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Abstract

We present results on the development of integrated erbium-doped aluminum oxide
lasers on a silicon photonics platform. A key achievement in this work is a scalable
laser design for high output power and ultra-narrow linewidth performance. Using
a novel wavelength-insensitive design, a CMOS compatible waveguide structure is
proposed to achieve high confinement factor and intensity overlap for both the pump
(980 nm) and signal (1550 nm) wavelengths. Laser operation in the C- and L- bands
of the erbium gain spectrum is obtained with both a distributed Bragg reflector and
a distributed feedback structure. We demonstrate power scaling with output power
greater than 75 mW and obtain an ultra-narrow linewidth of 5.3 + 0.3 kHz. We
investigate the influence of gain film thickness uniformity in distributed feedback laser
performance and show a compensation scheme based on a curved cavity design. We
then consider the application in optical communications by demonstrating a multi-
wavelength cascaded laser to generate wavelength division multiplexing (WDM) light
sources. Finally, we propose an integration scheme of laser in full silicon photonics
platform by using an erbium trench. The approach is alignment free and allows the
erbium-doped film deposition to be the last backend process, providing a pathway to
a scalable CMOS compatible laser device.

Thesis Supervisor: Michael R. Watts
Title: Associate Professor
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Chapter 1

Introduction

We present an introduction to our work on the development of integrated erbium
doped aluminum oxide (Al;O3:Er3t) laser. We discuss the motivation of Al,O3:Er3*as
silicon photonics light source and provide a review of the development. Lastly, a

guideline for designing A1203:Er3+léser is calculated from rate equation modeling.

1.1 Motivation

The development of silicon photonics technology has been rapid in these recent years.
The premise of silicon photonics is that silicon would provide the most mature integra-
tion technology and product platform. Tremendous amount of research and develop-
ment can be observed not only in academic setting, but also in industry environment
[1, 2]. Throughout the course of my PhD work in MIT, I have come across many an-
nual meetings, DARPA fundings, and a strong collaboration effort from many groups
and institutions. Several references [3, 4, 5, 6] have provide compréhensive views on
the feasibility of the technology. Here, we highlight three examples of application of
silicon photonics that we pursue in our group.

Figure 1-1 shows the schematic of on-chip microwave signal oscillators proposed
by MIT team for Electronic-Photonic Heterogeneous Integration (EPHI) project (7],
a research supported by DARPA. The project goal is to develop chip-scale electronic-

photonic/mixed-signal integrated circuits on a common silicon substrate. The pro-
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posed platform combine the CMOS electronic components and photonics integrated
circuit by using common substrate (Silicon). The integrated photonics components
include a low phase noise continuous-wave (CW) distributed feedback (DFB) laser
master oscillator and a mode-locked laser (MLL) frequency divider to achieve ultra-
low phase noise microwave carrier in an integrated, low-power, vibration immune
and highly manufacturable silicon photonic platform. This could enable complex
microphotonic coherent systems, such as chip-size optically enabled RADAR front

end.

Figure 1-1: Schematic of on-chip microwave signal oscillators proposed by MIT team
for Electronic-Photonic Heterogeneous Integration (EPHI) project. The project goal
is to develop chip-scale electronic-photonic/mixed-signal integrated circuits on a com-
mon silicon substrate.

Figure 1-2 shows the schematic of on-chip optical clock proposed by MIT team for
Direct On-Chip Digital Optical Synthesizer (DODOS) project [8]. The project goal is
to create technological revolution in optical frequency control. The proposed platform
utilizes a high peak power short-pulse (100——200 fs) generator with a repetition rate
locked to the microwave clock to seed a Kerr nonlinear mixer and generate an octave-

spanning comb. The long-wavelength end of the comb is then filtered out, frequency

18



doubled, and locked to the short-wavelength region of the comb, fixing the carrier-
envelope-offset (CEQ) and ensuring that the microwave source represents the only
reference in the system. The final output is generated by locking an on-chip C-band
tunable laser to the comb and generating frequencies in-between the comb lines using

a microwave synthesizer coupled to a single-side-band (SSB) modulator.

Figure 1-2: Schematic of on-chip optical clock proposed by MIT team for Direct On-
Chip Digital Optical Synthesizer (DODOS) project. The project goal is to create
technological revolution in optical frequency control.

Lastly, figure 1-3 shows the schematic of the optical transmitter and receiver for
the application in communications. The transmitter consists of multi-wavelengths
light source that can be independently modulated by modulator driver to transmit
information in parallel. The receiver end consists of filters and detectors to decode
those independent optical frequencies. This platform hold the promise for application
in next generation low-energy, high-speed computing and communication systems.

Thus, silicon photonics platform provide an obvious evolution of optical technol-
ogy. The general trend of the innovation lies in the strength of silicon photonics to be
scalable, chip-sized, and still maintaining high quality performance. One of the most
important components that enable all these applications is the integrated light souce.

The common requirements of the light source are the scalability, high power, and
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Figure 1-3: Schematic of optical interconnects architecture in silicon photonics plat-
form. The transmitter consists of WDM light source that can be independently
modulated. The receiver consists of filters and detectors to decode the independent
optical frequencies.

low phase noise/ultra-narrow linewidth source. In the next section, we would

provide a review on the integrated silicon photonics light source.

1.2 Literature review on on-chip lasers

Integrated lasers in a silicon photonics platform have been intensively researched
because silicon itself is a poor light emitter [9]. Several methods have been applied to
realize integrated lasers, including Germanium-on-Silicon heterojunctions [10], hybrid
integration with ITI-V semiconductor materials [11], stimulated Raman scattering [12]
and erbium-doped glass on silicon [13].

Of these approaches, hybrid III-V laser approach is undoubtedly the most pop-
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ular integrated light source in silicon platform. First demonstrated in UC Santa
Barbara, hybrid III-V laser has the advantage of electrically pumped, high gain, and
well studied approach with large amount of both silicon and III-V photonics commu-
nity support. However, hybrid III-V lasers suffer from complex fabrication process
with yield challenges, expensive temperature management cost, and amplitude-phase
coupling in high gain structure [14]. Figure 1-4a shows one of the hybrid III-V laser

approach reproduced from reference [15].

Erbium-doped glass laser on the other hand provides a promising alternative for
high performance integrated light source. One of the major concern of integrated
erbium laser is the necessity of an optical pump, but an alternative view is to integrate
the high quality erbium laser in complement with hybrid III-V laser (e.g. as pump
source). The laser can be monolithically integrated in a compatible process with
only a single backend deposition required. Figure 1-4b illustrates the structure of

Al,O3:Er®*laser in silicon photonics platform.

Previously, Al,O3:Er3tlaser has been demonstrated in racetrack [16] and dis-
tributed feedback (DFB) lasers [17]. While the gain medium has been co-sputtered
[18] onto oxidized silicon wafers with relatively low loss and a broad gain spectrum,
the waveguide design faces some challenges for scaling. Figures 1-5 show the channel
and ridge waveguide designed by group in University of Twente. In both designs, the
gain medium requires an extra etching step that is hard to be incorporated in CMOS
compatible process. In addition, to form the Bragg grating (not shown here), the

process includes the interference lithography that is unscalable for wafer processing.

