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Abstract

.

Chemical sensing systems realized with photonic components integrated on traditional semiconductor substrates have emerged as a promising technology for remote
sensing applications that require low cost, low power consumption, light weight, small
size, and high-performance. In this thesis, I discuss methods and systems for practical
implementations of chip-scale integrated photonic chemical sensors and spectrometers. The work focuses on solutions to a variety of obstacles that have hindered
real-world implementations of microphotonic chemical sensors. First, a new chip architecture capable of acquiring high channel count, high resolution optical spectra
(200 pm resolution in the telecommunications C-band) is presented both theoretically
and experimentally, along with a new 'elastic-Di' regularized regression method for
spectrum reconstruction. Next, evanescent field sensing using dielectric waveguides
is studied theoretically and numerically, with a special emphasis on sensing performance in the presence of random, fabrication-induced waveguide sidewall roughness.
I demonstrate that a locally flat perturbation approximation is valid for typical experimental roughness in silicon-on-insulator platforms, and use a volume-current method
to explicitly compute scattering loss rates for a variety of three-dimensional waveguide structures. To then experimentally realize photonic sensing systems, I developed
a low-loss (0.36 ± 0.11 dB/cm), quick-turn (16.4 day turnaround) fabrication process
for inexpensively prototyping silicon nitride photonic integrated circuits with heaters,
etched edge couplers, and opened sensing windows. Using this fabrication process,
I present a successful experimental demonstration of a fiber-packaged, waveguideenhanced Raman spectroscopic sensor used for detecting liquids in contact with the
surface of the chip via measured Raman peaks from 500 - 3500 cm- 1
Thesis Supervisor: Juejun Hu
Title: Associate Professor of Materials Science & Engineering
Thesis Supervisor: Lionel C. Kimerling
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Images of reconstructed

spectra for two different optical inputs: two CW laser lines with 15
nm wavelength detuning (a,c,e) (as depicted in Figure 2-3 bottom)
and a broadband signal generated by EDFA amplified spontaneous
emission (b,d,f) (Figure 2-4c). The reconstruction techniques shown
are: BPDN (a,b), RBF Network (c,d), and elastic net (e,f). The R 2
scores and associated hyperparameters (which were selected through
cross-validation) are shown as insets.
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Chapter 1
Introduction
The truth is, most of us discover
where we are heading when we
arrive.
Bill Watterson

1.1

Background

Integrated photonics is a subfield of optics that focuses specifically on the design and
fabrication of photonic integrated circuits (PICs), or devices that guide and manipulate light on semiconductor substrates such as silicon or indium phosphide. This area
of study is particularly fascinating for several reasons. First, it builds upon the vast
infrastructure and knowledge developed around integrated electronic circuits. The
techniques used to make transistors at the nanometer-scale (10-meters) for digital
and analog circuitry can be re-purposed to build structures that route and manipulate light, rather than electricity. These devices are also sometimes called 'planar
lightwave circuits' since they guide light in waveguides (long rectangular blocks) along
the surface of a semiconductor chip in small, tightly confined optical modes (allowed
electromagnetic field distributions that satisfy Maxwell's equations). These circuits
require extra care to design, as they obey Maxwell's equations, and many assumptions
that the electronics community may take for granted do not apply when designing

photonic circuits. As an example, sharp 90 degree corners in metal traces are acceptable for low-frequency electronics, but at higher electromagnetic frequencies rounded
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bends must be used. There are many attractive reasons to integrate optical devices
in silicon or other III/V semiconductor substrates: 1) compact devices with small
(< 100 nm) features can be made with state-of-the-art lithography tools developed
by the electronics industry, 2) the cost of chips decreases significantly if high-volumes
are needed (also a byproduct of reusing tools for electronics), 3) many components
(tens of thousands) can be made at once and physically 'connected' simultaneously
by waveguides, and 4) unique semiconductor material properties can be leveraged for
the modulation of light, generation of light, and detection of light. Historically, the
vast majority of research and development in integrated photonics has centered on
applications in data transportation [35,53,54,146,178]. As communication traffic has
increased with telephones, computers, and the internet, copper cables (which experience significant losses at high-frequencies) have been almost completely replaced by
optical fibers that shuttle data across the world. An ever increasing appetite for data
has pushed optics to shorter and shorter distances.

Although the integrated photonics community has seen tremendous commercial
success in the telecommunications space, light has potential spanning far beyond shuttling data in complex modulation formats. By combining fundamental optics with
advanced manufacturing enabled by the silicon microelectronics industry, integrated
photonics is beginning to revolutionize many fields such as quantum optics [167],
microwave photonics [120,151,158], high-performance computing [22], hardware accelerators [166], LIDAR [76,148,174], chemical sensing [45,113,168,1731, and spectroscopy. In particular, this thesis will focus almost exclusively on using integrated
photonic devices for spectroscopic chemical sensing. Micro-chip sized devices that
guide, manipulate, and detect light could be used to probe the composition of matter
in the world around us. In the not-so-distant future, such devices might be used used
to analyze the food we eat before we eat it, detect dangerous gases or hazards in
our surroundings, or even make health decisions based on the molecules present in a
single exhale.
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Figure 1-1: Closeup camera image of a 2.5 x 5.0mm wide Fourier-transform spectrometer photonic chip with optical fiber connections and metal wirebonds, mounted
atop a thermo-electric cooler for temperature control. Information regarding the
spectrometer's operating principles is discussed in Chapter 2

1.2

On-chip spectroscopic chemical detection

The term 'spectroscopy' refers to the study of all types of interaction between electromagnetic radiation and physical matter. At the most basic level any spectroscopic
sensor consists of three discrete elements: a source for generating light that will interact with the material of interest, a probe or mechanism for getting the light to
interact with this matter, and a device for measuring the intensity of this light as
a function of wavelength (i.e. a spectrometer). There are a wide variety of light
sources, but the most frequently used for sensing applications are continuous-wave
laser sources due to their spectral purity, low-cost, high-output powers, and spatial
coherence (which is critical for coupling light to single mode dielectric waveguides).
Other 'broadband' light sources (which have a distribution of power at many wavelengths of light) such as light-emitting diodes, pulsed lasers, optical frequency combs,
27
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blackbody radiation sources, and super-luminescent diodes are commonly used for
sensing, the choice of which is informed by the desired application. Curious readers
are referred to a number of textbooks on the subject [36,38,161].
The work in this thesis will focus on mechanisms for enhancing light-matter interaction, and on-chip spectrometers for recording the signal of interest. As such,
the next few sections are devoted to providing a background on common modes of
chemical detection, evanescent-field sensing, and existing on-chip spectrometer implementations.

1.3

Chemical sensing methods

Three mechanisms of sensing will be outlined: absorption spectroscopy, Raman spectroscopy, and refractive index sensing. The following will serve as a brief introduction
to the topics, to provide the reader with a sufficient understanding of the sensing
mechanisms used in the main text.

1.3.1

Absorption spectroscopy

Absorption spectroscopy refers to the measurement of a material's absorption of light,
as a function of wavelength.

When you shine light on a material, the power of

light absorbed at each wavelength makes up the absorption spectrum and tends to
exhibit a series of unique 'dips'. The frequency position of each 'dip' corresponds to
energy differences between electron energy levels of the material. The process of light
absorption corresponds to the annihilation of one photon in return for the excitation
of an electron from a low energy state to a higher energy state. Thus, observing the
optical frequencies at which light is absorbed gives us information as to what the
electron's energy levels are.
The transition rate for a photon being absorbed by an electron is given by Fermi's
golden rule (which is derived using a stationary Hamiltonian perturbed by a timedependent field):
Was

=

I(bIH'(r)Ia)|126(Eb- Ea- hw)
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(1.1)

where the middle term (the matrix element) quantifies the coupling between the two
energy levels in the presence of the oscillating field. The transition rate R is a more
-

useful quantity, as it describes the transition rate per unit volume of material (sec

cm- 3 ) and takes into account the occupation probabilities of the beginning and final
states:
R = 2

(1.2)

Wabsfa(1- fb)
ka

kb

where V is the volume, there is a summation over all initial and final states with
energy Ea and Eb, fa describes the occupation probability of state a, and 1-

fb

is the

probability of state b not being occupied. Practically speaking the rate is integrated
over some finite optical bandwidth and so the transition rate is proportional to a
density of states and to the square of a transition matrix element. The absorption
coefficient a characterizes the fraction of photons absorbed in a material per unit distance (cm- 1 ) and is typically the quantity of interest when performing an absorption
spectroscopy experiment:

a=

(1.3)

I/hw
element I(blH'(r)Ia)|

2

It is important to note that the matrix

= |(bl§ - pla)| 2 (where § is the unit polarization vector and

'

where I is the optical intensity (W/cm2 ).

is the electron momentum operator) is a function of the starting wavefunctions 2a
and/b. Depending on the symmetry properties of

Oa

and4'b, some transitions are

forbidden (the matrix element is zero) and sets of 'selection rules' can be computed to
determine allowed versus forbidden transitions. In particular, forbidden transitions
include those between two states with the same dipole moment, and molecules with
asymmetry tend to have stronger absorption coefficients.

Although absorption can

occur between various electronic, vibrational, or rotational energy levels, the energy
differences between vibrational modes provide unique information about the bonds
and structure of a material. For this reason, in the context of absorption spectroscopy
the wavelength range from A = 2.5 - 20 pm (P = 500 - 4000 cm- 1 ) is often referred

to as the "fingerprint region". One of the disadvantages of this technique is that it
requires an extremely broadband light source, and all optical components (such as the
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Figure 1-2:Infrared absorptionspectraofisopropyl alcohol, acetone,and methane.
Dta fromNISTChemistry WebBook 1831.
spectrometer) mustoperate across this large avelength range.This is not asignificant issue for free-space optical systems, but in integrated photonics the functional
wavelength range is often asmall fraction of the whole fingerprint region.

1.3.2

Raman spectroscopy

Raman scattering is aninelastic process by which aphoton with energy E= hi.'
excites amolecule to ahigher or lower energy level with energy difference hAv <«hO.
The scattered photon is then observed to have achange in frequency v =

i'

0

± AV-.In

Stokes Raman scattering the photon loses energy (red-shifts) and excites the molecule
to a higher energy level, while in anti-Stokes Raman scattering the photon gains
energy (blue-shifts) and the molecule transitions to a lower energy state. Since this
scattering mechanism can only take place between discrete energy levels, the frequency
of Raman scattered light provides highly selective information about the molecule
under study. A visual depiction of the Raman scattering process is shown in Figure 130

-------------- ---virtual
---- - ----.... - ---- - ---- energy

II

states

vibrational
energy
states
infrared

Stokes Raman

Anti-Stokes

absorption

scatterinq

Raman scattering

Figure 1-3: Vibrational energy states with depictions of transitions for infrared absorption, Stokes Raman scattering, and Anti-Stokes Raman scattering.

3. The Raman scattering cross section of most materials is very small, such that
tens of millions of incident photons are often times required to generate a single
Raman scattered photon. However, with high-power wavlength stabilized lasers (most
commonly used lasers operate at wavelengths of 532nm, 765nm, & 1064nm) and
advances in detector technology (CCDs and CMOS arrays), Raman spectroscopy has
become powerful technique for sensitively and selectively detecting various molecules.
When a time-varying electric field E is incident on a molecule, it induces an
oscillating dipole with moment p,
p = aE

(1.4)

where a is the molecular polarizability. In a classical analysis of Raman scattering,
the vibration of the molecules can be quantified by the displacement of a molecule
about its equilibrium position,

Q.

The characteristic polarizability of a molecule turns

out to be a function of this vibration, and the dependence can be approximated by a
Taylor expansion:
a= ao + a'Qk cos(wt) + O(Q 2)

(1.5)

where the displacement Q(t)= Qk cos(wt) characterizes the molecular vibration and
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Figure 1-4: Raman spectra of acetominophen, acquired on a Chromex Sentinel
portable Raman system [59].

a'=oa/OQ is the Raman polarizability tensor. Taking E = EO cos(wot), the induced
dipole moment p can be expressed as:
(1.6)

p =aoEO cos(wot) + a'EoQcos(wot) COS(Wkt)

+ aoEO cos(wot) + a oQ

(1.7)

cos((wo + Wk)t) + cos((wo - Wk)t)

(1.8)

= p(wo)+p(wo +W)+p(wo - Wk).

In the above equation, the dipole moment with frequency we corresponds to Rayleigh
scattered light, and the terms proportional towo ± Wk are the Stokes (wO anti-Stokes (wo +

Wk)

Wk)

and

Raman scattered light, shown by Figure 1-3.

Similar to infrared absorption, Raman scattering (when given a proper quantum
mechanical treatment) also exhibits selection rules depending on the transition polarizability matrix element (#A|a|-b). If a transition has a non-zero matrix element,

it is considered to be Raman active. As a rule of thumb, many transitions are either
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Raman active or infrared (IR) absorption active, but not both. This is referred to as
the mutual exclusion principle and as a result both Raman and IR absorption spectroscopy are widely used together to form a more complete picture of a material's
characteristic vibrational energy levels.
Finally, it is worth noting that the Stokes and anti-Stokes shifted light in the
'fingerprint region' (Pk =500-1500 cm- 1) exhibit small frequency detunings relative
to the incident light at Po. Since the bandwidth of most planar photonic components
is also relatively small (less than an octave), Raman spectroscopy is well suited for
photonic integration. For example, with an excitation light source at 808nm, a photonic chip with an operating bandwidth from A = 800 - 1200nm can collect, route,
filter, and analyze Stokes shifted Raman light spanning the entire fingerprint region
and up to 4000 cm-. This will be experimentally demonstrated in Chapter 5.

1.3.3

Refractive index sensing

The last method of chemical sensing to be discussed is refractive index sensing, by
which the presence of a known material is determined by changes in the refractive
index of some medium. Below, I will quickly review the connection between the refractive index n and the complex material susceptibility X- This is important because
the absorption of a material a, as discussed in Section 1.3.1, is intimately related to
the wavelength dependence of the refractive index.
To begin, the electric susceptibility X = x'+ jx" is a complex material quantity
that relates the polarization density P to an electric field E via P = coxE (recall that
D =-

oE + P = EE, with D the electric displacement and e = co(1 + X) the electric

permittivity). By substituting intok= wepo, we can arrive at an expression for
both a the absorption/attenuation coefficient (with units cm-) and the index n:
1a
n - j= V1 + x'+ jx"
2 ko

(1-9)

It is important to note that there exists an analytical relationship between the real
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and imaginary susceptibility components as a result of the Kramers-Kronig relations:

v= Ir

0

2

xds.

7r

0

s -

v

2ds

°° vy'(s)-s
0

v/ -

s

(1.10)
(1.11)

As a consequence, the wavelength dependent absorption (which is related to the
vibrational energy levels of the medium) is fundamentally related to the refractive
index via X.

For frequencies far from any resonances (i.e. optically transparent

materials), the Sellmeier equation is commonly used to describe the refractive index
of a material with multiple resonances:
2

n2 -XO,

(1.12)

where XO, and vi are extracted from measured data. In practice, refractive index
sensing is typically not performed over a wide range of wavelengths. Rather, a sensor
is designed to detect a change in optical power when a change in the refractive index
is observed. Although this technique lacks the specificity of Raman and IR absorption
spectroscopy as information about the vibrational translations is not considered, it
can be implemented to create very sensitive detectors in situations where only such
specificity is not required. As an example, if a container is known to contain only
liquid A and liquid B, and by default liquid A is present, then a refractive index
measurement of n = fnA + (1- f)nBcan be used to very accurately determine the
fraction

f.

Refractive index changes impart only a phase delay to the incident electric field
rather than an amplitude change, and so this quantity is typically determined from
interferometric measurements. As an example, if light is split into two modes and only
one of these modes interacts with the analyte with index n +An, then interference
between these two modes produces a measurable intensity on a photodetector:
I= E 1 |2 + E2 |2 + (E*E 2 + E1 E*) cos(#1 - 0 2 )
34

(1.13)

where I = IEl and each mode has electric field Eiea. Thus, there is a clear cosine
dependence on the transmitted signal for phase delays given by A# =

zAnL. Anal-

yses of several chemical sensing methods such as Mach-Zehnder refractometry and
ring resonator refractometry are provided in Appendix B.1.

1.4

Evanescent-field waveguide sensing

Having reviewed three common chemical sensing schemes, we can now consider how to
make an integrated photonic device that can let light interact with nearby chemicals.
Typical spectroscopic sensors involve free-space optics and focus light onto a sample
of interest. In single-mode integrated photonic devices, light is already propagating
within a small dielectric slab of material and the distribution of the electric and
magnetic field is on the order of half the wavelength of light. To confine and guide
light, the core material ncore must be greater than the index of the cladding on the top
and bottom.

For practical waveguide geometries with asymmetric top and bottom

clad, these electromagnetic modes are easily solved for with numerical methods. In
the clad, the cross-sectional field distribution decays exponentially with distance from
the core (since the effective index of the guided mode must be greater than the index
of the clad). In evanescent-field sensing, it is this portion of the electric field that is
allowed to interact with a chemical of interest and produce some signal that correlates
to the presence or absence of some molecules.

In evanescent-field refractive index

sensing, we will measure just the change in the effective index of the waveguide mode
nefffor some index change in the cladding. Since only part of the light interacts with

the analyte (the rest is confined in the core or bottom cladding) the change in the
two indices are not equal (Anzfef

The external confinement factor

Anclad).

'ciad

is a

quantity that is used to measure how sensitive a waveguide is to changes in analyte
with respect to a free-space beam:

nlaa

n1

ncilad
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Figure 1-5: Schematic of a simple dielectric waveguide with exposed top cladding for
evanescent-field sensing. Light travels in the out-of-plane direction, and the evanescent portion of the electric field interacts with nearby chemicals to generate a measurable signal.

This quantity can be calculated by either integrating over the fields produced from
a simple eigenmode calculation, or by computing the change in effective index from
a small perturbation to the cladding index. IFciad from Equation 1.14 is also used to
determine the sensitivity of a waveguide when used for evanescent-field absorption
spectroscopy.

This quantity is useful when deciding upon an optimal waveguide

geometry, as it is desirable to have a significant portion of the electric field overlapping
with the analyte.
For evanescent-field Raman spectroscopy (also called "waveguide-enhanced Raman spectroscopy", or WERS), the evanescent field of laser light propagating in the
waveguide scatters with analyte in the cladding. The portion of this Raman scattered
light that couples back into the waveguide is routed to a spectrometer for analysis.
In this case, a large overlap of the electric field with the analyte is desirable both
for enhancing the amplitude of the induced Raman dipole moment and also for enhancing the coupling efficiency of this light into the waveguide mode of interest. In
Chapter 5, the Raman gain coefficient for evanescent waveguide sensing is presented
(and derived in Appendix B.2) and is shown to have a fourth-power dependence on
the electric field. Thus, large sensitivity enhancements are possible for gap-structures
that have large electric field amplitudes in the sensing region.
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1.5

On-chip spectroscopy

After light interacts with the molecule of interest, a spectrometer is often required to
measure the intensity of light at each wavelength. This section will attempt to provide a brief overview of various on-chip spectrometers and their operating principles.
The spectrometers are roughly grouped into two categories: grating spectrometers
and Fourier-transform spectrometers. In grating spectrometers, light is split into N
channels, one for each unique wavelength band, using some type of dispersive element such as a prism or grating. Fourier transform spectrometers, on the other hand,
split light in two paths with two different optical path lengths Li and Li + AL(t),
recombine the two signals, and collect the light on a single photodetector. As will
be shown, the intensity of light on the single photodetector is a function of the path
length difference I(AL) is an inverse Fourier transform of the input spectrum I(P)
(where 0 is the wavenumber 1/A).

1.5.1

Echelle gratings

An ideal grating spectrometer takes an input signal I(A) and passively splits this
into N channels each containing only a subset of the input frequency components.
The transfer function from the input to one of the output channels should look like
a rectangular pass-band with a flat transmission and a sharp roll-off at the edge of
this pass-band with high-extinction (zero cross-talk). One method of achieving this is
by designing an Echelle grating spectrometer, sometimes known as a planar concave
grating. This device consists of a waveguide incident on a wide slab region where light
diffracts in-plane, scatters off of many periodic grating teeth with period A, and then
refocuses onto a set of N waveguides as shown in Figure 1-6. The angle between the
incident diffracted beam and the normal to the sidewall is given by 02, and the angle
of the reflected light (from the sidewall normal) 6 q at which constructive interference
occurs is given by the grating equation:

nef, slabsin(Oq) = neff,
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Figure 1-6: Schematic of an Echelle grating spectrometer with N = 5 outputs (not
to scale), and below is a sample output spectrum for a device with N = 11 outputs,
the response of which is given by Equation 1.17.

where the diffraction order q is an integer. This expression is derived by considering
conditions for constructive interference between light scattered at all places along the
grating. Compared to the free-space grating equation, we must consider the optical
path length in a slab structure which is determined by the effective waveguide index
An important quantity is the free-spectral range (FSR) AFSR orVFSR
which determines the change in wavelength or frequency required to make

neff, slab.
COA SR,

an adjacent diffraction order scatter into the same port (same angle O). Since the
effective index neffis a function of wavelength, we can expand it to first-order via
, which simplifies Equation 1.15:

nleff(A + AFSR)= nlef(A)-~AFSR
nV(FSR

CA(sin(9)- sin(q))= 1
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(1.16)

where the group index n, =neff- Aoe

is a geometry- and material-dependent

term that characterizes the wavelength dependence of the effective index to firstorder. While the FSR sets the maximum bandwidth of the spectrometer, the channel
bandwidth 6v determines the spectrometer's channel width. This can be analyzed by
considering the interference intensity of M waves scattering from Al grating teeth,
each with a fixed phase difference # = 27rneffgAl/A with Al = A(sin(O6) + sin(Of)):

I = Io

sin2 (A1/2)
=
sin2 (g/2)

sin2(M!Ine(A)A1)
2(
A
sin

1I

and in the above, the first null occurs when

#=

(1.17)

27r/M. From this, the channel width

of the grating spectrometer can be derived:

6u = 2co/(MngA(sin O6 + sin Of)).

(1.18)

From these relationships between the system parameters, it is important to note that
the channel width (spectral resolution) scales inversely with the size of the spectrometer, which is related to the number of grating teeth M.

