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The silicon nitride (Si3N4) integration platform for photonics is becoming a low-loss
and compact platform for various applications such as astrophotonics and quantum
information. In this dissertation, the fabrication techniques for low loss integrated
photonics devices is first discussed. Then, we present the design, fabrication, and
characterization of an on-chip low-loss (1.39 dB on-chip loss) echelle grating
spectrometer that can work in an ultra-broad band (potentially from visible to mid-
infrared spectral range) with high resolution and low crosstalk (<-30dB). We
demonstrate an on-chip add-drop filter working on arbitrarily spaced five channels
based on the complex waveguide Bragg gratings and the multimode interferometer

(MMI). A more than 40 dB extinction ratio is achieved in all five channels and the



device is shown to be low loss (<1dB on chip loss) and broadband (>200nm 3-dB
bandwidth). We also study a Fabry-Pérot Bragg grating cavity enhanced four wave
mixing process on a SizN4/SiO2 platform, from an analytical treatment to an
experimental demonstration. A unique grating loss reduction and a dispersion
compensation technique is also demonstrated. Multiple loss reduction approaches are
demonstrated to further reduce the loss and improve the four-wave mixing efficiency,
including depositing thicker SisNs film, using different etch masks, and different
etching gases. Using a ring resonator, the waveguide loss has been extracted and
reduced from 0.33 dB/cm to 0.18 dB/cm. Moreover, we explore aluminum nitride
(AIN) on sapphire as a new platform for integrated photonics devices. A special
fabrication process for the AIN-on-sapphire chip is developed and the loss is measured
to be 1.95 dB/cm based on a ring resonator approach. Lastly, we demonstrate a high
extinction ratio Mach-Zehnder interferometer (MZI) with MMI for exoplanet
discovery. The MMI-MZI features an extinction ratio of 58 dB without thermal tuning
and 50 dB with thermal tuning. A TM noise reduction technique is also shown to help

realize the maximum extinction ratio.
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Chapter 1 : Introduction

Photonic integrated circuit (PIC) is an approach for integrating multiple optical
functions on a chip just like an electronic integrated circuit. Comparing with free space
optics, PIC shows superior performances in terms of its compactness and stability.
Thus, many researchers are working on transforming the conventional free space optics
to a PIC platform. Traditionally, most researches have focused on silicon on insulator
(SOI) photonics since the SOI devices can be fabricated in the traditional
complementary metal-oxide-semiconductor (CMOS) infrastructure and because of the
great electrical reconfigurability of SOI devices. What’s more, the high index contrast
of SOI devices offers great compactness and can minimize the footprint of PIC devices.
However, there are inherent limitation of PIC devices on an SOI platform. While the
high index contrast of SOI provides the possibility of highly compact device, the device
is very sensitive to the sidewall roughness and thus the linear propagation loss on SOI
devices is high, typically above 0.5 dB/cm. In addition, due to the small bandgap of
silicon (1.1 eV), it is not transparent for wavelength shorter than 1.1pum and it will have
strong two photon absorption (TPA) when the light is strong. These facts seriously limit
its application in the visible to the near infrared and in nonlinear optics. Thus, more and
more optical applications have focused on alternative materials such as silicon nitride
(Si3N4), indium phosphide (InP), and lithium niobate (LiNbO3). Among these materials,
Si3N4 stands out as a perfect candidate for next generation PIC devices. It has been

shown that Si3N4 can be an ultra-low-loss (propagation loss less than 1 dB/m) platform



with careful loss reduction techniques such as chemical mechanical polishing (CMP)
and annealing [1], which have led to losses lower than in SOI. SizN4 has a larger band
gap (5 eV) than silicon. Hence, Si3Nais transparent from 400 nm to mid-infrared and
has no TPA effects. These properties have greatly benefited many applications where
operation within the visible spectrum is required, like in astrophotonics, and where
strong light beams are involved, such as in nonlinear optics.

Here, we present Si3N4 PIC applications in astrophotonics and nonlinear optics.
For astrophotonics applications, we demonstrate an Echelle grating spectrometer for
on-chip, high resolution, low-loss spectroscopy, a multi-channel add-drop filter based
on multimode interferometers (MMI) and complex waveguide Bragg gratings (CWBG)
for exoplanet detection and quantum optics, and a high extinction ratio Mach-Zehnder
interferometer (MZI) with active thermal control for exoplanet discovery. For
nonlinear optics applications, we demonstrate a Fabry-Pérot Bragg grating enhanced
four wave mixing (FPBG-FWM). We also demonstrate efforts on minimizing the
waveguide losses, which is characterized by using a ring resonator. Furthermore, we
also explore a new photonics platform, aluminum nitride on sapphire (AIN-on-
sapphire). The fabrication process of the AIN-on-sapphire chip is established, and a

loss measurement is also implemented using ring resonators.



Chapter 2 : Fabrication Techniques for Integrated Photonics

Devices

2.1 Basic Fabrication Process of Integrated Photonics Devices

All integrated photonics devices fabrication starts from a wafer, either a widely
used silicon wafer, or other wafer that uses special materials such as sapphire wafer.
While different applications require slightly different fabrication techniques, here, as
an example, we take the silicon wafer to briefly introduce the basic fabrication process
of an integrated photonics circuit.

As shown in Fig. 2-1, the fabrication process starts from a silicon wafer with
thermal oxide on top of the silicon substrate. The thermal oxide serves as the bottom
cladding of the waveguide. The first step of fabrication is to deposit SizN4 with low
pressure chemical vapor deposition (LPCVD) as the waveguide core. Then a resist
should be coated on the chip for e-beam lithography (EBL) purpose. Depending on the
type of resist, different etch masks are prepared after the EBL process. Afterward, we
transfer the pattern from an etched mask to the SisN4 layer by inductive coupled plasma
reactive ion etching (ICP-RIE). Then the etch mask is removed and a SiO2 top cladding
is deposited with plasma enhanced chemical vapor deposition (PECVD). We will

introduce each fabrication step in detail in the rest of this chapter.
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Figure 2-1 Fabrication flow of the Si3N4 chip. Both a positive-tone resist process and

a negative-tone resist process are shown.

2.2 E-Beam Lithography

E-beam lithography (EBL) is a fundamental approach in integrated photonics
device fabrication. It provides exceptional precision and resolution in patterning. In this
work, we use a 100 kV Elionix ELS G-100 system to implement the EBL process. The
Elionix system can expose 20nm features with a beam current of up to 100 nA, which
enables high precision fabrication with a relatively short exposure time. During the
EBL process, the e-beam resist is exposed, and its physical and chemical characteristics
change. As a result, the design is transferred to the resist after development. There are

two types of e-beam resist. One is positive-tone resist. After exposure, the chemical
4



structure is changed so that the exposed area becomes more soluble in the developer.
The other one is negative-tone resist. After exposure, the resist become crosslinked or
polymerized so that the exposed area become less soluble in the developer. There are
tradeoffs associated with these two types of resists. For the positive-tone resist, since a
metal mask is usually deposited on the exposed area after development, the metal mask
is capable for a more intense etching process. However, the metal deposition step adds
complexity to the fabrication process and the metal lift-off can be problematic in some
cases. For the negative resist, the crosslinked resist itself serve as a etch mask, thus the
metal deposition step is not necessary. However, the resist mask is more vulnerable to
the etching process. Thus, it may not be suitable for an intense etch. In addition, unlike
the positive-tone resist, once the negative-tone resist is crosslinked, it cannot be easily
removed with solvent. An additional cleaning process, such as an oxygen plasma
cleaning, is required to completely remove the resist mask after etching as shown in
Fig. 2-2. In this dissertation, we use ZEP-520A (positive) and maN-2405 (negative) as

the resists. Detailed recipes can be found in the Appendix.
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Figure 2-2 SEM images of the etched waveguide with negative resist mask. (a)
Waveguide without oxygen plasma clean after ICP-RIE etching. Crosslinked resist is
observed on top of the waveguide. (b) Waveguide with oxygen plasma clean after ICP-

RIE etching. The crosslink are successfully removed.

2.3 Inductive Coupled Plasma Reactive lon Etching (ICP-RIE)

The ICP-RIE is an anisotropic dry etching technique. It can deliver high
directionality, high selectivity ratio, and low damage etching, thanks to the independent
control of the plasma density and ion energy through separate DC bias control. In this
dissertation, we use two ICP-RIE systems (Oxford Plasmalab System 100) supporting
fluorine-based gases, and chlorine-based gases. The fluorine etcher is primarily used
for silicon or silicon nitride etch and the chlorine etcher is used mainly for III-V
materials and aluminum. Detailed etching recipes for these two types of etcher can be

found in the Appendix.



2.4 Plasma Enhanced Chemical Vapor Deposition (PECVD) SiO;

An integrated photonics device usually requires a top cladding layer to reduce
the waveguide loss, protect the waveguide core, and implement thermo-optical or
electro-optical modulation. SiO2 is the most popular top cladding material and PECVD
can conveniently deposit SiO2 layer with low loss and fast speed. While there are
different types of PECVD processes for SiO2 deposition, we only use the silane
chemistry to deposit the top cladding in this work. Standard protocol of the PECVD
deposition can be found in the Appendix.

It is worth noting that, due to the N-H bond generated during the silane PECVD
Si02 deposition process, the waveguide will suffer from absorption loss at 1505 nm
wavelength. The absorption strength is dependent on the mode profile of the waveguide.
When the mode is less confined, a larger portion of the mode extends into the cladding
area, resulting in a more significant absorption. In addition, the silane PECVD
deposition may have poor step coverage so that a void can form when a high aspect
ratio structure exists on the chip [2]. It has been reported that the tetraethoxysilane
(TEOS) PECVD deposition process can avoid both the N-H bond generation [3,4] and
the step coverage problem [5], but that is beyond the scope of this dissertation.

So far, we have introduced most of the fabrication techniques used in this work,
all these techniques enable the devices that will be introduced in the remaining of this

dissertation.



Chapter 3 : Echelle Grating Spectrometer for Operation Near

1.55 um

3.1 Introduction to Echelle Grating

It is expected that an on-chip spectrometer will become an important building
block for wavelength-division-multiplexed nanophotonics applications. Among many
types of on-chip spectrometers, the echelle gratings and the arrayed waveguide gratings
(AWG) are the two major candidates. The echelle grating can be designed to have a
smaller footprint when compared with an AWG of similar performance, which makes
it easier to integrate echelles grating spectrometer with other photonic integrated
devices [6]. Furthermore, its small footprint can also minimize the phase error
generated due to modal index variation in the light transmission, which is an important
source of crosstalk and losses. Hence echelle has attracted increasing interest in recent
years. Different material systems have been reported as potential platforms for
implementing echelle grating, including silicon-on-insulator (SOI) [7-13], silicon
nitride (Si3N4) [14], silicon-germanium [15], indium phosphide [16], etc. While most
research centers on SOI, which benefits from its high index contrast and its CMOS
compatibility, the large bandgap and acceptable index contrast of Si3N4 give it unique
advantages as mentioned in Chapter 1. This is of great importance for many photonic
applications, such as for astrophotonics spectrometers and filtering applications for

quantum information [17].



Echelle grating is in fact a special case of a blaze grating. For a blazed grating,
the grating is optimized to achieve maximum grating efficiency in a non-zero
diffraction order. Echelle grating, as a special form of a blazed grating, is characterized
by particularly large blazed angle, typically larger than 45°. Fig. 3-1(a) shows the
schematic of an echelle grating. The input light travels to the echelle grating with an
incident angle a and constructively interferes toward an output angle (. The
relationship between o and B is described by:

mA = d(sina + sin 8) 3-1)
where d is the grating period, A is the wavelength of the light, and m is the order of the
grating, which is an arbitrary positive integer. For a given diffraction order, different

wavelengths correspond to different output angle, thus the light is diffracted.

(b) Input WG ——

N

Output WG

Grating Teeth

Figure 3-1 (a) Schematic of echelle grating. (b)Schematic of integrated echelle grating.

The integrated counterpart of a free space echelle grating works in the same
way. As shown in Fig. 3-1(b), here, light incidents from the input waveguide,

propagates through a free propagation region (FPR), is reflected by a reflector and is



refocused on the output waveguide. Since there are constant phase differences between
different paths, constructive interference occurs on each output waveguide at different
wavelength and hence the incident light is spectrally resolved.

For the integrated echelle grating, most researchers have previously used a
distributed Bragg grating (DBG) as the reflector because it can achieve high reflectivity
within the designed stop band and it is easy to fabricate — the DBG reflector and the
remaining part of the echelle grating can be defined at the same time [7-10]. However,
according to the Bragg grating theory, the photonic stopband bandwidth of a DBG is
given by

n,

A —| 2 (3-2)
0

=2
gap n

where n, is the average refractive index, n, is the amplitude of the index modulation.
The Si3N4 DBG bandwidth is roughly evaluated to be around 200 nm given its modest
index contrast. Thus, a Si3sN4 DBG is not considered as an ultra-broad band reflector if
spectroscopy over a wide spectral range is required, such as in astrophotonics
applications. Silver, instead, is a perfect candidate because of its ultra-high reflectivity
(more than 98%) over an ultra-wide bandwidth (from 400 nm to more than 20 um) [18].
In the following parts of Chapter 3, we demonstrate the design, fabrication and
characterization of a low-loss, high resolution, potentially broadband Si3N4 echelle

grating centered at 1550 nm with silver as a reflector.
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3.2 Design and Fabrication

To start the design, we first chose the SizN4 layer thickness to be 300 nm. There
are several reasons for choosing this thickness. When silver is used as a reflector, the
metal needs to be coated on the facet of the etched grating grooves to cover the whole
optical mode in the vertical direction and achieve ultra-high reflectivity (~98-99% at
1550 nm). Thinner SizN, leads to larger optical mode that requires deeper etching for
that light reflection. Very deep etching, however, is difficult to achieve and may
potentially create large sidewall roughness and non-vertical facets, which will result in
large optical losses. Although thicker Si3sN4 can achieve a more confined slab
waveguide optical mode, it is more difficult to control the film stress in a thick Si3Ns
film. Therefore, the vertical mode should be moderately confined. A 300 nm
Si3N4/S10, slab waveguide has a calculated 0.73 um vertical mode size for the
transverse electric (TE) mode at 1550 nm and is chosen in this work.

We use EPIPPROP, a commercial software specifically for echelle grating
simulation, to design the echelle grating. The simulation is based on a “Rowland Circle”
configuration. As shown in Fig. 3-2, the inner circle, with a radius of r, is the circle for
the input and output waveguide position. The outer circle (partially shown as the
grating teeth curve), with a radius of 2r, is the circle for the echelle grating position.
Here, the Rowland circle radius is set to be 700 um and the grating length is set to be
1400 pm. The waveguide dimension is designed to be 900 x 300 nm to meet the single
mode condition. High efficiency coupling tapers, with a width that varies from 300 nm

to 900 nm and a length of 500 um, are used at the input and output facets of the sample

11



as mode converters to minimize the fiber waveguide coupling loss [19]. We use the
10th diffraction order to define the input and output waveguide positions. We have
simulated 5 channels spaced by 5 nm centered at 1550 nm and optimized for TE
polarization. Three reference waveguides are designed to extract the on-chip loss of

the echelle grating.