In this work, we demonstrate a design that minimizes the Al,O3:Er3*layer process
to only a single backend deposition process. This still holds true even for a more
complicated layer (chapter 5 and chapter 6), where we substitute the isolation of the
AlyO3:Er®*layer by constructing a erbium trench in CMOS compatible process. We
show a scalable design of erbium doped aluminum oxide laser (Al;O3:Er3*) with high

power, reliable, and ultra-narrow linewidth performance with no temperature control.
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Figure 1-4:  Schematic of (a) hybrid III-V silicon laser and (b) integrated
AlyO3:Er®tlaser on silicon.

1.3 Laser simulation results

In this section, we provide a guideline of designing Al,Os:Er**laser by simulating
the laser performance from rate equation modeling. Reference [19] has provided a
comprehensive article for the rate equation parameters of Al;O3:Er®*laser. One of
the distinct characteristics of Al,O3:Er®*laser that differs from ideal three-level system
is the presence of quenched ion. The quenched ions result in reduce of active agent
in stimulated emission process. The ions are instead excited into higher energy state
and produce characteristic green light emission when pumped. In addition, this also

become the source of instability in CW laser operation. The quenched ion fraction
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Figure 1-5: Previous designs for integrated Al,Oz:Er3*laser. (a) Channel waveguide
structure. (b) Ridge waveguide structure.

is dependent as the function of erbium doping concentration, as shown in figure 1-6.
The rate equation modeling of Al,OQ3:Er**laser taking into account the quenched ion

fraction is discussed in detail in appendix A.
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Figure 1-6: Plot of quenched ion fraction as a function of erbium doping concentration,

measured.

Here, we show two simulation results as the guideline in designing the laser
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cavity. Figure 1-7 show the threshold power requirement and slope efficiency in
Al Os:Er®*laser. By using standard parameters (doping concentration 1.5 x 10%°
cm~3, length 2.0 cm, quenched ion fraction 0.1), we show that there exist a minimum
cavity Q to allow the laser to reach lasing threshold. As the Q factor increase, the
threshold power requirement drops and saturate at the ”transparent” pump power re-
quirement. The slope efficiency on the other hand has an optimum Q value that max-
imizes the value. This optimum value can be understood similar to the Q-matching
condition for a resonator.

In summary, the guidelines for designing an optimum laser are as following. The
doping concentration has to be chosen carefully by taking into account the erbium
clustering. The cavity Q should be designed by considering the trade off between the
threshold power requirement and desired efficiency. Thus, keeping the cavity intrinsic

loss at the same value, increasing the cavity Q factor may not be the best approach

as the threshold power improvement may be offset by the drop in efficiency.

1.4 Summary

We have presented an introduction to the development of integrated Al,O3:Er’*laser
on silicon photonics platform. We demonstrated how Al,Os:Er3*laser is a crucial
component in the platform for various applications. We discuss the advantages of
Al,O3:Er¥tover hybrid III-V laser in terms of the fabrication complexity, scalability,
temperature management, and laser linewidth. Lastly, we analyze the rate equation

modeling to provide a general laser design guideline for optimum operation.
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Chapter 2

Scalable Laser Design

We present results on scalable laser design for Al,O5:Er3tlaser. The cavities consist
of silicon nitride (single or multi-segments) waveguides and grating features defined
by wafer-scale immersion lithography and a top Al,O3:Er*layer deposited as a final
backend step in the fabrication process. The resulting waveguides yield high con-
finement factor (> 85%) and intensity overlap (> 90%) for an octave-spanning range
across near infra-red wavelengths (950 — 2000 nm). We demonstrated C- and L-
bands laser operations for both distributed Bragg reflector and quarter phase shifted
distributed feedback lasers. The large mode size lasers allows demonstration of power

scaling with output power of > 75 mW without any thermal damage.

2.1 Waveguide design

The first step in constructing an on-chip laser starts from designing the laser waveg-
uide. To define a scalable laser waveguide and cavity, fabrication compatibility with
CMOS foundry has to be considered, in addition to high confinement factor and
pump-signal intensity overlap for an optically pumped laser.

Previous works [17, 16] in Al;O3:Er3tlaser have used interference lithography and
etching of the gain material, both of which are difficult to incorporate within standard
wafer-scale silicon photonics process flows. A preferable approach would be to define

laser cavities using standard CMOS processing techniques while reducing unnecessary
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fabrication steps on the erbium-doped layer. Silicon nitride (SiN,) is a low-loss,
frontend of line, CMOS compatible material [20] that can be used in the formation
of high-resolution photonics features, including waveguides, gratings, and even laser
cavities. An erbium-doped glass layer can then be deposited "as a backend process
step without further etching or processing required. This approach enables large-
scale production of erbium-doped waveguide lasers and integration with silicon nitride

passive components on silicon photonic chips.

One of the main challenges in the waveguide design is the relatively high refractive
index contrast of SiN,(nsin, ~ 1.99) and AloO3:Er¥*(na1,0,.5-3+ = 1.65). The inten-
sity distribution of the fundamental transverse-electrical (TE) mode tends to be more
confined in the high-index material, especially for shorter wavelengths. This trend is
contrary to the design approach for an efficient erbium-doped laser waveguide, where
~ high confinement in the active material and high intensity overlap between the pump
(A = 980 nm) and signal (A = 1550 nm) modes are preferred. Furthermore, any ad-
ditional optical intensity localized in the SiN,waveguide may introduce detrimental

intra-cavity losses from scattering and the intrinsic absorption of the material.

To overcome this, we proposed a novel waveguide design that includes a layer of
SiOg(t = 100 nm, w = 4000 nm) and Al,Oz:Er¥*film (ta0 = 1.4 um), as shown
in figure 2-1a. The oxide gap reduces the guiding effect of the high refractive in-
dex SiN,ridge and increases the confinement within Al,Oz:Erétlayer. The distance
between the Si to the bottom layer of SiN, (> 2.5um) is sufficient to ensure the funda-
mental TE mode is not affected by the substrate. The dimensions of the structure can
be varied to optimize for the confinement factor and intensity overlap in pump and
signal wavelengths. Figure 2-1b shows the intensity distributions of the fundamental
TE mode at 980 nm (pump p) and 1550 nm (signal s) calculated by finite difference

mode solver.

To calculate the confinement factor (vy,) and intensity overlap (I's,), we define the

following formulas.
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Figure 2-1: (a) Cross section view of the laser waveguide structure for thin (~100 nm)
SiN_layer. (b) The calculated intensity distribution of the fundamental TE mode at
980 nm and 1550 nm.
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For waveguide dimensions specified above, we obtain v, = 87%, 7, = 89%, and
[sp, = 93%. Note that the integration of the mode intensity is approximated by the
summation over discrete space coordinate ¢ and j. Thus our ywaveguide design yields
high intensity confinement factors in the active medium and is wavelength insensitive
for broad wavelengths (980 —— 1550 nm), permitting either resonant pumping around
1480 nm or pumping near 980 nm.

