity. The bond formation between biotin and avidin is very rapid, and once
combined, is unaffected by extremes of pH, temperature, organic solvents and other
denaturing agents [82]. These features of avidin-biotin system make it an ideal candidate

for the demonstration of biosensor performance.
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Streptavidin

Streptavidin is a 60,000 Dalton tetrameric protein that has four binding sites for biotin

produced by Streptomyces avidinii and has a very high affinity to biotin (dissociation
constant: K, =107 ~10"" M) [83]. Commercial streptavidin used in this thesis is

recombinant form with a mass of 53,000 Daltons and has near-neutral isoelectric point
(pl = 6.8 to 7.5) [82]. The charge neutrality of streptavidin significantly reduces the
possibility of non-specific binding to other biological molecules due to the electrostatic
forces. The reported thickness of a monolayer of streptavidin is in the range of 5-6 nm
[84],[85].

Biotin

Biotin is a vitamin known as Vitamin H or Coenzyme R and is relatively small (244.3
Daltons) hydrophobic molecule. It can be conjugated to many proteins and other
molecules without significantly altering their biological properties [87]. The highly

specific interaction of biotin-binding proteins with biotin makes it a useful tool in

biosensor development [18], [30], [34], [82], [86].

Biotin-labeled antibodies and other molecules are available commercially. For this study,
biotinylated bovine serum albumin (b-BSA) or BSA-biotin was used in solid-phase
assays as a coating on the silicon surface. The molar ratio of commercial BSA-biotin
products is usually in the range of 1:8-12 (BSA:biotin) [82]. BSA is a large molecule

(66,500 Daltons) and has a monolayer thickness of 3 nm [88].
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Immobilization of BSA-Biotin on the Sensor Surface

A piranha cleaned chip was coated with 50 pg/ml BSA-biotin in pH 5.5 buffer for 6
hours, allowing attachment due to Van der Waals forces to immobilize BSA-biotin on a
monolayer on top of the silicon oxide on silicon. This is because the effective charge of

BSA depends on pH and is neutral at a near pH 5 [89].
5.3.2 Molecular Kinetics

To study the molecular adsorption, Langmuir adsorption models are employed [90]. The

single isotherm describes the rate of surface reaction by

%:ka(l—H)C—de (5.1)

where @ is the fraction of the available sites that are covered (0<@<1), k, and K, are
the association and dissociation rate constants, and C is the concentration of streptavidin.

The integration of Eq. (5.1) then yields the time dependent binding function given by [90]

C

— 1_ e*(kac+kd i 52
C+ (K, /ka)[ ] ©.2)

o(t)
However, analysis of Eq. (5.2) is not straightforward and it takes a very long time to
reach to the saturation, especially when the target solution has a low concentration.
When C > K, /K., regardless of concentration C, the saturated signal @(t = o) would be

same. Instead of using signal saturation of Eq. (5.2), we use the initial slope of binding

curve of Eqg. (5.1) as a read out signal, which provides fast and linear response when
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binding sites are initially unpopulated (#=0). The initial binding curve is simply

proportional to the concentration of target molecules:

do
Y _kc 5.3
da (®3)

The schematic of functionalized sensor surface and biomolecular interaction is illustrated

in Figure 5.4. Typical molar ratio is 1:10 between BSA and biotin [82], the shape of

BSA-biotin molecule is simplified to help understanding.

Avidin/Streptavidin

Bl Bsa
Biotin

Figure 5.4. Schematic representation of the avidin/streptavidin-biotin interaction
5.3.3 Detection of Protein: Streptavidin

We first analyzed the real-time binding kinetics of 100 ng/ml streptavidin solution by

looking at both association and dissociation curves plotted in Figure 5.5.
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Figure 5.5. Real-time monitoring of the biotin-streptavidin binding curve by repeated the

sample injection.

We can see that the feedback voltage increases with streptavidin molecules binding to the
BSA-biotin sensing surface. When streptavidin was injected for the first time, the initial
binding slope was measured to be 4.6 mV/min. At a time 20 minutes after the sample

injection the flow of streptavidin solution was stopped, and H,O was injected for 30

minutes to dissociate the biotin-streptavidin. The voltage difference between the initial
baseline and the new baseline was 13 mV, which was due to the adsorption of

streptavidin onto the surface via specific binding. The second injection of the same
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streptavidin solution showed the lower binding slope of 2.7 mV/min because binding

sites were partially populated (8= 0).