Reference WG

- N Coupling Taper
| ~ | =
| \ |\ |
Coupling Taper \ |\ \

Rowland Circle / ‘ _
\/\ )
Output\g\

Photolithography Boundary

\
\
\

g /

SiO2
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Si,’!NA \9
SiO2 —

Si/

Figure 3-2 Schematic layout of the echelle grating. The light incidents from the input
waveguide, propagates through the FPR, is reflected by the grating, and is refocused
on the output WGs. 3 Reference WGs are used to extract the propagation loss and

coupling loss.

As shown in Fig. 3-3, the fabrication starts with a silicon wafer with a 10 um
thermally grown oxide (Si0,) layer on top. Then, 300 nm low-pressure chemical vapor
deposition (LPCVD) SizNy, is deposited and 1.3 um plasma-enhanced chemical vapor

deposition (PECVD) Si0O, is finally deposited. After dicing the wafer into 2.4 x 1.8

12



cm? size, we then spin coat ZEP-520A, a positive tone e-beam resist. Then the echelle
grating is patterned with 100 kV e-beam lithography (EBL) system (Elionix ELS-
G100). An 80 nm chromium hard mask is deposited by e-beam deposition as the
etching hard mask. After that, fluorine gas based inductively coupled plasma (ICP)
etching is used to form waveguides and deep, vertical grating facet. As mentioned
before, silver should cover the vertical mode at the grating teeth to get perfect
reflectivity. Here, we have etched 1.3 um PECVD SiO,, 300 nm LPCVD Si3Ny, and
1.5 pm thermal SiO,. Then another photolithography step is used to define the
boundary for silver deposition. As shown in Fig. 3-2 and 3-3, after the photolithography
process, all patterns above the photolithography boundary are protected by the
photoresist, silver will only be deposited on the surface below the photolithography
boundary so that only the grating facets are covered by silver while the FPR and WGs
are free from silver deposition. To make sure the silver is deposited on the grating
sidewall, the sample is tilted 90 degrees during silver deposition so that the sidewall is
facing toward the silver source. A 130 nm silver thickness is deposited with the e-beam

deposition system. Finally, 6 um of PECVD SiO, is deposited as a top cladding layer.
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Figure 3-3 Fabrication process of the proposed echelle grating.

Fig. 3-4 shows the SEM images of the fabricated echelle grating. Fig. 3-4(a)

shows the SEM image of the whole pattern of the echelle grating with input waveguide,

output waveguides, FPR and grating teeth. Thanks to the high voltage EBL system, the

waveguides, gratings, and the bulk FPR region can be pattern directly with EBL within

a reasonable time. EBL ensures that a precise and smooth grating is created with good

waveguide definition. In Fig. 3-4(b-c), we can see that the ICP etching process achieved
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vertical and deep etch with smooth boundary definition, all of which are critical for low

(b) f
/
S5um /
)

loss echelle grating.

Input WG

‘Output WG

(©

Grating Teeth
500um

Figure 3-4 SEM image of the echelle grating. (a) Top view of the echelle grating
showing the relative position of WGs and grating teeth. (b) Zoom in image of the
grating teeth before deep etching. Grating teeth get precise definition with EBL. (c)
The etched facets of the echelle grating covered with silver. 3.1 ym deep etch was
achieved by ICP etching with perfect verticality. (d) Zoom in image of the output WGs

with smooth edge.

3.3 Experimental Result

Since the proposed echelle grating is optimized for TE polarization, in order to
characterize the transmission spectrum of the echelle grating, a TE polarized tunable
laser is used as the light source. Fig 3-5 shows the diagram of the measurement setup.
The light comes out from the tunable laser, travels through a polarization-maintaining
(PM) fiber. A fiber rotator is used to adjust the light polarization to TE polarization.
After fiber-chip butt coupling, the light propagates through the chip and is analyzed by

a power meter.
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Figure 3-5 Schematic diagram of the measurement setup.

Fig 3-6 (a) shows the transmission pattern of the echelle grating. The insertion
loss is normalized to the reference waveguide to subtract the linear propagation loss
and fiber-waveguide coupling loss. The echelle grating is centered at 1545.622 nm with
a 4.929 + 0.075 nm channel spacing. The best on-chip loss of the echelle grating is
measured to be 1.39 dB showing that the silver reflector works perfectly as a low-loss
high-reflectivity reflector. The full width half maximum (FWHM) of each channel is
1.207 nm and hence the spectral resolution (A/AL) is about 1300. The adjacent channel
crosstalk is more than 30 dB down for all 5 channels. Comparing with the simulation
result, the channel center wavelength is shifted by 4.578 nm from the designed center
wavelength. This is mainly attributed to the refractive index uncertainty of (Si;N,/SiO,)
and to phase error generated in the FPR propagation, both of which can be corrected
by carefully measuring the indices of the materials we use and by fabrication process
optimization. Fig. 3-6 (b) shows that the channel non-uniformity is 1.2 dB. All of this
indicates that Si;N4/Si0, echelle grating with a silver reflector is a good platform for
implementing future broadband on-chip spectrometer and deserves proper

consideration.
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Figure 3-6 (a) Measured TE mode transmission pattern of the echelle grating. (b)
Superimposed transmission pattern of the fabricated echelle grating's five channels.

Very good overlap and a maximum transmission power non-uniformity of 1.2 dB are

achieved in our echelle grating.

Crosstalk is always a concern in spectroscopy. Typically, for echelle grating,

the main source of the crosstalk is phase error generated from the non-uniformity of
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FPR. However, we discovered that for an EBL fabricated echelle grating, the stitching
error can be a dominant source of crosstalk [20]. As shown in Fig. 3-7, the e-beam
system works in the following way: the software divides the whole pattern into several
grids, which are called writing fields (WFs). The electron beam gun will sit on a single
WEF, write all patterns inside the WF, and then move to the next WF until all WFs are
written. The stitching error comes from the imperfect WF alignment and imprecise
stage moving. This can happen in a periodic manner at every WF boundary. For general
e-beam fabricated structures, such stitching errors may just add extra losses. Such
periodic stitching error, however, will work like another grating structure overlapping

with the original design and thus will deteriorate the performance of the echelle grating.

o

Stitching Error

Figure 3-7 Schematic layout and SEM image of stitching error. (a-d) Schematic layouts
of stitch-free e-beam patterning and e-beam patterning with stitching error. These
errors can happen at both left-right boundaries and up-down boundaries (¢) SEM image

of stitching errors on grating grooves.
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We have used 100 um and 200 um WF size in our experiment. As shown in Fig.
3-8 (a) and (c), by adding periodic but random offset to the original echelle grating
design, which is in analogy to the occurrence of the stitching error, the EPIPPROP
simulation shows that, when 100 pm periodic stitching error exists on the grating, there
are several satellite peaks in each channel with 10 nm spacing, while for 200 um the
satellite peaks spacing decrease to 5 nm. This is because, in the original design, we
were using the 10th order for our echelle. If we view the periodic stitching error as a
grating that has the same Rowland circle geometry but now 100 pm or 200 um grating
period, then the 125th, or 250th, order of light is focused in the center of the output
channels. The corresponding free spectral ranges (FSRs) are 10 nm and 5 nm. Such
small FSRs are undesirable for the echelle grating because it overlaps with the normal
signals and increases the crosstalk level dramatically. Experimentally, we observed the
small FSR indicated in the simulation. The crosstalk level increased from less than -30
dB to about -10 dB as shown in Fig. 3-8 (b) and (d). The insertion loss also increased
from 1.39 dB to more than 5 dB and 2.8 dB, when the echelle grating suffers from
periodic 100 um and 200 um stitching error, respectively. Compared with phase errors
in the FPR, the stitching errors can be a dominant factor for crosstalk in EBL fabricated
echelle grating. Potential solutions to the stitching error problem include: better field
alignment; spin coating a conducting layer (i.e. Aquasave) on top of the e-beam resist
to get rid of charging effects; use of a larger writing field so that the grating grooves

will be patterned in one single writing field; use a more stable e-beam system or an
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advanced photolithography system so that no writing field is involved in the exposure

process.
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Figure 3-8 Influence of stitching errors on adjacent channel crosstalk. (a) Simulation
results of 100um WF transmission pattern with stitching errors. (b) Experimental
results of 100 um WF transmission pattern with stitching errors. (c) Simulation results
of 200 um WF transmission pattern with stitching errors. (d) Experimental results of

200um WF transmission pattern with stitching errors. [21]
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Table 3-1 Echelle Grating Performance Comparison

Reflector | Insertion | Crosstalk | Channel | Resolving | Channel
Loss (dB) Spacing Power | Uniformity
(dB) (dB)
[7] DBR 2 15 100 GHz n/a n/a
[8] DBR 3 >27 800 GHz n/a 0.8
[14] DBR 1.5 34 6nm ~500 7.5
[22] DBR 2.8 18 3.96 n/a n/a
[11] | Aluminum 1.7 25 8nm <300 Very
uniform
[23] DBR 6.9 15 0.8nm 5571 1.7
This Silver 1.2 >30 4.929nm 1300 1.2
work

3.4 Conclusion

In this work, we have demonstrated the design, fabrication and characterization
of a 5-channel Si;N4/SiO, echelle grating with silver as a reflector. The grating
experimentally achieved 1.39 dB insertion loss, 4.929 nm channel spacing, a 1300
spectral resolution, a 1.2dB channel non-uniformity and better than -30 dB crosstalk.
As shown in the Table 3-1, the combined performance is better than for any other
echelle grating reported in literature. We also report that stitching errors that can arise
in e-beam written patterns can be a dominant crosstalk mechanism for photonic
gratings unless stitching errors are minimized. In our measurements, we have
demonstrated that good performance can be obtained for e-beam written echelle
gratings. This should lead to new applications in future where on-chip broadband and

low loss spectrometers are desired.
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Chapter 4 : Add-Drop Filter with Complex Waveguide Bragg
Gratings and Multimode Interferometers Operating on

Arbitrarily Spaced Channels

4.1 Introduction to Add-Drop Filters

Optical filters have always been a building block of many optical applications.
For example, in astronomy, the ground telescopes are always suffering from the O-H
bond emissions from the atmosphere, particularly in the near infrared. Without filtering
the strong O-H emission from the atmosphere, it is difficult to get good signal-to-noise
ratio from the target star. The on-chip version of the optical filter has recently attracted
great interests for on-chip photonics integration. Multiple approaches have been
proposed to realize on-chip optical filtering such as techniques based on arrayed
waveguide gratings (AWG) [24], echelle gratings [8], and Bragg gratings [25].
However, in many applications, both transmitted and rejected signals are required. For
example, in exoplanet detection, astronomers wish to separate the spectral components
at certain wavelengths from the background and compare them to determine whether
water and oxygen exist in the atmosphere of the observed exoplanet. Neither AWG, or
echelle gratings, nor many other on-chip multiplexing/demultiplexing techniques can
separate and collect both transmitted and reflected signals simultaneously. On-chip
add-drop filters provide a unique solution to this issue. The principle of an add-drop
filter is illustrated in Fig. 4-1. The light goes into the input port, the transmitted signal

is filtered by the filter while the rejected signal goes toward the drop port rather than
22



go back to the input port. By injecting light on resonance width the filter, the light will
be added to the through port, which is corresponding to the “add” operation. Hence,
such a add-drop filter can also facilitate, for instance, the separation between a strong
pump and weak idler and signal beam in quantum information applications [17], and

new optical switches using thermal [26] or electrical tuning [27].

Input Through
—> )
_— _—
_ _
_
Add-Drop Filter >
-

Drop Add

Figure 4-1 Schematics of an add-drop filter.

Many on-chip add-drop filters have been implemented recently. The majority
of the add-drop filters focus on ring resonator based add-drop filters due to its
simplicity [28,29]. As shown in Fig. 4-2, for a ring resonator, the light can couple
between the bus waveguide and the ring resonator through evanescent coupling. After
the on-resonant light is coupled into the ring resonator from the input bus waveguide,
it will travel clockwise in the ring resonator. The clockwise propagating light will then
be coupled to the drop port and travel towards the opposite direction after another
evanescent coupling. The on-resonant light incident from the add port will be coupled
into the ring resonator and coupled to the through port. Thus, the add-drop operation is
implemented with a simple ring resonator. However, since the ring resonator has

periodic resonance dependent on its radius, one can only implement add-drop operation
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on periodic channels. Similarly, while the add-drop filter has also been implemented
using  contradirectional  coupler [30,31], phase-modulated shifted Bragg
gratings [32,33], multimode interferometer (MMI) and WBG systems [34-36], and
multimode anti-symmetric waveguide Bragg gratings [37], none of these is capable to
implement add-drop operation on arbitrary channels, i.e. on any arbitrary channel of a
given wavelength. Hence, such an arbitrarily spaced multi-channels on-chip add-drop

filter is highly desirable for many photonics applications.

— > Input Through ——>
—_—>

_—
%%—»
%

e —————

Drop Add

Figure 4-2 Schematic of ring resonator based add-drop filter.

In the rest of Chapter 4, we demonstrate the design, fabrication and
measurement of an add-drop filter based on two complex waveguide Bragg gratings
(CWBG) and two multimode interferometers (MMI) which are capable to work on

arbitrarily spaced channels.
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4.2 Device Design and Fabrication

While we survey several different methods to implement the add-drop
operation, waveguide Bragg gratings (WBG) MMI systems have demonstrated a highly
flexible add-drop operation capability by changing the WBGs from simple Bragg
gratings to gratings of different types, such as phase-shifted Bragg gratings and
apodized Bragg gratings [34-36]. The operating principle of the WBG-MMI filter is
shown in Fig 4-3. Light injected into the input port is evenly split into two branches by
the first 2x2 MMI, then both light beams are injected in the following identical WBGs.
The transmitted signals from the two arms goes to the through port while reflected
signals converge to the drop port. The add port does not receive any light in this whole
process, which minimizes the on-chip loss. In fact, this technique is particularly
attractive because it can realize the add-drop operation with any type of WBG in
between if the two WBGs are identical and their Bragg wavelength is located within
the bandwidth of the MMI. This flexibility enables us to extend the add-drop operation
from single channel to multi-channels when the WBG is designed to have multiple
resonant wavelengths. By optimizing the design of the 2x2 MMI, the 3-dB bandwidth
of WBG-MMI can be as broad as several hundreds of nanometers, thus making the

WBG-MMI promising for ultra-broadband multi-wavelength add-drop operation.
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Figure 4-3 Schematic layout of the WBG-MMI add-drop filter. Light injects from the
input channel waveguide, is evenly split after the first 2x2 MMI. The transmitted light
goes towards the through port after the second 2x2 MMI while the reflected light
refocuses on the drop port. The WBGs between two MMIs can be of arbitrary types,
i.e. simple Bragg grating, phase shift Bragg grating and complex waveguide Bragg

grating, for different applications.

MMI works based on the “self-imaging” principle [38]. Light entering the
multimode propagation region excites modes of different orders that are supported in
the multimode waveguide. Along the propagation direction, these modes interfere with
each other and different number of images of the input optical field can be obtained at

different propagation lengths.
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In our add-drop filter application, since we need to separate the transmitted and
reflected light signal using gratings, we design a 2x2 MMI that can divide the incoming
optical power from one of the input ports equally into two output branches with a n/2
phase shift between the two output channels. This power uniformity plays an important
role in the final extinction ratio between the through and add ports.