We extend the waveguide design to work for a thicker SiN,(e.g. ¢ = 200 nm). A
thicker SiN allows integration into a more general silicon photonics wafer-scale process
where compact, higher-confinement SiN,structures might be preferred [21]. For thick
layer, the fundamental TE mode of shorter wavelength (A < 1000 nm) tend to be
confined in the SiN,structure. To obtain a similar property to the thin SiN.design,
we use a multi-segment waveguide structure to mimic the weak confinement in the
SiN,.

Figure 2-2a shows a schematic of the multi-segmented waveguide design. It con-
sists of a silicon (Si) substrate, five SiN segments (thickness ¢ of 200 nm, width w of
450 nm, and gap g of 400 nm), enclosed by a SiO,layer (oxidé gap goz of 200 nm), and
Al,O3:Er®*gain film (thickness t40 = 1100 nm). The layers are similar as before,
with the only difference is in the thicker SiN_layer. With these parameters, we obtain
the same high confinement factor (> 85%) and a near perfect intensity overlap (>
98%) for pump and signal wavelengths.

We perform wavelength sensitivity analysis of the multi-segmented structure for
a selection of near infrared (NIR) wavelengths range; 800 nm, 950 nm and 980 nm
(diode pump lasers), 1050 nm (Yb- and Nd-doped lasers), 1300 nm (Nd-doped lasers),
1550 nm (Er-doped lasers), and 2000 nm (Tm- and Ho-doped lasers). The intensity
distributions of the fundamental TE modes at the various wavelengths are calculated

by a finite-difference mode solver, as shown in figure 2-3. By inspection, we observe
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Figure 2-2: (a) Cross section view of the laser waveguide structure by multi-segmented
design for thick (~200 nm) SiN_layer. (b) The calculated intensity distribution of
the fundamental TE mode at 980 nm and 1550 nm.

that the mode distribution at shorter wavelengths tends to concentrate in the silicon
nitride layer. Starting from 950 nm, the mode is distributed almost exclusively in the
gain layer.

The confinement and overlap factors (with 980 nm chosen as a reference pump

wavelength) for these wavelengths are shown in figure 2-4. We obtain > 85% confine-
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ment factor for all wavelengths longer than 950 nm and > 98% intensity overlap factor
with a 980 nm pump mode over an octave of near-infrared wavelength light sources,
demonstrating the wavelength insensitivity of the waveguide. While here we present
a design specifically optimized for 980-nm pumping, the wavelength-insensitive range
and lower wavelength cutoff can also be shifted by adjusting the waveguide dimen-
sions. Such properties allows the design to be used for a variety of rare earth doped
lasers; so far, we have demonstrated its application for Yb (1030 nm) [22], Er (1560
nm) [23], and Tm (1800 nm) [24].
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Figure 2-3: Broadband mode-solver intensity distribution

To form the on-chip laser, we use various Bragg grating designs to construct the
resonator. The standard approach of defining a grating structure consists of a main
waveguide structure and periodic perturbations. The periodic perturbations can take
the form of side wall etching [25], periodic side pieces [26], or combination of both.
For our more unique multi-segmented design, we show various ways of contructing
the Bragg grating in figure 2-5. The grating strengths x can be tuned by choosing

the appropriate type of perturbation.
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Figure 2-4: (a) Calculation of confinement factor and (b) intensity mode overlap for
980 nm for various laser sources in NIR wavelengths using waveguide design in 2-2a.

2.2 Waveguide fabrication

In this section, we will provide an overview of the laser waveguide fabrication. Most of
the fabrication efforts have been performed in collaboration with other group members
and subcontracted to external CMOS foundry, hence we only provide a brief review
here.

The laser waveguide fabrication steps are described by the following. A 4 pm thick

plasma-enhanced chemical vapor deposition (PECVD) SiO,layer was grown, followed
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Figure 2-5: Various grating designs on multi-segmented waveguide.

by deposition of a PECVD SiN_ layer 100 (or 200) nm. Both SiOsand SiN_layers were
chemically mechanically polished (CMP) to reduce losses due to surface roughness.
The silicon nitride layer was subsequently annealed at 1050°C for 72 min. to reduce
absorption due to Si-H and N-H bonds around 1.52 ym. The nitride layer was then
patterned using 193 nm immersion lithography and reactive ion etching. After pat-
terning, another PECVD SiO,layer was deposited for the oxide gap layer and CMP-ed
to a final height of 100 (or 200) nm above the silicon nitride layer. Trenches for dicing
and fiber end coupling were then etched into the edges of the dies by deep oxide and

silicon etching. Finally, the wafers were transferred from the CMOS foundry, diced
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Figure 2-6: RF sputtering machine

into individual dies and an Al,O3:Er®flayer was deposited by reactive co-sputtering
(figure 2-6) using a similar process to that reported in [18].

Using the prism coupling method to measure the planar losses around 1550 nm,
we determine the background loss in the Al,Os:Er®*film to be < 0.1 dB/cm (see
figure 2-7a). This value is close to the sensitivity limit of the measurement appara-
tus. In addition to loss characterization, we perform a gain measurement at varying
wavelengths. A typical measurement of gain of a AlyO3:Er3*twaveguide (doping con-
centration 1.4 x 10%° cm =3, length 1.6 cm, waveguide design as shown in figure 2-1a)

are shown in figure 2-7b. Maximum peak gain of 1 dB/cm can be observed at around
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Figure 2-7: (a) Loss measurement by prism coupling (b) Gain measurement at various
pump power.

1530 nm (standard erbium emission [13]) in the spectrum at on-chip pump power ~

60 mW.
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2.3 DBR laser

For initial test in the laser waveguide design,we construct a simple distributed Bragg
Reflector (DBR) laser that consists of a straight waveguide of length Ly, = 20 mm
and width w = 4000 nm confined by two Bragg grating as reflecting mirrors (figure
2-8). The gratings are formed by waveguides of length d = 1.5 mm with periodically
notched side walls having notch widths of s; at one end and s, at the other end. s;
is fixed at 1.29 pm for a reflectivity of ~100% and s, is varied from 418 nm to 796
nm to achieve a reflectivity of 85% to 99.6%. The grating period A is varied between
lengths of 478, 487 and 498 nm, which corresponds to Bragg wavelengths of 1536,

1561 and 1596 nm, respectively. The erbium doping concentration is 1.4 x 10%° em 3.

d

Lgain

Figure 2-8: Design of DBR laser

Figure 2-9 shows the experimental setup used to measure the lasers. Pump light
from 978 nm and 975 nm laser diodes are coupled into the chip on each side using
fiber 980/1550 nm wavelength division multiplexers (WDM), respectively. The laser
output is collected from the 1550 nm port of the WDM at both sides.