For statistical analysis, 6 different streptavidin concentrations were prepared: 10000,

1000, 100, 10, 1, and 0.1 ng/ml in H,O corresponding to 200, 20, 2, 0.2, 0.02, and 0.002

nM respectively. These solutions were injected into the PDMS cell integrated with the
biosensor. Figure 5.6 (a) shows binding curves for the first three concentrations of
streptavidin, and the each concentration has the binding slope of 358, 96, and 5 mV/min
respectively. The initial binding slope for 100 ng/ml is slightly different from the result
shown in Figure 5.5, and this could be contributed by different BSA-biotin
immobilization conditions on the sensor surface or drifts in the signal. A large
concentration of streptavidin solution such as 10 pg/ml can cause a bulk refractive index
sensing effect in surface sensing. A simple calculation based on the concentration ratio

between water and streptavidin yields

An = nstreptavidin - nH20

999.99mg / ml 0.01mg / ml

= Nyo protein |~ ''H,0
1g/ml ? 1g/ml 2

=1.8x10°RIU

(5.4)

For the consistency, Nprowein = 1.5 was assumed same as Section 3.1.2. The calculated
refractive index difference between streptavidin solution and water corresponds to the 18
times of the detection limit for the bulk refractive index sensing in the ring biosensor

shown in Section 5.2 and brings + 1.26 mV offset in the final binding signal. However,
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for the measurement of streptavidin concentrations below 1 pg/ml, we do not have to
consider the bulk refractive index sensing effect because it would be below the noise
limit.

For low concentration solution of 200, 20, and 2 pM in Figure 5.6 (b), it seems binding
curves are not linearly increasing because there are still small amounts of drift in signal,
and we believe this is caused by thermal frequency stability of DFB laser when the
feedback signal was changing due to the sensing. Obtained initial binding slopes were
2.4, 0.53, 0.16 mV/min respectively The measurement of the streptavidin concentration
below 0.1 ng/ml (2 pM) was not conducted because of the poor SNR. The amount of
sample solutions dispensed for each 10 minute measurement was typically 60 pl in

volume.

The time constant setting used for measurements was 300 ms, except for the 10 pg/ml
case where a time constant of 30 ms was used because the slow 300 ms closed loop

cannot follow a very fast transition in binding curve.
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Figure 5.6. (a), (b) Monitored binding curves of streptavidin solution with different

concentrations
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Binding slopes taken from six different streptavidin solution measurements are plotted in

Figure 5.7 with the red fitted line. The relationship found between initial binding slope

i i ; mV-mi . mV
and streptavidin concentration was 0.1 Ag-mln or5 AM-min'
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Figure 5.7. Measured and fitted initial binding slopes as a function of streptavidin

concentration

To determine the detection limit for surface mass sensing, we can use the results from the
bulk refractive index sensing. The refractive index response of 684 V/RIU from Section
5.2 shows that the 1300 mV feedback signal corresponds the refractive index change in
cladding by An=0.0019, which is due to the waveguide modal index change of Angs =

0.00085 based on the simple calculation from Eq. (2.7) by
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An,, = [ An(y) ()l

= 0.0019T f(y)dy (5.5)
=0.0008;
Using the effective index method introduced in Section 3.1.1, we can determine that this
corresponds to ~ 1.3 nm surface adsorption on a 3-nm BSA-biotin layer as shown in
Figure 5.8, which corresponds to 5x10° molecules/mm? or ~ 20 % of the maximum

surface packing density of one 6-nm streptavidin monolayer [91], [92].

We can also obtain the thickness using the Eq. (2.7) again using the calculated weighting

function shown in Figure 3.9 (b) by assuming that it is constant over the thin biolayer:

Ang

An- f

~ 0.00085

~ (1.5-1.32)-35um™
=1.3nm

Jy o=

(5.6)

In this analysis the refractive index of each protein layer was taken to be n = 1.5 [17].
For the 0.07 mV noise level of our apparatus, this indicates a detection limit of ~ 270,000
streptavidin molecules/mm?, surface mass density of ~ 24 fg/mm?, or total mass of ~ 120

ag (~1,400 streptavidin molecules).
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Figure 5.8. Surface adsorption model for the effective index method

Using the relationship between initial binding slope and streptavidin concentration, we
can obtain the association rate constant k,. Since 1300 mV feedback voltage corresponds

to 20 % of the maximum surface packing density of one streptavidin monolayer

(__5mV_ 20%

= —x =1.28x10*M* §* 5.7
NM-min 1300mV

and this shows a good match by within an order of magnitude with a reported number in
[93] which is 5.13x10* M™S™. General solution of Langmuir equation given by Eq. (5.2)

was used to calculate dissociation rate constant kg.
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Figure 5.9. Fitted binding curves for two different thicknesses of the streptavidin

monolayer

The fitted curves imply k, =2.4x10° s*, and measured and fitted results are plotted

together in Figure 5.9. When the streptavidin monolayer thickness was assumed to be
5nm, it generated better accuracy compare to the 6 nm monolayer. As described in

Section 5.3.1, 5 nm streptavidin monolayer is still within a good range of reported values.
5.4 Discussion of the Detection Limit