1.5.2

Arrayed waveguide gratings

Arrayed waveguide gratings are functionally similar to reflection-based grating spectrometers (Echelle gratings) in that they decompose an input with many frequency
components to N output channels each containing only a narrow frequency band
of the input signal. These devices consist of a set of dispersive optical delay lines
(waveguides with varying lengths), as shown by the schematic in Figure 1-7, connected by star couplers on the input and output. The first star-coupler splits light
evenly amongst the M optical delay lines, which then wrap around to a second star
coupler where the M beams combine and interfere in such a way that light within a
specific frequency band will only couple to one output.
The derivation for the response of an arrayed waveguide grating is similar to that
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L+nAL

L
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Figure 1-7: Schematic of an arrayed waveguide grating (AWG) with M= 7 optical
delay lines and N = 5 outputs (not to scale).

for Echelle gratings, and the condition for constructive interference at the output is:
neff,sabda

where nef,

slab

+ neff, wgAL - neff,slabda = qA

(1.19)

is the effective index of the slab mode in the star coupler, da is the

length from input to output for each star coupler, neff,

wg

is the effective index of

the waveguide delay lines, and AL is the length difference between two adjacent
waveguides in the array [140]. Similar to the Echelle grating, the arrayed waveguide
grating transmission has a periodic frequency response, and this period is given by
the FSR:
1

ng

'FSR

AL= 1.

(1.20)

C0

The output of the final star coupler behaves similar to an optical phased array, and
the channel spacing can be determined from a multipath interference equation similar
to that of Equation 1.17. The spectral resolution of the device (which determines
the number of non-overlapping channels that can fit within the FSR) is ultimately
determined by the number of dispersive waveguides.
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Both Echelle gratings and arrayed waveguide gratings have found widespread use
for wavelength division multiplexing (WDM) and demultiplexing. However, chemical
sensing applications often have specific requirements in total channel count, the minimum wavelength resolution, and the sensitivity of the measurement. The wavelength
resolution scales inversely with the size of the device for Echelle gratings and arrayed
waveguide gratings, which makes such spectrometers large for applications that demand high-resolution, such as optical coherence tomography [55]. For applications
that require analysis of broadband light sources, such as absorption spectroscopy, the
minimum sensitivity and limit of detection are related to the wavelength resolution,
since the optical power is divided amongst the N spectral channels.

In low-light

applications where the optical throughput is critical, time-domain modulation techniques like Fourier-transform spectroscopy allow for measurement signals that do not
adversely scale with the wavelength resolution.

1.5.3

Fourier transform spectrometers

Another technique for measuring the optical spectrum of an arbitrary input light
source is by using a two-arm interferometer such as a free-space Michelson interferometer or an on-chip Mach-Zehnder interferometer, as shown in Figure 1-8.

The

intensity of light after recombining at the output is a function ofAO, the difference
in phase accumulated by light in the two interferometer arms:

(z)

=

I(F) cos

= .5I( ) cos(2Trneffz) + 1

(1.21)

where iP= 1/A and Equation 1.21 assumes a monochromatic input light source.
Typically the DC component is ignored and the 'interferogram' consists of the AC
component as a function of the optical path length difference 6 = neffz:

1(6) = 0.5I(I) cos(27rc6).

(1.22)

In practice, a single instrument-dependent prefactor B(P) is used to characterize the
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Figure 1-8: (a) Schematic of a free-space Mach-Zehnder interferometer with phase
delay A# between the two interferometer arms, made up of two beam splitters (BS),
two mirrors, and two photodetectors (PD). (b) Waveguide integrated Mach-Zehnder

interferometer, comprising of two 50:50 power couplers, a phase tuning element, and
two output photodetectors. At bottom are the scattering matrices of the beamsplitter
and phase delay elements.

frequency-dependent response of the detector, the amplifier, and the beam-splitter
non-uniformity [68]. Given a continuum of frequency components, the relationship
between B(l) (from which the input signal can be readily derived) and the interferogram signal from the amplifier S(6) is a cosine Fourier transform:
(1.23)

S(6)

B(P) cos(27rPo)dP

B( )=j

S(6) cos(27rP6)d6 = 2

j

S(6) cos(27rPo)d6.

(1.24)
(1.25)

Since the recorded interferogram and the input signal are related via Fourier-transforms,
the total bandwidth AP is related to the minimum incremental optical path length
difference ngL and the minimum spectral resolution

or is inversely

related to the

largest optical path length difference ngAL:
A =
P=

(1.26)
flg6L

1A

n9AL-
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(1.27)

_!

-

__ - - - - - ___

and similarly in terms of wavelength bandwidth AA and resolution 6A:
AA

=

A=

(1.28)

nOoL + A
A2
n9AL+A

(1.29)
n9AL

where it is assumed the maximum path length difference is much greater than the
optical wavelength n 9AL

»

A. From Equations 1.26 and 1.27, it is clear that the

spectral performance of the Fourier transform spectrometer is determined by the minimum achievable path length difference steps between the two arms and the maximum
path length difference. In order to achieve narrow spectral resolutions, it is important to consider tuning mechanisms that maximize the phase without unreasonable
performance penalties in terms of loss, size, or power consumption.
Free-space Fourier transform spectrometers offer a signal-to-noise ratio (SNR)
advantage over grating based spectrometers. This arises because all wavelengths of
light are collected on a single photodetector rather than split among N channels. As a
result, the total intensity at the detector is enhanced by a factor of N. If the dominant
source of noise is from the photodetector, then the noise level is given by NEP/t/

2

[W/vHz] where NEP is the noise-equivalent power of the photodetector and t is
the total measurement time. Since Fourier transform spectroscopy is a time-domain
measurement technique, all N interferometer lengths must be sequentially measured
and so tgrating = NtFT. Thus, the signal-to-noise ratio is enhanced by a factor of vWN,
which is often called the multiplex advantage, or 'Fellgett's Advantage':

SNR

ignal

noise

Ngratin

g

tgrating/N = vNSNRgrating.

NEP

(1.30)

It's worth noting that when the signal itself becomes the dominant source of noise
(such as in shot-noise-limited measurements), the noise level becomes proportional to
N and the multiplex advantage is canceled.
For on-chip sensing applications, Fourier-transform spectroscopy can offer unique
advantages in SNR as well as spectral resolution if large optical path length modula43

tion can be achieved.

1.6

Thesis overview

The following chapters of this thesis will describe my contributions to the fields of
integrated photonic chemical sensing and integrated spectrometers. Chapter 2 describes a new technique for performing on-chip Fourier transform spectroscopy with
a dynamically reconfigurable Mach-Zehnder interferometer.

The method is theo-

retically analyzed and a system prototype, fabricated on a mature active silicon
photonics process, is demonstrated. Chapter 3 analyzes the evanescent-field sensing
performance of dielectric optical waveguides when sidewall-induced roughness scattering is the dominant loss mechanism. This work is motivated by recent interest
in slot and sub-wavelength grating waveguides with higher external confinement factors than traditional strip waveguides. Since these structures inevitably have larger
scattering loss (due to high field magnitudes at waveguide interfaces), I derive appropriate sensing figures of merit and develop a quantitative method for computing
the scattering loss. In Chapter 4 I discuss a quick-turn high-performance process
that I developed for making silicon nitride integrated photonic circuits with heaters.
These low-loss (0.36 i 0.11 dB/cm) devices can be manufactured in just 16 days,
cost under 1$/mm 2 , and feature etched edge couplers, exposed sensing windows, and
thermal phase tuners. Chapter 5 describes a successful demonstration of a robust,
fiber-packaged waveguide-enhanced Raman sensor which is used to detect mixtures
of organic solvents. Finally, Chapter 6 discusses future directions of research that
could build upon and improve on-chip spectrometer demonstrations and packaged
waveguide enhanced Raman chemical sensors. Appendices A and B provide necessary derivations and analyses to support the work presented in Chapters 2 and 3.
Appendix C.1 introduces PlCwriter, an open-source python library I developed to
streamline the process of designing complex GDSII masks for integrated photonics
(which I used extensively for device design). Appendix C.2 provides details of an
automated wafer probing system that was developed to test and measure passive in44

tegrated photonic devices. Finally, Appendix C.3 provides details of a photonic data
acquisition system I designed to control up to 32 integrated phase tuners and measure
optical signals from up to 16 optical channels.
The work that follows in this thesis has resulted in contributions to the following
journal publications:
•Z. Han, V. Singh, D. M. Kita, C. Monmeyran, P. Becla, P. Su, J. Li, X.
Huang, L. C. Kimerling, J. Hu, K. Richardson, D. T. H. Tan, A. Agarwal
"On-chip chalcogenide glass waveguide-integrated mid-infrared PbTe detectors,"
Applied Physics Letters 109, 071111 (2016).
•Q. Du, Y. Huang, J. Li, D. M. Kita, J. Michon, H. Lin, L. Li, S. Novak, K.
Richardson, W. Zhang, J. Hu, "Low-loss photonic device in Ge-Sb-S chalcogenide
glass," Optics Letters 41, 3090-3093 (2016).
* D. M. Kita, H. Lin,

A. Agarwal, K. Richardson, L Luzinov, T. Gu, J. Hu

"On-ChipInfrared Spectroscopic Sensing: Redefining the Benefits of Scaling,"
in IEEE Journal of Selected Topics in Quantum Electronics, vol. 23, no. 2, pp.
340-349, March-April (2017).
* H. Lin, Y. Song, Y. Huang, D. M. Kita, S. Deckoff-Jones, K. Wang, L. Li,
J. Li, H. Zheng, Z. Luo, H. Wang, S. Novak, A. Yadav, C. Huang, R. Shiue,
D. Englund, T. Gu, D. Hewak, K. Richardson, J. Kong, J. Hu "Chalcogenide
glass-on-graphenephotonics,"Nature Photonics 11, 798-805 (2017).
* D. M. Kita, B. Miranda, D. Favela, D. Bono, J. Michon, H. Lin, T. Gu, J. Hu
"High-performanceand scalable on-chip digital Fouriertransform spectroscopy,"
Nature Communications 9, 4405 (2018).
* D. M. Kita, J. Michon, S. G. Johnson, and J. Hu, "Are slot and sub-wavelength
grating waveguides better than strip waveguides for sensing?," Optica 5, 10461054 (2018).
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L. C. Kimerling, J. Hu, A. Agarwal, "Monolithic on-chip mid-JR methane gas
sensor with waveguide-integrateddetector," Applied Physics Letters 114, 051103
(2019).
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Chapter 2

A reconfigurable waveguide
integrated Fourier-transform
spectrometer*
Overview
On-chip spectrometers have the potential to offer dramatic size, weight, and power advantages over conventional benchtop instruments for many applications such as spectroscopic sensing, optical network performance monitoring, hyperspectral imaging, and radiofrequency spectrum analysis. Existing on-chip spectrometer designs, however, are limited
in spectral channel count and signal-to-noise ratio. This chapter presents an experimental demonstration of an on-chip digital Fourier transform spectrometer that acquires highresolution spectra via time-domain modulation of a reconfigurable Mach-Zehnder interferometer. The device, fabricated and packaged using industry-standard silicon photonics technology, claims the multiplex advantage to dramatically boost the signal-to-noise ratio and
unprecedented scalability capable of addressing exponentially increasing numbers of spectral
channels. Relevant machine learning regularization techniques are explored and applied to
spectrum reconstruction. Using a new 'elastic-Di' regularized regression method, significant
noise suppression is achieved for both broad (> 600 GHz) and narrow (< 25 GHz) spectral
features, as well as spectral resolution enhancement beyond the classical Rayleigh criterion.

2.1

Introduction

Optical spectrometers are extensively applied to sensing, materials analysis, and optical network monitoring. Conventional spectrometers are bulky instruments often
involving mechanical moving parts, which severely compromises their deployment
versatility and increases cost.

Photonic integration offers a solution to miniatur-

*This chapter is based on: D. M. Kita, B. Miranda, D. Favela, D. Bono, J. Michon, H. Lin, T.
Gu, J. Hu, "High-performance and scalable on-chip digital Fourier transform spectroscopy" Nature
Communications 9, 4405 (2018).
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ize spectrometers into a chip-scale platform, albeit often at the cost of performance
and scalability.

Existing on-chip spectrometers mostly rely on dispersive elements

such as gratings [26, 34, 100, 118, 126, 160, 1731, holograms [12, 29], and microresonators [65,110,1961. These devices suffer serious signal-to-noise ratio (SNR) penalties
when designed for high spectral resolution, as a result of spreading input light over
many spectral channels. Moreover, the device footprint and complexity scale linearly
with the spectral channel number N, as each channel requires an individually addressed receiver (photodetector) and the spectral resolution is inversely proportional
to the optical path length (OPL). The SNR degradation and linear scaling behavior preclude high-performance on-chip spectrometers with channel counts rivaling
their benchtop counterparts, which typically have hundreds to thousands of spectral
channels.

These constraints also apply to spectrometers based on the wavelength

multiplexing principle, where each receiver captures an ensemble of monochromatic
light rather than one single wavelength [25,102,130,145,154,155,182]

(for multiple-

scattering-based spectrometers, the device dimension scales with spectral resolution
quadratically).
Unlike dispersive spectrometers, Fourier transform infrared (FTIR) spectrometers overcome the trade-off between SNR and spectral resolution benefiting from the
multiplex advantage, also known as the Fellgett's advantage [75]. Traditional bench-

top FTIR spectrometers use moving mirrors to generate a tunable OPL, a design
not readily amenable to planar photonic integration.

On-chip FTIR spectrometers

instead rely on thermo-optic or electro-optic modulation to change the OPL in a
waveguide [33,108,172,204].

The miniscule refractive index modifications produced

by these effects, however, result in a large device footprint and constrain the practically attainable spectral resolution to tens of cm- 1 in wave number, far inferior
compared to their benchtop counterparts. Furthermore, prior work has demonstrated
Fourier-transform spectrometers using arrays of discrete Mach-Zehnder interferometers (MZIs) [78,130,147,182], although these approaches are not practical for large
spectral channel counts (due to excessive chip footprints). The compressive sensing
methods proposed and demonstrated for reconstructing optical spectra using the lim-
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Figure 2-1: (a) Block diagram illustrating the generic structure of a dFT spectrometer
with j switches and K = j/2-1 repeated stages indexed by k C [1, K]; (b) photo of the
fully-packaged, plug-and-play dFT spectrometer with standard FC/PC fiber interface
and a ribbon cable for control and signal read-out; (c) top-view optical micrograph
of the 64-channel dFT spectrometer after front-end-of-line silicon fabrication, showing the interferometer layout, the thermo-optic switches and waveguide-integrated
germanium photodetector.
ited measurements from these MZI arrays are also only practical for sparse spectra
such as laser lines (as shown in later sections). Prior theoretical work has suggested
optical switches can be used to physically alter interferometer arm lengths [7], but
these embodiments would all suffer in practice from poor scaling laws, as the number
of spectral channels is equal to the number of switches and photodetectors.
In the following, a novel digital Fourier transform (dFT) spectrometer architecture
that resolves the performance and scalability challenges of these prior approaches
is proposed and experimentally realized. This device consists of a Mach-Zehnder
interferometer with optical switches on each arm that direct light to waveguides of
different path lengths. This approach claims three key advantages over state-of-theart. First, both the spectral channel count and resolution scale exponentially with the
number of cascaded switch stages. This unique exponential scaling behavior allows
high-resolution spectroscopy with a radically simplified device architecture. Second,
direct modification of the waveguide path offers over 2 orders of magnitude larger OPL
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modulation per unit waveguide length compared to thermo-optic or electro-opticbased index modulation (see Appendix A.3 for further details), enabling superior
spectral resolution within a compact device. Third, the device benefits from the
multiplex advantage to ensure significantly enhanced SNR over the dispersive devices.
Moreover, the spectrometer only requires a single-element photodetector rather than
a linear array, which further reduces system complexity and cost.

2.2

dFT Architecture and Scaling Laws

The centerpiece of the dFT spectrometer is a reconfigurable Mach-Zehnder interferometer (MZI) illustrated in Fig 2-la. Each arm consists of j/2 cascaded sets of
optical switches connected by waveguides of varying lengths, where

j is

an even inte-

ger. When light propagates through the reference paths (marked with black color) in
both MZI arms, the MZI is balanced with zero OPL difference between the two arms.
Lengths of the waveguide paths in red differ from the reference paths by powers of
two times AL. Each permutation of the switches thus corresponds to a unique OPL
difference between the arms, covering 0 to (2j - 1)n9AL with a step size of n - AL,

where ng represents the waveguide group index. Unlike traditional FTIR spectrometers where the OPL is continuously tuned, resembling an analog signal, this dFT
spectrometer derives its name from the set of "digitized" binary optical switches, with
the state of each corresponding to a unique permutation of the spectrometer and a
unique OPL difference. The number of spectral channels, defined by the distinctive
optical states the device furnishes, is:
N = 23

(2.1)

and the spectral resolution is given following the Rayleigh criterion [68,94,113]:
6A

A

A

(2i - 1) - ngAL

where 6 denotes the center wavelength.
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Figure 2-2: Packaged dFT photonic integrated circuit (PIC) and spectral basis set. (a)
Schematic diagram of the dFT spectrometer characterization setup; (b) an exemplary
transmission spectrum of the dFT device corresponding to an arm length difference
of 0.7mm; (c) transmission spectra of the device for all 64 permutations of the switch
on/off combinations: the ensemble of 64 spectra constitute the basis set for spectrum
reconstruction.

2.3

Experimental demonstration

The dFT spectrometer concept was experimentally validated by demonstrating a 64channel device (j= 6) operating at the telecommunication C-band. The device was
fabricated leveraging a commercial silicon photonics foundry process, where the optical switches employ a custom compact thermo-optic phase shifter design (89.5 pm
long, with 33mW/7r phase shifting efficiency and 30.8 ps 10%-to-90% rise time, both
evaluated through my own experimental measurements) [74]. The insertion loss of
the spectrometer was found to be 9.1 ± 1.7 dB, with a loss of 1.7 ±0.4 dB for each
switching stage (averaged across the full 20 nm band considered in this text). Figure 2-1b presents a micrograph of the spectrometer after front-end-of-line silicon fabrication. The chip was subsequently packaged with bonded fiber arrays and electrical
connections. Details of the fabrication and packaging processes are elaborated in
the Methods section. The spectrometer also integrates an on-chip germanium photodetector and a standard FC/PC fiber connector interface, making it a standalone
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Figure 2-3: Sparse signal reconstruction. (a) Spectra consisting of two laser lines with
varying spacing measured using the 64-channel dFT spectrometer and reconstructed
by applying the elastic-D 1 algorithm. Insets (b) and (c) show zoomed-in images of
the narrow spectral features for input laser lines with 100 pm and 200 pm spacing,
respectively.
"plug-and-play" device for optical spectrum analysis (Fig. 2-1c). The spectrometer
dissipates 99mW of power during operation, regardless of the switch state.
The spectrometer was characterized using a setup depicted in Fig. 2-2a. Highresolution transmittance spectra of the device were first recorded by wavelength
sweeping a tunable laser between 1550 nm and 1570 nm, for all 64 permutations of
the switch on/off combinations. The 64 spectra (which show an average extinction
ratio of 21 ± 3 dB) are plotted in Fig. 2-2c, each associated with a unique OPL difference between the MZI arms. The ensemble of spectra forms an m x n calibration
matrix A. Each row of A represents a transmittance spectrum and contains n = 801
elements, the number of wavelength points in the scan. Each column corresponds to
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a discretely sampled interferogram of the narrow-band laser and contains m = 64 elements. The intensity measured by the detector for an arbitrary input polychromatic
signal (represented by a column vector x with 801 elements) is:
y = Ax

(2.3)

where the interferogram y is a column vector with 64 elements, each gives the detector
output at a particular switch permutation. The vector y was measured by recording
the detector output at all 64 permutation states. Since y was measured with size 64
to infer x with size 801, the system is underconstrained and therefore regularization
techniques are required to specify a unique solution.

2.4

Spectrum reconstruction

To determine the correct solution vector, I first explored a number of standard regularized regression and compressive-sensing techniques such as basis pursuit denoising
-

(BPDN), least absolute shrinkage and selection operator (LASSO), and elastic-net

the corresponding metrics they optimize are listed in Table 2.1. For each of these
regularized regression methods, a weight (hyperparameter) is applied to the L-norm
(and for elastic-net a separate weight for the L 2-norm) of the spectrum. To determine the appropriate value(s) of the hyperparameter(s) I used a standard holdout
cross-validation technique [163], through which I took two consecutive measurements
of the interferogram (y1 and Y2) and choose hyperparameters that maximize the coefficient of determination R 2 (A 2 , Y2) (see Appendix A.1), where A 1 and A 2 are two
separate measurements of the basis (performed once as a calibration step), and x
is the computed spectrum from y1 and A 1. I note that the basis measurements A1
and A 2 do not change significantly over time: in fact, for all results reported in this
work the calibration matrices A 1 and A 2 are measured more than two weeks prior
to the actual interferogram measurements y1 andY2. The validated device stability
is critical to practical applications, as it ensures that the calibration step only need
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Method

Problem

Pseudoinverse

y

Ridge regression

min

LASSO

minx ||y-Axl|+aIxI|1

BPDN

minx (1/2)||y-Ax|2+a1x||1}

RBF Network

minc

Elastic-Net

minx,,o

Elastic-Di

=

Ax (Moore-Penrose)

}

jy- Ax|j+a2||x1 2

|y- Ahci|

} with

he = Kc =

Z

cde-

Iy - Ax||2+ca1|z|| + i a2||2
min,2,o Iy- AxII+ aillIzll + a 2 |IX1||+ a

-d2

Diz|

Table 2.1: Spectral reconstruction techniques/methods considered in this work, and
the corresponding problem they solve. Depending on the nature of the problem
and input vector, various techniques are such as convex optimization and gradient
descent are available to solve the problem. The c coefficients for the RBF Network
are computed via c = (AK)ty, where K is the kernel matrix K,, = e--A 12 and
Ad are the centers of the radial basis functions.

to be performed once for each spectrometer module. I found that these methods
(BPDN, LASSO, elastic-net) tend to perform reasonably well for sparse spectra such
as a few input laser lines. However, BPDN and LASSO (which only weight the Lnorm) fail to faithfully reproduce broad spectral features where the input spectrum
contains few (if any) zeros, as illustrated by the low R 2 values in Table A.1 as well
as examples of the reconstructed spectra presented in Figures A-1 & A-2.

Other

techniques I considered, such as Ridge Regression (which only weights the L 2-norm),
pseudo-inverse (Penrose-Moore), and radial-basis function (RBF) networks, exhibit
significant reconstruction errors on both broad and narrow spectral features. The
latter method (RBF Network) is the analytical solution to a regression model that
bounds all derivatives of the solution vector [61.