By insertion loss measurements, we estimated coupling losses at each facet of the
chip of -5.6 dB and -7.3 dB for 980 nm and 1550 nm TE-polarized light, respectively.
Using the measured facet loss, we determine launched pump powers of 147 mW and
98 mW from 978 nm and 975 nm diodes, respectively. The maximum output power
is obtained from the DBR laser with center wavelength at 1561 nm and reflectivities
of Ry = 100% and Ry = 95%. To characterize the laser efficiency, we plot the output
power at different pump powers, as shown in figure 2-10a. We start by pumping from

the 978 nm diode (left) only. When the diode reaches the maximum pump power, we
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Figure 2-9: Experimental setup of laser measurement

turn on the pump from the 975 nm diode (right). We obtain maximum on-chip output
power of P, = 5.1 mW with a lasing threshold of P, = 44 mW. This corresponds
to a slope efficiency of n = 2.6%.

In addition, we obtain maximum output powers for DBR with different grating
periods of P, = 2.5 mW (A = 1536 nm) and Py, = 0.5 mW (A = 1596 nm). These
outputs are obtained from cavities with reflectivity of Ry = 86% (A = 1536 nm) and
Ry = 95% (A = 1596 nm), respectively. The difference in the optimum reflectivity
for the DBR cavities can be attributed to the difference in the gain threshold and
maximum small signal gain at different wavelengths. Figure 2-10b shows the spectra
of three different lasers recorded by the OSA. The laser emission at 1596 nm is a
consequence of low grating scattering loss, low background losses in the gain film and
the wide gain spectrum of Al,O3z:Er**t. We note that the DBR laser spectra lie within
two important communication bands, the C-band and L- band. By simply modifying
the period of the gratings in the SiN,layer, it is feasible to fabricate arrays of lasers
spanning both communication bands.

From the spectrum of the DBR laser, we often obtain multimode lasing. This is
expected, considering the free spectral range (FSR) of the cavity (~ 0.04 nm) is much
smaller than the grating bandwidth (~ 1 nm). In the next sections, we discuss laser

cavities to produce a single-frequency spectrum.
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Figure 2-10: (a) Output power vs on-chip pump power for the DBR laser at 1561
nm laser wavelength. (b) Spectrum of the output DBR laser within the C- and L-
band.

2.4 Quarter phase shift DFB laser

To obtain a single-frequency laser, a distributed feedback (DFB) design with phase
defect can be constructed [27]. Chronologically, at this moment of the thesis work, we

decided to focus only on the thick SiN,design. Therefore, we apply the five-segment
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thick SiN,design to realize single-frequency and narrow-linewidth Al,Os:Er**DFB
lasers.

The DFB cavities consist of a grating structure with a quarter phase shift (QPS)
at the center of each device. Each grating unit is formed by placing additional periodic
pieces on both sides of the five-segment SiN_ structure, as shown in figure 2-11. These
periodic side pieces have width w of 300 nm with the gré.ting strength x adjusted by
varying the gap distance d,,,. We fabricated a total of 9 devices with 3 grating period
variations (A = 482 nm, 492 nm, and 502 nm) and 3 grating strength variations ( d,,
/ & =1600nm /0.6 ecm™!, 350 nm / 0.9 ecm~!, and 200 nm / 1.2 cm™!). The erbium
doping concentration in the gain is kept at Ngpping = 1.0 x 10 cm™3.
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Figure 2-11: Design of QPS-DFB laser. The cavity structure consists of five
SiN,segments with grating perturbation provided by two additional side pieces.

To characterize their performances, we again pump the DFB lasers from both
sides using fiber pigtail laser diodes at 978 nm and 976 nm. We obtain the best laser
performance from devices with d,,, = 350 nm or £ = 0.9 cm™" for all three wavelengths.
Figure 2-12b shows the spectra of DFB lasers operating at 1536 nm, 1566 nm, and
1596 nm, which covers a similar emission bandwidth that has been shown previously
in DBR lasers. Maximum output powers of 0.41 mW, 0.76 mW, and 0.47 mW at

widely spaced wavelengths wavelengths within both the C and L bands of the erbium
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gain spectrum (1536 nm, 1566 nm, and 1596 nm). The laser operating at 1536 nm
has the lowest oufput power, corresponding to > 46.1 dB side mode suppression ratio
(SMSR) for all devices. We characterize the slope efficiency and threshold power of
the lasers, as shown in figure 2-12a. We obtain slope efficiencies n = 0.3%, 0.6%,
and 0.3% and threshold powers P, = 55 mW, 65 mW, and 105 mW for lasers at
wavelengths 1536 nm, 1566 nm, and 1596 nm, respectively.

Compare to DBR lasers, DFB spectrum show a single peak in the OSA spectrum
(limit resolution of 0.02 nm). The quality of these single longitudinal sources can be
measured from the laser linewidth, which will be discussed in the following chapter.
In here, the best performing laser is again shown to be at ~ 1560 nm. Although
Al,O3:Er®*laser has peak emission at 1530 nm, the reabsorption loss is lower at
longer wavelengths. Through the trade off between these two factors, wavelength

around 1560 nm tend to perform better in most of the designs.

2.5 High power scaling

As one of the important metrics in the integrated laser, we demonstrate power scaling
of single frequency Al;O3:Er3*DFB laser by using a high power 1480 pump Raman
laser (figure 2-13). By using a similar waveguide design with thin SiN,structure,
we show that the large mode area of the laser enable power scaling without the
risk of thermal damage. A series of QPS-DFB structures with variation in grating
strengths and cavity lengths were tested. The grating etch variation on each side of
the waveguide (similar to grating in DBR lasers in figure 2-8) was s = 100, 123, 145
nm and the DFB length was varied between 15 and 23 mm. The choice of Nyoping
= 0.9 x 10%° cm™3 for Er ion concentration ensures sufficient gain without excessive
pump absorption along the waveguides.

The fiber to chip coupling introduced approximately 10 dB loss both for the pump
and the emitted signal. No damage was observed even when more than 1 W of pump
power was coupled into the waveguide. DFBs with stronger width modulation (s =

123, 145 nm) demonstrated single mode lasing at 1563 nm wavelength while the best
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Figure 2-12: (a) Output power of Al,O3:Er*"QPS-DFB lasers vs. pump power.(b)
Optical spectrum of Al,O3:Er**QPS-DFB lasers at various grating periods.

slope efficiency of 7 % was achieved with the strongest cavity design. Figure 2-14a

depicts two sample pump-signal efficiency curves for 145 nm width modulation (k =
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Figure 2-13: High power DFB experiment setup

0.3 m~!) with two different grating lengths. The longer DFB demonstrates 75 mW of
on-chip laser power when pumped with 1.1 W, which is to our knowledge the greatest

power achieved from a chip based laser in the communication wavelengths [28].