There are several design parameters. First, a better power uniformity is achieved
when a larger number of modes is supported in the multimode region. Therefore, a
wider multimode section is desired. However, on the other hand, the larger the width
difference between the multimode waveguide and the access waveguide (which is fixed
to satisfy the single-mode condition), the more the power is radiated away at the
junctions because of the width mismatch. A second parameter is the offset of ports from
the center of the multimode waveguide. If the two output ports are already sufficiently
separated from each other, there is no need to add bends to further increase their
separation (to eliminate the directional coupling between the two subsequent Bragg
gratings). But then it is usually the case that the MMI will not be working in the “paired
interference” mode [38], thus tripling the length of the multimode region, making the
device unnecessarily large and degrading the bandwidth performance.

Here we set the width to be 28 um, supporting 13 guided modes. For the 28
um-wide multi-mode waveguide, the spacing between the two output ports is 9.7 um,
which is not enough to completely avoid the mutual coupling. Thus, additional bends
are added to widen this spacing further to 19.7 um. A simulation using a commercial

software FIMMWAVE gives 47.27% and 48.91% of input power received at the two
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output ports. As for the second issue, we implement two 2x2 MMIs with different
offsets, satisfying different interference conditions and we compare their 3-dB
bandwidths. Measured results are shown in Fig. 4-4. The MMI works in “paired
interference” mode. Paired interference mode is a mode that only mode pairs TEo-TE1,
TEs3-TE4, TE6-TE7, ... have been selectively excited. With the paired interference mode,
the MMI length can theoretically be reduced by three time and the bandwidth can be
expanded by three times as a result. Experimentally, such a paired interference mode
has a more than 200 nm 3-dB bandwidth while the MMI not working in “paired
interference” mode has a 3-dB bandwidth of only ~80 nm. Clearly, the device working
in the paired interference mode exhibits a much better bandwidth performance. We

adopt this design in the following WBG-MMI and CWBG-MMI add-drop filter since

it enables our filter to operate with an ultra-broadband add-drop operation.
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Figure 4-4 The comparison of the bandwidth performance of the two implemented

MMIs, with the power normalized to the input power. The one satisfying the paired
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interference condition shows a 3-dB bandwidth of more than 200 nm, while the other
one only 80 nm.

As mentioned before, the WBG-MMI based add-drop filter is particularly
attractive since the WBG between two MMIs can be any kinds of WBG so that a multi-
wavelength add-drop operation can be implemented with a specially designed WBG.
CWBG, a WBG that has complex period and phase information, has been shown to
successfully implement an arbitrary on-chip optical filter [25]. The CWBG is designed
with the layer peeling/layer adding (LP/LA) algorithm. The detailed description of the
LP/LA algorithm can be found in [25,39]. As a summary, the LP/LA algorithm is

based on Equation 4-1 to 4-3, where z is the grating position, 6 is the wavenumber

detuning from the central wavelength, p is the complex reflection coefficient, A is the
layer peeling segment length and r(z, §) is the reflectivity at z position with 6 detuning,
which contains wavelength information. When given the target reflection spectrum,
we know r(0, 5), p(0) and r(4, 8) can be calculated from Equation 4-1. Since in real
simulation the spectrum information must be discrete, we can convert continuous r(8)
to discrete r(m) and calculate p in the next segment with Equation 4-3. By iterating
through this process, we can obtain p along the whole grating. We can also reconstruct
r(0, 8), the target reflection spectrum, which is called the layer adding process, with
the layer peeling calculated r(L, §) by using Equation 4-2 to verify the correctness of
the simulation. Finally, we map the complex reflection coefficient p(z)to the physical

width w(z) of the CWBG and build the physical CWBG structure. Fig 4-5 illustrate the
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Figure 4-5 Schematic of the LP/LA algorithm process [25].

schematics of how the LP/LA algorithm works. It is worth noting that theoretically the
target spectrum in LP/LA algorithm can include any number of dips with arbitrary
positions, line widths and rejection ratios. This is fundamentally different from other
filtering techniques, such as the one based on ring resonators, which can only generate

periodic reflection patterns. Our CWBG maximizes the flexibility of filter design and
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has already shown usefulness in applications requiring arbitrary light filtering such as

OH-line suppression in the atmosphere for astronomy applications [40,41].

r(z8) —p(2)

r(z+ A, 8) = exp(—i264) 1= o (2 8) 4-1)
_ 1(z+A,6) + p(z) exp(—i264)

r(z8) = exp(—i26A) + p*(2)r(z + A, 6) -2

o) = o 2, rm (4-3)

In this work, with LP/LA algorithm introduced above, we have designed a
CWBG with five channels resonant at 1550, 1554, 1563, 1569, 1581 nm respectively,
which is arbitrarily spaced. Each channel has a rejection ratio of 65 dB and a 3-dB
linewidth of 1.4 nm. The length of the CWBG is 5 mm and the widths of the different
segments varies from 1.4 to 2.9 um, corresponding to the coupling strength k which
varies from 0 to 160cm™’. The length of each segment in our CWBG is 100nm.

The fabrication of the CWBG-MMI add-drop filter starts from a silicon wafer
with 10 um thermal grown silicon oxide. 100 nm-thick silicon nitride is deposited as
the waveguide core using low-pressure chemical vapor deposition (LPCVD)
techniques. Then, the CWBG-MMI add-drop filter is patterned by e-beam lithography
with ZEP-520A, a positive tone resist. Next, chromium is deposited on the chip as the
etching mask, followed by a lift-off process. After the inductively coupled plasma
(ICP) etching of 100 nm, the silicon nitride core is covered with 6 um silicon oxide,
deposited by plasma-enhanced chemical vapor deposition (PECVD), as the cladding
layer. Finally, the sample is cleaved for fiber-chip coupling. Scanning electron
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microscope (SEM) images are shown in Fig. 4-6. The two CWBGs between the two
MMIs are identical and are only 19.7 um apart, which contributes to its relatively small
footprint. The zoomed-in SEM images shows that features as small as 100 nm are

precisely defined and etched by e-beam lithography and ICP etching, both of which are

critical for low-loss and accurate CWBG filters.

Figure 4-6 SEM images of the CWBG-MMI add-drop filter. (a) The MMI and its output

waveguides. (b) Identical CWBGs in two arms. The designed CWBG 1is highly
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aperiodic. (¢) Zoomed-in image of one of the CWBGs showing the precise definition
of tiny structures with e-beam lithography. (d) 45° tilted view of the CWBG before

final PECVD deposition. A smooth sidewall is achieved with the dry-etching process.

4.3 Experimental Results

To demonstrate the feasibility of the WBG-MMI based add-drop filter, we first
designed a simple Bragg grating for the WBG-MMI add-drop filter. The simple Bragg
grating is designed using a quarter-wave-stack and it is centered at 1550 nm with a
bandwidth of 10 nm. 800 grating periods ensures a reflection ratio of ~57 dB at the
Bragg wavelength. To characterize the add-drop filter, a TE-polarized tunable laser
beam is launched into a polarization maintaining (PM) fiber and then coupled into the
chip with a carefully designed high efficiency coupling taper [21]. After propagating
through the sample, the light is again coupled out to a PM fiber and is analyzed by a
power meter. The measured result of this WBG-MMI add-drop filter is shown in Fig.
4-7. Here, all linear propagation losses and fiber-taper coupling losses are removed by
normalizing the result to a reference waveguide. The center wavelength and the
bandwidth of the implemented Bragg grating are 1558 nm and 8 nm, respectively. The
discrepancy of the center wavelength between simulation and measurement results is
mainly attributed to the material refractive index difference between experiment and
simulation, which could be corrected by adjusting the index used in simulation. The
on-chip losses of through and drop signals are less than 1 dB. The rejection ratio within
the grating stop band is more than 50 dB. The in-add transmission is more than 25 dB

lower than the in-through transmission, meaning that more than 99.5% of the
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transmitted light is refocused on the through port, thus contributing to the ultra-low on-
chip loss. Clearly, all these features prove the effectiveness of the WBG-MMI add-drop

filter platform.
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Figure 4-7 Transmission and reflection signals of the WBG-MMI add-drop filter.
We then tested the CWBG-MMI we designed and fabricated in Section 4.2. Fig.

4-8 shows the experimental result of the CWBG-MMI add-drop filter. The on-chip
losses of both the transmission and reflection spectra are less than 1 dB from 1551 nm
to more than 1590 nm. The total fiber-to-fiber loss of the CWBG-MMI is <9.5 dB. We
expect to improve the throughput to <5 dB by optimizing the coupling taper. All five
channels have rejection ratios of more than 40 dB and 3-dB bandwidth of 1.2 nm. The
positions of the five channels are at 1549.40, 1553.40, 1562.27, 1568.28, and 1580.07
nm, respectively. Compared with the simulation result, the actual locations are blue-
shifted by 0.73 nm. This is again mainly attributed to the material index difference

between simulation and experiment, although we have already corrected the index used
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in the simulation based on the previous result of the WBG-MMI filter. This could be
further improved by carefully measuring the refractive index of silicon nitride and
silicon oxide. By aligning the position of the third channel in simulation and
experimental results, we find that the precision of the channel spacing is better than +
0.2nm. We also notice that the reflectivity at each channel is lower, and the bandwidth
is narrower than the design. In the simulation, we assume that the mode can fully react
to the index variation whenever the width is changed. However, in the experiment, the
mode travels to the next segment before it is fully coupled to the eigenmode of the
current segment. Hence the actual coupling strength of the CWBG is weaker than that
in the design. According to the Bragg grating theory, the grating bandwidth is related
to the coupling strength x (which is proportional to p in the LP/LA algorithm) and the
reflectivity is related to kL. A weaker k results in a shallower and narrower stop band.
As shown in Fig. 4-8 (b), the simulation shows that by changing the coupling strength
K to 0.73 k;p (LP calculated «), the simulation result fits perfectly with the

experimental result.
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Figure 4-8 (a) The experimental result of the transmission (blue line) and reflection

(red line) spectrum. All five channels show an on-chip loss of < 1 dB, a blue-shift of

0.73 nm of center wavelengths, a spectral precision of better than + 0.2nm, a rejection

ratio of > 40 dB and a 3-dB bandwidth of 1.2 nm. (b) Comparison between the initial

simulation result, the experimental result, and the fitted simulation result. The
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experimental result is red-shifted by 0.73 nm to compensate for the mismatch of the

positions of center wavelengths due to the index variation.

The results of both the CWBG-MMI and the previous WBG-MMI filters
confirm that the WBG-MMI platform is robust and promising for ultra-low loss, ultra-
broadband and spectral-accurate add-drop operation. Since the MMI we use has a 3-
dB bandwidth of more than 200 nm, the CWBG-MMI filter can potentially work over
this whole wavelength range. By increasing the length of the CWBG and reducing the
index variation, more reflection lines can be added into the spectrum with narrower line

widths, while maintaining the high channel rejection ratio.

4.4 Conclusion

In this work, we have demonstrated the optimization of the design of a 2x2
MMI, a WBG-MMI add-drop filter with simple WBG, and a CWBG-MMI add-drop
filter that has five arbitrarily spaced channels. The CWBG-MMI filter features an on-
chip loss of < 1 dB, a rejection ratio of > 40 dB, a 3-dB line width of 1.2 nm, and a
spectral precision of better than + 0.2 nm. To our knowledge, this is the first CWBG-
MMI multi-channel add-drop filter ever made. The LP/LA algorithm gives further
flexibility to design filters with more notches with narrower line widths. The designed
MMI ensures a large bandwidth of > 200 nm for the proposed CWBG-MMI filter to
work in. The CWBG-MMI platform provides a solution for ultra-broadband arbitrary-

channel add-drop operation.
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Chapter 5 : On-Chip Fabry-Pérot Bragg Grating Cavity

Enhanced Four-Wave Mixing

5.1 Introduction to Four-Wave Mixing

In the past decades, four-wave mixing (FWM), a third-order nonlinear process,
has become an important optical parametric process that has attracted increased
interest. FWM has enabled useful applications for all-optical signal processing such as
high-speed sampling, switching, wavelength conversion, amplification and comb
generation [42-45].

For the integrated implementation of FWM, silicon (Si) has been widely
considered due to its high third-order nonlinearity and high index contrast [46,47].
However, a large amount of research have also focused on exploring nonlinear
materials as an alternative to Si, such as silicon nitride (Si3N4) [1], AlGaAs [48], and
lithium niobate [49-51], since the nonlinear losses originating from two-photon
absorption (TPA) and free carrier absorption at telecom wavelengths limit the
maximum power that can be sent in Si. Si3N4 stands out as one of the most promising
candidates as it can take advantage of the mature technologies of CMOS processing for
integrated optics, which makes the mass production of optical components possible and
thus tremendously reduces the processing cost. The availability of low-loss dielectric
waveguide (<1 dB/cm) is critical for light propagation and processing in integrated
photonics circuits. Although the nonlinear Kerr coefficient of Si3N4 is one order of

magnitude smaller than the one in Si, the relatively lower propagation loss enables a
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more efficient Kerr process. In addition, due to the smaller refractive index contrast
with silicon dioxide (SiO2), SizN4 is a more appropriate material for dispersion
engineering than Si, since typical fabrication inaccuracies will have a lower impact on
dispersion. The FWM effect can be dramatically amplified when using resonators
without compromising speed because of their small dimensions compared to a fiber
based FWM approach [46,52,53]. While researchers have put enormous efforts in ring
resonator based FWM processes, including stimulated FWM, spontaneous FWM
(SFWM) and optical comb and soliton generation [1,51,54—-57], few work has focused
on the Fabry-Pérot Bragg grating cavity enhanced FWM (FPBG-FWM) process [58—
60] and not until very recently has it been implemented on an integrated platform [60].
Unlike ring resonator, which will automatically generate a set of FWM signals after
careful dispersion engineering, FPBG-FWM process will only generate FWM signals
on the resonance peaks inside the stopband. Thus, as compared to conventional optical
comb generation, by carefully designing the grating and the cavity, it is possible to
generate a finite number of FWM signals, which may have applications in quantum
optics.

In the following sections of Chapter 5, we study the FPBG-FWM process on a
S13N4/S102 platform, from analytical derivations to experimental demonstrations. A
numerical model based on the ABCD matrix method of Bragg grating is developed to
optimize the structural design of FPBG-FWM device. We achieve a conversion
efficiency of -38.9 dB with a low on-chip pump power of 3.6 dBm. A unique loss

reduction and dispersion engineering strategy are also proposed and experimentally
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demonstrated in this paper, both of which are critical for efficient FWM process. We
further demonstrate that with the proposed dispersion engineering strategy, zero
dispersion is deterministically achievable without having to adjust the waveguide

geometry.