A closed temperature control loop is very essential for the laser temperature control

because any small changes in laser temperature can generate a larger signal deviation
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than a biosensor signal. For example, DFB lasers typically show 1 GHz optical
frequency shift for 0.1 °C temperature change, and in contrast TM-mode athermal
waveguide shows only 3 MHz shift. For the precise TEC control of DFB LD, a 32 Watt
temperature control module (ILX Lightwave, MT [93]) was used. The short term
stability of the module was £ 0.004 °C, which corresponds to laser frequency stability of

+ 40 MHz due to a temperature sensitivity of -10 GHz/K [95], and according to Eq. (2.1),
this would limit the detection limit to An, ~5x107 RIU. The actual temperature

stability was better than the manufacturer’s specification, but using better laser
temperature controllers would be recommended to further improve the temperature

stability.

To illustrate the sensitivity of silicon photonic biosensor that we have developed, a
comparison of the sensing performance of optical label-free technologies that have

demonstrated most outstanding performances is shown in Table 5.1 below.
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*. Based on the extrapolation to an OSA with a better resolution.

Technology Detection limit Reference
107 RIU [96]
Surface Plasmon 100 pM Biacore 4000
100 fg/mm? [25]
_ _ 5x 10° RIU
Fiber Grating . [97]
5 pg/mm
N 107 RIU
Interferometer [98]
10 pM (DNA)
_ 7x10°RIU
Photonic Crystal . [85]
24 fg/mm
7.6 x 107 RIU
D =30 um [18]
Si Ring 60 fM
Resonator 300 fg/mm2
D =50 um [19]
20 pM
1x 107 RIU
My Si Ring Resonator .
(D = 800 pum) 2 pM This work
24 fg/mm?

Table 5.1. Detection limits of many practical label-free optical biosensors.

The work that | have shown in this thesis has the relatively low sensitivity for surface
sensing compare to the work in [18]. In terms of molar sensitivity, one limiting factor in
the designs discussed here remains as the size of ring resonator. Ways to increase the

sensitivity based on the shallow ridge waveguide will be discussed in next chapter.
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Our shallow ridge waveguides based on CMOS technology have a great potential in
terms of integrated optics, for example integration with a Ge photodetector by wafer

bonding technique [99] with a lock-in amplifier is shown in Figure 5.10.

An additional advantage of the techniques presented here relates to ease of use. When an
end user operates this biosensor, there is no requirement to make any adjustment of
settings to find out the signal before use. Since the feedback gain is large enough, and
the free spectral range of the ring resonator is suitably matched to the current tuning
dynamic range, the lock-in automatically locates and latches onto the coupled signal from
the ring resonator. In our laboratory experimental environment, the mounting the PDMS

attached Si chip and tube connecting are only tasks required of the end user.

Lock-in amplifier Signal output

Fluid port Ge Photodetector \

PDMS microfluidicchann Feedbackwire for laser driver

S = //O/’E/ //U//

Ring resonatorin a fluid channel

Optical fiber on a V-groove

Figure 5.10. Concept of integrated biosensor on CMOS technologies

100



Chapter 6

Conclusions and Future Works

Silicon photonic biosensors based on a CMOS technology improve the integration
density for both optical and electronic functions. Deep submicron ASIC design provides
a pathway for low power consumption and cost-effective manufacturability. Also a large
index contrast of SOI wafer provides the enhanced surface sensitivity for a TM-mode

optical biosensor.
6.1 Summary

Chapter 2 described silicon biosensor modeling and fabrication based on the shallow
ridge waveguide geometry. The fabricated 400 um ring resonator had Q = 47,000 for
TM mode. This was achieved using a magic width design which removes the slab mode

leakage that would normally occur due to the mode match between TE and TM modes.

Chapter 3 theoretically and experimentally demonstrated an athermal silicon photonic
biosensor for aqueous sensing based on the shallow ridge waveguide. The large optical
mode confinement in an aqueous cladding for TM-mode operation provides a

cancellation of thermal effects in thin silicon waveguides by using the opposite thermo-
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optic coefficients between Si and H,O. For the experimental demonstration of athermal

performance, we scanned the temperature of the biosensor and obtained the temperature

independence near 300 K using slightly different thicknesses of waveguide.

In Chapter 4, we developed a novel low-noise measurement platform, the harmonic
dithering technique, for a signal readout of biosensor. Conventional measurement
techniques for silicon biosensor based on tunable laser instrumentation are bulky, noisy,
and expensive and must utilize accompanying reference devices to measure relative
wavelength shifts. In contrast, the harmonic dithering only uses a DFB LD and a DSP
lock-in amplifier. This technique modulates the laser frequency across Lorentzian
lineshape of ring resonator signal at a high frequency (20 kHz in this work) which
minimizes the impact of 1/f noise. Successive low-pass filtering (12 dB/oct in this work)
also minimizes the broadband noise. Another benefit of the harmonic dithering technique
is the fact that the DSP lock-in amplifier can ultimately be realized on a small silicon chip

with biosensors via ASIC technologies.