2.6 Summary

In summary, we have demonstrated a CMOS compatible and scalable integrated
Al,O3:Er*flasers. The laser cavity design was defined using 193 nm immersion lithog-
raphy within a standard CMOS foundry and the novel waveguide design that enable
the Al,O3:Er**layer to be deposited as a final backend-processing step. The waveg-
uide structure is designed to have broad wavelength insensitive property, with high
confinement factor (> 85%) and intensity overlap (> 90%) for an octave-spanning
range across near infra-red wavelengths (950 —— 2000 nm).

Maximum output powers of 2.5 mW, 5.1 mW, and 0.5 mW are obtained from DBR
cavities at center wavelength at 1536 nm, 1561 nm, 1596 nm, respectively. These laser
wavelengths lie within both the C- and L-bands of the erbium gain spectrum. The
maximum output power at 1561 nm corresponds to a slope efficiency of n = 2.6% and
a lasing threshold of P, = 44 mW.

We obtain a similar performance for DFB cavities, with output powers of 0.41
mW, 0.76 mW, and 0.47 mW 1536 nm, 1566 nm, and 1596 nm. The advantage of
DFB cavity (compare to DBR) is the single frequency operation in the laser. The
laser operating at 1536 nm has the lowest output power, corresponding to > 46.1 dB
SMSR for all devices. We obtain slope efficiencies n = 0.3%, 0.6%, and 0.3% and
threshold powers P, = 55 mW, 656 mW, and 105 mW for lasers at wavelengths 1536
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Figure 2-14: (a) Output power vs on-chip pump power for high power DFB mea-
surement. (b) Spectrum of the high power output of DFB laser.

nm, 1566 nm, and 1596 nm, respectively.

To show the power scalability in our design, we demonstrate a DFB laser with
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output power of > 75 mW by using a high power pump source. We show no thermal
damage was observed due to the large mode area of our design.

The main advantage of this approach lies in the robust, high resolution, and wafer-
scale silicon nitride structuring and backend deposition of the Al,O3:Er3*layer. More
complex structures can be directly patterned in the SiN,layer. Furthermore, these
structures can be mass produced and integrated with other silicon photonics devices

in a standard CMOS foundry.

45



46



Chapter 3

Ultra-narrow Linewidth Laser

Design

We present the discussion on obtaining an ultra-narrow linewidth laser. We review
the linewidth measurement theory and recirculating setup to accurately determine the
laser linewidth. We also compare the discrete and distributed design for quarter phase
shift in DFB laser. We show that due to a more uniform intensity distribution in the
cavity, distributed phase shift DFB demonstrate a better performance in efficiency

and linewidth than a discrete quarter phase shift design.

3.1 Linewidth theory and measurement

Linewidth is defined as the full width half maximum of the optical spectrum or power
spectral density at the emission wavelength. Linewidth represents the frequency noise
in the laser which can be classified from two distinct sources, the quantum noise and
technical noise [29, 30, 31]. The quantum noise comes from the spontaneous emission
noise from the cavity, and it can be calculated from the Schawlow-Townes formula.

The Schawlow-Townes formula for laser linewidth is given by the following.

_ 2rhyg(Av,)?

B (3.1)

AI/L
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h is Planck’s constant, Avy is the laser linewidth, P, is the output power of the
laser, and Av, is the passive cavity linewidth related to the cavity lifetime 7.. To
account for the reabsorption loss in three-level state lasers, the modified Schawlow-

Townes [32] formula is defined as the following.

2rhv (Av,)? Te 0®s(cr,09" Ny — 1)1}
Ay, = VDY) |y Te (g - 3.2
L Pau.t Tloss aim (C'rco't[l,bsNT + 1) ( )
1 1
— = + 2 2rAv, (3.3)

Te Tloss Tout

The cavity lifetime 7. is dependent on the loss decay time 73,55 and outcoupling
decay time T,,. c is the speed of light, Nr is the doping concentration, ¢%° and
o9™ are the cross section of Al,Os3:Er*for absorption and emission, respectively.
In Al,O3:Er®*laser, the modified Schawlow-Townes limit shows significant linewidth
broadening due to the additional reabsorption loss, as shown in figure 3-1a.

From the equations, it shows that the linewidth can be improved by a higher Q in
the passive cavity. We calculate the linewidth variation for a fixed output power at
0.5 mW for various Q in figure 3-1b. To obtain the best linewidth performance, laser
at a longer wavelength (around 1600 nm) with lower reabsorption loss is preferred.

The technical noise is the environmental noise of the laser, which includes the
mechanical vibrations, temperature fluctuations, and pump power noise. The con-
tributions from these two terms can be differentiated from the profile; the quantum
noise has a Lorentzian distribution while the technical noise is white (Gaussian) in
nature. The linewidth measurement can be obtained by self-heterodyne of the laser
signal. The self-heterodyne measurement setup will characterize both the Gaussian
and Lorentzian terms, which result in convolution of the functions. By fitting it to
a Voigt profile, the contribution from each term can be differentiated. Lastly, the
"real” frequency linewidth can be obtained by half of the full width half maximum

of Lorentzian component of the curve.
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Figure 3-1: (a) Linewidth calculation based on modified three-level state Schawlow-
Townes limit. (b) Modified Schawlow-Townes limit at different laser wavelength for
Al,O3:Ertat output power of 0.5 mW and background loss of 0.15 dB/cm.

Figure 3-2 shows the method for linewidth measurement by a self-heterodyne
delayed interferometer setup (SHDI) [33].The laser input is split into two branches.
The first branch passes through a frequency shifter such as single sideband modulator
(SSB) or acousto optics modulator (AOM) to shift the original frequency by an radio
frequency signal (RF). A polarization controller, erbium doped amplifier (EDFA),
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and an isolator are placed in the first arm to compensate for the loss in SSB/AOM
and also to prevent back-reflection at the splitter. The other branch passes through a
long fiber delay with length Lgeq, and another polarization controller. The presence
of the fiber delay is to prevent the phase interference in the self-heterodyne, thus it
has to be longer than the coherent length of the laser L.onerence-

From the Schawlow-Townes formula, the fundamental (quantum) linewidth limit
of an Al;O5:Er**DFB laser can reach the sub-kHz level. As a comparison, if Av= 1
kHz and the speed of light ¢/n = 2 x 10® m/s, then the minimum L jeiay needs to be
at least 200 km. Such a long fiber requirement can be alleviated in a recirculating
SHDI (R-SHDI) configuration [34], as shown in figure 3-3. The setup is similar to a
standard SHDI, but one of the branches goes to a multipass cavity that consists of a
fiber delay and AOM for frequency shifting (f4oar = 44 MHz). Thus, the spectrum at
frequency n x faoa corresponds to an auto-correlation of the input light after passing
through the equivalent delay of n x Lgeq,. Lastly, an EDFA, an optical isolator, and

a tunable filter are included to compensate for round-trip loss.

Input SSB —{—=}—{EDFA
|ight ‘ ESA

delay

Figure 3-2: Standard self-heterodyne delayed interferometer setup.