5.2 Theory of FPBG-FWM
In this section we first consider the FWM phenomena inside a waveguide
without resonator. We then consider how a resonator will enhance the FWM effect and
thus derive the overall nonlinear conversion efficiency of a FPBG-FWM process.
First, we consider the FWM effect inside a waveguide that has a length of L.
The field amplitudes of the pump wave E,,, the signal wave E;, and the converted FWM
wave E. satisfy the following nonlinear propagation equations, for E,, > E; > E

(small-signal analysis) [53,61],

oE, ay
—=—_"F -1
0z 2P G-D
0E; Qs
=_>F 5-2
0E, a. ] L
5 = —7EC + iyEZE;etAkz (5-13)

where Eg is the complex conjugate of E, and 4k = 2k, — kg — k., where ky, kg, k.
are the propagation constants of the pump, the signal and the converted wave,
respectively. The nonlinear coefficient y is related to the Kerr coefficient nz, the

effective mode size A.sr and the converted frequency w, by y = nyw./(cAgsr). For

40



relatively small pump-signal frequency detuning as in our case, we can assume a

constant propagation loss coefficient, that is @ = a, = a5 = a,. Since there is no

converted wave generated at z=0, where the pump and signal are sent in, by applying
the boundary conditions E,(z = 0) = Ejg, Es (z=0) = Eg,E.(z=0) = 0, we

get
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n=—m=yBL

~ pin
Py

|2

5-4)

1—exp(—aL+iAkL) 2

2 _ 12 —
where L'* = L* exp( — al) aL—iAkL

E(forward) o-ikzg-oz/2

Bragg Grating 1
Reflectivty ra

Bragg Grating 2 Elout)

Reflectiviyr: [

[ (backward)g-ik(z-L)zg-alz-L)/2

Figure 5-1 (a) Electric fields in a Fabry-Pérot resonator. (b) Mode profile in a Si3N4

waveguide

Fig. 5-1(a) illustrates the electric fields in a Fabry-Pérot resonator when an
electric field E™ is incident upon mirror 1. Inside the cavity, there are the forward-

traveling wave and the backward-traveling wave, which can be represented as follow:
E(forward) — tlE(in) + rle—%L—ikLE(backward) (5 — 5)

al .
E (backward) — rze_T_lkLE(fOTWaTd) (5-6)

11, 12 are the electric-field mirror reflectivities, and ti, t2 are the electric-field mirror

transmittivities. They satisfy [r]> + |t* =1, neglecting the propagation loss due to the
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mirrors. Solving the above equation, the expression for the intensity enhancement (IE)

is given by:
E(forward) 2 E(backward) 2
IE = ‘ E(n) ‘ E(in)
o (1 =1 57
= + 2 —
|1 — 1y exp(—al — i2k;L) 12€ ( )

where 1 can be substituted by p, s, and c. The field enhancement is maximized at the
cavity resonant frequencies. So, the small-signal FWM conversion efficiency enhanced

by a Fabry-Pérot cavity is finally given by
12
n = |yB,L'| UE,)*IEIE, (5-18)

It contains all the physics of both FWM and the resonator enhancement. The first factor,
|prL’ |2, is the FWM conversion efficiency in a straight waveguide with an effective
length of L’. The effective length L' contains both the phase mismatch and the
propagation loss. The last three factors, (IEp)ZIESIEC give the intensity enhancement
inside the cavity for the pump, the signal, the converted wave, respectively. The
enhancement comes equally from light recirculation and the energy buildup. As
indicated above, the nonlinear coefficient y is related to the Kerr coefficient na,
effective mode size Aefr and the converted frequency w.. Since the Kerr coefficient of
Si3N4 is 10 times larger than that of SiOz, a better mode confinement will provide a
larger nonlinear coefficient. In this paper, we work on 300 nm thick low-pressure

chemical vapor deposition (LPCVD) Si3Na, which provides a good mode confinement

and is free from excessive film stress.
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Correctly estimating the nonlinear coefficient y is essential to calculate the
FWM conversion efficiency. Since the optical mode covers the SisN4 core and SiO2
cladding and these two materials have different Kerr coefficient n2, the nonlinear
coefficient y can not be simply defined by y=n2wc/(cAefr). Here, we can calculate the
converted idler power in the core and the cladding separately and derive the overall
conversion efficiency and thus derive the nonlinear coefficient y for a given waveguide
geometry.

As shown in Fig. 5-1(b), the outer ellipse represents the optical mode size and
the inner rectangle represents the waveguide core. We assume that the SiO2 cladding is
infinitely large so that the optical mode outside of the core will be in the SiO2. We
define a power filling factor F as the power confined in the core region. Thus, for a
total input pump Pp and signal Py, the PpF and PsF will be in the core region while Pp(1-
F) and Ps(I-F) will be in the cladding region. By the definition of the nonlinear
conversion efficiency, n is defined as:

P,  P'+P,

—-—= 5-9
B RV R G-

n= (VthL)Z =

where y, is the overall nonlinear coefficient of the waveguide, P, P? is the converted,
or idler light intensity in SisN4 and SiO2, respectively and P, PO is the signal light
intensity in Si3N4 and SiO2, respectively.

We then calculate P}V, P? separately:

nY w

2
PN = pN(yPNL)” = PSF< L> (p,F)* (5 — 10)

cAy
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0 0 2 ngw i 2
PO = pO(yp2L)" = P(1—F) (IL> (R -F) (5 —11)
0

Where nl) and ng are the Kerr coefficient of SisN4 and SiO2, respectively and Ay and
A, are the effective area of the SizN4 and SiO2, respectively. Ay is the Si3N4 core area

and A, is the mode effective area less the Si3N4 core area. Combining them together,

we get:
Pi=pP) +P? = p(P,L)’ ("IZV“’)Z F3 + (”9“’)2 (1-F)?
L= i 7 s\Up CAN cAp

= (1:PYL)°P, (5 - 12)

Thus, we get:

N, N2 0, \?2
n) w nsw

= F3+(22) 1-F)3 5—13
= [E) e o 6w

This is the nonlinear coefficient y; for any given waveguide geometry.

5.3 Bragg Grating Design and Losses Reduction

From Equation 5-7, it is obvious that the larger the reflectivity r and the lower
the loss a, the higher the IE on resonance. Thus, to achieve high FWM efficiency, a
Bragg grating with strong coupling strength and low loss is highly desirable. Here, the
ABCD matrix method, developed in our previous work [62], is the perfect tool to
implement the theoretical analysis of the FWM efficiency for a given Bragg grating
geometry. From Equation 5-6, the only unknown parameters of the IE factor are the
mirrors reflectivity and transmittivity. We use the ABCD matrix to calculate the r and

t and to simulate the IE factor and thus simulate the FWM efficiency. As shown in Fig.
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5-2, by fixing the grating loss to be 0.4 dB/cm, the cavity loss to be 0.3 dB/cm, the
input pump power to be 0 dBm, the nonlinear coefficient to be 1.6 m'W-!, and by
increasing the grating coupling strength from 54cm™ to 193cm’!, the simulated FWM
conversion efficiency 1 is improved by more than 10 dB.
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Figure 5-2 Simulation of the relationship between FWM efficiency and grating
coupling strength by fixing other parameters. (a) taking the coupling strength to be k =
54 cm-1, maximum efficiency 1 = -49.9 dB in simulation (b) coupling strength k =
94cm-1, maximum efficiency n = -45.6 dB (c) coupling strength x = 133cm-1,
maximum efficiency n = -43.1 dB (d) coupling strength k = 193cm-1, maximum

efficiency n =-39.6 dB
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Figure 5-3 Experimental characterization of grating loss of different grating coupling
strength. (a) coupling strength 77cm’!, measured grating loss 1.95 dB/cm. (b) coupling
strength 110 cm™, measured grating loss 3.1 dB/cm. (c) coupling strength 155 cm™,
measured grating loss 6.6 dB/cm. (d) coupling strength 201 cm!, measured grating loss

12.0 dB/cm. (e) Transmission pattern of a normal PSBG with a coupling strength of
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125cm™ (f) Transmission pattern of PSBG with tapered grating with a coupling

strength of 125cm’.

Next, the ABCD matrix method is also used to extract the small losses, Ograting
and acavity, for the given Bragg grating geometry [62]. To characterize the grating loss
of a given grating geometry, we design a set of phase-shifted Bragg grating (PSBG)
with different coupling strengths. The quality factor of the PSBG resonant peak is
directly related to the grating loss. As shown in Fig. 5-3 (a-d), when the grating
coupling strength increases from 77 cm™! to 201 cm™, the measured 3-dB linewidth of
the resonant peak increases from 12.6 pm to 73.1 pm, corresponding to a grating loss
increase from 1.95 dB/cm to 12 dB/cm. This is not desirable since significantly higher
grating loss will lead to excessive penalties for the FWM efficiency. Even though the
stronger grating will provide higher FWM efficiency, the total FWM efficiency will not
be improved. In fact, like 1-D photonic crystal, the large grating loss of the strongly
coupled grating mainly comes from the mode mismatch between the waveguide mode
and the grating Bloch mode [63—65]. Whenever the light travels through the interface
between the Bragg grating and the cavity, it will experience such a mode mismatch
loss. Thus, an adiabatic tapered grating is added between the Bragg grating and the
cavity, which facilitates the adiabatic mode conversion between a cavity mode and a
grating Bloch mode, and significantly reduces the grating loss. Fig. 5-3(e, f) shows that,
by introducing a tapered grating (schematic as shown in Fig 5-5(b)), which linearly
reduces the grating width variation, the measured 3-dB linewidth of the resonant peak

reduces from 24.5 pm to 2.9 pm, corresponding to a grating loss reduction from 3.5
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dB/cm to 0.36 dB/cm, which is comparable to the grating loss of weakly coupled Bragg

grating.

5.4 FWM Experimental Results and Analysis

Experimentally, the Bragg grating has a coupling strength of 193 cm™. The
grating is defined by a sidewall corrugation and the width variation is from 1.0 um to
1.2 um. The cavity geometry is designed as 1.0 umx0.3 um. The Bragg grating and the
cavity geometry guarantee that only the fundamental mode is excited on chip so that
no multimode noise will be observed in the transmission signal. The nonlinear
coefficient y of our current design is calculated to be 0.99 m'W-!. Following the ABCD
matrix method, we extract a grating loss of 0.36 dB/cm and a cavity loss 0f 0.33 dB/cm
for a tapered PSBG and a Fabry Pérot Bragg grating (FPBQ), respectively. Based on
all the losses and grating coupling strength information, we optimize our FWM Bragg
grating with Equation 5-7. It is worth noting that, in Equation 5-7, since the nonlinear
coefficient y and pump power P can be viewed as preset parameters if the waveguide
geometry and input power are fixed, only |L'|*(IE,)?IEIE, will be optimized by
engineering the grating and the cavity design. As shown in Fig. 5-4, the optimized
FWM cavity design is found to be 625 periods of Bragg grating, including 20 periods
of linearly tapered grating, for each mirror and a 390-um long cavity. The maximum

enhancement from the cavity is 40.21.
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Figure 5-4 Simulation of the |L'|>(IE,)?IEIE, with a grating loss of 0.36 dB/cm
and a cavity loss of 0.33 dB/cm. The |L'|*(1E,)?IEIE, reaches the peak, 40.21,

with 625 periods of Bragg grating in each mirror and 390 um cavity length.
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Figure 5-5 (a) Schematic of the experimental setup. The CW pump laser is a thermally
tuned butterfly laser diode with a maximum output power of 13 dBm and the CW signal
laser is an electrically tunable laser with a maximum output power of 4 dBm. (b)
Schematic of the FPBG, tapered grating is added between regular grating and cavity to
facilitate mode conversion between cavity mode and grating Bloch mode. (c-f) SEM
images of the FPBG. (c) Periodic Bragg grating. (d) Straight waveguide between two
Bragg grating mirrors. (e)Linearly tapered grating connecting regular Bragg grating

and cavity. (f) Tilted view of the linearly tapered Bragg grating.

The experiment schematic is shown in Fig. 5-5 (a). We use two tunable
continuous wave (CW) laser as the pump light and signal light, respectively, whose
polarization are controlled independently. After the polarization controllers (PCs), the
polarization states of both waves are aligned to be TE polarized. The wavelengths of
both waves are tuned to match one of the resonant peaks. The lights are combined by a
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3-dB coupler and then half of the combined light is monitored by a powermeter while
the other half is coupled on chip using a fiber-chip butt coupling. A low loss coupling
taper is designed to facilitate efficient coupling [19]. The output light is analyzed by an
optical spectrum analyzer (OSA). Our fabrication starts from a Si substrate with 10 um
thermal SiO2. 300 nm LPCVD Si3Ns is then deposited on the substrate. The chip is
patterned by e-beam lithography (EBL) with ZEP-520A, a positive tone resist. After
development, a 20 nm chromium mask is deposited using a lift-off approach, which
works as a dry etch hard mask followed by an induced coupled plasma (ICP) etching.
After chromium removal, the sample is deposited with 4 um plasma-enhanced chemical
vapor deposition (PECVD) SiO2 as a top cladding layer. As shown in Fig. 5-5 (c-f), the
regular Bragg grating, tapered Bragg grating, and the cavity are patterned by EBL with
smooth boundaries. A smooth sidewall is achieved with ICP dry etching.

Since the polarization-maintaining (PM) fiber we use can only ensure a 20-25
dB polarization extinction ratio, there is still TM polarized light injected on chip. Due
to different effective index of the TE mode and TM mode, the central wavelengths of
the TE stopband and TM stopband of the designed Bragg grating geometry are
separated by 30-40 nm. Hence, the TM mode will not be rejected in the TE stopband.
That is an important noise source and must be removed, otherwise it will cover the weak
FWM signal and make the FWM measurement impossible. Here we add an additional
integrated Bragg grating whose TM stopband aligns with the TE stopband of the FWM
Bragg grating to remove the residual on-chip TM noise. As shown in Fig. 5-6, without

the TM filter, the TE stopband depth is limited to less than 20 dB by the TM noise.
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After adding an integrated TM filter and carefully aligning its stopband with the
existing TE Bragg grating’s stopband, the TE stopband depth is improved to better than

40 dB, which is favorable for FWM measurement.
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Figure 5-6 Transmission pattern of TE Bragg grating without TM noise filter and
transmission pattern of TE Bragg grating with TM noise filter. The TE and TM
stopbands overlap so that the TM noise inside the TE stopband is suppressed by around

30 dB.

The experimental FWM measurement result is shown in Fig. 5-7. With the
FWM Bragg grating, we observe five resonant peaks inside the stopband with the
narrowest peak having a 3-dB linewidth of 3.3 pm (388MHz). This corresponds to a
quality factor of 470k. The pump and signal wavelengths are offset by one free spectral
range (FSR) near 1587 nm. As shown in Fig. 5-7 (c), the resonance enables more than
100 times intensity enhancement on all three resonant wavelengths. The FSR of the

resonant peaks are measured to be around 1.39 nm (165.97 GHz). A -29 MHz FSR
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Figure 5-7 (a) Transmission of the FWM Bragg grating. The 3-dB linewidth of the
resonant peak is measured to be 3.3pm, corresponding to a quality factor of 480k. (b)
The calculated IE factor inside the stopband. (¢) The measured FWM signals. A -37.7
dB conversion efficiency is experimentally observed. (d) Simulation of the FWM
conversion efficiency. The theoretical conversion efficiency of the actual device is

slightly less than that of the optimum design due to fabrication uncertainty.

detuning, defined as FSR1-FSR2, is measured as shown in Fig. 5-7(a). With an incident
pump power of 5.3 dBm and a signal power of -11.9 dBm, we observed an FWM

conversion efficiency of -37.7 dB. From Equation 5-8, the calculated FWM efficiency

53



should be -36.47 dB. As shown in Fig. 5-7 (d), the calculated FWM efficiency of the
optimum design should be -36.47 dB from Equation 5-8. The actual fabricated device
slightly deviates from the optimum design due to fabrication uncertainty. For the
estimated experimental parameters, the maximum theoretical efficiency is calculated
to be -36.88dB, which is in reasonably good agreement with our experimental result
and thus support the validity of our theory.