Chapter 5 explored both bulk refractive and surface sensing. The detection limit for
homogeneous bulk refractive index sensing was 1x10~" RIU using a weak NaCl solution.
Streptavidin-biotin interaction was used to demonstrate the surface sensing, and 6
different concentration of streptavidin solution were injected into the PDMS microfluidic
channel integrated on the biosensor. We detected the concentration of streptavidin

solution down to 2 pM using the initial binding curve. From the calculation with the rms
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noise of 0.07 mV, we determine detection limits for surface mass density of 24 fg/mm?

and total adsorbed mass of 120 ag.
6.2 Conclusions

Through calculations, analysis, and measurements, we demonstrated the high-sensitivity

silicon photonic microfluidic biosensor which

e is independent on the ambient temperature fluctuation.

e s realized based on the harmonic dithering feedback technique that minimizes 1/f and
broadband noises.

e can detect bulk refractive index change down to 1x10'RIU

e can detect surface mass density down to 24 fg/mm? and total adsorbed mass of 120 ag.
6.3 Future Work

High-sensitivity biosensors were developed, but we can expect further improvement in

performance. Some promising areas of research are:
Use of Distributed Bragg Reflector (DBR) Laser

Strong temperature sensitivity of DFB LD (-10GHz/°C) is one of limiting factors in high-
sensitivity biosensing. Additionally, a DFB laser has a small tuning range. For example,
when the laser bias current is 60 mA, we might have only 90 GHz tuning range when the
laser maximum current rating is 150 mA based on the laser’s thermal characteristics.

This makes hard to measure a large concentration solution, and it also limits the free
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spectral range of the resonator if we must guarantee the ability to lock onto a resonance.

Microfluidic Channel Design

Simple rectangular PDMS microfluidic channels were used without optimizing the
structure. The dimension of channels used in experiments, 1 mm in width X 50 pum in
height, is in the regime of Laminar flow, which means there is no turbulence in the
channel [100]. However the fluid induced noise and drift problems could possibly be
improved through fluid dynamic analysis of microchannel to develop a deeper

understanding of the pressure driven flow with a syringe pump.
Improvement in a CMOS Process

The 400 um ring resonator was used to evaluate the sensor performance, and its large size
is limiting the detection limit for the surface sensing. Simply using 200 um ring will
double the sensitivity, and the fabrication of smaller device at a low loss is possible. Our
theoretical calculation and experimental experience show waveguides with ~ 4 dB/cm

loss is feasible with 200 um radius for 144 nm waveguide thickness.

We can also double the cross sectional sensitivity of waveguide by undercutting a BOX
layer through etching the inner region of Si ring resonator. Care would be required in
following this path because it will likely lead to additional losses and fabrication
challenges. Another benefit of undercutting the BOX is the fact that we can use thicker

Si of 170 nm to cancel out thermo-optic effect as shown in Figure 6.1. Thicker silicon

104



Chapter 6 - Conclusions and Future Works

thickness improves sensitivity and also provides a smaller bending loss for TM mode,

thereby further decreasing the device size.
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Figure 6.1. Derivative of wavelength to the temperature for the undercut waveguide

structure
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Refractive Index Models

A.1 Refractive index of Si

The Sellmeier equation is used to describe temperature and wavelength dependent

properties of Si. The general form of Sellmeier equation is [56]

n*(1,T)=1 IZ (N2

Al
&R M) -

where S; are the strengths of the resonance features in the material at wavelengths 4.

Typically third order forms are good approximations to relate the wavelength dependent
phenomena. However, for temperature dependence, fourth order models describe the

material property properly, and the Sellmeier equation consequently becomes

n*(1,T)=1 23: (M)A

A2
&R -

where
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70 (A.3)

Coefficients for the temperature dependent Sellmeier equation for Si for the range of 20

K<T<300Kand1l.1lum<A<5.6umarein Table A.1 [56].