Thus, we have provided a brief review of the linewidth theory and measurement
in a laser. The modified Schawlow-Townes limit shows additional broadening to
the frequency noise. In addition, the linewidth measurement setup characterizes
two type of frequency noises (quantum and technical), which can be differentiated
by fitting the self-heterodyne spectrum to Voigt function. We review the setup to
measure the linewidth. Due to the required long fiber delay in standard SHDI setup, a
recirculating-SHDI is suggested for ultra-narrow linewidth measurement. In the next

section, we discuss the laser design to obtain the optimal linewidth performance.
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Figure 3-3: Recirculating self-heterodyne delayed interferometer for ultra-narrow-
linewidth measurement.

3.2 Distributed phase shift design

In previous chapter, for a QPS-DFB design, a discrete quarter phase shift is formed
at the center of the cavity with a sharp frequency resonance at the Bragg wavelength.
The intense electric field concentrated around the phase shifted region may limit the
performance of the laser due to spatial hole burning [35, 36] Alternatively, the phase
shift in distributed phase shift (DPS) cavity [37] is continuously spread in a wider
region, thus improving the uniformity of the field distribution and increasing the
length of the effective gain section.

Figure 3-4a shows the transfer matrix calculation [38] of the intensity distribution
along the DFB cavity in discrete and distributed phase shift structures. The DPS-
DFB cavity can be constructed by adiabatically increasing/decreasing the index of the
waveguide near the phase shifted region. We show that the intensity distribution has
an even symmetry for the slowly increasing DPS structure (DPS (+)), and otherwise
for DPS(-). With symmetric lobes around the center of the cavity, DPS (+) structure
would experienced a reduced hole burning effect.

To design the grating structure in DPS-DFB, an asymmetric design with varying
waveguide width w,(z) and periodic piece spacing d,(z), where z is axis along the

cavity, as shown in figure 3-4b. This allows accumulation of phase shift by sinusoidal
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Figure 3-4: (a) Intensity distribution along the DPS-DFB cavity. (b) Design of
Al,O3:Er**DPS-DFB laser with asymmetric grating structure.

increment of effective refractive index An.sp(x) [17] while maintaining a constant
grating strength & in the phase shifted region with length L,;. We use the coupled
mode theory [38] to determine the right combination of w,(z) and d,(z) for fixed gap
distance d,, = 250 nm and periodic pieces width w, = 300 nm. We fabricated two
different Ly, (0.2 cm and 0.4 cm) for grating period at 492 nm and £ = 0.7 em™'. For
0.2 cm DPS-DFB, wy,(z) vary from 168 — 351 nm and d,(z) vary from 119 — 162 nm.
For 0.4 cm DPS-DFB, w,(z) vary from 168 — 271 nm and d(z) vary from 140 — 162
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nm.

Figure 3-5b shows the spectrum of the best DPS-DFB from L,, = 0.4 cm centered
at A = 1565 nm. A maximum output power of 5.43 mW is obtained, corresponds
to SMSR > 59.4 dB. Figure 3-5a shows the comparison of power performance of
the lasers. The longer L,, DFB laser has almost double output power at maximum
pump. The threshold power is > 4 times lower than QPS design (P, = 14 mW) at
wavelength around 1560 nm, with close to 5 times improvement in the slope efficiency
(n = 2.9%). These improvements can be attributed to a more uniform and longer
active gain section in DPS-DFB.

We measure the linewidth of the DFB laser centered at A = 1566 nm for QPS-DFB
and A = 1565 nm for DPS-DFB, as shown in figure 3-6. For QPS-DFB, the spectrum
was collected at a center frequency of f. = 132 MHz (n = 3), which corresponds
to a total delay length of 105 km (Lgeqy = 35 km). For DPS-DFB, n = 15, f, =
660 MHz, and effective Lgeiqy = 525 km. To differentiate 1/f frequency (Gaussian)
noise contribution, the measured spectra are fitted with Voigt function [30, 31]. The
self-heterodyne spectra are plotted around f, with the QPS-DFB presented in red
color and DPS-DFB in blue color.

From the fitting of QPS-DFB linewidth, we obtain a FWHM of the Voigt function
of FWHMyyg = 66.1 £ 2.5 kHz. The Voigt linewidth is further decomposed into
the Gaussian component F'W H Mg,yss = 18.4 £ 7.9 kHz and Lorentzian component
FWHMiorent. = 60.7 £ 2.2 kHz. The optical linewidth Avr can be estimated from
half the Lorentzian width of the spectrum, thus Avgps = % X FWHMiorent. = 30.4
+ 1.1 kHz. For DPS-DFB, with the same analysis above we obtain FWH Mygig =
23.8 £ 0.7 kHz, FW HMgquss = 17.5 &+ 1 kHz, FW H M| preniz = 10.5 £+ 0.5 kHz, and
thus Avppg = 5.3 & 0.3 kHz. The linewidth improvement in DPS-DFB (Avgps =
5.73 x Avppg) can be attributed to a higher output power and reduction in spatial
hole burning effect.

Thus, we have demonstrated narrow linewidthAl,O5:Er3*DFB lasers in two dif-
ferent designs, QPS-DFB and DPS-DFB cavities. By using QPS-DFB configuration,

we obtain maximum output power of 0.76 mW at 1566 nm with 200 mW pumping,
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Figure 3-5: (a) Output power of Al,O3:Er**DPS-DFB lasers vs. pump power for
two different distributed phase shift lengths. (b) Optical spectrum of Al,O3:Er3tDPS-
DFB at 1565 nm.

as demonstrated previously in chapter 2. In a DPS cavity, we achieve an order of

magnitude improvement in maximum output power (5.43 mW) at the same pump
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power for wavelength centered at 1565 nm, corresponds to side mode suprresion ra-
tio (SMSR) of > 59.4 dB. Finally, we measure the optical linewidth with R-SHDI
setup to obtain Avpps = 30.4 + 1.1 kHz and Avppg = 5.3 £ 0.3 kHz. The overall
improvement (~6 x) of the DPS-DFB cavity can be attributed to the reduction of
spatial hole burning in QPS-DFB cavity and therefore, a longer effective gain section.
Even narrower linewidth can be achieved by mechanical stabilization of the setup,
increasing the pump absorption efficiency, increasing the output power, or enhancing

the cavity Q.

3.3 Summary

In summary, we have demonstrated a design for obtaining ultra-narrow linewidth
laser. We briefly review the linewidth theory and measurement in a laser. Due to
reabsorption loss in AlyO3:Er3*laser, the modified Schawlow-Townes limit shows ad-
ditional broadening to the frequency noise. We discuss the linewidth measurement
setup that characterize the self-heterodyne spectrum of the laser. The setup measures
two type of frequency noises (quantum and technical), in which it can be separated
by fitting the self-heterodyne spectrum to Voigt function. We then provide two se-
tups to characterize the frequency noise. Due to the required long fiber delay in
standard SHDI setup, a recirculating-SHDI is suggested for ultra-narrow linewidth
measurement.