Dispersion is a critical factor in FWM since the FWM process is optimum when
both energy conservation and momentum conservation are both satisfied. A mismatch
between the converted frequency and the resonant frequency of the cavity will limit the
FWM efficiency. In most ring resonator based nonlinear applications, a zero or
anomalous dispersion within a certain frequency range is favorable and is usually
realized by carefully designing a thick SizsN4 core, typically more than 600 nm. Such
thick LPCVD Si3sN4 requires additional stress release process including annealing,
multi-layer deposition [66,67] or the use of a photonic damascene process [68]. These
methods increase the fabrication complexity, and some are not compatible with a
CMOS process. However, in a FPBG-FWM platform, the grating induced dispersion
can be a powerful tool to counteract the waveguide induced dispersion without
requiring thick Si3N4 deposition and dispersion engineering. As shown in Figure 5-8
(a-b), the grating induced dispersion is not only way larger than the waveguide
dispersion, which is around -1400 ps/(nm-km), but also nonuniform and symmetrical
with respect to the stopband center. An extremely strong, nonuniform and symmetrical

grating dispersion indicates that, even if a conventional dispersion engineering
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approach is implemented, the resonances of the FPBG cavity will still not be equally
distant unless the resonances, whose position are determined by the combination of
grating phase and cavity phase, are symmetrical within the stopband. While the grating
dispersion is an additional dispersion mechanism compared with a ring resonator, it
provides a new tool to offset the waveguide dispersion without having to adjust the
waveguide geometry. One can always locate three resonances where the grating
dispersion can fully compensate the waveguide dispersion such that the phase matching
condition is satisfied and the FWM efficiency is maximized. Taking waveguide
dispersion into account, such three equal distant resonances are quasi-symmetrical with
respect to the stopband center. Such mechanism does not rely on the waveguide
geometry and can be adjusted with careful tuning of the cavity phase. The FSR of the

resonances in a FPBG cavity is determined by,

2Lnmv,,
¢m+T=mn (5—-14)
2Lnmy
P+ = (m+ D (5—15)
VESR = Vim — Vm+1 (5—-16)

where m is the order of resonance,,,,,,+1 are the phases generated from a single
Bragg grating reflection at the wavelength of the m and m+1 order, respectively, v,,,
Vmsiare the resonant frequency of the m and m+1 order, respectively, and L is the
cavity length. Thus, by tuning the cavity phase (n, or L), the resonances will drift across

the stopband, and it is possible to controllably move the three resonances to the equal

55



distant position and thus realize the phase matching condition, i.e., zero FSR detuning

(FSR1 =FSR2).
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Figure 5-8 (a) Comparison of grating induced dispersion and waveguide induced
dispersion. The grating dispersion is dominant compared to the waveguide dispersion
(b) A zoom-in dispersion comparison shows that the grating dispersion is still dominant
around the stopband center. (c¢) The experimental results of thermal-tuning based
dispersion engineering. Resonant peaks drift inside the stopband while leaving the
stopband position unchanged. The red line represents the -5.6 MHz FSR detuning
position. (d) the FSR detuning changes with the central peak frequency offset showing

that thermal tuning can effectively implement dispersion compensation. Experimental
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results are in good agreement with the transfer matrix simulation results. The

simulation results indicate that zero FSR detuning is achievable. [69]

Here, we have integrated nickel-chromium heaters on the chip to tune the cavity
phase. To avoid thermal diffusion that will heat up the grating, the heater is designed
to be small compared to the cavity. A single tiny heater, however, cannot provide
enough thermal tuning range because it can only sustain limited heating powers. We
experimentally designed three FPBGs whose cavity lengths have 1/3 grating period A
difference between each other so that the three FPBGs together can sweep across the
stopband and thus realize the phase matching condition. Figure 5-8 (c) shows that, by
applying power on the heaters, the resonant peaks drifts inside the stopband while
leaving the stopband position unchanged. As shown in Figure 5-8 (d), experimentally,
the FSR detuning of the central three peaks are tuned from -8.22 GHz to +0.55 GHz
and is dependent on the central peak offset, namely the offset from the position of the
central peak corresponding to zero FSR detuning. The larger the central peak detuning,
the larger the FSR detuning will be. Although the best FSR detuning we got is -5.6
MHz, corresponding to the red line as shown in Figure 5-8 (c), phase matching
condition is achievable with better temperature control over the integrated heater since
we have successfully tuned the FSR detuning from negative to positive. By simulating
the transmission spectrum of the FPBG with different cavity lengths through the
transfer matrix method, we calculate the relationship of the FSR detuning and the
central peak frequency detuning and it shows good agreement with the experimental

results despite some discrepancy between the experimental data of Bragg grating 1
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(BG1) and the simulation results due to fabrication imperfection. This experimental
result is remarkable since the simulated dispersion parameter of our current waveguide
geometry is around -1400 ps/(nm-km), which is in a highly normal dispersion region.
It corresponds to an inherent FSR detuning of -100 MHz for a 1.39 nm FSR. We
successfully compensated it by controllably leveraging the huge grating dispersion. It
is worth noting that, while the FSR detuning coming from the waveguide inherent
dispersion is comparable to the linewidth of the resonance, it will be substantial if the
Q of the cavity is improved to several millions. Without the thermal tuning phase
matching strategy, it would be impossible to achieve efficient wavelength conversion.
Thus, such thermal tuning strategy in fact paves the way for future FPBG-FWM

applications for ultra-high-Q FPBG.

5.5 Conclusion and Proposed Future Work

In this work, we have studied the FPBG-FWM process in Si3N4/SiO2 on Si
platform, from theory development, grating optimization to experimental
demonstrations near 1590 nm. A -37.7 dB FWM conversion efficiency is observed with
a 5.3 dBm on chip pump power. We demonstrate that by using a tapered grating the
grating loss can be largely reduced from 3.5 dB/cm to 0.36 dB/cm, which makes the
high efficiency FWM process possible. We also demonstrate that, by thermally tuning
the phase of the Fabry-Pérot cavity, the phase matching condition can be realized on a
relatively thin Si3N4 film after compensating the waveguide inherent dispersion. This
phase matching technique removes the need for thick SizN4 deposition, which is one of

the major fabrication challenges for micro-ring cavity based FWM process. It is worth
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noting that, the phase matching strategy demonstrated in this work can be extended to
the cases where more resonances are involved in the FPBG cavity. By adjusting the
FPBG design, more resonances can exist in the stopband. Following the phase
matching strategy demonstrated here, the phase matching condition can be satisfied in
multiple symmetrical resonances (e.g. satisfied for resonances (-1, 0, 1), (-2, 0, 2) but
not for (-2, -1, 0)), due to the nonuniform but symmetrical grating dispersion. This can
be advantageous for multiplexed entangled photon pairs generation when spontaneous
FWM is available since the photon pairs can only be generated on the symmetric
resonances in the stopband, rather than spread out until phase matching condition is no
longer satisfied, as shown in multiplexed entangled photon pairs generated by ring
resonator [70,71]. In the FPBG case, the power of the generated signals and the photon
rates in every channel will be more uniform. Thus, such a uniform signal intensity over
a given bandwidth can be preferable for applications in quantum communications.
Above all, the FPBG platform is shown to be a promising approach to realize high
efficiency FWM and potentially spontaneous FWM (SFWM). While the SFWM is not
observable since the noise level of our OSA is higher than the SFWM level, given that
the FWM efficiency is quadratically proportional to the pump power and depends on
losses, we are optimistic that efficient SFWM would be achievable in future
experiments with our grating approach when the losses can be further minimized, and
the pump power is higher. We envision that the FPBG-FWM will be used in many
interesting applications such as controllable photon pairs generation and quantum

communication.
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Chapter 6 : On-Chip High Q Ring Resonator

6.1 Introduction

As we discussed in Chapter 5, further reducing the losses of grating and cavity,
and increasing the nonlinearity, would greatly improve the nonlinear conversion
efficiency of the FWM process, and thus make SFWM process possible. There are
different approaches to achieve these goals. First, there has been extensive
research [67,72-74] on on-chip ring resonators which use thicker silicon nitride
(Si13N4) films. With a thicker Si3N4 film and a carefully designed waveguide supporting
multiple guided modes, the fundamental mode of the given waveguide geometry will
be strongly confined in the waveguide so that the mode will experience less boundary
roughness, and as a result, a lower loss. In addition, from Equation 5-13, a more
confined mode will decrease the effective area and increase the filling factor,
contributing to a higher nonlinearity even if the material remains the same. However,
a major challenge for the thick Si3N4 film is that LPCVD grown Si3N4 has high internal
stress, which requires extra efforts to grow a thick Si3N4 film without cracks due to the
stress. Secondly, different materials with high nonlinearity, low loss, and a broad
transparency window are emerging, such as lithium niobate (LiNbO3) [50,51],
aluminum nitride (AIN) [75-77] , etc. Particularly, AIN has been shown as a promising
platform for astrophotonics and nonlinear optics application because it has a large

transparent window (205nm — 7.5um) [78], high second order nonlinearity (d;3 = 1 —
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3x10723C/V?) [79] , and low loss. Recently a loss of 0.13-0.14dB/cm has been
reported [76,77] by researchers.

In the following sections of Chapter 6, we will investigate and optimize the
losses of a waveguide on thicker Si3sN4 film and AIN film. Without loss of generality,
we use ring resonators to characterize the losses since the design of ring resonators is
less complicated than FPBG, as demonstrated in Chapter 5. Theoretically, the loss
characterized with the ring resonator should be the same as measured by the FPBG
approach. Thus, we may directly employ all the techniques that minimize the loss of
ring resonators waveguide to future FPBG cavity. We will first introduce the theory of
ring resonators. We will then discuss our work on ring resonators with 600nm Si3Na-
on-S10: platform and with AIN-on-sapphire platform. We demonstrate that, with a ring
resonator on 600nm Si3N4 film, the loss can be reduced from 0.33dB/cm, as shown in
Chapter 4, to 0.18dB/cm, corresponding to a loaded Q of 1.81 million and an intrinsic
Q of 1.86 million; with a ring resonator on 400nm AIN-on-sapphire platform, the
measured loaded Q is 141000, corresponding to a loss of 1.95 dB/cm. All these results

pave the way for future on-chip nonlinear optics applications.

6.2 Theory of Ring Resonator

Figure 6-1 shows the schematics of a ring resonator. Usually, a ring resonator
comprises of one bus waveguide and a ring resonator. The coupler allows the
possibility of energy exchange between the bus waveguide and the ring resonator at the
location of the coupler. At the coupler, while most of the light ¢ will propagate along

the bus waveguide, depending on the coupling strength k, a fraction of the input light
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will be coupled into the ring. Then the light coupled into the ring will circulate along
the ring, while another fraction of the light will be coupled out of the ring when the

light passes the coupler.

Ao B>

Al PE e B:
e
t
Figure 6-1 Schematics of the ring resonator
Now, we investigate the coupling between the bus waveguide and the ring in
detail [80,81]. Let A; and A, be the mode amplitudes of the input light at the bus
waveguide and the ring, B; and B, be the mode amplitudes of the output light at the

bus waveguide and at the ring, respectively. The input-output relationship can be

described as

Bil _ 1t « 1[A
Bz] B [K —t*] [Az] 6-1
where t is the bus-bus coupling coefficient, and k is the bus-ring or ring-bus coupling

coefficient. Due to the unitary property, the coupling coefficients t and k satisfy the

following relationship:
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|t + |x]? =1 (6—-2)
We can also relate A, and B, with A, = B,ae'®, where 6 is the round-trip phase shift

and @ = e %R

represents the remaining mode amplitude after a round trip in the ring
in the presence of the loss coefficient a. Here a factor of two is canceled because the a
represents the mode amplitude instead of the intensity.

After solving the above equations, we can find that the transmission in the bus

waveguide is governed by:

Bi|* a?+t% - 2atcosh

T = =
A 1+ a?t? — 2atcos6

(6-3)

From Equation 6-3, we can calculate the transmission spectrum. A sample transmission
of a ring resonator is shown in Fig. 6-2. The linewidth or loaded quality factor Q;, of
the resonance is related to the losses of the ring resonator and the coupling condition.
Besides Q,, there are two additional quantities, the intrinsic quality factor Q; and the
coupling quality factor Q. describing the losses due to the intrinsic loss of the ring
waveguide and the power dissipation at the ring-bus coupler, respectively. The Q;, Q;,

and Q. are related by:

1_1.1 G-
QL_Qi Qc

_Znng 6_c
Q; = i, (6 —5)
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where n is the group index of the ring waveguide, and «a is the loss coefficient of the

ring waveguide. Thus, by fitting the transmission and linewidth, we can extract the loss

coefficient of the ring waveguide.
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Figure 6-2 Sample transmission of a ring resonator

It is worth noting that, there are different designs for the ring-bus coupler in
addition to the straight coupler shown in Fig. 6-1. One of the most widely used design
is the Pulley coupler [77], in which the bus waveguide is a bend waveguide that is
concentric with the ring. Since the Pulley coupler can effectively increase the coupling
length, it is very useful for loosening the fabrication requirement by allowing a wider

ring-bus gap for given coupling strength x, when the modes in both the ring and the
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bus waveguide are too confined. Other types of coupler, such as a symmetric coupler
or a weakly tapered gap coupler has also been demonstrated by other researchers [82],

but a detailed description is beyond the scope of this dissertation.