] S Sy Ssj A & A

0| 1L04907E+01 -134661E+H03 44282/EH07  299713E-01  -351710E+H03  1.71400E+H06
1| 20802004 291664E+01 -176213E+H06 -114234E05 4.23892E+01 1 4498-4E +05
2| 4216M4E06 -278724E01 -761575E+04  167134E07  -357957E-01 6.907. 4-4E +08
3| B8298E-09 105930E03 6.78414EH)2 -251049E-10  117504E03 3.9369-9E +01
4| 344688E-12 -135089E-06 103243E+H02 232484E-14  -113212E06 2.35770E+01

Table A.1. Coefficients for the temperature-dependent Sellmeier fit of the refractive

index of Si based on measurement data.
A.2 Refractive index of H,O

We have used following representation of the wavelength, temperature, and density

dependence of the Lorentz-Lorenz function of light water [57]

2_
:2+i%=ao+alp*+a2T*+a3sz*+a4//1*2+ % %

*2 *2
— v

Tty o7 (A4)
IR

where
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o =plp, 0, =1000 kg/m?®
A =212, A, =0.589 um (A.5)
T =T/T, T,=273.15K

p is the density, 4 the wavelength and T the absolute temperature. The values of the
coefficients d, to a,, and the effective infrared and ultraviolet resonances /L*R and ZJV

respectively are listed in Table A.2. The ranges of three independent variables are

temperature 0<t<225°C
density 0 < p <1060 kg/m?®
wavelength 02<4A<25um

a, =+0.243905091 ﬂJV =0.2292020

a = +0.53518094 x10° /L*R =5.432937

a, =—3.64358110x10"°
a, = +2.65666426x10"*
a, =+1.59189325x10"®
a, =+2.45733798x10~°
a, =+0.897478251

a, =—1.63066183x10~

Table A.2. Coefficients for Eq. (A.4)

A.3 Refractive index of SiO,

Sellmeier equation is adopted again to represent the refractive index of SiOz. The

thermo-optic effect of SiO, is not considered because it is ten times smaller than that of
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Si and ,H,O and it is nearly constant (+11.3x10°°/°C) over the wavelength near to mid

infrared range.

For Sellmeier equation without temperature effect [63]

3 2
n*(1) =1+Z/1Si’1

PYIRrT) (A.6)
- 2 /112

coefficients are in Table A.3. The equation is valid for the range of 0.2 um <1 < 4.5 um.

i S A
1 0.6961663 0.0684043
2 0.4079426 0.1162414
3 0.8974794 9.896161

Table A.3 Coefficients for Eq. (A.6)
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Intrinsic Electronic Noises

Sensors, detectors, and transducers translate the characteristics of the physical parameters
into electrical signals [36]. We process and measure these signals and interpret them to
be the reactions taking place such as molecular interactions or telecommunication signals
[101]. Since any noises appear on the signal degrades the biosensor performance, we
must interface the biosensor with optoelectronic circuit that contributes the minimum of
additional noises. So it is important to precisely measure the system noise, understand
the contribution of each component, and manage the noise. In our sensor configurations,
some noise originates from the electronics and the fluid delivery system, and temperature

fluctuation of ambient can also contribute to noise in the system.

This appendix defines the fundamental types of noise present in an optical biosensor
system and discusses methods of engineering these sources for the purpose realization of

high-sensitivity biosensor. In addition to concepts, spectral analysis of noises is shown.
B.1 Electronic Noises

Noise is a totally random signal which consists of frequency components that is random
in amplitude [101]. While we cannot perfectly eliminate the noise, its effect can be
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minimized by careful system design. Usually white noise has a Gaussian or normal
distribution of instantaneous amplitudes with time [102]. The Gaussian distribution

curve is illustrated in Figure B.1 along with a simulated electrical noise.

Probability of
voltage exceeding v,

time

Figure B.1. Gaussian noise waveform and its distribution function

The Gaussian distribution predicts the probability of the measured noise signal having a
specific value in time [101]. If one could collect large data points and record the number
of occurrences when the noise voltage level is equal to or greater than a particular level,

the Gaussian distribution would result [101]

_(x=p)?
1 o (B.1)

f(x) =

o2
where u is the mean or average value and ¢ is the standard deviation or root mean square
(rms) value of the variable x. The function f (x) is referred to as the probability density
function. The area under the Gaussian curve represents the probability that a particular

event will occur. Since probability can only take on values from zero to one, the total area
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must equal unity. If we consider a value such asV;, the probability of exceeding that

level at any instant in time is shown by the cross-hatched area in Figure B.1.

The rms voltage is a statistical measure of the magnitude for time varying voltage v(t)

17,
Vo = /? ! v (t)dt (B.2)

where T is the period of the voltage.

In this section, we will examine and measure each electronic and photonic noise source in
our system. All of these noise sources are incoherent, and thus the total noise is the

square root of the sum of the squares of all the incoherent noise sources.
B.2 Shot Noise — a beat noise approach

Photogenerated carriers in photodetector show random fluctuations, and this causes noise
on output current. It is often useful to think that the noise originates from a photodetector
when photons are being absorbed, but this is not the only way to derive shot noise
contributions. The random fluctuation can also be understood to stem from the quantum

fluctuations of the optical field itself [104].