We propose a distributed phase shift DFB design to obtain an ultra-narrow
linewidth laser. Compared to QPS cavity, the DPS has the advantage of more uni-
form intensity distribution and longer effective gain section. From a 0.4 cm distributed
phase shift length in a 2 cm DPS-DFB, we obtain maximum power of 5.4 mW, slope
efficiency of 2.9%, threshold power of 14 mW, and linewidth of 5.3 + 0.3 kHz at
A = 1565 nm. In QPS-DFB, at 1566 nm, we obtain maximum power of 0.76 mW,
slope efficiency of 0.6%, threshold power of 65 mW, and linewidth of 30.4 4+ 1.1 kHz.
This shows the superiority of the distributed design compare to discrete design in

Al,O3:Er3*DFB laser.

96



Chapter 4

Reliable Laser Design

We present the results on reliable Al,Os:Er3*laser design. The discussion is motivated
by the observation of different distortions in the passive DFB cavity response on
different chips from the same Al;Ozdeposition run. We investigate the influence of
gain film thickness uniformity on cavity Q and threshold power in Al,O3:Er3*DFB
laser. We show that even for thickness variation of < 0.5%, the cavity response can
be highly distorted with significantly reduced Q. We propose a compensation scheme
based on a curved DFB structure. Under the same grating parameters,we achieve >
6 times lower threshold power compared to a straight DFB laser. The reliability of

the design and alternative approaches are also discussed.

4.1 Distortion in straight DFB laser

We perform transmission measurement of a DFB cavity with length 23 mm and « =
0.3 cm™! at various chips from the same wafer (Edouard). All the chips are placed
randomly in the same deposition platform on the same run. Figure 4-1 shows the
transmission measurement of four chips marked by the position at the wafer. For the
same DFB cavity, the transmission response is varying from chip to chip, and only
one of the chip show lasing. The cavity Q is also shown to vary, from 8 x 10* to 4 x
10° for doping concentration of 1.5 x 10%° cm™3.

Motivated by this observation, we repeated our waveguide fabrication process
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Figure 4-1: Transmission measurement of DFB cavity at various chips on the same
Al,O5:Er3*deposition run.

for several more runs to investigate the reliability of design. Figure 4-2 show the
selected undoped and doped DFB cavity response. The resonances are located around
1595 nm. We estimate the absorption cross section for both gratings to be o,
= 0.2 x 107%" em?, correspond to absorption of 0.13 dB/cm (Qus = 2.1 x 109).
From the measurement, Qundoped = 1.4 x 10° and Qdoped = 4 X 10°. This shows

l_ ~ L + _L_ which indicates the loss of the doped cavity consist of the

Qdoped - Qundoped Qabs
absorption by the erbium in the host and the intrinsic DFB cavity loss (scattering

and outcoupling).

We hypothesize the source of the varying quality of the cavity is from the thickness
nonuniformity in the AlyOsdeposited layer. We measure the thickness variation of
Al,Osfilm deposition in AJA Orion sputtering system. The target sample is mounted
on a 5 cm radius rotating platform and thickness measurements are performed by
prism coupling at various distances R from the center of the platform. Several film
depositions in the range of 1000-1500 nm are normalized as shown in figure 4-3a. The

uniformity of the film is reduced as it gets further away from the center. The data are
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Figure 4-2: Transmission measurement of selected (a) undoped and (b) doped DFB
cavities.

fitted with quadratic polynomial function, estimating 12% maximum variation across
the platform.

Figure 4-3b illustrates geometry of the deposition of straight DFB structure in
a rotating platform. Different part of the structure is located at varying distance r
from the center O, thus inducing thickness variation along the device. Furthermore, a
non-zero tilt angle « can introduce additional skew to the profile. This misalignment
can also be interpreted as translational error of (x4 ft» Yshife) from position where o

= 0 (point A). The parameters can be calculated by the following equations.

rtgy = (R+dsina)? + (d cos a)? (4.1)
Zenift = R(1 — cos @) (4.2)
yshift = RSiHO& (43)
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Diagram of the straight DFB laser placement in a radially symmetric Al,Osfilm de-
position process. (c) Illustration of thickness variation along the Al;O3DFB cavity.
(d) Calculation of thickness profile in 2 ¢cm long straight DFB cavity for various tilt
angles at R = 3 cm.

where for a DFB with length of Dppg, d is calculated from Dppp/2 to +Dprg/2.
The thickness variation along the DFB cavity is illustrated in figure 4-3. The cav-
ity with length Dppp with grating period A is deposited with base Al;O3:Er3tthickness
of Ty. The variation At along the cavity is skewed for a # 0. We calculate for various
tilt angles in Dpppg = 2 cm for positioning at R = 3cm, as shown in figure 4-3d. The

thickness is normalized for Ty = 1100 nm.We obtain a small nonuniformity of 0.5%,
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0.5%, and 0.8% for o = 0°, 2.5°, and 5° respectively.

The influence of film thickness nonuniformity on cavity Q is investigated for dif-

ferent magnitude of the variations, as shown in figure 4-4. Using transfer matrix

calculation, we calculate the transmission response of straight DFB cavity for various

tilt angles (row-wise) and thickness variations (column-wise). The DFB is segmented

into 1000 sections, with the effective index n.s as a function of the film thickness at

different d. The grating has strength x = 0.5 cm™!, length Dprp = 2 cm, and total

absorbtion loss [ = 0.5 dB. The Q factor is determined from the ratio of the laser

wavelength A = 1590 nm with the 3-dB width of the resonance peak. We observe

distortions in the response that reduce the cavity Q significantly compared to uniform

thickness DFB (Qpas = 1.07 x 106).
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Figure 4-4: Calcuation of transmission response of straight 2 cm DFB cavity for

various tilt angles and thickness variations at R = 3 cm.

In summary, we show the analysis of thickness nonuniformity on the performance

of Al,O3:Er®tlaser. The thickness variation is presence in the radial symmetric depo-
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sition of the sputtering system. Even for variation < 0.5%, a 2 cm DFB laser suffers
significant distortions and reduced cavity Q. In the next section, we will discuss a

laser design to compensate for the thickness variation.

4.2 Curved DFB structure

To compensate for the thickness nonuniformity in the deposition, we propose a curved
DFB structure that follows the circular symmetry of the platform, as shown in figure
4-5a. By placing the curved DFB at R = R,, the thickness profile can be maintained
uniform throughout the cavity. Calculation of 2 cm DFB structure at various angles
show that the profile is linear with smaller magnitude of variation, as shown in figure
4-5b. The radial distance r as a function of position in the device d is calculated by

the following formulas.

Ty = (Tshife + T(g) €08 & + Y(gy SIn @) + (Yshige — T(q) Sin 0 + Yycosa)’®  (4.4)

where (Zshift, Yshise) denotes the relative position of the DFB curvature center
(point O.) to center of the platform (point O), and (z(d) ,y(d)) is the position of .
a segment in the device (point C) observed point O.,. These parameters can be

calculated by the following relations.