A ring resonator has three different coupling conditions. When a =t and
cos@ = 0, the transmission T = 0, which is known as the “critical coupling” condition.
When a < t, in which case the power in the ring resonator is mainly dissipated through
the propagation loss of the ring waveguide, it is known as the “under coupled”
condition. When a > t, in which case the power in the ring resonator is mainly
dissipated through the ring-bus coupling, it is known as the “over coupled”
condition [83]. It is worth noting that, with the same losses in the ring, one can get a
higher Q; when the ring resonator is in the under coupled condition than when the ring
resonator is in the over coupling condition. In addition to the method described by

Equation 6-3, 6-4 and 6-5, an alternative way to relate the Q; and Q; is [84]

20,
U TENT ©=7
where “+” corresponds to the under coupled condition and “—” corresponds to the over

coupled condition. Obviously, for a given Q;, the Q;, is higher when the ring resonator
is in the under coupled condition. Thus, researchers usually design the ring resonator
in the under coupled condition so to achieve a higher Q; and realize other nonlinear

optics applications such as optical comb generation and soliton generation.
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6.3 Ring Resonator Based on 600nm SizNy4 Film

The first step to characterize the ring resonator performance on 600nm SizNs
film is to deposit such film on a silicon wafer. A low loss, crack-free Si3N4 film is
essential for low loss photonics applications. Plasma-enhanced chemical vapor
deposition (PECVD) and low-pressure chemical vapor deposition (LPCVD) are two
methods to deposit Si3N4 film in the standard CMOS process. While PECVD can easily
deposit several microns Si3N4 filmVD, due to the N-H bond generated in PECVD
deposition process, an absorption peak exists at 1.5um, which will significantly
degrade the device performance at the communication band [3,4]. LPCVD, instead, can
get rid of the N-H bond absorption problem. Hence, it is an ideal solution to get low
loss Si3N4 film. However, a significant disadvantage of LPCVD deposited Si3N4 film
is the high intrinsic film stress [67]. The film stress can easily build up as the thickness
of LPCVD deposited Si3N4 grows. As shown in Fig 6-3, without proper treatment, the
film can easily crack during the following fabrication processes due to minor
mechanical shocks. The crack due to film stress usually originates from the wafer's
edge and will propagate across the wafer, making the whole wafer full of cracks. In our
experiments, when the film is as thick as 600nm, it may crack immediately after the
LPCVD deposition, making the photonics application based on such thick SizNs film

impossible.
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Figure 6-3 Crack of LPCVD Si3N4 due to internal stress of the film. A Trench can stop

the propagation of the crack. [67]

Researchers have shown solutions to this problem. Luke et al. [67]
demonstrated that, by placing several trenches to isolate the region with photonics
devices from propagating cracks, the area surrounded the trenches can be crack-free.
However, such a strategy does not work in our case. Since we are using e-beam
lithography (EBL) to define the photonics device patterns, it is impossible to use EBL
for wafer-scale processing. Thus, a wafer dicing is necessary after the LPCVD
deposition to yield individual chips with suitable sizes for the subsequential processing.
While the trenches can stop the cracks originating from the edge from propagating
across the wafer after the LPCVD deposition, the dicing process will introduce a set of

new cracks along the dicing path, which leaves the trenches completely useless. To
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avoid this problem, we change the fabrication process from deposition-then-dice to
dice-then-deposition to bypass the mechanical shock due to dicing. Typically, the
LPCVD deposition is done in vertical mode to ensure the uniformity of the film as
shown in Fig 6-4 (a). Here, we first dice the wafer into 2 X 1.5c¢m? chips, and deposit
it in horizontal mode, as shown in Fig 6-4 (b). To reduce the intrinsic film stress, the
deposition process is done in two 300nm deposition steps. With this process, we yield
600nm crack-free Si3N4 film with a nonuniformity of better than + 0.2 nm, which

paved the way for ring resonator research based on a 600nm thick SizN4 film.

The next step is to design the ring resonator. We first define the geometry of
the ring resonator and the bus waveguide. When the ring resonator supports multiple
guided modes, the fundamental mode will be more confined, thus suffers from less
scattering losses due to the sidewall roughness, corresponding to a higher Q. Compared
with the higher order modes, the fundamental mode always shows the lowest
propagation loss due to less overlap with the waveguide boundary. However, if the ring
resonator supports too many guided modes, the ring-bus coupling can be more
complicated and multiple sets of resonances originating from different orders of guided
mode will be observed. Hence, the geometry of the ring resonator is designed to be
2 um X 0.6 um, supporting three guided TE modes, and the geometry of bus
waveguide is designed to be 0.8um X 0.6um, supporting one guided TE mode,
respectively, as shown in Fig. 6-5. Comparing Fig 6-5 (a) with Fig. 6-5 (c), the
fundamental mode in the wider waveguide has less overlap with the waveguide

sidewall.
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Figure 6-4 Setup of LPCVD deposition. (a) Vertical mode (b) Horizontal mode. The

inset shows how the individual chips are placed on the carrier wafer.
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Figure 6-5 Mode profile of the ring and bus waveguide. (a-b) Mode profile of the
2 um X 0.6 um ring waveguide. The waveguide geometry supports three guided TE

mode. (c) Mode profile of the 0.8um X 0.6um bus waveguide.

Then, the ring-bus gap and the radius of the ring resonator are designed. The
bending loss of the ring resonator must be negligible so that the extracted intrinsic Q
can reflect the loss purely due to scattering loss and material absorption. Fig. 6-6 shows
the FIMMPROP simulated mode profile when a TEo mode is injected from the input
port of the bus waveguide to the ring resonator and the scattering matrix associated
with the given ring resonator design. As shown in Fig 6-6 (b), the TEo mode in the bus
waveguide is mainly coupled to the TE: mode of the ring resonator. Here we find that
for the 2 um X 0.6 um waveguide with 200 um bending radius, the TEo-TEo coupling
strength k¥ with a ring-bus gap of 500nm is simulated to be 0.0116 at 1630nm,
corresponding to t = 0.9999. To achieve a critical coupled or under coupled condition,
the minimum loss of the ring resonator should be >0.01dB/cm with the given t. We

expect the loss of the waveguide on 600 nm Si3N4 film is lower than on 300 nm Si3N4
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film. Without knowing the loss of the ring resonator, we design the ring-bus gap to be
500nm, 600nm, and 700nm for both ring resonator designs. With ring resonators having
different gaps, we can better identify the coupling condition of the ring resonator and

extract the loss.

2um X0.6um
200um Radius

Figure 6-6 Simulated mode profile of the ring-bus coupler.

To improve the etch quality and get rid of the sidewall redeposition
problem [72], we used CHF3/O2 chemistry for the Si3N4 etching. Also, since any
ultrasonic process, such as liftoff, is strictly prohibited to keep the chip crack-free, we
used negative resist, maN-2405, instead of positive resist ZEP-520A, for the 600nm
Si3N4 chip. After following the fabrication processes as described in Chapter 2, we

successfully fabricated the device without crack, as shown in Fig. 6-7.

The experimental result for the ring resonator with a waveguide geometry of
2 um X 0.6 um is shown in Fig 6-8. Fig 6-8 (a) shows the overall transmission
spectrum of the ring resonator from 1450 nm to 1640 nm with a gap of 500 um.
Theoretically, the propagation loss should be lower at 1640 nm since the mode is less

confined at longer wavelength, and it is far from the N-H absorption at 1505nm due to
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Figure 6-7 SEM images of the ring resonator. (a) ring-bus coupling region. (b) tilted
view of the ring resonator, a smooth sidewall is achieved with the CHF3/O2 ICP-RIE

etch.

silane PECVD deposited SiO2. Fig 6-8 (b) shows the detailed transmission at
wavelength between 1630 nm to 1639 nm with different ring-bus gaps. There are three
sets of resonances in the ring resonator with 0.5 um gap and only two sets of resonances
in the ring resonator with 0.6 um and 0.7 um gaps. All the resonances show a FSR of
~1.03 nm because the group index difference between different modes is negligible.
Since the TEo-TEo coupling is the weakest ring-bus coupling pair according to the
simulation, and we expect that the TEo mode in the ring resonator has the lowest loss,
we identify that the shallowest and narrowest resonances in the 0.5 ym gap result
originate from the TEo-TEo coupling in the under coupled condition. We do not observe

the TEO-TEO resonances in the ring resonator with 0.6um or 0.7um gap because the
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Figure 6-8 Experimental result of the ring resonator with geometry of 2X0.6um and

200um radius. (a) Overall transmission of the ring resonator from 1450 nm to 1640 nm.

(b) Transmission of three ring resonators with different ring-bus gaps at 1630-1639nm.

Three sets of resonances are observed in the ring resonator with 0.5 um gap while only

two sets of resonances are observed in the ring resonator with 0.6 um and 0.7 um gap.

(c) Zoomed in transmission of the red circle in (b), resonance split is observed due to

the coupling between clockwise (CW) and counter-clockwise (CCW) propagating

light, because of imperfect waveguide sidewall. Blue line: experimental results, Black

line: Fitting results.
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ring-bus coupling is too weak so that the TEo-TEo resonances are not visible according
to Equation 6-3. We further investigate the resonances from TEo-TEo coupling to
extract the Q and losses of the ring resonator. Fig 6-8 (c) shows that the full width half
maximum (FWHM) linewidth of the resonance is 0.9 pm, corresponding to a loaded Q
of 1.81 million. With Equation 6-7, we can conveniently extract the Q; to be 1.86
million, corresponding to a propagation loss of 0.18 dB/cm. We fit the experimental
results with Equation 6-3 and extracted that the coupling strength x is 0.0138, which
agrees reasonably well with the simulation results, confirming the accuracy of the
theory and the simulation results. As shown in Fig 6-8 (c), resonance splitting, coming
from the light backscattering due to sidewall imperfection in the ring resonator, is
observed. Such resonance splitting effect can only be observed when the loss is very

low. [85]

6.4 Ring Resonator Based on AIN

AIN-on-sapphire has been demonstrated as an emerging platform for integrated
photonics devices due to its low loss, and ultra-broad transparency window. Especially,
AIN has one of the largest bandgaps in photonics materials (~6.2eV), which enables
application from ultraviolet to mid-infrared range [78]. This is especially attractive for
astrophotonics and quantum information applications. In addition, compared to Si3Na,
which only has a third-order nonlinearity (y®), AIN has both second-order (y ) and
third-order nonlinearities due to its non-centrosymmetric crystal structure. Hence, it

has also been used for second harmonic generation and electro-optic devices.
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There are different techniques to grow AIN on sapphire, such as molecular
beam epitaxy (MBE), metal organic chemical vapor deposition (MOCVD),
sputtering [75], and physical vapor deposition (PVD). In this work, we use
commercially available AIN-on-sapphire wafers from Kyma Technologies, Inc. The
AIN is deposited by PVD with nanocolumns (PVDNC). Compared to MBE and
MOCVD AIN, PVDNC AIN has lower costs and better scalability. In this section, we
investigate the AIN waveguide loss with an AIN thickness of 400nm.

It is worth noting that, while the refractive index of AIN is close to Si3N4 (~2.1
at 1550 nm), the refractive index of sapphire (~1.75 at 1550nm) is higher than that of
Si02. Thus, the AIN-on-sapphire waveguide mode is less confined than the Si3N4
waveguide with the same waveguide geometry. In this work, we design the bus
waveguide to be 1.6um X 0.4um, supporting one guided TE mode, and the ring to be
2.6um x 0.4um, supporting two guided TE modes, as shown in Fig. 6-9 (a-b). We also
simulated the bending loss of the ring waveguide. As shown in Fig. 6-9 (c), the bending
loss decreases rapidly when the bending radius increases and is negligible when the
bending radius is larger than 150 um. Here, we design the bending radius to be 250
um. Fig 6-9 (d) shows the mode profile of the ring waveguide with 250 um bending
radius. Compared to Fig. 6-9 (b), the mode is still well confined in the waveguide core
and the selected bending radius can ensure a ring resonator without extra loss penalty
from the bend. Next the ring resonator is simulated with FIMMPROP. As shown in Fig
6-9 (e), the TEo mode in the bus waveguide is coupled to the TEo and TE1 modes of the

ring waveguide. For the 2.6 um X 0.4 um waveguide with 250 um bending radius and
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Figure 6-9 (a) Mode profile of the bus waveguide. (b) Mode profile of the ring

waveguide. (c) Bending loss simulation of the TE mode with different bending radius,
with the ring waveguide geometry. The bending loss is negligible when the bending
radius exceeds 150 um. (d) Mode profile of the ring waveguide with 250 um bending
radius. (e) Ring-bus coupling simulation.
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400 nm gap, the TEo-TEo coupling strength x with a ring-bus gap of 400nm is
simulated to be 0.1225 at 1550nm, corresponding to t = 0.9925. To achieve a critically
coupled or under coupled condition, the minimum loss of the ring resonator should
be >0.4 dB/cm with the given t. Experimentally, we design the gap to be 400, 600, and
800nm to identify the coupling condition better and extract the loss.

The fabrication of the AIN-on-sapphire chip is slightly different from SizNa
chip. For Si3N4 chip, we use fluorine-based ICP-RIE to etch the Si3Na. In this case, the
metal mask or negative resist mask works fine because they have a reasonably good
selectivity ratio to the SizsN4 film. However, chlorine-based ICP-RIE is required to etch
the AIN because AIN is a III-V material. Neither metal mask nor negative resist can
survive in the chlorine-based ICP-RIE. Instead, we deposit a layer of 500nm PECVD
SiO2 on top of the AIN before starting the fabrication process. Then, following the
standard EBL process with ZEP-520A and metal deposition, the SiOz2 is etched with
the fluorine-based ICP-RIE first. After removing the metal mask for the SiO: etch, the
AIN is etched with chlorine-based ICP-RIE. As shown in Fig. 6-10, both the SiO2 and
AIN are etched correctly with the ICP-RIE. After the ICP-RIE etch, the remaining SiOz
mask is removed by buffered oxide etchant (BOE), and a layer of Sum PECVD SiO2

is deposited as a top cladding layer.
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SEM MAG: 56.7 kx Det: In-Beam SE 1 pm SEM MAG: 50.0 kx Det: In-Beam SE 1um
View field: 4.89 ym | Date(m/dly): 02/24/21 University of Maryland AIM Lab View field: 5.53 um | Date(m/dl/y): 03/01/21 University of Maryland AIM Lab

Figure 6-10 SEM images of the ring resonator. (a) Ring waveguide after the SiO2

etch. (b) Ring waveguide after the AIN etch.

The experimental result is shown in Fig 6-11. Fig 6-11 (a) shows the overall
transmission with different ring-bus gap. The resonance depth is more than 20 dB when
the gap is 400 nm and at around 1630 nm, which is near critical coupled condition. As
the ring-bus gap increases, the resonance depth decreases, indicating that the ring
resonator with 600 nm and 800 nm gap is in under coupled condition. Fig 6-11 (b)
shows the detailed transmission at wavelength between 1545 nm to 1554 nm with a
0.6 um ring-bus gap. There is one set of resonances in the ring resonator with a FSR of
~0.754 nm. Since the TE1 mode suffers a higher bending loss and scattering loss in the
ring, the resonances observed comes from the TEo-TEo coupling. We further investigate
the resonances from TEo-TEo coupling to extract the Q and losses of the ring resonator.

Fig 6-11 (c) shows that the full width half maximum (FWHM) linewidth of the
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resonance is 10.8 pm, corresponding to a loaded Q of 141000. With Equation 6-7, the
Q; 1s extracted to be 185000, corresponding to a propagation loss of 1.95 dB/cm. The
extracted coupling strength k is 0.1147, again agrees well with the simulation results

and confirms the resonance originates from the TEo-TEo coupling.