The minimum additive optical noise is usually referred, in quantum electrodynamics, as
the zero-point field fluctuations or the vacuum fluctuations [105]. Here the derivation of
shot noise from the interpretation of optical noise beating between the optical field and

the zero-point vacuum fluctuations follows the works shown in [105], [106].
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Average laser output power of classical complex field amplitude A is P, = AA". In

quantum mechanics, however, energy of zero-point field fluctuation or vacuum

fluctuation of oscillator is

== (B.3)

where h is plank’s constant. By considering the optical noise with bandwidth B,, noise

h
b= /?V B, =/S,B, (B.4)

where S, is optical noise power spectral density, and S, =hv/2. For example, for 1550

amplitude b is defined

nm corresponding to v=1934 THz, the zero-point field fluctuation S, is

6.4x107%° W/Hz.

Due to Heisenberg’s uncertainty, the smallest field fluctuation b on signal amplitude A

can be expressed
P=(A+b)(A+b) = AA" +2Re{Ab’}+bb =P +AP (B.5)
where bb” is not detectable by photodetector.
The mean squared optical power fluctuation is
((AP)*) = 4A%® =4P,S,B, = 2R hvB, (B.6)

considering only the in-phase noise component yields average power of
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((aPy?) — P hvB, (B.7)

in—phase
The bandwidth of single-sided electrical spectrum is half of optical bandwidth, B, = 2B,

and thus we have

((aPy?) = 2P hvB, (B.8)

in—phase
We can rewrite in terms of electrical current when a detector has responsivity of

R=en/hv

<(Ai)2> = R<(AP)2>_ = 2enBi, (B.9)

in—phase
where 7 is quantum efficiency assumed to be 1 for simplicity and e from bandwidth is

dropped for convenience since we will discuss only the electrical bandwidth. e is the
electron charge (1.6x107° Coulomb) and i is the signal current. This noise is called

shot noise, and has the rms expression:

(i g ) = /2€Bi (B.10)

If can write photo current from a photodetector which has the responsivity of R, and lose

some power by the absorption o
i, =RPe™ (B.11)
the signal-to-noise ratio (SNR) of shot-noise limited case at a load impedance of R, is

2 252 2g2a —a
ve _ RE R?(RP.)%e _RPe (B.12)
(Vo) <Shm>R2 R’(2ReP,)Be™  2eB

shot
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It is obvious that SNR strongly depends on the incoming optical power into the
photodetector. For example, the optical power of 1 mW has the shot noise limit of -155
dBc/Hz, and when we have 10 mW, the shot noise reduces to -165 dBc/Hz. Shot noise

shows the slope of 10 dB/dec.
B.3 Thermal Noise

This section follows materials from unpublished notes used in ECE 450, Optoelectronics

Physics and Lightwave Technology Il, taught by Prof. Thomas L. Koch [107].

The load impedance R, at the termination of a photodetector introduces another noise
because of the thermal motion of electrons even at equilibrium. In thermal equilibrium

state, the photon energy from Bose—Einstein statistics is

hyv

th/kT — 1 kT>>hv

E kT (B.13)

where Kg is Boltzmann’s constant and corresponding power is

P=k,TB (B.14)

To help understanding of the thermal noise, a simple perfectly impedance matched circuit
model is shown in Figure 6.3. Left resistor can be regarded as a noise generator, and half

of noise power will be transmitted to right resistor without any reflection. The voltage
noise generated by current noise source in circuit is V, =1.R, /2. However the amount of

noise transmitted to right resistor is half of this, and noise power is
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= (B.15)

and equate to Eq. (B.14), we get the voltage noise of

(v,) = 4,TR B (B.16)

Thermal noise voltages were measured in Figure 6.2 for three different resistances which

are 10 MQ, 100 kQ, and 10 kQ with corresponding noise voltages of 411, 41, and 13

nV/ \Hz respectively. Measured values provide the exact match to calculated values,

except that we can see a new 1/f noise component that increases with the large resistance.

10000 . . : :

Jﬁj;wwmmmwww&mw
|

Thermal Noise Density (nV/vHz)

01 M 1 M 1 M 1 M 1 M
0 20 40 60 80 100

Frequency (kHz)

Figure 6.2. Measurement of thermal noise spectra for 10 MQ (blue), 100 kQ (red), and

10 kQ (green).

The noise power is generated at the resistor is
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)

P=
R

= 4k,TB (B.17)

L

and regardless of what values of resistor is used, the noise power at room temperature for

a 1 Hz bandwidth is Py, =—174dBm.

)
C

)
«

Figure 6.3. Schematic circuit of current noise generator in thermal equilibrium

We can express the thermal noise in current form by

. 4k T
<Itherm> = RB B (818)
L
The corresponding SNR yields
Ve __ikR® _(RR)e™R,

() )R 4kTB (819

them
We can see that the SNR increases proportionally toR, . However, we cannot increase

R, infinitely because it limits the bandwidth of photodetector, and the bandwidth of

photodetector AV, can be expressed as,
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1

AVae =5 2C
L

(B.20)

where C is the junction capacitance of the photodiode usually ~ 1 pF.