To properly account for both the sparsity and 'smoothness' of the spectra, a
regularized regression model that accounts for both Lr and L 2 -norms as well as the
first-derivative of the spectrum was implemented. This method, that is called "elasticD 1" from here on, is a non-negative elastic-net method with an additional smoothing
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Figure 2-4: Broadband signal reconstruction. Three unique light sources with broad
spectral features were measured using the dFT spectrometer chip and elastic-D1
method (top red curves) and compared to measurements by a benchtop optical spectrum analyzer (OSA) (bottom black curves). The three light sources were generated
using amplified spontaneous emission from an erbium doped fiber passed through several Mach-Zehnder interferometers (additional information is provided in the Methods).

prior. It solves the regularization problem:

min ||y - Ax||2+ aI|xl1 + a2Ix||2+ as|Dix|12

(2.4)

z,X>0

where a, a 2 , and a3 are hyperparameters that weight the corresponding Li- and

.

L2-norms on x, and the L 2-norm on the first derivative specified by the matrix D1

The combination of bounds on the Li-norm (that induces sparsity on the spectrum),
L2-norm (that bounds magnitude of the spectrum), and first derivative of the spectrum (that sets the desired smoothing) produce significantly better reconstructions
(compared to other known methods) on both broad and narrow spectral features without requiring knowledge of the true input spectrum. Since Eq. 4 is a non-negative
quadratic program, it is readily solvable with standard convex optimization tools [101.
Details of the elastic-Di algorithm, its implementation, and performance benchmarking compared to several existing reconstruction techniques are presented in Table 2.2
and Appendix A. The comparison in Table 2.2 suggests that the elastic-D1 algorithm
significantly outperforms other techniques for both sparse and broadband input sig55

nals.
To demonstrate the versatility of the elastic-D 1 method, I applied the technique
to experimentally measured interferograms for two types of polychromatic inputs,
sparse signals consisting of discrete laser lines and broadband signals with complex
spectral features (see Methods). Figure 2-3 plots the reconstructed spectra comprising two laser lines with slightly different amplitudes and varying wavelength spacing.
The elastic-D 1 technique precisely reproduces the laser wavelengths with ±0.025nm
accuracy, only limited by the finite wavelength step size of the calibration matrix
(0.025nm).

The spectral resolution of this device, determined here by the mini-

mum resolvable wavelength detuning between two laser lines, significantly outperforms the Rayleigh criterion of 0.4nm with an experimentally determined value of
0.2nm. The enhanced reconstruction quality is a result of the elastic-Di method's
automatic consideration of the tradeoffs between spectral sparsity, magnitude, and
smoothness (see Appendix A. Figure 2-4 compares the spectra of three unique broadband inputs recorded using a benchtop optical spectrum analyzer as a reference and
reconstructed spectra using the same 64-channel dFT device and elastic-Di algorithm. The high reconstruction quality on arbitrary input spectra with characteristic
spectral features ranging from several nanometers to well below the Rayleigh limit
validates dFT spectroscopy as a generic, powerful tool for quantitative spectroscopy.

2.5

Discussion

Optical spectrum analysis using a Mach-Zehnder interferometer with physical path
differences enables high-resolution spectroscopy with limited interferogram measurements.

By utilizing a reconfigurable interferometer, a working dFT spectrometer

device was demonstrated that both recovers the multiplex advantage (as seen by the
low-insertion loss per channel in Table A.1), and is capable of high-resolution spectrum acquisition with a compact form factor. For input spectra with slowly varying
(broad) spectral features, the elastic-D1 spectral reconstruction technique provides
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Method

R2 value
(sparse)

R2 value
(broad)

Pseudoinverse

-12.365

Ridge regression

0.636

Average fixedparameter
compute time
[msec]
<0.01

Hyperparameter
search
time Isec]
N/A

Hyperparameter
search
space
1

-11.453

0.717

1.08

0.5

500

LASSO

0.897

-0.247

29.08

14.5

500

BPDN

0.810

-0.388

155.0

77.5

500

RBF Network

-12.296

0.650

47.63

9.5

200

Elastic-Net

0.845

0.632

22.6

904

200 x 200

Elastic-D1

0.987

0.834

291.0

502.8

12 x 12x 12

Table 2.2: Performance comparison of reconstruction methods. R2 value of reconstruction on sparse spectra consisting of two laser lines at A = 1552.5nm and
A = 1567.5nm and broadband spectra (black curve in Fig. 2-4c). For each reconstruction technique, I included the average time to solve the corresponding problem
(shown in Table 2.1), the hyperparameter search space, and the dimensionality/size
of the hyperparameter space. The results show that the elastic-D algorithm significantly outperforms other techniques for both sparse and broadband input signals.

a superior reconstruction accuracy than other regularization or compressive sensing
techniques at the expense of increased computation time to determine suitable hyperparameters. A thorough comparison of the elastic-D1 technique compared to other
common reconstruction methods is shown in Table A.1 and graphically depicted in
Figure A-i & A-2. Note that errors tend to occur at the edges of broad spectra after
reconstruction since the signal (interferogram) is bandlimited in the spatial domain.
However, these errors are expected to become negligible as the number of unique
OPL differences (determined by the number of switching stages via Eq. 2.1) and
spectral channels increases. As channel count increases, the system also becomes less
underconstrained and reconstruction errors are expected to decrease significantly. Increasing channel count is simple and inexpensive in terms of chip-space - a dFT spectrometer with 2 additional (5 total) switching stages (i.e. a total of j = 10 switches)
would access 1,024 unique spectral channels while occupying only 40% more chip area
than the 64-channel device demonstrated here. This device architecture will hopefully
pave the way towards future on-chip spectrometers with significantly larger spectral
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channel counts, higher-resolution, and dramatically increased optical throughput with
respect to prior on-chip spectrometer demonstrations.
In conclusion, this work pioneers dFT spectroscopy as a high-performance, scalable solution for on-chip optical spectrum analysis. Its unique exponential scalability
in performance, superior SNR leveraging the multiplex advantage, as well as compact and remarkably simplified device design are among the key advantages of the
technology. Moreover, its proven compatibility with industry-standard foundry processes enables scalable manufacturing and drastic cost reduction. Furthermore, an
elastic-D 1 machine learning regularization technique was developed to achieve significant noise suppression and resolution enhancement. The powerful combination
of dFT spectroscopy and machine learning techniques will empower future applications of spectroscopy such as chemical and biological sensors-on-a-chip, space-borne
spectroscopy, optical network monitoring, and radio-frequency spectrum analysis.
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Chapter 3
Optimized waveguide geometries for
evanescent field sensing in the
presence of sidewall roughness*
God made the bulk; surfaces were
invented by the devil
Wolfgang Pauli

Overview
The unique ability of slot and sub-wavelength grating (SWG) waveguides to confine light
outside of the waveguide core material has attracted significant interest in their application to
chemical and biological sensing. However, a high sensitivity to sidewall-roughness-induced
scattering loss in these structures compared with strip waveguides casts doubt on their
efficacy. In this chapter, we seek to settle the controversy for silicon-on-insulator (SOI)
photonic devices by quantitatively comparing the sensing performance of various waveguide
geometries through figures of merit that we derive for each mode of sensing. These methods
(which may be readily applied to other material systems) take into account both modal
confinement and roughness scattering loss, the latter of which is computed using a volumecurrent (Green's function) method with a first Born approximation. For devices based
on the standard 220 nm SOI platform at telecommunication wavelengths (A = 1550 nm),
whose propagation loss is predominantly limited by random line-edge sidewall roughness
scattering, our model predicts that properly engineered TM-polarized strip waveguides claim
the best performance for refractometry and absorption spectroscopy, whereas optimized
slot waveguides demonstrate > 5x performance enhancement over the other waveguide
geometries for waveguide-enhanced Raman spectroscopy.

*This chapter is based on: D. M. Kita, J. Michon, S. G. Johnson, and J. Hu, "Are slot and
sub-wavelength grating waveguides better than strip waveguides for sensing?" Optica 5, 1046-1054
(2018).
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3.1

Introduction

Waveguide based chemical and biological sensing is rapidly advancing as a prime application area for integrated photonics. However, there is currently no universally
agreed-upon waveguide geometry that optimally enhances detected signals in the
presence of fabrication-induced scattering losses. In classical strip waveguide sensors
(Fig. 3-1), molecules of interest interact with the relatively weak evanescent electric
field outside the waveguide core. To boost light-molecule interactions, slot waveguides [16,17,31,37,42,115] and SWG waveguides [64,188,1971 have been proposed and
demonstrated as alternative sensing platforms. In these waveguides, a larger fraction
of the mode resides in the low-index cladding (usually the sensing medium, such as air
or water) where the molecules are located. Indeed, improved refractive-index sensitivity (defined as the induced wavelength detuning per unit refractive-index change in
the surrounding media) has been experimentally validated in resonator refractometry
sensors based on both slot and SWG waveguides [17,37,641, and enhanced Raman
conversion efficiency per unit device length has also been measured in slot waveguides [47]. Nevertheless, the benefits may be offset by their increased susceptibility
to optical loss induced by sidewall-roughness scattering. Many authors have studied
roughness loss in dielectric waveguides both theoretically (through coupled-mode theory and the volume-current / Green's-function methods[87,119,142,170]) and experimentally [104,106,107,125], but these analyses focused only on minimizing the power
scattered into the far field. This tradeoff between mode confinement and attenuation
is typically reported for plasmonic waveguide structures [15,21,84,133,200,2011 and
some resonant sensor devices [81,83,132,173], but differences in fabrication conditions
often make it difficult to perform side-by-side comparisons. Efficiently quantifying the
tradeoff between mode delocalization and scattering loss is critically important for the
rational design of chip-scale photonic sensors (as well as electro-optic modulators1971
and light sources [69]) and to date there seems to be no work that quantifies these
two effects with a single figure of merit (FOM) for strip, slot, and SWG waveguides.
In this paper, we develop easily computed figures of merit (Sec. 3.2) that capture
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the precise trade-off between field confinement and roughness-induced scattering loss
for waveguide-based sensing applications. The key to efficiently evaluating our figures
of merit is perturbation theory [88,170], both to evaluate the impact of mode confinement on sensing (see Section 3.2 and Appendix B) and also to evaluate roughness
scattering by computing the power radiated by equivalent current sources along the
surface [71, 87] (Sec. 3.3). The latter approach circumvents costly and roughnessdependent direct simulation of disordered waveguides, giving us a figure of merit
comparison independent of the precise roughness statistics as long as the roughness
correlation length is sub-wavelength. Although computation of the "effective" sources
to represent roughness scattering is in general quite complicated [87], we both propose a powerful general approach and we demonstrate that, for typical experimental
roughness, a simple "locally flat perturbation" approximation is accurate (Sec. 3.3
and SI). The results of this work indicate that larger modal overlap with the sensing
medium does not always correspond to better performance (due to increased scattering losses). By evaluating our figures of merit for strip, slot, and sub-wavelength
grating (SWG) designs for bulk/surface/Raman sensing (Sec. 3.4), we obtain the results that for typical SOI waveguides at a wavelength of A=1550 nin (1) the simple
TM-polarized strip waveguide is > 3x better than other geometries considered here
for bulk absorption sensing and refractometry, (2) the TM-polarized strip waveguide
and TE-polarized slot waveguide are both > 3x better than other geometries for
surface-sensitive refractometry and absorption sensing, and (3) the TE-polarized slot
waveguide is > 5x better than other geometries for Raman sensing. Furthermore,
we provide an extensive comparison (Sec. 3.5) to published experimental results, in
which we applied our numerical method to compute the ratio of losses for pairs of
waveguide geometries that were fabricated and reported in the literature, and our
predictions exhibit good agreement to within experimental accuracy. As discussed
in our concluding remarks (Sec. 3.6), we believe that these comparisons and figures
of merit will drive future experimental and theoretical exploration of new waveguide
geometries for the purpose of sensing.
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3.2

Sensing Figures of Merit

Here we consider three sensing techniques: 1) surface-sensitive refractometry and absorption sensing, where a sensor surface is coated with a binding agent (e.g. antibody)
that specifically attaches to the target molecule and the device monitors the change
in index or optical absorption caused by monolayer or few-layer molecular binding on
the surface; 2) bulk index/absorption sensing, where the sensor detects the change in
bulk index/absorption in the adjacent sensing medium; and 3) waveguide-enhanced
Raman spectroscopy (WERS) [48,62,79], where the excitation light and spontaneous
Raman emission signal from molecules in the surroundings co-propagate in a waveguide. In all cases, the sensor performance is related to the external confinement factor
and divided by the attenuation coefficient. This "benefit-to-cost" ratio is described
in [173] for absorption spectroscopy in silicon and silicon nitride waveguides and in1211
for plasmonic waveguides, where there is a similar drive to maximize waveguide confinement and minimize the strong attenuation coefficients of surface plasmon polaritons [15]. Equivalently, for optical resonator refractometers the appropriate figure of
merit is often stated as the ratio of the refractive-index sensitivity to the resonance
full-width at half maximum (FWHM) (which is proportional to the attenuation coefficient) [81,83,84,132,133,200,201]. For most prior literature that analyzes sensing
in non-resonant waveguide devices (and also some resonant devices [37,72,139]), the
quantity of interest typically reported is the fractional power change for a small increase in analyte (i.e. the numerator of our FOM) [19,57,77,98,115,116,168]. This
is likely due to the difficulty in precisely measuring the attenuation coefficient or
scattering loss for a single evanescent waveguide sensor or Mach-Zehnder refractometer 127,1071 (in contrast, for resonant devices this information is immediately available
in the resonance FWHM) [159].
The general goal in the first two sensing modes is to maximize the device sensitivity, which is the change in fractional optical power (AP/Pinput) induced by a small
change in the number of analyte molecules that alter the cladding absorption coefficient or index of refraction. Thus, the relevant metric is the sensitivity in units of
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Figure 3-1: Top row: vertically symmetric surface roughness along a silicon strip
waveguide on silicon dioxide substrate, a slot waveguide, and a SWG waveguide.
The electric field magnitude I$E2is overlayed at several cross-sections. Second (from
top) to fourth rows: external (bulk) confinement factor F, surface confinement factor
F (field integral over 8nm thin region at air/solid interface), and the normalized
Raman gain coefficient ', respectively, for each single-mode waveguide geometry as
a function of the relevant design parameters (total width, slot size, and duty cycle).
Shaded regions denote the relative y-axis scaling between adjacent plots in each row.
For slot waveguides, the total width is denoted as follows: A=450 nm, =550 nm,
and x=650 nm. For SWG waveguides, the width and period are fixed to 550 nm
and 250 nm, respectively. The surface F and bulk F are calculated via first-order
perturbation theory (which is exactly equivalent to Eq. 3.3) with a resolution of
256pixels/pm and for SWG waveguides with a resolution of 128pixels/pm. The
Raman gain coefficients are computed via Eq. 3.4 and 3.5 in 3-dimensions with a
resolution of 128pixels/pm.
inverse number density. For example, as described in the SI, the absorption sensitivity is proportional to Fiiadao/a,, where Fi is either the external confinement factor
of the entire cladding region for bulk sensing or the surface region (approximated by
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a thin volume next to the interface), a. is the scattering loss per unit length, and a0
is the molecular absorption coefficient (related to the bulk absorption coefficient via
aabs = mao, where m is the number density of analyte molecules).

In general, we

find that the only geometry dependence occurs in a factor Fcija/as, leading us to the
dimensionless figure of merit for surface sensitive and bulk absorption/index sensing:
FOMr =

(3.1)

aA

where A is the vacuum wavelength of light. In the third sensing mode (Raman sensing), the goal is to maximize the power of Raman scattered light collected at the
output of a waveguide for a given input laser power. As such, the corresponding
figure of merit is the dimensionless quantity derived in the SI:
FOM8 = -as

where

/

(3.2)

is the Raman gain coefficient (with units of 1/length) defined as the power of

evanescently scattered Raman light collected back into the waveguide per unit length
and normalized by the input power. The external confinement factor [70,90,99,138,
157,165,177,1891 as well as the Raman gain coefficient are quantified via perturbation
theory (see SI):

Fcad

dne«f

def

dnciia

£

n , E |d2
g2d2X
2

eIclad

(3.3)

f|CIEd

a I(4,)|4d2
n (w)
a2ram 2m
nJcLad
X(3.4)
2 = nc1ad (f 6(x)IE(x,)
4c 2

X

)

=

2

d 2 x) 2

where nclad, neff, and n are the cladding material, effective, and waveguide group

indices, c is the permittivity, E is the electric field of the waveguide mode, W is
the input angular frequency, integration is over the cross section of the waveguide,
restricted in the numerator to the cladding/sensing region, and c is the speed of
light. We also assume that the Raman shift is relatively small so that |Awl

LO.

For periodic structures such as SWG waveguides, integration is performed over the
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volume of a unit cell with period A:

#3swG =

2
A

4C2

m

n (w) A- f
-Za

n21

$(X, IW)d 3 X
ldJ

(fE(X)|$(x,w)|2 dax) 2

(3.5)

We note here that the optimized length of the waveguide for FOMr is z = 1/(a
Pcladaabs) -

+

a2a m2

1/a, and for FOMp isz= 1/as. In this work we assume that sidewall

roughness scattering constitutes the dominant source of optical loss in waveguides,
which is typically the case in high-index-contrast waveguide systems at moderate optical powers such as SOI [28,105,122], silicon nitride on insulator [20,193], chalcogenide
glass on oxide [821, and TiO2 on oxide [61]. We also note that each FOM is generic
to many different sensing device configurations, such as serpentine/spiral waveguides,
ring resonators, and Mach-Zehnder interferometers.
In all three cases, the sensor limit of detection (LOD) is determined by the modal
overlap with the sensing region as well as the optical path length, the latter of which
is limited by the waveguide propagation loss. The surface or bulk modal confinement
factors and the Raman gain coefficient are readily computed from standard frequencydomain eigenmode solvers and the results are plotted in Fig. 3-1, which clearly show
that slot and SWG structures indeed significantly enhance modal overlap with the
sensing medium.

3.3

Scattering-loss calculations

In the volume-current method, waveguide perturbations can be described to first order (neglecting multiple-scattering effects) by dipole moments (polarizations) induced
in the perturbation by the original (unperturbed) waveguide field E0 . These perturbations act as current sources that create the scattered field. For example, a small
perturbation AE in the permittivity acts like a current source J= AEO[101,119].
However, for perturbations in high-index-contrast waveguide interfaces, calculating
the induced polarization (and hence the effective current source) is in general much
more complicated [87], and requires solving a quasistatics problem (Poisson's equa65

tion) [86]. For a given statistical distribution of the surface roughness, we show in Appendix B how we can solve a set of quasistatics problems to compute the corresponding
statistical distribution of the polarization currents. Fortunately, however, there is a
simplification that applies to typical experimental regimes (L > 10ao, where Lc is
the correlation length of the surface roughness and o- the root mean square roughness
amplitude). If Le (typically 50-100 nm for SOI waveguides) is much larger than the
amplitude of the roughness (0.5-2nm in state-of-the-art devices [104,185,192,1951),
then one can approximate the surface perturbation as locally flat. In this case, there
is an analytical formula for the induced current from a locally flat interface shifted
by a distance Ah [861:

J = -iwAh(AeE

- eA(C 1 )D1 )6(X)

(Note that the currents depend on the orientation of

So

(3.6)

relative to the interface:

El is the component of EO parallel to the surface and Dj is the component of cEO
perpendicular to the surface.) In this case, the correlation function of the current J
is simply proportional to the correlation function of the surface profile. We verify in
Appendix B that the full quasistatic calculation reproduces this locally flat interface
approximation in typical experimental regimes.
Given these currents and their statistical distribution (from the statistics of h),
one can then perform a set of Maxwell simulations on the unperturbed waveguide
geometry (hence, at moderate spatial resolution) to find the corresponding radiated
power. Again, there is a somewhat complicated procedure in general to compute the
effect of currents with an arbitrary correlation function. But, in the case where the
correlation length (- 100 nm) is much less than the wavelength (~

1 - 2 Pin), we can

approximate this "colored" noise distribution by uncorrelated "white" noise [71], effectively treating the currents as uncorrelated point sources with the same mean-squared
amplitude (J2 ). Since the power radiated by uncorrelated point sources is additive,
we can then simply average the power radiated from different points on the surface
to find the scattering loss per unit length a 1871. Finally, the computation simplifies
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Figure 3-2: Relative scattering loss a,/max(a,TE.strip) computed by FDTD simulations of vertical (y-direction) lines of dipole moments and averaged over all sidewall positions. Dipole moment amplitudes were computed via Eq. 3.6 with incident
field strength and phase determined by numerically computed mode profiles. Results shown for TE (red) and TM (blue) strip (left), slot (middle), and SWG (right)
waveguides. For slot waveguides, the total width is denoted as follows: A=450nm,
O=550nm, and x=650nm.
even further because we only compute the ratio of the FOMs for different waveguides,
in which case all overall scaling factors and units (including all dependence on the
roughness statistics Le and -) cancel out.

3.4

Comparison of Waveguide Geometries

Using the aforementioned volume-current method, we quantified the relative scattering losses (a,) for a large set of strip, slot, and SWG waveguide geometries for
various design parameters such as width, slot size, and duty-cycle. All waveguide
geometries (Fig. 3-1) are assumed to be fabricated from SOI wafers with 220nm Si
layer thickness, negligible scattering losses at the top and bottom flat surfaces, and
for a target wavelength of 1550 nm. The calculations, described in detail in SI, consist
of only two computationally inexpensive steps. First, we compute the electric (E)
and displacement (D) field profiles using a frequency-domain eigenmode solver [88],
which is used to determine the confinement factors, Raman gain coefficient, and the
strength of the induced dipole moments via Eq. 3.6. For each unique sidewall position
and for each waveguide geometry, we use a single three-dimensional finite-difference
time-domain (FDTD) simulation with a vertical line of dipole moments (correspond67

ing to vertically symmetric sidewall roughness, i.e. line-edge roughness [18,39,141])
to compute the scattered power from both far-field radiation and reflection. Finally,
the scattered power is averaged over all inequivalent sidewall positions and computed
per unit length along the direction of propagation. The relative scattering loss per
unit length for the considered geometries is shown in Fig. 3-2.
For strip waveguides, we analyzed the TE-like and TM-like polarized modes for
various waveguide widths. Results for slot waveguides of TE and TM polarization are
computed for various total waveguide widths and air-slot gaps. For SWG waveguides,
the width and period are fixed at 550nm and 250nm respectively, and only TE (xantisymmetric) modes are considered as a function of the duty cycle, which is defined
by DC = (A - s)/A where A is the grating period and s is the size of the air gap along

the z direction. The particular width of 550 nm and polarization was chosen for this
analysis since the corresponding waveguide geometries exhibit single-mode behavior
for a relatively large range of duty cycles, as confirmed by numerically computed
dispersion diagrams. All waveguide dimensions are chosen such that no more than
one TE and one TM mode exists.
Our results indicate that slot and SWG waveguides do in fact greatly increase
scattering losses relative to standard 450nm wide TE and TM strip waveguides [58].
The scattering loss computed by the volume-current method considers both the incident field strength at the location of the perturbation and the local density of states
(LDOS) [136], which is determined by the surrounding geometry.