(a) 2 Gap 0.4um (b) ,
B ; , . . .
| 3 R i S R R
gy MR AR So9 ‘ ‘ 1
30 = | 1 \
)
808 ‘
-35 - g
507
40 - 2
i FSR:
g0 0.754n
45 - & .
EO05-
-50 L . §
04 | | | | |
1450 1500 1550 1600 1650 1545 1546 1547 1548 1549 1550 1551 1552 1553 1554
wavelength(nm)
(c) 1 = — i
26 So09- % ,,',”/
] 8 v
g.gg L g 08~ } r'
Q s Vol
230 ! &0z —h; ‘”‘<— 10.8pm
£ 3 !
2-32- Sos \( H
o g | H
(= £ H
-3 Sos- i
-36 = ! ! 04 L 1 L
145 1500 1550 1600 1650 1545.75 1545.8 1545.85 1545.9 1545.95 1546
wavelength(nm)
G (d) ;
22 ; ap 0.8um ]
ol | | ™
= OB | ‘
S \ ‘ ‘ | |
24~ 1 3 ‘ | ‘ ‘
£06 i
el k—»
26 o
=04 i
2 04 FSR:
28 N 0.84/nm
g 0.2
o
ey
'310450 1500 1550 1600 1650 1625 1626 1627 1628 1629 1630 1631 1632 1633 1634

Wavelength(nm) wavelength(nm)

Figure 6-11 Experimental Results of the AIN ring resonator. (a) The overall
transmission of the ring resonators with different gaps. (b) The zoomed-in transmission
at 1545-1554 nm of the ring resonator with a gap of 0.6 um. (c) The zoomed in
transmission of the 0.6 um gap at 1546nm. The linewidth of the resonance is measured
to be 10.8 pm. (d) The zoomed-in transmission at 1625-1634 nm in the ring resonator

with a gap of 0.4 um.
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Furthermore, we also investigate the waveguide losses at 1630nm since the
overall transmission drops at a longer wavelength. As shown in Fig 6-11 (d), only the
TEo-TEo coupling is observed at 1625-1634 nm in the ring resonator with a gap of 0.4
um. The FSR is measured to be 0.84 nm. The ring resonator is in the critically coupled
condition at this wavelength because the mode is less confined at a larger wavelength,
contributing to a larger coupling strength k. The Q; is measured to be 93000,
corresponding to a Q; of 186000 and a waveguide loss of 1.94 dB/cm. The extracted
loss at 1630 nm is close to the loss at 1550 nm, showing no extra penalty at 1630nm
due to a less confined mode. The bending loss with a 250 um bending radius at both

1550 nm and 1630 nm is negligible.

6.5 Discussion and Conclusion

In this chapter, we have investigated the waveguide loss performance on thicker
SisN4 and AIN film with ring resonator, from theory to experiment. For the ring
resonator based on 600nm Si3N4 film, the loss is measured to be 0.18 dB/cm. Compared
to the loss of 0.33 dB/cm that is measured on 300 nm Si3N4 film, the loss is reduced by
almost 50%, thanks to the loss reduction strategies that include increasing the
waveguide thickness, using waveguide geometry that supports multiple modes, and
using CHF3/Oz2 gases in ICP-RIE etch to avoid sidewall redeposition. Compared to the
best loss reported by other researchers [72,86,87], we still have room to improve the
loss. Firstly, thermal annealing is an essential step to reduce the absorption peak at 1505
nm due to N-H bond, which exist in both the LPCVD Si3N4 and silane PECVD SiOx.

With thermal annealing, the N-H bond can be removed, and the loss due to material
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absorption will be reduced, especially at the wavelength close to 1505 nm. The
annealing process is also helpful in smoothening the waveguide boundary if the
annealing is implemented before the top cladding SiO2 deposition [2,57,67]. Secondly,
a top cladding SiO2 with higher quality, such as TEOS PECVD SiO2, HTO/LTO
LPCVD SiOz, or thermal oxide from wafer bonding [72,88], will also be helpful to
further reduce the loss. Thirdly, a chemical mechanical polish (CMP) process is also
essential to achieve ultra-high-Q ring resonator (Q > 10 million). Unlike the
conventional polishing, CMP is assisted by chemical reaction to remove the surface
materials. Compared to the conventional polishing, CMP can ensure a better film
uniformity. While the LPCVD Si3N4 has good film uniformity, the CMP can further
improve film uniformity by polishing the Si3N4 surface before the fabrication process.
Ji et al. have shown that the root-mean-squared (RMS) roughness can be reduced from
0.38 nm to 0.08 nm with CMP [72], which can further reduce the scattering from the
top surface roughness and improve the loss. Lastly, Spencer et al. reported that, in
addition to the coupling loss and propagation loss, an excess loss at the ring-bus coupler
y may also reduce the Q; [82], especially when the waveguide propagation loss aL is
low and comparable to y. A specially designed weakly tapered gap coupler may help
reduce the coupler excess loss as well as unwanted higher order or radiation modes

coupling, and further improve the Q; .
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Figure 6-12 SEM image of the etched AIN waveguide. Nanocolumns and defects are

seen on the waveguide top.

Compared to the loss results on the 600 nm Si3N4 film, the loss results from the
AIN film are less satisfactory. The primary reason is attributed to the film quality. As
we mentioned in Section 6.4, the AIN is deposited with PVDNC. The surface of AIN
grown by PVDNC is made of nanocolumns of AIN. While these nanocolumns may be
beneficial for MBE growth applications, it can be problematic for etch-based photonics

applications. The waveguide core, an unetched region, consists of AIN nanocolumns.
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Thus, light scattering between nanocolumns within the waveguide core can be
expected. The surface is also rough due to the nanocolumns. All these factors contribute
to the higher loss of the AIN waveguide. By switching to a MBE-grown AIN film, the
film quality can be improved. It has been shown that the loss in waveguide based on
more than 1 um MBE-grown AIN can be as low as 0.13 dB/cm [76,77]. We envision
a much lower loss with a MBE-grown AIN film, which can enable applications in

astrophotonics and quantum information.
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Chapter 7 : On-Chip High Extinction Ratio Mach-Zehnder

Interferometer for Exoplanet Discovery

7.1 Introduction to Exoplanet Discovery and Nulling Interferometer

Exoplanet discovery has always been of great interest to astronomer. However,
it has long been difficult to directly detect an exoplanet not only because the exoplanet
signal is several orders of magnitude weaker than its host star but because the distance
between the exoplanet and its host star is way smaller than the distance between the
exoplanet and earth. That’s why astronomers didn’t confirm any exoplanet detection
until 1992 [89], and why a high angular resolution, high dynamic range detector is
desirable for exoplanet discovery. There are two major techniques to fulfill the
requirements for exoplanet discovery, coronagraph, and nulling interferometry. For the
coronagraph approach, scientists design a telescopic attachment to block out the direct
light from a host star so that the faint exoplanet signal can be observable. However, the
emission and scattered light from the warm circumstellar dust, an analog to the
interplanetary dust found in our solar system, will be a major source of noise for
coronagraph [90-92]. Also, the coronagraph design depends on the exoplanet
dimension [93], which makes it impossible to detect all kinds of exoplanet with a
universal coronagraph design. Unlike the approach using coronagraph, nulling
interferometry is working differently. Fig. 7-1 shows the schematic diagram of the

nulling interferometer. Light from the star and the exoplanet travels to the earth and is
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collected by two separate telescopes. The telescopes are separated by a baseline d.

Since the star and exoplanet are at least hundreds of light years away from earth, the

(a) s (b) exoplanet exoplanet

,’/ ;:( Star light light

\ Ik

Exoplanet

Star light Star light

Telescope 1 Telescope 2

Powermeter

Telescope 1 Telescope 2

Figure 7-1(a) Schematic layout of the nulling interferometer. the optical path from the
star (OPS) and the optical path from the exoplanet (OPE) is shown. (b) Schematic of

the working principle of the nulling interferometer.

chance that two incoherent light beams can be simultaneously received by two

telescopes are negligible. Thus, the light received by the telescopes are considered as
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plane wave and coherent. While we can assume that the optical path difference (OPD)
from a star to the two telescopes is 0, the OPD from the exoplanet to the two telescopes
is not necessarily 0 and is highly dependent on the position of the exoplanet. Since the
OPDstar (OPS) and OPDexo (OPE) are different and the light is coherent, by introducing
additional phase delay, one can suppress the light from the star while leaving the light
from the exoplanet unaffected. Thus, the contrast between a star and an exoplanet is
improved and direct exoplanet detection is possible. It is worth noting that, unlike
coronagraph, whose design is dependent on the exoplanet size, the design of a nulling
interferometer can be a universal design. The nulling depth, namely the suppression
ratio of the star light, is only dependent on the phase control precision. The star light
can be fully suppressed when the phase difference between the two optical paths from
the star to the two telescopes is exactly (2n + 1)m . Moreover, the nulling
interferometer can provide superior angular resolution. As shown in Fig. 7-1 (b),
suppose that the tiny angular shift between the exoplanet and the star is 0, and assume

that the OPS is 0, the OPE will be dsinf =~ df. Thus, the phase difference @,,,
would be @,,, = kX OPD = 27"d0. By assuming OPS = 0, The maximum angular

resolution can be achieved when OPE = 4/2, which means that ¢.,, = . Hence, the

angular resolution of nulling interferometer can be given by:

e_/ln_/l 7 -1
" 2nd  2d
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which is independent from any star and exoplanet property. Typically, the angular
resolution can be as high as a few milli-arcseconds, which is favorable for exoplanet

detection.

7.2 Recent Advances and Challenges in Nulling interferometer

In 1978, Bracewell first proposed that a spinning infrared nulling interferometer
would be a way to detect an exoplanet [94]. While some scientists have demonstrated
application of a the nulling interferometer using free space optics [95], the vast majority
of research interests have been geared toward using integrated optics based nulling
interferometers. Comparing with free space optics, an integrated photonics platform
shows great advantage in terms of system stability and compactness. While the
wavelength of the light emitted from an exoplanet can vary from the visible to the mid
infrared, the astronomical H-band (1.5-1.8 um), L-band (3-4 um) and N-band (7.5-14
um) are particularly favorable for exoplanet research since it represents different stage
of exoplanet formation. Although the N-band can be an important window for mature
exoplanet detection, the poor performance of optical detectors in the N-band limits the
exoplanet detection. While there is extraordinary contrast in the L-band, achieving
good integrated optics performance in mid infrared remains challenging because the
major integrated photonics material systems, including silicon on insulator (SOI),
Si3N4/Si02, and silica on silicon, are not transparent in the mid infrared and new
platforms such as lithium niobate and chalcogenide glass are still under development.
Thus, the H-band nulling interferometer is still the most mature platform to date. In

1999, Berger et.al. demonstrated a 2-channels nulling interferometer based on silica-
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on-silicon Y-branch beam combiner [96]. As shown in Fig. 7-2(a), the light from two
telescopes is coupled onto the chip through fiber-chip butt coupling and are split by the
first two Y-junction, then the two coherent lights interfere at the reverse Y-junction and
the star light get suppressed. Based on the Y-branch beam combiner scheme,
researchers further demonstrated multi-baseline integrated optics beam combiner on
silica-on-silicon and the integrated nulling interferometer has already been installed in
the European Southern Observatory as a very large telescope interferometer
(VLTI) [97,98]. Although the VLTI has achieved great success in H-band, researchers
are developing next-generation mid-infrared nulling interferometer. Chalcogenide
glass-based nulling interferometer has thus been developed recently. Unlike
conventional CMOS compatible materials, fabrication on chalcogenide glass mainly
rely on direct laser inscription, giving researchers the capability of making full 3D
photonic structure. However, the index contrast of laser inscribed waveguide is small
compared with regular SOI or silicon nitride waveguide and thus limits the
compactness of the chalcogenide glass photonic chip, whose footprint is typically
several cm?. Recently, a Y-branch splitter and directional coupler-based nulling
interferometer components in chalcogenide glass has been demonstrated and
researchers are working to integrate these components [99]. Besides, Goldsmith et.al.
also proposed a multimode interferometer (MMI) based nulling interferometer as
shown in Fig. 7-2 (b) [100]. Their simulation results show that the 2-channel nulling
interferometer can reach as high as 60 dB extinction ratio within a 30 nm wavelength

range in the astronomical L-band. Since the traditional Y-branch splitter or directional
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coupler-based nulling interferometer can only achieve around 95% contrast, the

proposed MMlI-based nulling interferometer outperforms the traditional nulling

interferometer and is a perfect candidate for next-generation integrated nulling

interferometers.

(a)

Sources

Fiber

Off-axis parabola

Delay line

~ 20° @'_ T~
Beamsplitter % --------- = —

1 (’0
] ‘ﬂ
Mirror % Off-axis parabolae

combiner Infrared
detector,

Image of the 3 cutputs

Feverse Y-junction
Direct ¥-junction
Glass substrate
ITon exchanged waveguides

C;

(wri) x
09 O 02 0 0Z- OF 09

[ |

Z (um)

0002

(@8]
o
o
o

000¥

AntiNull

AntiNull

Figure 7-2 (a) Schematic of Y-branch nulling interferometer [96]. (b) Schematic of the

MMI-based nulling interferometer [100].

As a summary, researchers have demonstrated Y-branch based integrated

nulling interferometer in the astronomical H-band and are now working on nulling
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interferometer in the astronomical L-band. However, the extinction ratio of the Y-
branch splitter or directional coupler-based nulling interferometer is still unsatisfactory,
which limits the exoplanets discovery process. Thus, a compact, high contrast
integrated nulling interferometer remains challenging, and further research is required
to address the issue.

In this chapter, we investigate a low loss, high contrast integrated Mach
Zehnder Interferometer (MZI) based on two cascaded MMI on a SizNs-on-SiOz2 chip,
from simulation to experiment. We demonstrate a MMI-MZI with the largest extinction
ratio of 58 dB on 300 nm Si3N4, and a thermally tunable MMI-MZI with the largest
extinction ratio of 50 dB, with the tuning power of about 400 mW. We further analyze
the factors that limit us from achieving a higher extinction ratio and proposed an
integrated TM filter to solve this problem. With the demonstrated high extinction ratio
MMI-MZI, it can be easily used as a nulling interferometer and facilitate future

exoplanet discovery.

7.3 MMI-MZI Design

There are several considerations in designing the high extinction ratio MMI-
MZI for astrophotonics application before we start the simulation. While
simultaneously achieving broadband and high extinction ratio MMI-MZI is highly
desirable for astrophotonics application, it is impossible due to the nature of MMI. As
we discussed in Chapter 4, the bandwidth of the cascaded MMIs device purely depends
on the bandwidth of a single MMI. The bandwidth of a MMI is related to the MMI’s

dimension:
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A LW,

(7-2)

Where the A, is the central wavelength of the MMI bandwidth, L is the length of the

MMI, and W, is the effective width of the MMI, which can be written as [38]
Ao 1
We =W +(2) - nd) (7-3)

Obviously, from Equation 7-2 and 7-3, the bandwidth decreases with the increase of
the dimension of the MMI. However, MMI works based on the ‘“self-imaging”
principle. The more modes the MMI supports, the better the imaging quality will be.
For the MMI-MZI, a MMI supporting more modes indicates a wider MMI, and better
imaging quality indicates a higher extinction ratio. Thus, there is a fundamental tradeoff
between larger bandwidth and a higher extinction ratio. Fig. 7-3 (a-b) shows the
simulation results of the MZI-MMI. While the MZI with 10 ym width, which supports
8 guided TE mode, has a 3-dB bandwidth larger than 200 nm, the largest extinction
ratio is only ~40 dB. Instead, the MZI with 15 um width, which supports 10 guided TE
modes, has an extinction ratio better than 60 dB with a reduced 3-dB bandwidth of
around 80 nm. In our case, a high extinction ratio is more critical for the exoplanet
discovery. Hence, we are putting our effort into improving the extinction ratio in this

work.
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Figure 7-3 Simulation Results. (a) Simulation results of the MZI with 15 ym MMI
transmission at the null port and anti-null port. (b) Simulation results of the MZI with

10 ym MMI transmission at the null port and anti-null port. (¢) Simulated mode profile

of the MMI-MZI.