Just as in the case of the shot-noise limited SNR, increasing the optical power increase

the SNR of thermal-noise.
B.4 1/f Noise

The origin of 1/f noise is still very complex and differs for different systems [102], [103],
but it is commonly related to the defects in semiconductor crystalline structure [102] or
the imperfect contact between two conducting materials [108]. The mean 1/f noise
voltage for a bandwidth B is

K,i"B
fn

(i )=R (B.21)

where K; is the 1/f noise coefficient, is is the DC signal current, n=1, and m is the 1/f

noise exponent. 1/f noise is also called flicker noise or pink noise.

In modeling of 1/f noise, typically the value m=2 is used [108], and this leads to a

relatively simple form, which is Hooge’s empirical equation [109]

(B.22)

The dimensionless constant K; depends on material used for resistors or semiconductors.

And especially for CMOS transistors, different geometries such as oxide capacitance,
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channel length and width or fabrication processes can also impact on the noise
characteristics with a given material [110], [111]. Table B.4 shows the various K for

different types of materials.

Material type Kt Reference
Carbon composite 10 -10" [113]
Metal films 6 x 1077 - 101 [113], [114]

Carbon fibers
a-Si deposited by
RF sputtering
single-walled
carbon nanotubes

1.2 x 10 [115]

10° [113]

Table B.4. 1/f noise coefficients for different materials

For resistors, typically carbon composite has the worst 1/f noise and metal film is the best,

and carbon film resistors lying between the two [108].
1/f noise increases as the frequency approaches to 0 Hz, and cause a DC drift. For

example, when we try to measure 1 A current at 1 Hz frequency across the 1 kQ metal

film resistor (Ki= 10™"), 1/f noise is 3.2 V., for 1 Hz bandwidth. However if we repeat

the same measurement at 10 kHz frequency, 1/f noise reduces to 32 NV, .. The impact of

1/f noises are shown in Figure 6.2, and note that 10 MQ resistor has significantly large
noise compare to 10 kQ at a low frequency regime. 1/f noise is very critical at low
frequency as shown in Figure 6.2 and this is why using higher frequency is preferred.

Another characteristic is that the noise voltage is proportional to a DC current in
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electronic devices. To solve this problem, the current can be kept low enough, but it will

decrease the overall SNR in the system.

The 1/f noise is pervasive in all active and passive devices we use such as light sources
and amplifiers. For example, a frequency noise of laser also shows 1/f noise
characteristic and causes performance degradation in sensing, laser spectroscopy, and
laser gyroscopes. Thus, the laser frequency stabilization is important to reduce or avoid
the 1/f noise and can be achieved by the lock-in dithering technique through the
molecular absorption line [116], [117] which is very similar to what we have shown in
Chapter 4. Shay et al. [116] increased the frequency stability of laser by 10 times

compare to a commercial GaAlAs free-running laser.

It is impossible to fundamentally eliminate the 1/f noise, but we can expect to reduce it by

a better process.
B.5 Relative Intensity Noise (RIN) of laser

Light source shows two types of noise; intensity and phase noise [38]. The phase noise is
neglected because the intensity noise converted from the phase noise on the drop port
signal is very small compare to other intensity noises in our biosensor [38]. Laser
intensity noise refers to the noise generated by the laser and is induced by intensity
fluctuations because of spontaneous emissions ideally, but operating conditions such as
bias current, modulation frequency, coupling of laser cavity, and external feedback also

directly affect the noise [119].
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Definition of RIN is [120]

RIN =<(APL2)>dBc/ Hz (B.23)

L
Note that AP in (B.23) is not only caused by spontaneous emission this time. The current

noise due to the RIN in rms manner is

(i) = RP.E“[(RIN)B (B.24)

We can also find SNR as,

V2 iZR?  R’(RP)%e™ 1

(Vaw)  (izn )R RZ(RP)2e2“(RIN)B _ (RIN)B

VRIN

(B.25)

which is simply the inverse of RIN.

Electrical spectrum analyzer (ESA) is widely used to measure the frequency spectrum but
its frequency is usually available near radio frequency (RF) which is out of our sensor
operation. The alternative method is taking advantage of the data acquisition (DAQ)
board via the computer. The spectrum can be found after simple mathematics [121], and

the calculation steps are shown below.

A measured voltage in time, v(t), and its Fourier transform V (f) are related by
V() =] v(e "> "dt (B.26)

v(t) = jiV(f)e‘Z”“df (B.27)
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Since T is finite number, discrete Fourier transform (DFT) of Eqg. (B.26) needs to be

reconsidered as

Vo () =] v(tye " dt (B.28)

The averaged power from obtained photovoltage in timely manner is

o2 e L ol fwa st vt o

The power spectral density is defined from above expression
2V, (F)[°
S(f)= M (B.30)
TR,
and an additional factor of 2 is multiplied in front of Eq. (B.30) since this is single-sided

spectrum.