(As such, cur-

rent sources at the outer edges of a strip waveguide will radiate different amounts
of power than current sources in the air-gap region of a slot waveguide.) Our comparison of scattering losses for different geometries, as shown in Fig. 3-2, is largely
consistent with prior experimentally measured values of surface roughness in SOI
waveguides [8,41,162]. However, a direct comparison between experiment and theoretically/numerically computed values is difficult since experimental uncertainties are
typically on the order of a few dB/cm. In addition, an accurate comparison of scattering losses for different geometries requires side-by-side fabrication of waveguides on
the same process and material platform, since different processes introduce dramat68

ically different roughness statistics. As such, literature for this is relatively scarce,
and numerical methods provide a means for quickly evaluating and comparing new
waveguide structures.
With the computed scattering losses, confinement factors, and Raman gain coefficients, we then computed the relevant FOM for each mode of sensing (via Eq. 3.1
and 3.2), which is presented in Fig. 3-3. Our results indicate the TE slot and SWG
structures do in fact provide modest improvements in sensing performance over traditional TE-polarized strip waveguides.

However, TM-polarized strip waveguides

(which are here assumed to have negligible roughness on the top and bottom interfaces) exhibit significantly higher performance owing to their reduced propagation
loss and longer accessible optical-path length. For bulk and surface absorption sensing, the performance of the SWG waveguides gradually decrease with increase in
duty cycle (as the air-slot region becomes smaller), indicating that the increase in
scattering loss in small SWG gap-regions outweighs the benefits provided by field
localization in the air gap.

On the other hand, slot-waveguide structures demon-

strate improved performance as the slot size decreases (narrow-slot waveguides show
2x improvement over large-slot waveguides for surface sensing and 5x improvement
for Raman sensing), with the exception of bulk absorption sensing in the air region.
For bulk absorption sensing, there appears to be a critical slot size (70nm slot for
the 550 nm wide waveguides, and 130 nm slot for the 650 nm wide waveguides) below
which scattering losses dominate the FOM and above which the confinement factor
is suboptimal.
For Raman spectroscopy, the gain coefficient is related to the fourth power of
electric field rather than the square of the electric field, so regions of high electric field
exhibit significant performance enhancements, as shown by the numerically computed
values of the relative Raman gain coefficient

#'

in Fig. 3-1. In our computations, we

find that waveguides with narrow slots do in fact tend to produce sufficiently more
Raman signal than what is lost due to sidewall scattering at the silicon/air interface.
Wide (550 nm) silicon waveguides with narrow (40 nm) air slots yield the highest bulk
Raman FOM by a factor of 8 x over SWG waveguides and 5x over TM strip waveguide
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Figure 3-3: Side-by-side performance comparison for strip (left column), slot (middle
column), and SWG (right column) waveguides in the presence of slow-varying (Lc >
10 - a) Gaussian random roughness. Normalized absorption sensing figure of merit
FOM and normalized Raman gain coefficient FOM, calculated via Eq. 3.1 and 3.2,
respectively, as a function of the relevant design parameters (total width, slot size,
and duty cycle). For slot waveguides, the total width (as depicted in Fig 3-1) is
denoted as follows: A=450 rnm, =550 nm, and x=650 nm.
modes. Despite having an improved Raman gain coefficient, the SWG structures
suffer from significantly higher scattering losses due to the increased sidewall surface
area.

3.5

Comparison with experiment

In order to demonstrate the utility and accuracy of this approach, we searched the literature for reports of fabricated strip, slot, and sub-wavelength grating silicon waveguides and their associated propagation losses 113,25,41,52,67]. We then applied the
volume-current method to compute the relative scattering losses for each of 14 reported waveguide geometries. Since the waveguides of different geometries reported
within each manuscript are fabricated using identical processing protocols which pre70
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Figure 3-4: Comparison of the ratio of scattering losses between different experimentally realized waveguide systems. Red square markers denote loss ratios computed via
the volume-current method described in this work and black circles denote reported
loss ratios with associated error bars. Slot waveguides reported by Debnath et al. [41]
and Baehr-Jones et al. 113] are labelled by the slot size, while slot waveguides by Ding
et al. 152] are labelled by "slot1", "slot2", etc. corresponding to different slot sizes and
strip-loading values. Bock et al. [251 and Gnan et al. [67] report losses for SWG and
strip waveguides fabricated via electron beam lithography.

sumably result in identical or similar roughness characteristics, the reported losses
are expected to accurately correspond to the different waveguide geometries. The
authors in Bock et al. [25] only report the loss for a single SWG structure and reference Gnan et al. [67] to compare with strip waveguide losses. Both reported devices
were fabricated using similar fabrication protocols (electron-beam lithography with
hydrogen silsesquioxane resist and reactive-ion etching), and so we show in Fig. 3-4
the ratio of the reported propagation losses and our own numerically computed values
using the reported waveguide geometries.
It is worth drawing attention to several features of Figure 3-4. First and foremost,
the experimental error bars associated with measured values of propagation loss are
quite large, on the order of several dB/cm. Accurately comparing the propagation
loss of different waveguides requires the fabrication of all considered geometries on
one single substrate and in close proximity with each other (to avoid cross-wafer
variations). The waveguide losses can be characterized through either the cut-back
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method (many waveguides of different lengths) or resonator devices [198]. The cutback approach is susceptible to large variability in device-to-device coupling efficiency,
whereas loss measurement using resonators only compute the loss for a small waveguide length [1091. For these reasons, it is critical to measure a statistically significant
number of devices. Often, information on the sample size and measurement errors
are omitted in the literature.
Ding et al. [52] reported the striking result that two waveguide geometries (denoted
by "slot1" and "slot2" in their work) have lower loss despite a larger modal overlap
with the vertical sidewall interface. As a result of the higher modal overlap, our model
predicts that "slot1" and "slot2" should actually perform worse. This inconsistency
may originate from other experimental sources of loss (mask defects, scattering at
the top surfaces of the partially etched silicon, absorption, etc.) that were modified
by the change in waveguide geometry. Otherwise, the values reported in literature
are consistent with values that our volume-current method predicts, which validates
our approach as a fast, powerful technique for precisely comparing the relative performance of arbitrary waveguide systems before investing time and resources towards
fabricating real devices.

3.6

Concluding Remarks

In this work, we numerically computed the relative performance enhancement of slot
and SWG waveguides over traditional strip waveguides for on-chip sensing applications. By explicitly computing the polarization statistics of randomly generated
surface-roughness profiles (SI), we confirmed that a simple flat shifted-boundary approximation is accurate for most commonly encountered surface roughness (correlation length greater than roughly 10 times the RMS roughness amplitude). As a
result, analytical formulas are available for the induced dipole moments from sidewall roughness. For situations where the roughness correlation length is significantly
shorter than the wavelength of light, the volume-current method allows the far-field
and reflected radiation loss from this roughness to be determined with good accuracy
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using inexpensive numerical methods. In particular, our approach benefits from significantly reduced simulation resolution requirements compared to brute-force simulation of waveguide structures with small perturbations, as the critical resolvable
dimension is the waveguide geometry rather than the perturbation amplitude at the
waveguide interface [851. In addition, these brute-force techniques require many (or
long) simulations to obtain statistically averaged effects of the randomly rough surfaces.
Our approach can be readily extended to efficiently determine optimal waveguide
geometries for other sensing modes, such as stimulated Raman spectroscopy [202],
with a suitably defined sensing metric.

There are also a number of other mate-

rial platforms to which this work can be extended, such as silicon nitride on silicon
dioxide [46,48,56,79], titanium dioxide on silicon dioxide [62], chalcogenide glass on
insulator [60,80], germanium or germanium-silicon on silicon [32,114], silicon on sapphire [14], and more that are of great interest to the waveguide-integrated chemical
sensing community. Because the waveguide geometries, materials, and figures of merit
can change for different sensing processes and wavelengths, the conclusions about
which geometries are better may also change. Lastly, there is interest in extending
this work to quantify the sensing performance of additional waveguide geometries,
such as photonic crystal waveguides 11231 and horizontal slot waveguides 1175], to
name just a few.
We believe this work and the methods presented will aid in the rational design of
new waveguide geometries for photonic sensing applications. Without figures of merit
and efficient methods for computing the loss and sensing tradeoffs, it was difficult to
predict whether waveguide geometries like slot and SWG waveguides will enhance
sensing performance (due to increased field overlap with the sensing medium) or
decrease sensing performance (from increased scattering losses). With the techniques
presented, it is possible to quantify the precise trade-off between these two competing
factors for arbitrary waveguide geometries and material platforms. This will drive
future research in the area of on-chip sensing and other areas where propagation loss
in waveguides plays an important role.
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Chapter 4

A quick-turn fabrication process for
Si 3 N 4 photonic integrated circuits
with heaters*
Overview
This chapter discusses recent trends towards the fabrication of photonic integrated circuits
using fast direct-write lithography techniques in university cleanroom environments, and
the inherent strengths and disadvantages when choosing to use university facilities versus
taping out designs in dedicated high-volume commercial foundries. For small-volume or
proof-of-concept applications, in-house fabrication of photonic integrated circuits can offer
significant cost and time savings while enabling process customization that would be prohibitively expensive or unfeasible in larger commercial foundries. To illustrate this, I present
a completely maskless, quick-turn process flow for fabricating low-loss silicon nitride integrated photonic devices operating from visible to infrared wavelengths. This process offers
low-loss (0.36 ± 0.11 dB/cm) passive photonic devices and special fabrication steps are described for defining thermo-optic modulators, etched edge couplers, and top oxide openings
(for evanescent chemical sensing or backend material deposition) which may be readily implemented in any cleanroom with a full CMOS toolset. This silicon nitride photonics process
flow can be completed in an average of 16 days, with a chip cost under 1$/mm2 for volumes
well below 1,000 chips per run.

4.1

Introduction

The field of integrated silicon photonics has grown and matured rapidly over the
last several decades, with far-reaching impacts on many fields such as telecommunications [53, 54], datacommunications [35, 146], high-peiformance computing [22],
quantum optics [167], compact sensors [173], LIDAR [76,148,174], and microwave
*This chapter is based on: D. M. Kita, J. Scholvin, C. Rios, J. Hu, "A Quick-Turn Fabrication
Process for Si3 N 4 Photonic Integrated Circuits with Heaters" (manuscriptcurrently in review).
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photonics [158] to name just a few. Among the many different material platforms used
to fabricate photonic integrated circuits, silicon nitride (SiN.) has become a popular
platform for prototyping passive devices with thermal phase tuners [150]. Despite
having larger waveguide bends and lacking electro-optic modulators, light detectors,
integrated optical amplifiers or lasers, silicon nitride has many desirable attributes
that make it an excellent candidate for specialized applications. First, silicon nitride
has a broad transparency range that covers visible to infrared wavelengths, and high
power-handling capabilities which are necessary for nonlinear and sensing applications [144,150,171,184]. Second, the low-index contrast suppresses scattering losses
due to waveguide sidewall roughness and allows for better waveguide-to-fiber mode
matching for high-efficiency edge couplers [24,144,149,179,1861.

While integrated

photonics as a whole benefits from the reuse of mature semiconductor fabrication
equipment and facilities (albeit at significantly lower volumes than traditional electronics [111,112]), silicon nitride photonic devices in particular have not yet found the
consolidated, high-volume markets needed to fully leverage the advanced CMOS infrastructure (silicon nitride photonic chips made up <5% of the global market shares
of all photonic circuits in 2016 [661). As a result, fabrication runs for photonics often
involve partial wafer lots and many users opt for multi-project wafer runs to share the
high manufacturing costs [112]. In addition, fabrication from start to finish can take
several months [2,3,5], which limits development turnaround times for prototypes and
new systems. When the objective is to develop a successful system prototype quickly
and efficiently, a relevant quantity of interest is the cost per unit area weighted by
the turnaround time and number of chips manufactured:
FOM = cost x turnaround time
# chips x chip area

(4.1)

In this context, inexpensive and quick-turn processes are well-suited for validating
component and system-level concepts. The quantity of unique chip area provided by
the lithography process determines the number and size of designs, and chip quantity
is crucial even at prototyping stages to gauge reliability and yield.
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In this paper we describe a low-cost (<1

$/mm

2

), high-performance (0.36dB/cm

propagation loss), and quick-turn (16.4day turnaround time) silicon nitride photonics process flow that we use to fabricate integrated optical devices in a university
cleanroom.

Furthermore, we provide complete and detailed information about the

fabrication so that this process may be readily implemented in any fabrication environment with a sufficiently complete CMOS toolset. In Section 4.2, we discuss directwrite lithography as an enabling technology for fast prototyping of small-volumes of
photonic devices. We then discuss details of the fabrication process, which includes
process steps for etching trenches for fiber edge-coupling, top-oxide removal for chemical sensing or back-end deposition of CMOS-incompatible materials, and patterning
of thermal phase tuners. In Section 4.3 we present measurement results of various
photonic devices and components that were prototyped on this silicon nitride platform. Finally, in Section 4.4 we quantitatively analyze the economics of fabricating
these devices in a university cleanroom environment, where we have used data on
tool history and down-time to predict the probability of completing a process within
a given time.

4.2

A quick-turn silicon nitride photonics process

Table 4.1 outlines the complete process flow that we performed in the MIT Microsystems Technology Laboratory cleanroom facilities. The process begins with 3um thermal Si02 and 200 nm stoichiometric Si 3 N 4 deposited on both sides of a single-side
polished silicon wafer, provided by an external vendor (WaferPro, LLC). A single
electron-beam lithography step and reactive ion etch step is used to pattern waveguides and passive photonics structures into the silicon nitride film. The etch is timed
and monitored so that a thin, 30 nm film of silicon nitride remains, which will serve
as an etch-stop in subsequent removal steps for the top oxide. After resist removal
and cleaning, a 2 pm thick film of TEOS oxide is deposited and subsequently annealed under nitrogen at 950C to remove hydrogen and densify the film

[164,191].

A second patterning and etch step is used to remove 1.6 - 1.75 pm of top oxide above
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Figure 4-1: Cross-sectional schematic of the full layer stack after processing as outlined in Table 4.1.
the photonics layer (the last couple hundred nanometers of oxide is removed at the
very end to protect the waveguide level from contamination). In this lithography
step (and all subsequent steps), a Heidelberg MLA150 maskless aligner tool is used
directly write patterns as small as 600nm [1]. The tool takes anywhere between
10 - 45minutes to write patterns on a full 150mm diameter wafer, depending on
the type of pattern and write mode used. Next, a lithography step and 5 Pm oxide
etch step is used to form the vertical facet where the fibers will be aligned. Next,
gold heaters are fabricated on the wafer by a third lithography step, using electron
beam evaporation of Cr (adhesion layer) and 100 nm Au, then subsequent liftoff of
AZ5214E image reversal photoresist. A fourth lithography step is used to pattern the
areas where 150 pm of silicon is removed via deep reactive ion etching. The final step
is to pattern photoresist that will protect the top oxide and gold heaters during a
wet etch of buffered oxide etchant (BOE). At this stage the wafer is diced, sonicated
in water to remove silicon particulates, and then dipped in BOE until the top oxide
above the waveguides is fully removed. The photoresist is sonicated in acetone, and
the chips surfaces are cleaned in oxygen plasma. The finished device cross-section
is represented schematically in Figure 4-1. The regions with removed top cladding
are useful for evanescent chemical sensing applications and for deposition of exotic
materials, such as phase change materials [156] or liquid crystals [30].
A unique aspect about this process is that it leverages only direct-write lithography techniques to define high-quality ( 50 nm critical dimension) waveguides and
sufficiently high-resolution features that make up the heaters, edge coupleres, and
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window openings. While stepper lithography tools are sufficient for patterning devices, the usable area is limited to a single reticle and there is a cost in time and
money to acquiring masks. Furthermore, access to state of the art 193nm deepUV lithography tools for patterning low loss waveguides is often times prohibitively
expensive or limited in university environments. Direct-write maskless aligners and
electron beam lithography tools are significantly less expensive for shared cleanroom
facilities to purchase and offer comparable levels of performance at the expense of
throughput. These tools can write a full wafer with entirely unique structures, which
is useful for large scale parameter sweeps or multi-project wafer runs [27,149]. There
is also no penalty for making edits or corrections to mask files immediately prior to
exposure. In Table 4.1, we provide values for typical write-times and step costs for a
process running on the MIT Microsystem Technology Laboratory toolset.
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Table 4.1: Silicon Nitride Photonics Process Flow at MIT's Microsystems Technology Laboratory. Assumes student rates (industry rate = 4x student rate)

Step

Machine / tool

Process details

First wafer

First wafer

Marginal cost

Marginal step

cost [$]

step time

[$1

time

1

(external)

150 mm prime Si wafers arrive from vendor with 3 pn wet thermal

72.6

0

72.6

0

2
3

acid hood
02 asher

oxide and 200 nm LPCVD Si3 N 4 on both sides
Wafer clean in piranha solution
Ash in 02 plasma to improve adhesion of the resist for ebeam lithogr-

212.5
17

1hr
5 min

0
17.0

0
5 min

4

solvent hood

pahy
Immerse wafers in SurPass 4000 (adhesion promoter) for 60 seconds,

0

20 min

0

0

then rinse in DI water for 30 seconds, followed by spin dryer, and 5
5

Solitec 5110 coater

minute dehydration bake at 1200 C
Spin on 350 nm ma-N 2403 negative-tone electron beam lithography

17

5 min

17

5 min

6

Elionix ELS-F125

resist, then bake on hotplate for 60 seconds at 900 C
2
dose, 500 pmx500,pm
Expose photonics layer, using 800uC/cm

884

8hr

884

8hr

17

5 min

17

3 min

60.9
7
17.5
212.5
76.5
212.5
17
39.7

10 min
10 min
5min
1hr
40 min
3.5hr
5 min
20 min

60.9
2.1
0
0
76.5
0
17
39.7

2 min
3 min
5min
0
5min
0
3 min
20 min

17
73.1
17.5
17

5 min
20 min
5 min
5min

17
73.1
0
17

3 min
8 min
5 min
3min

fields, 200,000x200,000dots/field, and 2nA beam current with in-

8
9
10
11
12
13
14
15
16
17
18
19

PicoTrack

terleaving fields
Spray develop ma-N 2403 resist using MF CD-26, then 90° C bake for

Applied Precision 5000
Tencor UV-1280
02 asher
acid hood
Novellus Concept 1
MRL 718 Tube
PicoTrack
Maskless
MLA150

60 seconds
Reactive-ion etching of 165nm Si 3 N 4 (8 scem CF4 , 6 sccm 02)
Measure the etch depth from prior step (halfway through)
Strip resist, clean Si3 N 4 surface
Piranha clean wafers
Deposit 2pm PECVD TEOS oxide
Tube anneal of top oxide for 1 hour at 950° C under N 2 flow
Coat SPR700 1.0 pim thick
Expose sensing regions of the wafer

Aligner
PicoTrack
Applied Precision 5000
02 asher
PicoTrack

Spray develop in CD-26 for 45 seconds
Reactive-ion etching of 1.6-1.75 pm TEOS top oxide
Strip resist in 02 plasma for 5 minutes
Coat SPR700 2.0 pm thick

Table 4.1 continued from previous page
Step

Machine / tool

First wafer

First wafer

Marginal cost

Marginal step

cost [$1

step time

[$1

time

Expose deep-etched regions for the optical fiber

39.7

20 min

39.7

20 min

Spray develop in CD-26 for 45seconds
Reactive-ion etching of 2.0 m TEOS top oxide, the Si3 N 4 layer, and

17
102

5min
50 min

17
102

3min
42min

17.5
17
39.7

5 min
5 min
20 min

0
17
39.7

5 min
5 min
20 min

0

1min

0

1min

20

MLA150

21
22

Aligner
PicoTrack
Applied Precision 5000

23
24
25

02 asher
Solitec 5110 coater
MLA150
Maskless

CIIF3 , 15 sccm CF4
Strip resist in 02 plasma for 5 minutes
Coat 1.6 pm AZ 5214E image reversal photoresist (60 seconds, 3 krpm)
Exposure of heaters/traces with 18mJ/crn 2 , followed by a 2minute

26

Aligner
OAI UV flood exposure

bake at 120° C
Flood exposure of resist with UV light for 35seconds

27
28
29
30
31

system
developer hood
Temescal VES 2550
solvent hood
PicoTrack
Maskless
MLA150

Develop in MIF 422 for 120 seconds or until pattern clears
Electron beam evaporation of 30 nm Cr, then 100 nm Au
Liftoff resist in NMP or acetone with sonication
Coat SPR700 2.0 pm thick
Expose deep silicon etch regions of the wafer

0
258.4
0
17
39.7

2 min
4hr
1 hr
5 min
20 min

0
64.6
0
17
39.7

2 min
1hr
0
3 min
20 min

32
33
34
35
36

Aligner
PicoTrack
STS Pegasus DRIE
02 asher
PicoTrack
Maskless
MLA150

Spray develop in CD-26 for 45seconds
Deep reactive-ion etch of 150pm silicon (Bosch process)
Strip resist in 02 plasma for 5 minutes
Coat SPR700 2.0pm
Expose sensing regions (again)

17
110.5
17.5
17
39.7

5min
30 min
5 min
5 min
20 min

17
110.5
0
17
39.7

3min
20 min
5 min
3 min
20 min

37
38
39

Aligner
Piconrack
Disco DAD-3 240
photo hood

Spray develop in CD-26 for 45seconds
Dice wafer
Manually apply a drop of photoresist over etched edge coupler regions

17
59.5
0

5min
30 min
30 min

17
59.5
0

3min
30 min
30 min

40

acid hood

for protection during the subsequent oxide etch
Dip in buffered oxide etchant (7:1 NH 4 F:HF) for ~6-7 minutes to