In this work, we design the dimension of the MMI to be 15%166.23 um?. The
port width is designed to be 1.8 um with a separation of 5.1 um between two ports of
the MMI. Such design enables the paired interference mode, as we described in Chapter
4[38,101], and the MMI dimension is reduced by three-fold. The FIMMPROP

simulated transmission at two output ports and mode profile are shown in Fig 7-3 (b-

c).
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7.4 Experimental Results

Before we can investigate the high extinction ratio MMI-MZI performance, the
TM noise on the chip should be minimized first. The TM noise is an important factor
that prevent us from getting high extinction ratio MMI-MZI. Since the MMI is
optimized for TE polarization, when a TM polarized light goes into the MMI-MZI, a
small portion of the TM light will still go to the null port, which will limit the overall
extinction ratio. As shown in Fig. 7-4 (a-c), with a TM input, the light does not perfectly
converge in the output port, and the simulated extinction ratio will decrease from 70
dB to around 40 dB. Unlike the TM noise we discussed in Chapter 4, the TM noise
must be removed in a broadband for the MMI-MZI, i.e., more than 200 nm. Thus, the
Bragg grating based TM filter we demonstrated in Chapter 4 no longer works. Here,
we utilize the different bending loss for TE mode and TM mode to remove the TM
noise. As shown in Fig. 7-4 (d), as the bending radius decreases, the bending loss
increases significantly for both the TE mode and TM mode. However, with a bending
radius of 50 um, while the bending loss for TM mode is 2.4 dB/180° bend, the bending
loss for TE mode is still negligible. With the bending loss difference between TE and
TM modes, we can implement on-chip broadband TM filtering. We test the 50 um
bends TM filter with a simple Bragg grating. As shown in Fig. 7-4 (e), without the
broadband TM filter based on bending waveguide, the TM noise floor is at around -20
dB, just as what we have seen in Chapter 4. When adding the TM filter to the Bragg
grating, the TM noise is suppressed by more than 25 dB with 720° or longer 50 um

radius bends. It is also worth noting that the overall insertion loss of the TE mode
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Figure 7-4 (a) Simulated mode profile of the 15 um MMI-MZI with a TM input. (b)
Simulated transmission results of the 15 ym MMI-MZI with a TM input. (¢) Simulated
extinction ratio of the MZI with 15 ym MMI with a TM input (d)TM transmission on
the MMI needs to be simulated. (e)Experimental results of the bend waveguide TM

filter.
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remains the same, which experimentally shows that the TE mode bending loss is still
negligible in 50 um radius bends. The stronger than simulated TM suppression is
attributed to the fact that the bending loss simulation does not take the mode mismatch
loss between straight waveguide mode and bend mode into consideration. Thus, the
experimental TM suppression can be higher than the simulated results. In the following
high extinction ratio MZI experiment, a TM filter with 720° 50 um radius is always
included in all MZI designs.

We first test the MMI-MZI without thermal control. The device is fabricated
with the standard ZEP-520A fabrication process as described in Chapter 2. Fig. 7-5
shows the SEM images of the fabricated devices. Here, the two MMIs are connected
by a 100 um waveguide. As shown in Fig. 7-5 (b), the device’s dimension agrees

reasonably well with the design.

SEM HV: 20.0 kV XEIA3 TESCAN
WD: 5.00 mm SEM MAG: 370 x 200 ym
View field: 749 ym | Date(m/dly): 11/02/20 University of Maryland AIM Lab

SEM HV: 20.0 kV Det: In-Beam SE | XEIA3 TESCAN

WD: 5.01 mm SEM MAG: 10.00 kx | 5 ym
View field: 27.7 ym  Date(m/dly): 11/02/20 University of Maryland AIM Lab

Figure 7-5 SEM images of the fabricated devices. (a)Overall device (b)Zoomed in

image of the MML.
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The measurement results are shown in Fig. 7-6. Experimentally, with a TE
polarized input, the maximum anti-null transmission is measured at around 1540 nm
with an insertion loss of ~1 dB. The measured 3-dB bandwidth is 94.3 nm. The highest
extinction ratio extracted from the transmission is approximately 58 dB, as shown in

Fig 7-6 (b). The device performance agrees well with the simulation results.
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Figure 7-6 Experimental results of the MMI-MZI. (a) Transmission of the null port and
anti-null port, normalized to the transmission of a straight waveguide. (b) Extinction

ratio extracted from the transmission.

Next, we investigate the MMI-MZI with thermal control. Experimentally, to
realize the thermal control, we deposit a total of 130 nm nichrome microheater on top
of the PECVD SiO:2 cladding. The microheater is patterned with an Elionix overlay
feature. As shown in Fig. 7-7, we successfully get a double alignment precision better
than 1 um, critical for efficient thermal phase control. Since we need  phase shift
capability for the MZI but the thermo-optic coefficient of both Si3N4and SiO: are small

(2.4x107/K and 0.96x1079/K, respectively) [102], the two MMIs are separated by 500
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um, and the heater are designed to be 500x10 um? to allow larger thermal tuning

capability.

Figure 7-7 Microscope image of the microheater.
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Figure 7-8 Experimental results of the thermally controlled MZI-MMI. (a)
Transmission of the null port and anti-null port, normalized to the transmission of a

straight waveguide. (b)Extinction ratio extracted from the transmission.
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The measurement result of the thermally tunable MZI-MMI is shown in Fig 7-
8. Here, the insertion loss of the MZI is measured to be 1.70 dB, and the 3-dB
bandwidth is 90.1 nm. By applying a tuning power of about 400 mW, the highest

extinction ratio is measured to be -50 dB.

7.5 Discussion and Conclusion

Overall, the results shown above agree well with the simulation results. Thanks
to the on-chip broadband TM filter, we managed to achieve an extinction ratio of 58
dB with the MMI-MZI and an extinction ratio of 50 dB with the thermally tunable
MMI-MZI. The MMI-MZI has a reasonably small footprint, and the loss of the MMI-
MZI is less than 2 dB, both of which are highly desirable for the astrophotonics
applications. Compared to the 70 dB simulated extinction ratio, we still have room to
improve. The primary reason for the difference is fabrication imperfection. When the
light propagates in the MMI, it can be expanded into the eigenmodes of the MMI. The
self-imaging process purely relies on an accurate MMI footprint and port separation.
For the MMI-MZI, ideally, the first MMI will equally split the light with a /2 phase
difference, and the second MMI will combine the two lights. But this is impossible
when fabrication error occurs. Although we have perfect control over the phase
difference between two arms through the thermal control, we cannot control the power
difference between two arms with the two MMIs schematics. Fig. 7-9 shows the
simulated light propagation profile in the second MMI when a 10% power difference
between two MZI arms exists. While the light will still mainly converge to the anti-

null port, the null port is not perfectly nulled, and the extinction ratio will drop. As
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shown in the inset of Fig. 7-9, the extinction ratio at 1550 nm drops from 47.49 dB to

26.12 dB when the power difference increases from 0 to 10%.

Extinction Ratio (dB) 47.49 32.95 26.12

S

Figure 7-9 Simulation results of a MMI with two inputs. The phase difference and
power difference between the two inputs light is 7/2 and 0.1, respectively. The inset

table shows the simulated extinction ratio with different power difference.

Researchers have proposed cascaded MZI schematics to solve this
problem [103,104]. As shown in Fig. 7-10, in the cascaded MZI schematics, the first
MZI is used to fine-tune the power imbalance so that there is no power difference at
the two outputs of the first MZI. Then, with phase control on the second MZI, a /2
phase difference can also be achieved. Thus, both power difference and phase

difference conditions are satisfied, and the MZI will work perfectly.
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Figure 7-10 Schematics of cascaded MZI. [103]

With all the progress demonstrated in this chapter, the MMI-MZI will be a
perfect candidate for implementing a nulling interferometer. As discussed in Section
7.3, by increasing the width of the MMI, the extinction ratio can be further improved.
We envision that such a high extinction ratio, low loss MMI-MZI can facilitate future

direct exoplanet discovery.
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Chapter 8 : Conclusions and Perspectives

In this dissertation, we have discussed different fabrication techniques for
implementing a range of photonics devices. In particular, we have investigated multiple
integrated photonics devices, including echelle grating, add-drop filter, Fabry-Pérot
Bragg gratings, ring resonators, and MMI-MZI device, and their applications in
astrophotonics and quantum information. Since every photon counts for astrophotonics
and quantum information, low loss is an essential requirement for the integrated
photonics devices. Thus, we have used SizNs, a well-known low-loss photonics
material, for all the integrated photonics devices. We have successfully demonstrated
a low-loss performance on all the implemented devices.

The echelle grating discussed in Chapter 3 is essential for on-chip spectrometry.
Compared to AWG, echelle grating features a smaller footprint. Different from the
previous work on echelle grating, we propose to use silver, instead of distributed Bragg
reflector, as the reflector to maximize the bandwidth and minimize the on-chip loss of
the echelle grating. After addressing the stitching error problem originating from the
EBL process, we have demonstrated a 5-channel Si;N,/Si0, echelle grating with 1.39
dB on-chip insertion loss, 4.929 nm channel spacing, a 1300 spectral resolution, a
1.2dB channel non-uniformity and better than -30 dB crosstalk. The combined
performance is better than any reported echelle grating. It is envisaged that the echelle
grating can have a great potential for astrophotonics application.

The add-drop filter discussed in Chapter 4 is realized based on two 2X2 MMIs

and two Bragg gratings. Specifically, the CWBG-MMI add-drop filter features the
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capability of implementing add-drop operation on an arbitrary amount of channel with
arbitrary spacing, thanks to the LP/LA algorithm that designs the CWBG. We have
demonstrated a CWBG-MMI add-drop filter with five arbitrarily spaced channels with
on-chip loss of < 1 dB, a rejection ratio of > 40 dB, and a 3-dB line width of 1.2 nm,
and a spectral precision of better than + 0.2 nm. To our knowledge, this is the first
CWBG-MMI multi-channel add-drop filter ever made. The LP/LA algorithm gives
further flexibility to design filter with more notches and narrower linewidth.

We have also demonstrated an on-chip FWM signal with a FPBG cavity going
from theory, to grating optimization and to an experimental demonstration near 1590
nm in Chapter 5. A -37.44 dB FWM conversion efficiency is observed with a 5.3 dBm
on chip pump power. A ten-fold loss reduction using tapered grating has been
demonstrated, making the high efficiency FWM process possible. Furthermore,
dispersion compensation is realized with the help of the Bragg grating dispersion and
thermal phase control.

We then demonstrated multiple loss reduction techniques and characterized the
waveguide loss using ring resonators in Chapter 6. With a thicker Si3N4 and waveguide
supporting multiple guided modes, the waveguide loss has been further reduced from
0.33 dB/cm to 0.18 dB/cm. With these progresses, the on-chip FPBG-FWM efficiency
can be higher, and the SFWM will be possible in the future. We have also explored a
new material platform, AIN-on-sapphire, due to its strong second-order nonlinearity

and ultrabroad transparent window. We have demonstrated a loss of the AIN waveguide
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of 1.95 dB/cm. All the innovations pave the way for future quantum information
applications.

Lastly, The MMI-MZI discussed in Chapter 7 can be used for the exoplanet
discovery by nulling the light from the star while leaving the light from the exoplanet
unchanged. For the exoplanet discovery purpose, high extinction ratio of the MMI-MZI
is critical. We have demonstrated an MMI-MZI with an extinction ratio of 58 dB by
introducing a bending-waveguide-based broadband TM filter. We have also shown the
thermal tuning capability for the MMI-MZI, and an extinction ratio of 50 dB is realized.
The MMI-MZI has a reasonably small footprint and the loss of the MMI-MZI is less
than 2 dB.

There are multiple directions for future works. For the add-drop filter, recently
our group have demonstrated a spiral CWBG which has 55 notches and smaller overall
footprint [105]. We envision that the spiral CWBG can be integrated into the CWBG-
MMI add-drop filter, so that an add-drop filter with more notches and smaller footprint
can be realized in the future, which may be critical for the astrophotonics applications.
To further reduce the loss, multiple more advanced fabrication techniques, such as
CMP, thermal annealing, can be used. Optimizing the waveguide geometry can also
help reduce the loss and improving the FWM efficiency. For the MMI-MZI, we expect
that the extinction ratio can be improved by using a wider MMI and a cascaded MMI
scheme to balance the power difference due to fabrication errors. Lastly, with further
reduction of the loss of AIN waveguides, new applications in astrophotonics and

quantum information will emerge. Replacing the PVDNC grown AIN sample by MBE-
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grown single crystal AIN sample will lead to much lower losses. Since it has been
shown on SOI platform that a waveguide with thick film but shallow etches can make
the mode less confined and experience less sidewall scattering losses [106], a thicker

AIN film with shallow etches is also a promising approach to low loss waveguides.
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Appendix A: Detailed Fabrication Recipes

Ebeam Lithography

ZEP-520A:

1y

Spin coat ZEP-520A on sample with 4500 rpm for 1 min (resist thickness is

around 300 nm)

2) Prebake with hotplate at 180 °C for 5 min

3) Spin coat aquaSAVE (conductive polymer to prevent charging effect in EBL)
with 4500 rpm for 30 seconds.

4) Expose in 100kV EBL system with 300 xC/cm? dose.

5) Develop with DI water for 30 seconds, ZED-N50 developer for 1 min, and IPA
for 30 seconds.

6) Ultrasonic lift-off for at least 1 min with remover PG

maN-2405:

1) Spin coat ma-N 2405 with 3000 rpm for 30 seconds.

2) Pre-bake with hotplate at 100 °C for 1 min.

3) Spin coat aquaSAVE with 3000 rpm for 30 seconds.

4) Expose in 100kV EBL system with 400 uC/cm? dose.

5) Develop with water for 30 seconds, ma-D 525 developer for 45 seconds, and
DI water for 30 seconds.

6) Oxygen plasma cleaning (parameter: 30W RF power, 150W ICP power, 40

sccm O2) for 1 min after dry etch.
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ICP-RIE Etch
ICP-RIE Fluorine Etcher for Si3Ns Etch:

ICP Power 500W

RF power 25W

Pressure 15 mTorr

CHF3/02 = 100/10 sccm

The measured etch speed from this recipe is about 100nm/min, with a vertical
etch sidewall. The selectivity ratio between metal mask and Si3Na is larger than 20:1
and the selectivity ratio between negative-tone resist to Si3N4 is about 1:1.
ICP-RIE Chlorine Etcher for AIN Etch:

ICP Power: 500W

DC Bias: 220V

Pressure: S mTorr

Gas: Clo/BCls/Ar = 40/5/8 sccm

This recipe's measured AIN etch rate is about 175nm/min, with directionality

of 70°-80°. The selectivity ratio between AIN and SiO2 is about 3:1.

PECVD
Gas: SiH4/N2/N20 = 8.5/161.5/710 sccm
Pressure: 1000 mTorr
RF Power: 20W

The measured deposition rate is around 7 nm/min.
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