The plot shown in Figure 6.4 (a) is the schematic of experimental setup for RIN
measurement. The battery operated ultra-low noise current source (LDX-3620B, ILX
Lightwave, MT) was used to run DFB LD at 1.31 um lasing wavelength (1612A ,

Emcore, NM) for minimal effects of pump induced noise. Large input noise

(200 nV/\/Hz ) of DAQ board (PCI-6281, National Instrument) limits the sensitivity of
measurement, so the preamplifier is added after the photodetector to improve the
sensitivity of measurement by reducing the overall noise figure. However, still the noise

figure for preamplifier is 22.7 dB with the 50 Q photodetector termination. To suppress
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the noise figure down to 11.2 dB, the 1 kQ impedance was used for the accurate

measurement.

Dynamic range of RIN measurements is illustrated in Figure 6.4 (b), and we can see how
each noise is affecting the system RIN as a function of photocurrent. The power density
for 1 Hz bandwidth is calculated with 1 kQ photodetector termination including shot,
thermal, and instrument input noises we have discussed so far. The maximum SNR
achievable can be found by considering detected average power (blue line) and total
noise (red line). For 10 mA photocurrent, the dynamic range of RIN measurement was
164.9 dB. If the optical power incident on the photodetector is large enough, the shot
noise power dominates the thermal noise and becomes the measurement limit. The shot-

noise limit will have the same SNR in any lightwave systems.

1310 nm 1 ka
DEB LD Photodetector T
Ultra-Low Noise DAQ
Current Source Board
(a
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Figure 6.4. (a) Experimental setup for the RIN measurement using a DAQ board (b)

Dynamic range of RIN measurement with 1 kQ photodetector termination.

measurements are limited by shot noise, thermal noise, and total detected power.

The RIN spectrum is measured using the DAQ board a sampling rate of 300 kS/s when
P_=12 mW and plotted in Figure 6.5, with shot noise indicated by a red line. The system

RIN includes all the noises from both transmitter and receiver.
significant reduction in noise at higher frequency because contribution from the 1/f noise

decreases, and it has flat white noise nearly -140 dBc/Hz. Spikes in spectrums are cause
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by harmonics of in-line noise at 60 Hz. The calculated shot noise floor is -165 dBc/Hz,

and we can say that the additional 25 dB penalty is due to the RIN of laser.

100 | A A— — I — S 1

1)) E— "0 | S |

RIN (dBc/Hz)

40 L -

i S— S— S— R L L
[ Shot noise limit: -165 dBc/Hz | ‘ ]

-180

T

0.1 1 10 100 1000 10000 100000

Frequency (Hz)

Figure 6.5. Measured RIN spectrum shown together with red lined shot noise limit of
-164.8 dBc/Hz for P,=12 mW. Noise near 20 kHz is transmitted trigger signals due to

the finite isolation between DAQ channels.
B.6 Detector Noise

There are other noises associated with the photodiode itself which are dark current and

noise equivalent power (NEP) [120].

Dark current is the noise generated in a photodetector in the absence of any optical signal

and originates from the stray light or from thermally generated electron-hole pairs [107].
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For a good photodetector, the dark current is very small (< 1nA). The problem of dark
current is the fact that it also generates shot noise, but in our case the contributions are
negligible compare to the signal induced shot noise, so that we do not consider in this

thesis.

NEP is the minimum optical signal requires on a photodetector generating a photocurrent

equal to the total photodiode noise current [122], and the photodetector we use have NEP
ofl f\N/\/E This, also, negligible compare to other noises caused by signal level we
use.

B.7 Total Noise

The SNR with total contribution of each noise in addition to instrument input noise is

V2 _ iR R?(RR)?e

(v3) (iZ)R? RI(2ReR)Be ™ +4k,TR B+R?(RP.)%e** (RIN)B+R? (7, ) +(vZy, ) B

input

(B.31)

The input noise of preamp we used is 6 nV/x/HZ , and this is approximately the thermal

noise from a 2 kQ resistor. For the photodetector termination below 2 kQ, noise will be
dominated by the input noise of preamp, and hence we need to make sure to use the
impedance larger than 2 kQ. If we operate the sensor at high frequency, we can get rid of
the 1/f noise (Chapter 5), and the large input impedance overcomes the input noise of

preamplifier. In this situation, Eq. (B.31) can be a simpler formulation
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Vs o R (RP)*e™
(v2) ” R_(2ReR)Be “ +4k,TB +R,(RR)’e **(RIN)B

2
s

(B.32)
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