68

1hr

0

0

41
42

solvent hood
02 asher

remove the 250-400 pm of oxide above the sensing regions
Strip resist off surface in acetone
Clean surface in 02 plasma (optional)

0
17.5

15 min
10 min

0
0

15min
10 min

2909.0

27.0 hr

1908.3

14.5 hr

3 pm bottom thermal oxide (45 scm

)

Maskless

Process details

Full process:

4.3

Device performance

The specific silicon nitride layer height (200 nm) and etch depth (- 165nm) were

chosen such that for reasonable widths a well-confined quasi-TE and -TM mode is
supported at both C-band wavelengths (A
(A

-

-

1550 nm) and near-visible wavelengths

808 nm). The mode cutoffs as a function of wavelength and waveguide width

are shown in Figure 4-2, overlaid with the effective index of the fundamental TE1
mode. At A=1550 nm, the waveguide width is chosen to be 1.3 pm. To measure the
propagation loss of light in the waveguides, all-pass ring resonators with radii between
40 pm and 160 pm and coupling gaps between 0.6 pm and 1.6 pm were fabricated with
vertical grating couplers for input and output coupling to single mode fibers. Optical
spectra obtained using a commercial optical vector analyzer (Luna OVA 5000), such
as that shown in Figure 4-3, were subsequently analyzed using a linear-regressionbased approach to determine the round-trip propagation loss (a) and self-coupling
coefficient (r) {431. As shown in Table 4.2, ring radii above 100 pm had measured
loss values of 0.35-0.37 dB/cm with standard deviations of ~0.1 dB/cm. We do note
that actual losses across an entire chip (rather than isolated measurements of single
rings) are likely to be larger, since stitching errors between adjacent write-fields on
the electron beam lithography tool can introduce significant offsets. For example, the
Elionix ELS-F125 tool used in this work has 500 pmx500 pm large write fields, which
must all be stitched together with waveguides that can cross all four field edges. If
there is a slow drift in the stage position, then adjacent fields that are not written
sequentially can be offset by small but non-negligible amounts on the order of 10's
of nm. However, methods exist for compensating this, such as ensuring that the
sample stage inside the chamber has sufficient time to thermally equilibrate with the
tool after loading. We also pre-process the write files such that adjacent fields edges
consist of 200 nm long and 20 nm wide interdigitated fingers to prevent small offsets
from introducing gaps in the waveguides.
Inverse taper spot-size converteres, for coupling light from a fiber at the edge of
the chip into the waveguides, were designed for 500 nm wide single mode waveguides
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Figure 4-2: Numerically computed mode cutoffs for the first two quasi-TE and quasiTM waveguide modes of the partially etched 200 nm thick Si3 N 4 waveguides. Each
line corresponds to a 5 dB/cm iso-loss contour, and is superimposed ontop of the first
TE mode effective index. Single-mode operation occurs for waveguide geometries
between the solid and dashed lines.
operating at A

=

808 nm for chemical and biological sensing applications. The tapers

were 100 pm long and taper down to a width of 70 nm for an estimated 50.6% (2.96 dB) coupling efficiency from modal overlap calculations. With additional lithography steps, it is possible to significantly increase the edge coupling efficiency via
removing the 35nm thick partially etched silicon nitride using thinner silicon nitride
at the edge for a larger optical mode. Similarly, thicker top and bottom oxide would
allow for larger optical modes to better couple light to fibers at the edge of the chip.
Microscope and scanning electron microscope (SEM) images of the inverse spot size
converter are shown in Figure 4-4. The electron-beam resist (ma-N 2403, micro resist technology, GmbH) is spun on at a thickness of-350

nm, and to prevent the

resist at the 70 nm wide region from detaching or falling over, we write larger 'anchor' structures that mechanically hold the tip in place (Figure 4-4a). These anchors
are completely etched away during the subsequent deep oxide etch, which produces
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Figure 4-3: Experimentally measured transmission for an all-pass resonator used to
determine the silicon nitride waveguide propagation loss.
a smooth oxide sidewall with a 76.3°angle (Figure 4-4b). Trenches with both oxide
and 150 pm of silicon are etched at the spot size converter to allow access for a single
mode optical fiber. Optical fibers were aligned to the chip edge and glued in place
using UV-curable epoxy.
Exposed windows for evanescent field chemical sensing are formed by first a reactive ion etch through most of the top oxide cladding, and then a second timed wet
etch using the silicon nitride film as an etch stop. A top down SEM image of this type
of sensing region is shown in Figure 4-5. Due to the increased index contrast between
Table 4.2: Waveguide loss measurements extracted from ring resonators
Loss [dB/cm] # peaks
Quality Factor
R [pm]I
19
2.74 1.4
2330( t6800 max=33200
60
25
0.39 0.15
225400 ±30800 max=275500
80
30
0.35 0.12
281300 t67300 max=411800
100
120
140
160

286400 i63700 max=401700
282600 ±53100 max=389300
280900 i50600 max=402900
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0.35

0.09

0.37 ± 0.12
0.36 ± 0.11

37
43
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-deep-etched
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70 nm

-...............
converter

100 pm

Figure 4-4: (a) Top-down SEM image of the inverse taper (spot size converter) used
for expanding the waveguide mode at the chip edge. The anchor at top prevents the
narrow resist from falling over and is completely etched away at process step 22. (b)
Cross-sectional (side) SEM image of the oxide sidewall after deep reactive ion etching
of the silicon dioxide and silicon. For this particular sample, the deposited TEOS
oxide was 3 pm thick, and the sidewall angle is 76.3°. (c) 45°tilted SEM image of the
etched edge of the chip, with a deep-etched trench for the optical fiber on the left.
(d) Optical microscope image of a single-mode fiber coupling light into the waveguide
mode via the spot size converter and bonded in place with UV curable epoxy.

the waveguide core and top air cladding (versus SiO

2

cladding), propagation losses

in this region are noticeably higher, as seen visually by the amount of out-of-plane
scattering in Figure 4-5. Contamination from discrete particulates chemical sensing
environments constitute significant sources of loss for these unclad waveguides.
Finally, we experimentally characterized the performance of thermo-optic heaters
deposited and patterned ontop of the top oxide cladding (shown in Figure 4-1). Using
a set of balanced Mach-Zehnder modulators with 2 x 2 directional couplers at the
input and output, the optical intensity as a function of heater power was recorded,
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Figure 4-5: (a) Top-down scanning-electron microscope image of a waveguide sensing
region, where the top TEOS oxide has been selectively removed by both reactive
ion-etching and then wet etching with hydrofluoric acid. (b) An optical microscope
image of A=808nm light travelling through the waveguides from left to right. A
small amount of far-field optical scattering is noticeable at the transition when the
waveguide exits the region with top oxide cladding. Most optical loss occurs in the
sensing region due to waveguide sidewall roughness or scattering from particulates
that settle on the surface.

as shown in Figure 4-6(a). A nonlinear least squares method was used to fit the
expected sine2 function to the measured data and extract parameters such as the
extinction ratio and the heater efficiency. A heater eficiency of 322 ± 32mW/7r and
extinction ratio of 23.3 ± 5.5 dB was observed for 8 pm wide and 270 pm long gold
heaters that are 100 nm thick. For several heaters with widths of 6 pm and 8 pm, the
impedance as a function of power was measured until the heater failed from thermal
stress. The 6 pm wide heaters failed at an average of 313mW (minimum observed
power of 288 mW and maximum of 326 mW) and the 8 pm wide heaters failed at
386 mW (minimum power of 380 mW and maximum of 394mW). Data from 5 devices
is plotted in Figure 4-6(b). The measured impedance increased linearly with heater
power, with slopes of 27.95 t 1.91 O/W and 26.01

1.96 Q/W for two devices with

6 pm width and 17.70 ± 2.15 Q/W and 18.21 t 2.11 Q/W for two devices with 8 Pm
width. This data is consistent with results from prior studies of thermal tuners on
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silicon nitride platforms [143].
Owing to the direct-write nature of this process, we were able to optimize many
passive photonic components by writing large arrays of devices that would have exceeded typical area restrictions imposed by standard photolithography reticles. For
example, a 13 x 13 grid of grating coupler structures with different periods and dutycycles were fabricated simultaneously, then measured on a custom-built automated
test stage. Values of the period and dutycycle were chosen that simultaneously minimized the insertion loss and maximized the 3 dB bandwidth at 1550 nm wavelength.
Other passive structures, such as arrays of directional couplers, multimode interferometers, 1 x 2 power splitters, 99:1 taps, and strip-to-slot waveguide mode converters
were fabricated, measured, and put into an internal library of validated components.

4.4

Economic analysis and fab-metrics

In recent years, a large number of commercial foundry services (> 25 services) have
emerged with multi-project wafer offerings for silicon, silicon nitride, and indium
phosphide integrated photonics 193,169]. These services offer access to mature fabrication process flows and allow members of the community to focus on new markets
and the design of novel products using these platforms. Despite this, many people and
companies continue to implement custom processes for reasons related to intellectual
property reasons, process flexibility (adding/removing specific fabrication steps), and
cost. To evaluate the merits of implementing a custom process in a university environment, such as the one described in this work, we analyzed the cost per unit chip
area as a function of volume. The sum cost of implementing the process for a single
wafer and a default 8hour electron beam lithography write is shown in Table 4.1.
Using tool access rates

[4], a single wafer

costs $2909 ($11636 for non-academic users)

and each additional wafer after this costs $1908.3 ($7633.2 for non-academic users).
As the number of desired chips increases, the cost decreases linearly since more of the
wafer is being used at the same fixed fabrication rate, as shown in Figure 4-7. At approximately 100 chips (assuming 5 x 5mm 2 area) the price becomes dominated by the
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Figure 4-6: (a) Experimentally measured transmission through a balanced MachZehnder modulator (MZM) as a function of heater power at a wavelength of 1550 nm.
(b) Measured heater impedance as a function of drive power up until failure (marked
by 'X') for two different heater widths.
fill fraction of the photonics layer written via ebeam lithography. The discontinuities
seen in Figure 4-7 are a result of adding an additional wafer to the fabrication lot.
From this chart, in house fabrication of chips at volumes of 10 - 100 are accessible
at 1

-

10 $/mm2 cost per area, depending on the amount of ebeam lithography used

and neglecting human labor costs.
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Figure 4-7: Economy of scale (cost per unit area) for the MIT silicon nitride integrated
photonics platform, as a function of the waveguide layer fill-fraction. We assume a
chip size of 5 x 5 mm2 and 150 mm2 wafers. The electron-beam lithography write
speed [minutes/cm 2 ] was empirically found to obey 1672.9-FF+3.08735, where FF
is the pattern fill-fraction. At sufficiently high chip volumes, cost from electronbeam lithography dominates. Discontinuities at increasing number of chips indicate
incremental increases in the number of wafers required for fabrication, at which cost
initially jumps up due to the sparse number of chips on the newly added wafer.

Another aspect that is critical to prototype development is the fabrication turnaround
time, which directly correlates to productivity. In a university environment, significant delays to ideal processing times can occur for a variety of reasons: (1) operator
error, where an incorrect step is executed or an accident occurs, (2) tool malfunction,
where the tool is operational but performs the process step incorrectly or executes
the task in a sub-optimal way, and (3) tool downtime, when the tool is taken offline
for repairs, upgrades, or maintenance. We consider only the third type of processing
delay since this is logged via reporting data from Coral, the MTL lab management
system. Tool data was extracted from a time period of January 2011 through October
2015 and cleaned up so durations that the tools are unusable are properly marked.
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and 90% in 37.3days.

We then perform a simulation that steps through the process flow depicted in Table 4.1 and randomly chooses a weekday and time to see if the tool is available. If
not, the number of days this tool is down for is added to the processing time. A large
number of simulations (2000) are performed to determine better statistical averages
of the expected time to completion. We do note several assumptions of this approach:
we assume there is no scheduling conflicts with other tool users (i.e. the tools are
reserved sufficiently far in advance), we don't consider broken or lost wafers as a result of tool failure (which would necessitate restarting a process from the beginning),
and the approach does not account for correlated events like power outages across
the building. The results of this analysis are shown in Figure 4-8 and indicate an
expected completion time for 1 wafer of 16.4days, and 21.0 days for 5 wafers.
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4.5

Conclusion

In this work, we describe a complete process flow using direct-write lithography for
quickly and inexpensively fabricating silicon nitride integrated photonic devices. Utilizing a single process flow, low loss (0.36 i 0.11 dB/cm) waveguides and passive
components were developed for applications at both traditional telecommunication
wavelengths and near-visible wavelengths for sensing and spectroscopy. With opened
sensing windows, thermal phase tuners, and etched edge couplers, it is possible to
realize fully-packaged photonic devices for a large range of applications. We outline
specific details of the process necessary for reproducing the entire fabrication process
and perform an economic analysis that suggests this approach is cost competitive with
commercial multi-project wafer services (in the context of prototype development).
We hope this work will enable future researchers to rapidly develop new and exciting
photonic devices and systems.
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Chapter 5
A packaged, fiber-coupled
waveguide-enhanced Raman
spectroscopic sensor*
Overview
Waveguide-enhanced Raman spectroscopy (WERS) is a promising technique for sensitive
and selective detection of chemicals in a compact chip-scale platform. Coupling light on
and off the sensor chip with fibers however presents challenges because of the fluorescence
and Raman background generated by the pump light in the fibers, and as a result all
WERS demonstrations to date have used free-space coupling via lenses. We report a packaged, fiber-bonded WERS chip that filters the background on-chip through collection of the
backscattered Raman light. The packaged sensor is integrated in a ruggedized flow cell for
easy measurement over arbitrary integration times. We also derive the figures of merit for
WERS sensing with the backscattered Raman signal and compare waveguide geometries
with respect to their filtering performance and signal collection efficiency.

5.1

Introduction

Integrated waveguide Raman sensors have attracted significant interest notably for
their compact size and large interaction volume that scales with the waveguide length.
High-index contrast, dielectric waveguides enable efficient excitation via evanescent
modal fields. Raman scattered light is coupled back into these waveguides and sent to
a spectrometer for chemical analysis. Prior work has demonstrated the validity and
promise of this sensing technique using various waveguide material platforms including silicon nitride (Si3 N4 ), alumina (A1 2 0 3 ), Ta 2 0 5 , and TiO

2

[40,48,50,62,79,152,

*This chapter is based on: D. M. Kita, J. Michon, J. Hu, "A fully packaged, fiber-coupled
waveguide-enhanced Raman spectroscopic sensor" (manuscript currently in review).
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153,180,2031. Unfortunately, not all system components can be easily integrated on
a single chip, since WERS requires high-power monochromatic light sources at visible or near-infrared wavelengths, high-extinction ratio filters, and sensitive detectors.
As a result, waveguide-enhanced Raman sensors are currently only functional when
coupled with off-chip components. Demonstrations of WERS to date have all utilized
free-space, high-numerical-aperture (high-NA) objectives to couple light on and off
chip. While this technique provides good coupling efficiencies, the need for expensive alignment stages and vibration sensitivity of these setups prevents them from
being practical for field testing. Coupling light to Raman chips with optical fibers is
the straightforward solution to this problem, yet the Raman pump signal generates
unwanted fluorescence and Raman background in the input and output fibers[181].
In this work, we describe a scheme for collecting backscattered light using a simple
on-chip beamsplitter and two long spiral waveguide sections. This method has two
advantages over prior demonstrations that involve sensing from forward-scattered
Raman light (despite imposing additional 3 dB loss from the beam splitter): (1)
the pump and fiber Raman/fluorescence background predominantly propagate in the
forward direction whereas half of the Raman signal coupled into the waveguide is
backward-propagating (with the same intensity as the forward-propagating signal),
giving rise to an improved signal-to-noise ratio; and (2) there is no optimal waveguide
length proportional to 1/a, (the scattering losses) - rather the waveguide sensing
region should be as long as possible to maximize the signal.
In the following, we first present a silicon nitride photonic integrated circuit with
exposed sensing windows that operates based on this technique. Fibers are bonded to
both input and output of the chip and a custom, ruggedized enclosure is machined to
allow in-line measurements of arbitrary liquid or gaseous chemicals. We then analyze
the efficiency of this technique for filtering out pump signal and fiber background,
which is directly related to the ratio of reflected light and the light scattered into
the far-field, as described in Section 5.4. Finally, in Section 5.5 we describe several
techniques for improving the performance of future Raman sensors.
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2~APO
Nsensing
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strip-slot
converter
Figure 5-1: Rendering of the photonic chip design fabricated in this work. A 2 x 2
directional coupler splits light into two waveguide channels, a MMI converter transforms the strip to a slot mode, and then in an exposed sensing region Raman scattered
light is coupled into the backward-propagating waveguide mode. Components are not
to scale.

5.2

Chip design and fabrication

The silicon nitride photonic sensor was made using a custom fabrication process at the
MIT Microsystems Technology Laboratory. The final layer stack of the device consists
of a 3 pm bottom thermal oxide, a 200 nm thick LPCVD silicon nitride waveguide
layer, and a 2 pm TEOSSiO 2 top cladding. The ridge waveguide is partially etched
such that ~35nm of silicon nitride remains. This thin layer acts as a wet etch stop
when opening sensing windows with buffered oxide etch. A deep oxide etch step
(5 pm depth) defines facets for edge coupling a flat cleaved single mode fiber (Nufern
780-HP) to the waveguides, and a deep reactive ion etch step (150 Pm depth) removes
enough substrate so the fiber can access the facet.
On the chip (see Fig. 5-1), 100 pm long inverse spot-size converters with 75nm
wide tips expand the waveguide mode to allow for more efficient fiber coupling (with a
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Figure 5-2: (a) Rendering of the chip enclosure with optical fibers affixed to the chip
and a flow cell that lowers onto the surface of the chip. The top case and flow channels
are machined from PTFE, a rubber Kalrez O-ring separates the chip from the top
case, and the bottom fixture is machined from aluminum. (b) Photograph of the
fiber-coupled, packaged Raman sensing chip with fibers glued to the edge of the chip
after being mounted in separate glass v-groove chips (for mounting purposes). (c)
The packaged chip with the top PTFE cell secured above the chip.

theoretical -3.0 dB/facet insertion loss, and a measured loss of -7.2 dB/facet). The
single mode waveguides are 500 nm wide, and a 2 x 2 coupler (20 pm long, 0.4 pm gap)
is used to split light into two arms. A multi-mode interferometer (MMI) with 2.7 pm
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x 1.5 ,m dimensions is used to convert the TE polarized strip mode to a TE polarized
slot mode {44]. The slot waveguide consists of two 350 nm rails and a 100 nm slot
gap. These waveguides then enter the spiral waveguide sensing region which is 8 cm
long and consists of 100 pm radius bends. Backward-propagating Raman generated
light travels back to the 2 x 2 coupler where approximately half of the light is carried
to an output port at the opposite edge of the chip as the input.
In order to bond optical fibers to the edge of the chip, we first begin by mounting
each fiber into a glass V-groove block (OZ Optics) such that the fiber tip extends
~0.5mm beyond the glass block and then we bond the fiber and V-groove block
with UV curable epoxy. Next, the fibers and the chip are each mounted in custom
3D-printed arms that attach to 5-axis positioning stages for both input and output
alignment. Our process for applying epoxy to each fiber consists of first touching the
tip of each fiber to a small droplet of epoxy under a microscope and then gently retracting the fiber so that only a very small amount of transparent UV-curable epoxy
wets the flat fiber tip area. This process ensures that a minimal volume of epoxy is
used during fiber-to-chip bonding, since volume changes during curing (resulting in
sub-micron level displacements) can have dramatic, detrimental effects on the coupling efficiency. Once the fibers on both ends are aligned and the power transmitted
through the waveguides is optimized, the epoxy is cured. Next, larger volumes of
epoxy are applied between the glass block and the silicon nitride photonic chip for
mechanical stability.
In order to use the chip for sensing a variety of compounds, including organic
solvents like isopropanol or acetone that would readily dissolve the epoxy at the
edge of chips, we designed a ruggedized flow cell as shown in Fig. 5-2.

The cell

consists of a machined aluminum bottom component that the photonic sensor chip
sits on top of, a polytetrafluoroethylene (PTFE) top component with drilled holes
that form the flow-cell, and a rubber Kalrez

O-ring that separates the chip from

the top PTFE component. The top and bottom pieces screw tightly together to put
pressure on the O-ring and seal off the sensing region. The PTFE top component
and rubber O-ring are both chemically resistant to a wide range of organic solvents
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and acids and can withstand high temperatures, enabling sensing of liquids in harsh
environments (e.g. in flow-chemistry reactions). Using this ruggedized flow cell with
our fiber-packaged waveguide-enhanced Raman sensors, we are able to measure a
variety of chemical species with arbitrary integration times and without the need for
any optical alignment.
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Figure 5-3: (a) Measured Raman spectra of mixtures of isopropyl alcohol (IPA) and
water at different weight fractions, post background subtraction and baseline correction. Each spectra is the result of 15x 60 second integration times. The standard
deviation on each wavelength measurement is approximately 2.9 counts. (b) Full
spectrum of the 100% IPA measurement.
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5.3

Measurements

The optical measurement setup consists of a wavelength stabilized single mode fiber
coupled laser operating at A

=

808nm (QFBGLD-808-250, QPhotonics, LLC). A

fiber-integrated narrow bandpass filter centered at -810nm

is used to remove am-

plified spontaneous emission from the signal, and polarization control paddles before
the chip are used to couple light into either the TE or TM waveguide modes. After
the chip, light travels to a fiber bench with a notch filter to prevent any remaining
pump light at 808nm from continuing to the spectrometer.

The Raman signal is

sent via fiber to a compact commercial spectrometer with a cooled CCD (AvaSpecHERO, Avantes BV). Although most of the pump light is removed on-chip by the
forward-propagating waveguide mode, finite reflections on the chip necessitate the
additional notch filter. The optical components that contribute the most reflection
are the strip-to-slot waveguide mode converter, the transition from the waveguide
being top clad with oxide to top clad with analyte, and the backscattered light from
waveguide roughness in the sensing region.
Using a packaged chip with 800 nm wide slot waveguides with 100 nm gap, Raman
spectra were obtained for varying concentations of isopropyl alcohol (IPA) in water,
as shown in Fig. 5-3. A separate measurement with only deionized water above the
chip was used to subtract any background fluorescence and wavelength dependence of
light coming off the chip since reflection at several on-chip components generated weak
Fabry-Perot fringes. Due to the wavelength dependence of the directional coupler,
we also saw greater signal collection for Raman light at the 2923cm

1

peaks than

at peaks between 819-1450 cm-. For this device, the ratio of Raman signal from
pure IPA above the chip to background fluorescence at 2923 cm

1 was

58 ±4: 62 t 4

(counts) without any baseline subtraction. In order to extract the additional pump
light rejection when collecting backscattered Raman signal, we measured the forwardscattered Raman signal from a separate 5mm long straight slot waveguide. In this
configuration, the strong background fluorescence and Raman generated in the fiber
(with an amplitude of 898±73 counts) prevented direct identification of the IPA peaks.
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Only when subtracting a baseline measurement performed with no analyte could the
Raman peaks at 2923 cm- 1 be identified, with an amplitude of 143 ± 31 counts. The
difference in signal-to-background ratio between the forward- and backward-collection
configurations indicates an effective on-chip background rejection ratio of 7.7± 1.1 dB
as a result of collecting the backreflected light. This agrees well with our calculations
as it is slightly lower than the theoretical maximum presented in Fig. 5-4(c).

5.4

Analysis of backscattered Raman signal

The signal of interest in this sensing scheme is the power of backward-propagating
Raman light collected at the start of the sensing region (x
input forward-propagating pump light (also at x

=

=

0) normalized by the

0). Assuming the vast majority

of Raman scattered light comes from the forward-propagating pump with power P
(compared to the backward-reflected pump signal power), and the magnitude of the
Raman scattered light is significantly less than the pump light, the rate equations
describing the Raman power Paman are:
dP(x)d
- -asP(x)
dx
dPRaman (x)

where

aman

~ -- Naman Pf (X)

51
(5.1)

+ as Phaman W)

(5.2)

is the generation rate of the Raman signal and as is the scattering loss

per unit length. Solving these coupled differential equations and setting the powers
to zero as

x

- oo, the ratio of Raman power to input power is:
__

/ 3 aman

PI~aan-2a,
nm
Pkaman

(5.3)

f (0).

The optimized Raman signal is similar to that derived for the forward-scattered light
collection scheme, which yields Paman(max) = (/Raman/as)e

1

Pf(0) where zmax =

1/as [95].

An advantage of collecting backscattered Raman light is that the fiber fluorescence
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generated by the input fiber and the pump light (that would generate fiber fluorescence in the output fiber) should couple only weakly to the backward-propagating
mode. The corresponding rejection ratio is thus determined by the amount of reflected light on the chip. Assuming very low-loss components with adiabatic mode
transformations, the dominant source of back reflection is scattering from sidewall
roughness ar. This, along with the scattering loss (power scattered only into the far
field) a, determines the distance that light propagates into the sensing region. The
rate equations determining the pump power in the forward-propagating mode Pf and
the pump power in the backward-propagating mode Pb are given by:

dPf(x)= -ai P(x) - aP5(x) + a,Pb(x)
dx

dPb(x)

a Pb(x) + a,P(X) - aP5(X)

(5.4)
(5.5)

dx

Similar to Eqs. (5.1)-(5.2), solving these coupled equations with the boundary conditions
limx, Pf (x) = 0 and limx. P(x) = 0 yields a relationship between the input power
Pf(0) and the output reflected power P(0):

P(0) =

where

f

1 + f -

\/2f

+ f2P (0) = qPf (0)

(5.6)

=az/a, is the ratio of scattered power loss to reflected power, and ' quanti-

fies the rejection ratio. Since q depends only on the ratio

f,

and a, and a, are both

proportional to the net waveguide scattering loss a,, the rejection ratio is a function
of the local density of states at the scattering center11361. Assuming that waveguide
sidewall roughness is the dominant scattering mechanism and the roughness correlation length is significantly larger than the RMS roughness amplitude, we use the
volume-current method [95] to numerically compute

a, 1 ar,and f for a variety of TE

and TM strip waveguide modes and 800nm wide slot waveguides with varying slot
gaps at A = 808 nm. The results of this analysis are shown in Fig. 5-4, and suggest
that TM strip waveguides offer the best tradeoff between Raman gain and scattering
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loss(#Raman/as). Despite enhanced field confinement in the top cladding for narrow
gap slot waveguides, the field enhancement in the relatively low index contrast structure (nciaa= 1.329, nSiN4

=

2.02) is not enough to overcome the higher losses as

a result of the additional sidewall interface. In addition, TM strip waveguides were
observed to have nearly 10x better pump rejection ratios than TE structures because
scattered power is more likely to couple back into the fundamental TE mode than
the TM mode.

5.5

Conclusion

Using a fiber-coupled silicon nitride WERS sensor designed to collect only the backreflected Raman light, we demonstrate a functional, robust sensing device that circumvents the issue of fiber fluorescence/Raman background. The machined enclosure with
integrated flow cell enabled measurements of IPA in water down to single-digit weight
percentages. A key advantage of this technique is that it allows for up to ~ 20 dB of
fiber background suppression and there is no fabrication-dependent optimal waveguide
length for the spiral waveguide sensor. Furthermore, our volume-current method analysis suggests that narrow gap structures (like slot waveguides) may not yield better
waveguide sensors, although a more complete analysis that includes the background
fluorescence generated from the waveguide core is required [49,1031.
A number of improvements to future device designs can significantly improve the
signal-to-noise ratio for high-performance Raman sensing applications. First, improving the coupling efficiency to the waveguides with better inverse taper couplers and
better packaging techniques will yield higher Raman signals. Second, eliminating all
components that contribute to back-reflection will reduce the transmitted pump light
and fiber background. This can be accomplished by replacing the MMI-based strip to
slot waveguide converter with an adiabatic mode converter. Also, reflections at the
interface between the buried waveguide and the exposed sensing waveguide can be reduced by letting the waveguide enter the sensing region at a shallow angle (rather than
at a normal angle). Third, replacing the directional coupler with either a broadband
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adiabatic coupler or wavelength-selective filters [131,135,181] would both improve
the flatness of the received Raman signal and could eliminate the 3 dB insertion loss
penalty. Finally, careful design of the waveguide geometry in the sensing region can
improve the output signal, decrease losses (thereby increasing the interaction volume),
and more efficiently filter out the pump source.
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Chapter 6
Conclusion & future directions
The only reason for time is so that
everything doesn't happen at once.
Albert Einstein

The previous chapters discussed advances in on-chip spectroscopy, roughness scattering loss calculations for sensing performance estimation, a silicon nitride photonics
platform for fabricating photonic sensors, and a demonstration of a fully packaged
waveguide enhanced Raman spectroscopic sensor. Each of these individual chapters
aims to advance on-chip spectroscopic sensing so that the community might ultimately
realize a compact, highly integrated photonic sensing system.
There is still much work to be done before photonic sensors are to be commercialized at high volumes. The following sections are devoted to my perspectives on future
areas of research in the field of photonic sensors and spectrometers. First, Section 6.1
describes outstanding challenges in photonic sensing, and then the sections following
this outline a variety of future directions and perspectives on the work presented in
Chapters 2-5 of this thesis.

6.1

Broader challenges

As discussed in the Chapter 1, practical implementations of integrated photonic sensors require three critical elements: (1) a light source for the sensing mechanism, (2) a

means by which light can interact with the chemical of interest, and (3) optical readout with a single element detector or spectrometer. Many interesting and practical
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systems can be realized by integrating one or two of the aforementioned elements on
a single chip (the rest being coupled to the chip with free space optical elements or
fibers). There are many interesting, potentially high-volume applications that would
require these systems to be low-cost, have low-power consumption, and be readily
manufacturable at high volumes. Thus, a grand challenge in photonic chemical sensing is to monolithically integrate all components on a single semiconductor substrate,
or multiple chips optically connected without any free space lenses or fibers (edge
coupled to one another, connected with an interposer chip, or die-to-wafer bonded).
Monolithic integration would enable truly compact, chip-sized systems to be realized,
and would result in large decreases to module cost as fiber packaging and assembly
is currently a relatively large fraction of the total module cost.
Source integration is a significant challenge for realizing integrated chemical sensors. Especially for absorption spectroscopy where a broadband source is required,
it can be difficult to find a suitable spatially coherent light source to couple into a
waveguide and accommodate sensing at specific wavelengths of interest. Since single
mode waveguides tend to have relatively narrow optical bandwidths, devices tend
to cover only a small fraction of the 'fingerprint region'. Raman spectroscopy is a
promising approach since it requires only a single frequency light source, and Raman
shifts spanning the entire fingerprint region can be easily coupled back to a single
mode waveguide. There is exciting work to be done in integrating sufficiently highpower light sources at near visible wavelengths with practical photonic platforms like
silicon nitride. Although light sources have not been discussed in the context of this
thesis, advances in this area will yield many opportunities for future photonic sensors.
Evanescent field sensing, despite it's promise of significantly increasing the interaction volume of light with the analyte in the top cladding, is sensitive to contamination
from 'dirty' real world environments. When the top-surface is exposed to the environment, small amounts of contamination from unwanted residue and particulates can
attach to the waveguide and cause significant light scattering that rapidly attenuates
the signal of interest. Either the chemicals in the top cladding must be very pure and
particulate-free (as is the case in some applications like pharmaceutical ingredient
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synthesis), or a porous material be applied above the waveguide to ensure that only
chemicals (and not particulates) reach the sensitive waveguide layer.
Finally, waveguide integrated Fourier transform spectrometers are promising for
high-resolution spectrum analysis, but the two primary challenges are realizing highspeed, low-loss optical switches and efficiently coupling light into the chip. Current
thermo-optic modulators are convenient due to their small chip footprint and low
insertion loss, but their switching speed is limited by the thermal time constant which
is typically ~ 100kHz in silicon-on-insulator platforms. Electro-optic techniques can
enable switching at GHz speeds but consume a large chip footprint and have relatively
high insertion losses. In terms of practical sensing applications, coupling light onto
the chip with high efficiency is another challenge. On-chip spectrometers are therefore
likely to find use in applications where light is already confined to a single mode fiber
or waveguide (such as for evanescent field sensing, or for characterizing WDM signals).
The next few sections are devoted to potential future improvements to on-chip
Fourier transform spectrometers and on-chip Raman spectroscopy.

6.2

Ultra high channel-count Fourier transform spectrometers

As mentioned in Chapter 2, chip-scale Fourier transform spectrometers fabricated
monolithically in silicon are lightweight, robust, and potentially high-performance
alternatives to larger free-space optical spectrum analyzers.

However, in order to

achieve comparable performance to free-space instruments, on-chip devices must be
capable of: high spectral channel count (> 1000's of spectral channels), large optical
path length differences, a large interferometer visibility (which sets the instrument's
dynamic range), and large spectral bandwidth.

Given the attractive scaling laws

described by Equations 2.1 and 2.2, it would seem rather straightforward to simply design another set of identical devices with additional optical switches. In fact,
by increasing the total channel count via modest increases in switch numbers, the
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calibration matrix A becomes more square and there is less need for regularized regression methods. Further additions to the spectrometer architecture, as detailed in
Figure 6-1, can be made to improve the performance and ease-of-control for future reconfigurable spectrometers over the previous 6-stage Fourier transform spectrometer.
Prototype chips with the improvements described in the following sections (except
the 'perfect' optical switches) have been fabricated and packaged, and are shown in
Figure 6-2.

6.2.1

Perfect optical switching

Traditional photonic optical switches utilize a Mach-Zehnder interferometer (MZI)
consisting of a phase shifting element and two directional couplers which are assumed
to have a perfect power splitting ratio. In practice, fabrication imperfections make it
difficult to achieve true 50:50 splitting using waveguide directional couplers. These
optical switches are the fundamental building block of the dFT spectrometer architecture, and imperfect switching results in light leakage onto undesired waveguide paths
and problematic multi-path interference effects. A double Mach-Zehnder interferometer configuration, as proposed by Miller [124], can allow for dynamic tuning of the
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Figure 6-2: (a) Image of a fiber bonded and electrically wirebonded silicon nitride dFT
spectrometer PIC. Images (b) and (c) depict 12- and 10-switch dFT spectrometers,
respectively, with 4096 and 1024 unique optical path length difference permutations.

splitting efficiency. The addition of phase shifting elements before and after a typical
MZI provides sufficient degrees of freedom to compensate for imperfect power splitting in each coupler and achieve near-perfect optical switching. Using this approach,
60.5 dB visibility has been experimentally observed in silicon photonic interferometers [190]. Furthermore, with a power monitor on one of the two arms that samples
a small fraction of light (such as 1% as shown in Figure 6-1), it is straightforward to
calibrate these optical switch blocks with a beam-splitter 50:50 setup algorithm [124].
In order to produce perfect optical switching across a sufficiently large bandwidth
for typical applications, it is necessary to implement broadband optical components.
Broadband asymmetric directional couplers with > 160 nm bandwidth [176,187] and
inverse taper edge couplers provide sufficient means for dramatically increasing the
spectral bandwidth of dFT devices, and should be used in future designs.
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6.2.2

Spectrally segmented optical switching

Assuming perfect broadband components are implemented, Mach-Zehnder optical
switches will still have wavelength dependence directly related to the wavelength A
and the waveguide dispersion. For example, a thermo-optic Mach-Zehnder optical
switch with heaters of length Lhtrwill perfectly switch light to one of the two output
channels when#= r/2+ nr (n E Z):

27rv Bnfef(A) ATLhtr
co

aT

(6-1)

As a result, there exists some finite bandwidthAVswitchover which each of the optical
switches have sufficiently high extinction. Within this frequency range, the spectrometer basis vectors (visualized by rows of the calibration matrix A, seen in Figure 2-2)
consist of cosines, as expected. Outside of this range, light is not perfectly switched
and so the frequency response of the entire device is dominated by interference from
the many optical paths. This issue can be remedied by calibrating the phases on the
Mach-Zehnder switches for each of m different non-overlapping wavelength ranges,
where rn

AV/AVswitch.

Each broadband spectrum measurement would consist of

switching through all m -2i interferometer states, and calibration of the device would
take m times longer, but would make possible spectrum measurements that span
greater than half an octave.

6.2.3

Arm-loss balancing

Even with perfect optical switching, random component losses and waveguide propagation losses add and contribute to different optical powers in the top and bottom
dFT interferometer arms. The net effect of this is decreased interferometer visibility,
and therefore decreased dynamic range of the spectrometer. In order to compensate
for different arm-losses (which vary for each spectrometer switch permutation), we
propose the addition of a final optical switch block that can attenuate both arms
independently and achieve an interferometer visibility limited only by the accuracy
of the phase modulators.
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6.2.4

Fringe alignment

The final improvement we present enables selective filtering of large narrowband signals. In many applications of Fourier transform spectroscopy, such as Raman spectroscopy or radio-frequency spectrum analysis, a large amplitude carrier signal or
pump laser must be selectively filtered, else noise from this signal will carry-over to
other frequency components (an effect referred to as Fellgett's disadvantage). However, with the addition of a phase-shifting element in-line with one or both arms of
the dFT interferometer, as shown by the first phase shifter

4f

in Figure 6-1, it is

possible to actively align the interferometer fringes such that a null coincides with
the unwanted frequency at each spectrometer permutation.

6.3

Volume-current method applied to platforms for
Raman spectroscopy

In Chapter 3 the volume current method was used to estimate the sidewall roughness
induced losses and figure of merit for silicon waveguides. However, as described in
Chapter 5 the most common material platform for Raman spectroscopy is silicon
nitride. At visible wavelengths, there may be an advantage to using ~ 100 nm thick
silicon nitride for sensing applications (compared to 200 nm thick), as this will increase
the size of the optical mode and decrease the total sidewall area. In this section,
the relative performance of various waveguide structures based on a 100 nm thick
silicon nitride platform are quantitatively compared by means of the volume current
method. At a wavelength of A = 808nm with water cladding, the following waveguide
geometries were found to have well-confined quasi-TE fundamental modes: (1) strip
waveguides with width from 800 nm to 2000 nm, (2) slot waveguides with edge-toedge separation of 1.0, 1.5, and 2.0 pm and slot gaps from 25nin to 195nm. Using
MPB, eigenmodes for the aforementioned waveguide geometries were solved for and
the relative Raman gain factor

#

was computed via Equation 3.4. In addition, the

Raman gain factor for the waveguide core region was computed to estimate the relative
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enhancement in background fluorescence and Raman from the core material (using
Equation 3.4 with integral over the core, not the clad). All results were normalized
by

c1ad

for the 800 nm strip waveguide and are shown in Figure 6-3(a) and (b). A

mesh resolution of 256 pixels/pm was used for all eigenmode calculations. Next, the
relative scattering loss (Figure 6-3(c)) was computed by the volume-current method
presented in Chapter 3, with an FDTD resolution of 64 pixels/pm - a value which
was found to converge sufficiently for these waveguide geometries. Both the total
power loss, as well as the power coupled into the backwards-propagating mode were
recorded to extract the pump rejection ratio r/ (as described in Chapter 5), shown
in Figure 6-3(d).

Finally, the total Figure of Merit (#iad/as) is shown plotted in

Figure 6-3(f).
From these results, it is interesting to note that slot waveguides provide very
little enhancement in the external Raman gain factor, but do reduce the waveguidecore Raman gain factor, which would reduce the amount of background fromSiN 4
fluorescence and Raman scattering.

However, strip waveguides have significantly

lower propagation losses and seem to couple less roughness-scattered light into the
backwards propagating mode (resulting in a better pump rejection ratio). For the
Figure of Merit Sa/aS, the widest strip waveguide (width of 2pm) outperforms
nearly all of the slot waveguides by almost 10x.

6.4

Fully integrated spontaneous Raman spectroscopy
systems

The fully-packaged, waveguide enhanced Raman sensor described in Chapter 5 integrated the evanescent-field sensing element and performed some (not all) of the pump
light filtering on-chip. It is worthwhile to consider the opportunities and challenges
associated with integrating the light source, filters, and the spectrometer on the same
chip as the sensing element. Such a device, if made practical, would eliminate the
need for optical packaging and fiber attachment, would greatly reduce the size of the
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system, and could lower the power consumption and potentially the cost of the entire
sensing module.
One of the primary challenges associated with source integration is filtering out:
(1) the relatively strong Raman pump light after the sensing element, (2) the amplified spontaneous emission (ASE) from the laser, and (3) the waveguide background
fluorescence. The ideal filter for (1) is a band stop (notch) filter with both high optical transmission at wavelengths far from the pump frequency and a large stop band
attenuation. Promising on-chip filters that could be applied to Raman spectroscopy
include single- or multi-stage unbalanced Mach-Zehnder interferometers (i.e. lattice
filters) with up to 20dB rejection [181, on-chip high-performance Bragg reflectors
up to 65 dB [73], and ring resonators up to 40 dB [194]. Attaining extinction ratios
in excess of these values has proven challenging especially for Mach-Zehnder filters
since the extinction ratio depends on the 2 x 2 coupler's splitting efficiency 124,190],
but approaches using coherency-broken Bragg filters are opening the possibility to
achieve pump rejection filters with rejection greater than 80 dB [1351. Filtering the
ASE on-chip from the laser source is also challenging since the transmission loss at
the source wavelength must be high and the rejection must be sufficiently broadband
to span the entire fingerprint region (~

120 THz).

One promising technique is to

utilize contra-directional grating couplers [128,129], which have been demonstrated
to have -5.6 dB insertion loss at ~ 772nm wavelength and 68.5 dB extinction when
cascaded [131]. Finally, waveguide background fluorescence is another noise source,
but it is difficult to remove in the waveguide sensing region without re-evaluating the
entire material platform [49,152]. Nevertheless, moving the filters on-chip and closer
to the sensing region will decrease the distance the pump light travels in fibers or the
waveguide and will correspondingly decrease the background noise.
Semiconductor light sources for Raman spectroscopy are relatively mature, and
one potential route forward is hybrid integration of an AlGaAs/GaAs distributed
feedback laser and silicon nitride photonic chip for on-chip filtering and sensing. Such
a route would leverage the high-power handling capability and low cost of silicon
nitride chips while also using an appropriately mature light source. A significant
113

challenge would be integrating a low-noise detector at the output for readout of the
Raman signal. The detector (or detector array) would need to be extremely sensitive
and likely cooled to reduce thermal noise. In addition, the input aperture of the
device should be relatively small to prevent cross-talk between the signal of interest
and significant levels of stray light which is generated after light is rejected by the
on-chip filters or scattered from sidewall roughness and various components on the
chip. Finally, thermal cooling and stabilization of both the laser and detector is a
substantial challenge to realizing fully integrated, compact devices with low power
consumption.
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Figure 6-3: Analysis of quasi-TE polarized, 100 nm thick, Si3 N 4 strip and slot waveguides for Raman sensing. Numerically computed values of (a) the Raman gain factor
in the cladding, (b) Raman gain factor in the waveguide, (c) scattering loss, (d)
pump rejection ratio, and (f) Figure of Merit for 100 nm thick silicon nitride waveguides (strip and slot) clad in water with a pump wavelength of A = 808 nm depicted in
(e). Volume current method FDTD resolution used is 64 pixels/ Pm, and eigenmode
solver resolution is 256 pixels/pm (used both for volume current method and field
integrals for the Raman gain factor).
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Appendix A
dFT spectrometer characterization
and reconstruction methods

A.1

Elastic-D 1 spectral reconstruction method

Given the measured interferogram y (of size N x 1) and a calibration matrix A of size
N x D, we seek to accurately reconstruct the input optical signal x that obeys:
y = Ax

(A.1)

where D > N, and in our case D = 801, N = 64. For our 64-channel device, there are
two types of signals available to us for testing the quality of optical reconstruction: (1)
laser lines that are characterized by sparse spectra, and (2) broadband sources (like
spontaneous emission from an EDFA) with a broad spectrum (non-sparse). Since the
problem we are solving is underconstrained, there are infinite solutions x that solve
Equation A.1. However, we can place constraints on the sparsity and magnitude of
the spectrum and prevent over-fitting issues by minimizing the L, and L 2 norms of
x [1631

min {ly - AxI|2+ a1|xz|1+a
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2 ||II|2}

(A.2)

where a1 and a 2 are the corresponding hyperparameters. For an arbitrary optical
input, we find that the "smoothness" of the spectrum is an important characteristic of
the spectra and a good regularizer. To induce the appropriate amount of smoothness,
characterized by the first-derivative of the spectrum, we used the finite difference
matrix D to define the following regularizer ||Dxll1. We cast our reconstruction
problem with Li norm, L 2 norm, and the first-derivative smoothness prior as follows:
min

||jy - Az||12+ a1||x||1 + a2||z||12+ as||lDz||12

(A.3)

Using ||MX11| = XTM, and the fact that our spectrum is non-negative (and thus
1
|x|i2=

x), we may rewrite Eq. A.3 as a non-negative quadratic program:
minx (A T A + a 2 1+ a3 DTD)x+ (a 2 1 -

2 ATy)T}

(A.4)

The above form is easily computed with standard quadratic program solvers [10].
With this method of solving for the signal x, the last step is to determine the suitable
hyperparameters a 1, a 2 , anda3 that correspond to the correct input. However, since
we don't have access to the true spectrum, we use a standard holdout cross-validation
technique, which requires only two successive measurements of the interferogram,
characterized by the same input signal with different noise.

The cross-validation

technique is as follows: with two independent measurements y1 and Y2 of the same
source, and given two measurements of the basis A 1 and A 2 (performed only once in
advance as a calibration step for the spectrometer), we solve for x1 via Equation A.4
for a suitably large range of hyperparameter values, and arguments y1 and A1 . We
then choose the spectrum x1 corresponding to the unique set of a's that maximize the
coefficient of determination R2 (see Eq. A.5 below) between the second measurement
Y2 and the value A 2 X 1 :
max{R 2 (y2 , A 2
as,2,3

x1)} =

max 1- Z=(y2,2 (A2x1))
Z _(y 2 , - (Y2))2
as
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(A.5)

where in the above the subscript i specifies the specific interferogram measurement
(out of n = 64 total measurements) and angled brackets denote the average value
(Y2) = (1/n) 7L-

yi. The coefficient of determination value of 1 corresponds to a

perfect match between inputs, and a value less than 0 means the measurement
is more accurately fit by a straight line than it is fit by the model (A xI).
2

(y2)

Maximiz-

ing the coefficient of determination above guarantees that our computed spectrum
x 1 corresponds to a back-computed interferogram that closely matches a second ex-

perimental measurement of the interferogram. This technique allows for the unique
determination of a set of hyperparameters that minimize the impact of experimental
noise on the spectral reconstruction process. In addition, the hyperparameter search
method is trivially parallelizable to systems with multiple processors.

Any regularizer can be used with elastic-Di if one can encode this new regularizer
with a matrix R and substitute D1 with R. Thus, our method suggests that any
regularizer R can be used to encode any combination of new priors that can be
expressed as a matrix. In addition we want to point out the trivial extension to
include additional regularizer terms xTRix to elastic-D. This can be easily done by
defining the optimization problem

l|Ax

- y|l + a||x|| + a 2 |x||'+

1

xTR 1 x

+...3kxT Rkx

(A.6)

with /i denoting the i-th hyperparameter for each of the k regularizers encoded by
the matrix Ri. This can be used to include additional regularizers, and can be solved
using hold-out cross validation and with the convex libraries used before. As long
as k = 0(1), the algorithm will remain polynomial time. In practice, we predict k
should be at most 2 or 3. If one adds many more regularizers the algorithm runtime
becomes exponential in k. To avoid this one would have to use techniques different
from hold-out cross validation.
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Figure A-1: Comparison of reconstruction techniques. Images of reconstructed spectra for two different optical inputs: two CW laser lines with 15 nm wavelength detuning (a,c,e) (as depicted in Figure 2-3 bottom) and a broadband signal generated
by EDFA amplified spontaneous emission (b,d,f) (Figure 2-4c). The reconstruction
techniques shown are: pseudoinverse (a,b), ridge regression (c,d), and LASSO (e,f).
The R 2 scores and associated hyperparameters (which were selected through crossvalidation) are shown as insets.
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Figure A-3: Schematic of dFT spectrometers. Block diagram of the fabricated 1-stage
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active photonic components (heaters and photodetectors), and green denotes electrical
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A.2

Insertion loss measurements of the dFT spectrometers

In order to estimate the total loss of the 64-channel dFT spectrometer, as well as
the switching loss per stage, we measured the optical power before and after a set of
reference waveguides, as well as dFT structures with 1, 2, and 3 stages (corresponding to 4-channel, 16-channel, and 64-channel dFT spectrometers), as illustrated in
Figure A-3.
We determined the polarization-dependent insertion loss of the photonic components as a function of wavelength by scanning a single frequency tunable laser. We
first performed a reference measurement of the grating coupler and fiber losses using
a loopback waveguide on the chip (two grating couplers connected only by a straight
waveguide). The fiber-to-fiber loopback loss was measured at 6.7 ±0.7dB across the
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1550 - 1570 nm wavelength range. Next, we measured the insertion loss across the 64
channel dFT spectrometer by sending light into port "64ch in" and measuring the
outputs at both top and bottom tap-ports (labelled "64chtop" and "64chbot" in
Figure A-3c. When the spectrometer is powered on, the top and bottom tap-ports
have a relatively flat spectral response (in contrast to the "64chout" port, which
exhibits the distinct interference fringes). Since the light in the final 2 x 2 MMI is
split 50:50 amongst the tap port and the final 2 x1 combiner, the total optical power
that would exit the 2 x1 combiner is equivalent to the sum of the two tap-ports
(neglecting the loss of the 2 x 1 MMI).
Summing the two tap-ports and normalizing by the reference waveguide losses,
the measured insertion loss across the spectrum was 9.1 ± 1.7dB. The same chip
contained 1- and 2-stage dFT spectrometers (Supplementary Figure A-3a and A-3b),
and the same procedure as above was used to determine their insertion losses. The
corresponding loss of the 2-stage dFT spectrometer was 6.8 ± 1.2 dB and the 1-stage
dFT spectrometer was 5.5 ± 0.8dB. The loss per stage was determined via linear
regression to be 1.7dB/stage, with a standard deviation error on this parameter of
0.4dB (extracted from the parameter covariance matrix).
We note that the final 2 x 2 MMI's on the top and bottom arms incur a 3dB
loss penalty on the total insertion loss of the spectrometer. In future designs, it is
possible to place an additional optical switch on both top and bottom arms to guide
100% of the light to the beam-combiner (this switch-state would depend on whether
the input of the 2 x 2 MMI comes from the top or bottom port) to solve this issue.

A.3

Modulation efficiency estimates for thermo-optic
and electro-optic phase shifters

For thermo-optic modulators, we assume a constant temperature rise of 60°C in the
Si waveguide (with dn/dT = 1.8 x 10-

Km ) induced by local heating elements and

an operating wavelength of 1550nm.

From these figures, a modulation efficiency
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(induced phase per unit waveguide length) is 433rad/cm.
For electro-optic modulators [51}, we assume a typical VrL,= 1V-cm and applied
voltage of 100 V. From this, the resulting modulation efficiency is 314 rad/cm.
To estimate the modulation efficiency of direct waveguide path modulation, we
have a group index of n

=

4.25 for the SOI waveguide geometry we employed, which

yields a modulation efficiency of 172281rad/cm, a factor of 398 and 548 times greater
than that of the thermo-optic and electro-optic shifters, respectively.

Temperature dependence of the dFT spectrom-

A.4

eter
By detuning the thermoelectric heating/cooling element below the dFT chip, we
performed a set of measurements and spectral reconstructions of a single-frequency
laser at 1560.0 nm. Using matrices A 1 and A2 both measured at T = 25.00°C and the
temperature detuned interferogram measurements yi and Y2 (temperatures ranging
from 25.00°C to 23.87C), we used the elastic-D 1 method to reconstruct the spectrum.
For sparse (narrowband) inputs, the temperature detuning produced only a shift
in the center wavelength of the single frequency laser, and otherwise did not produce
significant spectral noise. Using this data, we characterized the first-order temperature sensitivity to be -85.2 ± 1.3°C, as shown in Figure A-4.

A.5

Performance benchmarking

In the following, we compare the performance of the dFT spectrometer with several
other experimental demonstrations of on-chip photonic spectrometers. The results
are presented in Table A.1 and the analysis methods are outlined below.
5-stage dFT: The insertion loss value was estimated from the measured loss per
switching stage (2.75 dB per stage) and the insertion loss of the 64-channel device
(10.0 dB).
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Measured laser wavelength versus temperature
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Figure A-4: Temperature dependence of narrowband dFT reconstructions. (a) Mea
sured detuning of the center wavelength (given an input laser at constant wavelength
of A = 1560.0 nm) for different temperatures as measured by a thermistor near the
photonic chip. Images at bottom show the reconstructed laser line for a number
of different temperatures across the full 20 nm band (b) and a zoomed in image is
provided to show the change in center wavelength (c).

32-channel MZI array (Velasco, et al. [182]): Insertion loss was estimated from
the reported 4',dB/cm propagation loss, average waveguide length of 0.565cm, and
equal power splitting amongst 32 channels. This is a lower bound, as additional losses
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from power-splitting elements (1 x 2 MMI's) and waveguides leading up to the spirals
are not included.
32-channel MZI array (Herrero-Bermello, et al. [78]) Insertion loss was estimated from the reported 4dB/cm propagation loss, average waveguide length of
1.89 cm, and equal power splitting amongst 32 channels. This is a lower bound, as
additional losses from power-splitting elements (1 x 2 MMI's) and waveguides leading
up to the spirals are not included.
42-channel MZI array (Nedeljkovic, et al. [130]): Insertion loss was estimated
from the reported 8.8 dB/cm propagation loss, approximate waveguide length of
1.9 cm (estimated from reported 0.95 cm 2 device footprint), and equal power splitting
amongst 42 channels. This is a lower bound, as additional losses from power-splitting
elements (1 x 2 MMI's) and bending losses are not included.
Thermo-optic FTIR (Souza, et al. [172]): Insertion loss estimated from the
reported 2dB/cm propagation loss, 30.407mm arm length of the thermally tuned
interferometer, and 0.3 dB loss per y-junction (2 total).
50-channel AWG (Cheben, et al. [34]): Insertion loss calculated from the reported 17 dB insertion loss and the power splitting amongst 50 channels.
6-channel AWG (Ryckeboer, et al. [160]):) Insertion loss calculated from the
reported 4 dB insertion loss and the power splitting amongst 6 channels.
6-channel AWG (Muneeb, et al.[127]): Insertion loss calculated from the reported average 2.0 dB insertion loss and power splitting amongst 6 channels.
8-channel AWG (Bogaerts, et al. [26]): Insertion loss calculated from averaging
the minimum (center channel) insertion loss (1.1 dB) and maximum (outer channel)
insertion loss (2.4 dB) and power splitting amongst 8 channels.
16-channel planar concave grating (Ryckeboer, et al. [160]): Insertion loss
calculated from the average reported 6dB insertion loss and the power splitting
amongst 16 channels.
Random spectrometer (Redding, et al. [155]): Since no values for the insertion
loss were reported, we simply display the loss due to power splitting (14 dB) and note
that the true insertion loss is larger than this value.
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Spectrometer type

3-stage dFT (this work)
5-stage dFT (projected)

NDQ

Spectral
channel
count

Spectral
resolution

Bandwidth

Insertion
loss per
channel*

Power
consumption

On-chip
detector
integration

64

24.6 GHz

2.47 THz

10.0 dB

99 mW

yes

1024

1.5 GHz

2.47 THz

15.5 dB

165 mW

yes

32-channel MZI array with fixed OPL [1821
32-channel MZI array with fixed OPL [78]
MZI array with fixed OPL [130]
Thermo-optic FTIR [172]
Arrayed waveguide grating [34]
Arrayed waveguide grating [160]
Arrayed waveguide grating [127]

32
32
42

5.0 GHz
2.3 GHz
57.9 GHz

0.094 THz
0.035 THz
0.54 THz

18

380 GHz

7 THz

>17.3 dB
>22.6 dB
>32.9 dB
6.7dB

N/A
N/A
N/A
2.5 W

no
no
no
no

50

16

9.3 THz

N/A
N/A
N/A
N/A

yes
yes
no
yes

Random spectrometer [155]

25

397.5 GHz
100 GHz

34 dB
11.8 dB
9.8 dB
10.8 dB
18.0 dB

no

8

1.26 THz
0.801 THz
1.2 THz
3.2 THz

N/A

Arrayed waveguide grating [26]
Planar concave grating [160]

25 GHz
99.1 GHz
202 GHz
400 GHz

3.28 THz

>14dB

N/A

no

6
6

Table A.1: Comparison of on-chip spectrometers.
Side-byside comparison of the demonstrated 64-channel dFT spectrometer along with previously reported MZI array FTIR, thermooptic FTIR, arrayed waveguide grating, and random spectrometers. *Values in the "Insertion loss per channel" column account for the power loss per channel in dispersive spectrometers [34,155,160] when measuring broadband inputs and the loss
from power-splitting in MZI array Fourier transform spectrometers [78,130,147,182]. tFor Fourier transform spectrometers with
continuously tunable arms, we define the effective spectral channel
count as the bandwidth divided by the minimum spectral resolution.
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Appendix B
Roughness calculations
The following Appendix section provides additional information to Chapter 3. First,
we derive the relevant figures of merit (FOM) for absorption spectroscopy, refractometry, and waveguide-enhanced Raman spectroscopy. Second, we outline methods
for computing the polarizability of random Gaussian-correlated roughness. Lastly,
the exact volume-current methods for computing the relative scattering loss of strip,
slot, and sub-wavelength grating (SWG) waveguides in the main text are presented
in detail.

B.1

Figure of merit for absorption spectroscopy and
refractometry

In the following, we explicitly compute the appropriate performance metrics for three
different modes of sensing to illustrate their proportionality to the absorption spectroscopy and refractometry figure of merit, FOM = iaa/(aA).

B.1.1

Absorption sensing

On-chip absorption spectroscopic sensors measure the change in optical power when
chemicals of interest in the waveguide cladding absorb light from the evanescent field.
In this scheme, light of input power P(z = 0) (z is the distance along the direction of
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propagation) at a known wavelength A is attenuated due to molecular absorption in
the cladding region and scattering losses from waveguide imperfections. The rate of
change in optical power P in the presence of scattering losses (or other non-sensing
losses, such as large Ohmic loss for plasmonic waveguides) a, and absorption
dP-= -IcladaabsP - aP
dz

aabs

is:

(B.1)

where Fcad is the external confinement factor that accounts for both slow-light effects
and the fraction of electromagnetic energy residing in the waveguide cladding [70,90,
99, 138, 157, 165, 177,1891

fLad I 2dx 2
Re{E x H*}d2

Fciad = ncladco

fL

_

ng

ciad

nclad f

LI 2 dx 2

ejEj2dX2

(B.2)

with nciad the cladding index, n the group velocity, c the speed of light, eo the vacuum

premittivity, e the material permittivity, and E and H the electric and magnetic fields
of the waveguide modes. The absorption coefficient aabs = ao - m is a wavelengthdependent attenuation coefficient that describes free-space optical absorption and depends on both the number density of molecules in the cladding, m, and the molecular
absorption coefficient ao (related to the transition dipole moment). The absorption
coefficient tends to have strong peaks in the infrared due to vibrational and rotational transitions, so measuring power changes at wavelengths of high absorption is
a sensitive and selective method for identifying specific gases or liquids [113].

The relevant quantity of interest is the change in optical power P(L) - P(0)
along a waveguide of length L normalized by the input power P(0) when a small
amount of chemical/analyte is introduced to the sensing region. The figure of merit
(FOM) we care about is the corresponding sensitivity Sabs = dp/dm, where p=
(P() - P(L))/P(0) is the fractional optical power change.

Sabs = d(1
dm

-

e IcIadaasz-esz)
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=

Ucadaoze- rcIaaasZ-as8z

(B.3)

The sensitivity can then be maximized with respect to the waveguide length z:
dSabs-

dz

1 - zm

(B.4)

1)

dz = 0 1 - zax(Fciadazabs

+ aes)(B4

1
Zmax
Fcladaabs

(B.5)

+ Cs

The optimized sensitivity is then:

Smax,abs =

ciadaO
Fcladaabs + as

(B.6)

_1

In most cases the fabrication-induced scattering losses is significantly larger than
absorption (especially for sensing of trace molecules). Thus, maximizing the external confinement factor and minimizing scattering losses is a suitable FOM since it
maximizes the relative optical power change due to nearby absorbing chemicals.

Smax,abs

B.1.2

(B.7)

= JcladaOe1

Mach-Zehnder refractometry

For a typical Mach-Zehnder refractometer-based sensor, which consists of a 1 x 2
beam splitter, two waveguides with path lengths zi and

z, and a 2 x 2 (or 2 x 1)

2

combiner, one measures a change in optical power at the output the interferometer to
infer a change in the cladding refractive index Anciaa. As light propagates along one
of the arms, it acquires an additional phase A#1 = 2WFcadAnciadZ/A + 2ngAz/A

(where Az =Z2- zi) due to the presence of chemicals in the cladding and the path
length difference. If we take Az = A/( 4 ng) (for convenience, and with no loss of
generality) and zi

~

z2 (which follows if z > Az), the corresponding optical power

at each of the two output ports is 1611:
P

1=P(O)

cos2)(FciadAnciaaz/A +r/4)e-"d

P2 =P(O) sin 2 (r1ciadAnciaz/A + 7r/4)e~"d
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(B.8)
(B.9)

(P1

-

The sensitivity of our refractometer is the fractional power change (p =

P())/P()) at one of the two ports for a small increase in analyte that produces
an index shift

Anciad

in the cladding:

SMZL =

d(Anclia)

= ZFciaircos 2lFFCladAncja
A
A

edZ

(B.10)

sZ

The above metric is often called the figure of merit for Mach-Zehnder refractometers
(the e-- term is often omitted, assuming no optical loss) [19,57,77,1151. For small
index shifts, the cosine term tends towards 1 and the optimal arm length z (that
solves dS/dz = 0) is zmax = 1/a':

Smax,MZI= Fd7re

Aa,

B.1.3

(B.11)

-1

Ring-resonator refractometry

Likewise, ring-resonator-based refractometry sensors measure changes in the throughport power of a CW laser when molecules in the cladding change the index surrounding
the ring waveguide core. In this scheme, we assume a laser line is tuned to the steepest
slope of the ring's resonance. Corresponding changes in the index of the surroundings
will shift the resonance and produce a corresponding change in output optical power.

The lineshape of a ring resonator nearby the resonance (assuming low cavity loss such
that ad< 1, with d the ring roundtrip length) is given by [1611:
Poutput

P(0)

where vo = qf'is

_

1

-

1+

2

(B.12)

27(v-vO)nff

the frequency of the q-th resonator mode, co is the speed of

light, and a is the resonator waveguide's loss per unit length.
maximum slope occurs when the laser is tuned to

y

= vo±

In particular, the
.

We can now

define a sensitivity metric (similar to before) as being the fractional change in optical
power p = Poutput/P() for a small change in the cladding index. To first order, the
entire resonance shifts by a frequency amount
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Av

thatthe
= -qiFc1adAnc1adso
neff

maximum sensitivity is:

Smax,ring

dv ia
dp
dp
d(,Anhcd)- dild(,An~jd)-

43eq Fa
4fleff d G,

(B.13)

where in the above we assume that the loss is predominantly due to scattering(a

Here we showed that the sensitivity metric depends on the factor Fiaa/as for optical intensity interrogation. Furthermore, the sensitivity for other ring resonator sensing schemes such as wavelength interrogation are also proportional to cila/a, [811. In
general, one can show that the sensitivity metric for almost all evanescent waveguide
absorption sensors and refractometers includes the

iFad/a proportionality factor.

Other constants in the sensitivity metric account for the correct dimensionality and
are in general not a function of the waveguide geometry. Therefore, we choose the
following dimensionless FOM as a suitable metric for comparing different waveguide
geometries used in common refractometers and absorption sensors.
FOMr- =ca

B.2

(B.14)

Spontaneous Raman spectroscopy figure of merit

In waveguide integrated sensors that operate via spontaneous Raman spectroscopy,
light at an initial wavelength A interacts with nearby molecules in the cladding and
scatters light at a new wavelength A,. The collection of this light serves as the signal
of interest, and so the relevant figure of merit is the ratio of Raman scattered optical
power collected by the waveguide P, to initial power Pp in the waveguide, P/P,. Our
semiclassical analysis (similar to derivations that use Fermi's golden rule [47,91]) accounts for the molecule's interaction with the electric field mediated by the full Raman
polarizability matrix &ram, and can be readily extended to the study of anisotropic
scatterers and scattering mechanisms such as coherent Raman spectroscopy.

For

a single molecular scatterer, the incident light excites a current source equal to
the derivative of the change in dipole moment,
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f()

= -inAP(o)(- o) =

-iwnaram - E(,

p))('-

fo), wherewn is the new Raman scattered frequency, Ep is

the electric field of the incident waveguide mode (denoted by p) with frequencywp,
Ap is the induced dipole moment,

so

is the location of the single molecule scatterer,

and dram is the spontaneous Raman polarizability of the molecule, a rank-2 tensor.
The total power radiated by a current source into each of the i electromagnetic modes
of the system (not waveguide modes) is given by [136]:
2

JEf f) J(Y)dx3
P =6--

-W-w)

X(w

(B.15)

XE|, (Y) 12 dX3

4

where the denominator serves to normalize the energy of the electric field. For a
constant cross-section waveguide (translationally invariant along the propagation direction

), the total power coupled into the waveguide modes (indexed by n') is:
2

7r

Pg

/wdkz

-

4

n/

d

Ls E*,,(, k) - J(Y)

~%~..f

fcC

e(Y)|$nt(Y, k)\12

J(

k)

6(w - wn'(kz))

B6
(B.16)

where the "cs" subscript denotes integration over the entire two-dimensional crosssection,
in the

vectors refer to the 2-dimensional position vector, and k, is the wave vector
direction (the integrand is sometimes referred to as the "mutual density of

states", or MDOS 1121]). We now wish to compute the power radiated into a single
waveguide mode (denoted by n), and so the above is simplified to:

reE*(,o).i -(x)
Pn = TI C
c.

4 fc E(s)E-

In the above, Pi

£

oX

2

|

IpiD(on)

(B.17)

= 1/(rvg) is the 1-dimensional density of states for the waveguide

arising from the delta function with a Jacobian factor [11]. Direct substitution of the
driven current source expression for a single-molecule scatterer yields:

4vg (on)

•ram

- (o,

2

f6~(')|
134

(X

)

w *E(f, Wn)

We typically only care about the amount of power scattered into the waveguide for
a given number density of scatterers m (number per unit volume) in the cladding
region over an infinitesimal distance dz along the propagation direction. Therefore
we take an average of the collected power over all inequivalent positions in the cladding
(denoted by the subscript "clad"):
2

(Pa)=

- dz

oW -m

E *(X, on) - &ram-E,,w)

Lia

4vg(Wn)

(B.19)

EG)fn XWn)12

For simplicity, we assume the polarizability dram is independent of position, but in
general this could change if the density varies.

Finally, we normalize the average

Raman-scattered power to the input laser power Pp:
on - m - dz

Pp

4vg(Wn)v(wp)
fLa

(B.20)

x

E*(, n) - &ram - EP

)

(Pn)

(Clad)((
e
Pz|Z(zW,)|2)(fs f(y)|g.(',

)nW(B.21)
1)

If we assume the molecules are isotropic and uniformly distributed, then the polarizability matrix is simply a scalar and we can factor it from the integral in the
numerator.

When comparing waveguide geometries for the purpose of maximizing

the signal of interest for waveguide Raman spectroscopy, the relevant design parameters are the two factors of group velocity vg that account for slow light effects, the
electric field strength of the incident waveguide mode at wp, and the electric field
strength of the new waveguide mode at w. Thus, the relevant quantity of interest is
the Raman gain coefficient , in units of inverse distance:

(P# )

(B.22)

Pp dz
2

2
ram

2

n

fm ia E n)E(,)

M_

4vg (on) Vg(W,)

____n
(£f C(9)|5,( oI
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_
_(B.23)
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For waveguides with period A, Eq. B.16 can be equivalently rewritten in terms of
3-dimensional integrals over the entire unit cell:
2

I

AA7r

, k) - J(Y)

nit cell E*,(
f()

P -

-

on,(k2))

(B.24)

and we note that the delta function in f(Y) above is 3-dimensional in contrast to the
2-dimensional delta function used in Eq. B.16 (thus preserving units). If we proceed
in the same manner as before, we arrive at the Raman gain coefficient for periodic
structures:

'a2

W2

#WG

M

A

(B.25)

x

n4vg(w,)vg(wp
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(V)IEn(

12)(B.26)

)

Bn)

Now, we may readily incorporate the effects of scattering loss due to waveguide
imperfections. This is typically described by the scattering loss attenuation coefficient
a with units of inverse length. The change in our signal Pn per unit length is similar
to Eq. B.1, but with an additional loss term to account for the Raman gain coefficient
and propagation losses at both signal- and Raman-scattered wavelengths:
dPr =-a P +

Ppe Pz

(B.27)

dz
where a, and a, denote the scattering loss at the incident wavelength and new Raman
scattered wavelength, respectively. Solving this differential equation yields:
Pn(z)_ 3e[e
P(O)- a, - a,

-

-

1]

(B.28)

Further simplification can be made by assuming the scattering losses at incident and
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signal wavelengths are equal.

lim P'(z) = 3PPZe~-PZ

(B.29)

cen-+cp

Our goal is then to maximize the signal power by optimizing z, the length of the
waveguide.

We can see from Eq. B.29 that too short of a waveguide has insuffi-

cient length for the light to interact with the analyte and generate a signal, while a
waveguide that is too long loses a significant amount of incident and signal light from

dPn(z)

= 0= #Pe-","pzmax - an,,zmax#P

'

scattering losses.

(B.31)

Zmax = 1/an,,

If we consider a waveguide integrated Raman sensor with optimized waveguide length,
the relevant figure of merit for sensing is then simply the signal power at z = Zmax
divided by the input power at z = 0.
Pn(zmax)

1(B32)

an,

P,(0)

In this work, we are interested in determining only the optimal waveguide geometries
for spontaneous Raman sensing. Therefore, constants such as the Raman polarizability and the number density of scatterers are not relevant and are set to unity in our
comparison. In most practical Raman spectrometers, wn ~ op. This is in part due
to increased Raman scattering efficiencies at higher optical frequencies such as 0 =
12,500 - 20,000 cm-1 (A, = 500 - 800nm), since aram scales with w1 [63]. Meanwhile,
typical Raman shifts of interest correspond to low-energy vibrational or rotational
transitions in the region of 500-1,500 cm- 1 . Therefore, our dimensionless figure of
merit that involves only terms relevant for comparing different waveguide geometries
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(i.e. constants and prefactors set equal to 1) is:
/ oc

FOM

as

a.

.

|(xo, p)|dxo
ncaa (f.E(x)|E(x,w,)| 2dx) 2
2

(B.33)

and for periodic structures,
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Figure B-1: Numerically computed Fourier components of the polarizability for a
randomly generated surface with Gaussian correlation length and a unit-valued incident field parallel (left) and perpendicular (right) to the interface for different ratios
of L/-. Black dashed lines correspond to the analytical polarizabilities of al = 11.1
and -y = 0.92 for a flat shifted silicon/air interface. Gray shaded regions correspond
to Fourier-components of the roughness that scatter light into the far-field and red
shaded regions correspond to components that reflect light in the backwards direction
(,g corresponds to the range of propagation coefficients for all waveguide-geometries
considered in this text, and is scaled assuming a roughness correlation length of 75nm
and wavelength of A=1550nm). Colored errorbars denote the standard error of the
mean for multiple computations.
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Polarizability of rough surfaces

B.3
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Figure B-2: Computed changes in the perturbed polarization density AP(f) - along
a rough waveguide sidewall with short (Lc/a = 0.2), medium (Lc/a = 1.0), and long

(Lc/a = 20) correlation lengths with respect to the RMS roughness a. Solid black line
shows the perturbed sidewall, and dashed black line shows the straight, unperturbed
sidewall.
In the volume-current method, it is critically important to understand the nature
of the perturbed dipole moments from perturbations at a dielectric interface. For
small, localized perturbations (such as bumps or point-defects), the electric polarizability all and y relates the magnitude of the current source Jto the incident field.
However, for roughness that exists along the entire interface, our goal is to understand
the statistical properties of the ensemble of dipole moments in the quasi-static limit.
In the following, we computationally verify that the flat shifted-interface polarizability is an accurate approximation for Gaussian-correlated randomly rough sidewalls
so long as the correlation length Le is considerably larger than the root-mean-square
(RMS) amplitude of the perturbation height a.

To determine the appropriate limits for which the flat-shifted interface is valid, we
determined the Fourier components of the 1-dimensional electrostatic polarizability
density (along the interface-direction) by numerically computing the induced dipole
moment density (per unit length) for randomly generated surfaces. Zero-mean side139
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Figure B-3: (a) Cross-sectional image of the electric field magnitude I12 for a dipole
radiating along the surface of a strip waveguide. The blue solid line indicates the
position of power flux monitors meausuring the amount of radiation into the farfield. The green and red solid lines denote locations of power flux monitors that
measure the radiation that couples back into the forward and backwards propagating
waveguide mode. Simulation resolution shown above and in all calculations is 32
pixels/pm. (b) Cross-sectional image in the i - § plane for both strip (left) and slot
(right) structure waveguides with |$12 shown in red. For each FDTD simulation,
a line of current sources are placed at each inequivalent sidewall position (only one
for each strip waveguide geometry and two for each slot waveguide geometry), with
the appropriate complex amplitude retrieved from the waveguide mode's electric field
strength at each point.

wall functions h(z) with a Gaussian autocorrelation function R(z') = a 2 exp(-z' 2 /LC)
were generated to represent the roughness profile, where a is the root mean square
(RMS) roughness amplitude and Le denotes the roughness correlation length [134].
This was done by filtering Gaussian white noise with the appropriate filter functions
specified by the desired roughness autocorrelation function [23,92,117,199]. We then
solved the corresponding electrostatic Poisson equation using FEniCS, an open-source
partial differential equation solver [91, to obtain the resulting charge distribution for
silicon/air interfaces with a sidewall profile h(z), as shown in Figure B-2. For perpendicular incident fields with constant field DI, we use periodic boundary conditions at
the edges of the interface and Neumann boundary conditions for simulation bound140

aries parallel to the interface. For parallel incident fields with constant field El, we
specify the corresponding electrostatic potential via appropriate Dirichlet boundary
conditions along the simulation boundaries. Each simulation window used was 320. Le
long and 40 -o wide, with an adaptive finite-element mesh. The dipole moment density corresponding to each specific roughness profile h(z) was then computed from
the spatial charge distribution through [86]:
zAz/2

1 °°

P1D,I(Z)

1

z+'
-ooJz-Az/2

1

P1D,|(z)

AZ

oo

(x x

) - Ap()d'

(B.35)

z+Az/2

/

(AP(5) - )dz

(B.36)

-- oz-Az/2

where Az is the pixel size along the interface, AP is the change in electrostatic
polarization density (P= co(E - 1)E) and - is normal to the interface (perpendicular
to _).

In principle, we can use the same expression for both perpendicular and

parallel components, but we found the above expressions converged faster at a given
finite resolution. The dipole moment density per unit perturbation height h(z) is then
related to the polarizability through pll/h _ a, El (and likewise pi/h = yD 1 ). Using
this technique, we also performed a set of validation tests on flat-shifted boundaries
and cylindrical/square perturbations to ensure that our method (and mesh resolution)
accurately reproduces the correct electrostatic polarizabilities.
Using this technique to compute the induced dipole moment densities, we investigated the effect of different surface roughness statistics, quantified by the dimensionless ratio Lc. Figure B-1 shows the ratio of the averaged Fourier components
(in spatial-frequency space) of the dipole moment density P(k) to the Fourier components of the surface profile h(k). For a locally flat interface, the induced dipole
moments are proportional to the perturbed height, and so far from Le we expect
§ ~ h. In the limit of long correlation lengths (large L/o) our computations recover
the expected polarizability of a flat-shifted interface, shown by dashed black lines in
Figure B-1. In general, the surface roughness will act as a diffraction grating [101]
that couples incident light of wavevector/

#to k' =
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kz+# with a strength proportional

to the roughness induced dipole moment p(k,). However, light can only be scattered
into the light cone or reflected back into the waveguide, which limits the relevant
frequency components to being withink'= ±

(far-field radiation) and at k' = 2

(reflection). The appropriate ranges for all waveguide geometries considered in the
main text are depicted by the shaded regions in Figure B-1 (assuming a roughness
correlation length of Lc=75nm and A=1550nm).
As L-

00, it

must be true that the locally flat result is recovered. In our analysis,

we observe the useful result that for even relatively short correlation lengths on the
order of Lc = 10-, the Fourier components of the numerically computed polarizability
match the simple shifted-boundary approximation by < 1.2% for the interface-parallel
components and < 0.5% for the interface-perpendicular components. In state-of-theart SOI waveguides, the correlation length of line-edge roughness was experimentally
assessed to be between 50 to 100 nm, whereas the root mean square (RMS) roughness
is typically between 0.5 to 2 nm [104, 185, 192, 195], corresponding to Lc/- ratios
on the order of 25-200. Therefore, we may accurately model the roughness-induced
effective current-sources as flat-shifted interfaces for a large number of practical silicon
photonic waveguide devices.

B.4

Volume-current method calculations

The relative scattering losses for each waveguide structure was determined by calculating the relative powers per unit volume of sidewall roughness (defined as the
volume of the "bumps" on a surface) scattered into both the far-field Pff and reflected
backwards in the waveguide Pr. We restricted our focus to vertically symmetric (ydirection symmetric) line-edge roughness, and therefore modeled the roughness with
1-dimensional line current sources (in all 3-directions) with corresponding local amplitudes and phases proportional to the modal electric field, as depicted in Figure B-3(a).
The electric and displacement field of each waveguide mode was computed using the
MIT Photonic Bands software package 1891, and special care was taken to ensure that
the normalization of the 3-dimensional SWG modes are equivalent to the normal142

ization of the 2-dimensional strip and slot waveguide modes. We also make sure to
normalize the input modal fields by power, rather than energy, to properly account
for group velocity effects, and since our metric of interest is the scattered power per
unit input power P,/Pin. The current-source is determined by Equation 3.6:
J= -iwAh(AcEj -

A(E-1)D

)

(B.37)

For each waveguide geometry and each inequivalent sidewall position, the corresponding line of current sources is then simulated using MEEP, a freely available finitedifference time domain (FDTD) software package [1371. The amount of power scattered into the far-field, versus forward and backward scattered power are determined
by monitoring the power flux (at a wavelength of 1550nm) through the simulation
boundaries, as shown in Figure B-3(b). Each FDTD simulation is computed with a
resolution of 32 pixels/pm and a domain size of 10 pm x 2.5 pm x 2.5 pm with perfectly matched layers (PML) at the boundaries, except for SWGs where we place
adiabatic absorbers at the zmin andZmax boundaries. The total power loss P (the
sum of the far-field power Pff and the reflected power P,) is then averaged over all
sidewall positions and computed per unit waveguide length.
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Appendix C
Software and measurement systems
In the following sections, I will describe several notable infrastructure projects that I

have started and made significant developments on over the last few years. These systems will hopefully aid future graduate students and researchers who wish to rapidly
design lithography masks for integrated photonics, automate optical characterization measurements, and program test routines for complex photonic circuits (such as
silicon nitride photonic circuits with many heaters).

C.1

PlCwriter: A python module for generating GDSII
masks for integrated photonics

PICwriter is a python library I developed for rapidly generating integrated photonics
masks. This project aims to reduce the time from concept to mask generation, and
the following features have been implemented:

•

The library contains a set of commonly used parameterized cells ('PCells') for
common components such as grating couplers, directional couplers, ring resonators, multi-mode interferometers. Each cell is a python class that can be
instantiated and placed in the mask.

Functions exist for drawing the corre-

sponding shapes and connecting multiple components.
" Waveguides are implemented with a waypoint routing list, and support exists
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for strip, slot, and subwavelength grating waveguides.
* All components can be easily linked to one another using port attributes (each
port contains both a position and angle property).
" Generated masks contain information about the intended fabrication. For example, by specifying the photoresist tone (positive or negative) and etch type
(liftoff or direct etch), PICwriter will generate the appropriate mask file.
* PICwriter is open-source and leverages gdspy (github. com/heitzmann/gdspy/),
another open-source python library used for streaming out designs to the GDSII
file format.
PICwriter is tested on Windows, Mac, and Linux and can be installed via python's
pypi package manager.
pip install picwriter

For information on using or contributing to PICwriter, the documentation is online at picwriter.readthedocs.io/ and source code at github.com/DerekK88/
PICwriter.

C.1.1

Example usage

As a quick example, the following code below demonstrates importing the necessary
libraries, creating a gdspy 'Cell' to add our components, making a template for the
waveguides, and creating an 'S' shaped waveguide.
import gdspy
from picwriter import toolkit as tk
import picwriter.components as pc
top = gdspy.Cell("top")
wgt = pc.WaveguideTemplate(wg-width=0.45,
clad.width=10.0,
bendradius=100,
resist='+',

fab='ETCH',
wg-layer=1,
wg-datatype=0,
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clad_layer =2,
clad-datatype=0)
wg = pc.Waveguide([(25, 25), (975, 25),
(975,500), (25,500),
(25,975), (975,975)],
tk.add(top, wg)
tk.build-mask(top, wgt,

final-layer=3,

wgt)

finaldatatype=O)

gdspy.LayoutViewer()
gdspy.writegds('tutorial.gds', unit=1.0e-6,

C.2

precision=1.0e 9)

A semi-automated wafer-scale testbed for integrated photonics

During the development of the silicon nitride integrated photonics process flow on full
150 mm wafers outlined in Chapter 4, the volume of unique fabricated devices rapidly
increased and it became increasingly important to automate optical measurements.
For example, a grating coupler design was experimentally optimized by writing a
grid with 13 x 13 unique grating couplers with varying pitch and duty-cycle. The
traditional means of testing these components manually by aligning fibers to the
individual devices is tedious and unreliable when done by a human operator.
To solve this, I built a custom test bed for automating the repetitive process
of aligning fibers, then taking a measurement, and moving the stage to the next
device. The platform was initially designed and assembled in a CAD environment
(Solidworks) to make sure components were sized appropriately, the motorized stages
had sufficient range, and there was sufficiently many degrees of freedom to perform
the optical alignment. Designing the system in a CAD environment facilitated the
process of rapidly designing custom steel components that could be quickly sent to
external shops for CNC milling. A rendering of this setup as well as photographs of
the real system during measurement are shown in Figures C-1 & C-2.
The complete system consists of a motorized XY translation sample stage (with
manual rotation for the wafer) and two 6-axis fiber positioners (X-, Y-, and Z147
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Figure C-1: CAD rendering of the wafer-scale automated wafer prober.

Figure C-2: Photograph images of the measurement system with a wafer loaded and
one of the fiber arrays lowered above the wafer for measurement.
translation and pitch, yaw, and roll rotations) resting atop raised optical benches.
Each 6-axis fiber positioner can be loaded with either a chuck for mounting single
fibers, or another chuck for mounting entire fiber arrays. Once loaded, the fibers
must be manually lowered above the wafer or chip and the angles must be optimized
to achieve maximum optical coupling. Once aligned, the fibers remain fixed and the
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motorized XY translation stage moves the chip/wafer below the fibers. Since the fiber
positions are fixed and there will inevitably be some height difference from one edge of
the wafer/chip to the opposite edge (i.e. the wafer will not sit perfectly flat), the fiber
height needs to be re-optimized when moving to very distant wafer locations. Optical
alignment to each device is performed using the XY stages, which have a minimum
incremental motion of 100 nm and total travel of 150 mm. Software to control the motorized XY stages, the optical power meter, and the LUNA optical vector analyzer was
written entirely in python. Alignment is performed using an initial coarse-resolution
Archimedes spiral scan, followed by a fine-resolution Archimedes spiral scan in the
vicinity of the point with maximum power coupling.

Once alignment is achieved,

either the photodetector is triggered to take a power measurement or the LUNA
system is triggered to measure the frequency-dependent Jones matrix of the device.
The code includes a graphical front-end that users interact with to manually move
the stage, perform a single optical alignment, or automate measurements of grids of
many devices with constant spacing without any programming. Since the chip or
wafer XY coordinates are inevitably rotated slightly from the XY coordinates of the
wafer-translation stages, a rotation correction step can be performed prior to running
automated measurements of many devices on a grid. This correction procedure consists of first finding the stage positions for maximum coupling from two waveguide
devices, then comparing these positions with the expected positions specified by the
GDSII mask positions, and then applying an appropriate coordinate transformation
in software.

Using this system, I was able to acquire enough experimental data to generate
a database of performance optimized passive photonic components for the SiN 4
platform (grating couplers, directional couplers, 99:1 optical taps, power splitters,
multi-mode interferometers, photonic crystal filters, and ring resonators).

CAD component files, assembly files, python code, and the bill of materials for this
system can be freely accessed at github.com/DerekK88/PICWaferProbeSystem.
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C.3

A photonics data acquisition module for silicon
nitride PICs with thermal tuners

As described in Section 6.2, ultra-high channel count spectrometers with very high
spectral resolution can be made from programmable photonic circuits with many tunable phase modulators. These devices require a measurement and control system that
is capable of both independently biasing each phase modulator as well as monitoring
the power from many optical channels. The optical power can be monitored via onchip photodetectors (as was the case for the 64-channel spectrometer prototype with
integrated germanium photodetectors) or sent off-chip for monitoring with an external fiber-coupled photodetector. Since the next set of optical chips with 1024 and
4096 spectrometer channels were designed and fabricated on a silicon nitride platform,
the measurement system needed to record all optical signals externally. These chips
contained as many as 30 thermal phase tuners (for configuring the optical switches)
and 16 output channels each requiring a dedicated photodetector.
To accomodate testing the spectrometer chips as well as future chips with similar
complexity and measurement requirements, I built a data acquisition module with
the following targets in mind:
" Recording optical signals and outputting electrical signals should be fast. This
means using a microcontroller to enable fast read/write from ADC's & DAC's.
* There should be up to 16 fiber coupled photodetectors that can all be read
independently, with reasonably high bandwidth and high sensitivity (sub-10 pW
optical power).
*The system must be capable of biasing up to 32 thermal phase tuners. Each
channel must be independently controllable, and be capable of sourcing ~
200 mW of power to achieve the appropriate r/2 phase shift for optical switching.
e The module must be easy-to-use, self-contained, and wrapped with a sufficiently
150

complete python library and API to enable rapid device testing with minimal
high-level programming.
With this in mind, the system schematically illustrated in Figure C-3 was designed.
With help from David Bono, custom printed circuit boards (PCBs) were designed,

utilizing 16-bit DACs (Analog Devices AD5676), 16-bit precision ADCs (Analog Devices AD4001), and a Teensy 3.6 microcontroller that uses a 180 MHz ARM Cortex
processor. Signals from each of the 16 photodetectors are read in using a separate
PCB designed specifically to measure low-signal optical powers below 10pW from
a fiber coupled InGaAs photodetector (Thorlabs FGA01FC). These modular photodetector PCBs leverage a high-speed current-to-voltage logarithmic amplifier with
100dB dynamic range (Analog Devices ADL5304) for sensing optical signals below
10 pW. Custom machined aluminum blocks allow these photodetector PCBs to be
mounted to the front panel and shield the photodetector wires and PCB traces from
electromagnetic noise.
The PCB designs and components were streamed out to CAD formats to facilitate
designing a chassis for the entire system, as depicted in Figure C-4. After design of
all components, the PCBs were manufactured and assembled externally, the custom
aluminum components were milled by an external CNC service, and the front and
back panel openings were cut on a water jet system.
The software that controls the photonics data acquisition module consists of C
code loaded onto the Teensy microcontroller and a python module that the user interacts with. The microcontroller code is structured as a state-machine and alternates
between accepting commands from the computer over USB, writing values to the
DACs, reading in signals from the ADCs, and passing recorded data back to the
computer over USB. The python module automatically establishes a serial connection with the microcontroller, passes instructions in a standardized format, reads in
the data, and performs higher-level functions. Instructions (which consist of biasing
specific phase tuners or reading values from specific photodetectors) are aggregated
into large batches and sent to the microcontroller all at once. They are then executed
sequentially and the data is sent back to the computer and received by the python
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Tunable sweptsource laser

Transimpedance amplifier PCB

PIC Carrier PCB

16-ch

2-hter
A/D converters
D/A converters

180MHz
microcontroller
Heater preamps
To computer... (via USB)

Figure C-3: Schematic overview of the photonics DAQ system.

Photodetector array

-

11M

Outputs to heaters

Figure C-4: Top-down CAD rendering (a) and photograph image (b) of the photonics
DAQ assembly with PCB, mechanical enclosure, cables, and connectors. Front panel
CAD rendering (c) and photograph image (d) of the module, showing the 16 FC/PC
connectorized InGaAs detectors and electrical connectors for biasing up to 32 phase
modulators.
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library. High level program calls are used to generate and assemble these instructions
into batches.
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