Tshist = R — R.cosa (4.5)

Yshift = Resina (4.6)

Tiyy =R cos(i) (4.7)
(@ = Hecos(p :

C
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. d
Yia) = RCSIH(R_) (4.8)

(a4

Figure 4-6 shows the transmission responses of curved DFB cavity under the same
parameters shown previously. The curved DFB can maintain symmetric responses
and outperform the Q factors of straight DFB structure. The cavity Q only suffers
noticeable degradation after a misalignment of o ~ 5° for At,—o/Ty > 0.5%. This

shows the reliability of the curved DFB design against fabrication tolerance.
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Figure 4-5: (a) Diagram of the curved DFB laser placement in a radially
symmetricAl,Osfilm deposition process. (b) Calculation of thickness profile in 2 cm
long curved DFB cavity for various tilt angles at R = R, = 3cm.

We compare the performance of straight and curved Al;O3:Er**DFB lasers fab-
ricated on the same chip. The lasers are aligned manually at R ~ 3 cm in the
platform. We use a multi-segment wavelength-insensitive design that consists of a
Si substrate, five SiN segments (thickness of 200 nm, width of 450 nm, and gap of
400 nm), enclosed by a SiOslayer (oxide gap of 200 nm), and Al,O3:Er**gain film
(thickness To = 1100 nm). A discrete quarter phase shift is formed at the center of
each cavities to produce sharp resonances at Bragg condition. The grating unit is
formed by additional periodic pieces on both sides with A = 502 nm (Ajg4er =~ 1590
nm). These periodic side pieces have width of 300 nm and gap distance of 350 nm.

We use the prism coupling method to estimate background loss of < 0.1 dB/cm and
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Figure 4-6: Calculation of transmission response of curved 2 cm DFB cavity for
various tilt angles and thickness variations at R = 3 cm.

dopant. concentration of 1.0 x 10%° ¢cm?®.

Figure 4-7 shows the experimental setup of laser measurement. For curved DFB
structure, the chip edge is angle-etched to provide normal incident coupling from
fiber. Figure 4-8 shows the transmission measurement of the unpumped straight and
curved DFB laser, respectively. The straight DFB structure contains similar features
calculated in previous section, with many distortion peaks emerge in the blue-shift of
the resonance wavelength. The resonance peak does not have a clear 3-dB width for
Q estimation. The curved DFB structure shows a symmetric response, with measured

Q = 4.55 x 10°.

We pump the DFB lasers from both sides using fiber pigtail laser diodes at 978
nm and 976 nm. Figure 4-9a shows > 6 times improvement in the threshold power for
curved DFB (P, = 16 mW) compare to straight DFB (P, = 105 mW) lasers, with
similar slope efficiency (0.6-0.7%). At total pump power of 188 mW, we obtain maxi-
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Figure 4-7: Experimental setup of curved DFB laser measurement

mum output power of 1.2 mW for curved DFB laser and less than 0.5 mW for straight
DFB laser. Lastly, Figure 4-9b shows the spectra of both lasers, demonstrating SMSR
of 55.7 dB for curved DFB laser.

In figure 4-10, we consider the sensitivity of 2 cm straight and curved DFB thick-
ness profile to the position in platform. In straight DFB structure, the thickness
variation is similar for all R, with magnitude of around 0.5%. In curved DFB struc-
ture (R. = 3 cm), thickness variation < 0.2% can be obtained by placing 2 cm < R <
4 cm. This reinforces the reliability of the curved DFB film deposition.

We also consider the effect of the device length. Q factors of straight DFB at
various lengths are shown in figure 4-11a, for & = 0°, 2.5° and 5°. Shorter (< 1 cm)
structures accumulate smaller thickness nonuniformity, thus providing a more reliable
design for straight DFB cavity. However, to achieve a similar power efficiency, this
might require a higher doping concentration which can be detrimental to the laser
performance [19] due to the erbium limited solubility and clustering.

Alternatively, the thickness variation can be compensated by using index-varying
waveguide design. The SiN,waveguide width can be adjusted along the cavity to
provide small index perturbations. This approach would require additional initial
calibration in the deposition system to provide the right compensating value in the
device.

Thus, we show a simple design by curving the DFB laser to compensate for the
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radially symmetric Aly,Osfabrication process. We obtain obvious improvement in the

transmission response and cavity QQ that results in lower threshold DFB laser. We
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Figure 4-9: (a) Comparison of output powers of straight and curved DFB lasers at
different pump powers. (b) Optical spectrum of straight and curved DFB lasers.
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also show that the design is more tolerant to misalignment, thus demonstrating a
reliable way to fabricate the AlyO3:Er3*laser. Alternative approaches such as shorter

DFB laser and index compensating cavity are also discussed.
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Figure 4-10: (a) Calculation of thickness profile for straight DFB with a = 0° at
various radial distance R from the platform center. (b) Calculation of thickness profile
for curved DFB with R, = 3cm and a = 0° at various radial distance R from the
platform center.
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cm. (b) Hlustration of index-varying waveguide design.

4.3 Summary

In summary, we have demonstrated a design for reliable Al,O3:Er3tlaser. We mea-
sure the same DFB structure on different chips from the same wafer on the same
deposition run and obtain varying transmission responses that affect the reliability
of the performance. Through the analysis of the thickness variation in the sputtering
system, we show a thickness variation of ~ 0.5% in a 2 cm straight DFB cavity. By

transfer matrix calculation, we calculate that even < 0.5% thickness variation, the
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transmission response of DFB can be highly distorted with significantly reduced Q.

We propose a compensation scheme based on a curved DFB structure that follows
the circular symmetry of the deposition. Under the same grating parameters, the
curved design outperforms the conventional straight DFB structure. We achieve slope
efficiency of 0.7%, threshold power of 16 mW, and maximum output power of 1.2
mW for curved DFB laser. In straight DFB laser, we obtain slope efficiency of 0.6%,
threshold power of 105 mW, and maximum output power of 0.5 mW, demonstrating
> 6 times threshold power improvement. The curved DFB laser is shown to be more
tolerant to misalignment in the deposition, and thus providing a reliable approach for
on-chip Al,O3:Er3*laser.

Alternative approaches to construct a reliable laser are shorter DFB device and in-
dex compensated cavity. Such approaches however are limited by other requirements,
such as higher doping concentration and calibrated measurement of the thickness vari-

ation in sputtering system.
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Chapter 5

Application of Al,Os:Er°tLaser

We present the results on design of Al,O3:Er3tlaser for application in some use cases.
First, we demonstrate monolithic integration of a wavelength division multiplexed
(WDM) light source for silicon photonics by cascade of Al,O3:Er3*DFB lasers. Four
DFB lasers with uniformly spaced emission wavelengths are cascaded in series to
simultaneously operate with no additional temperature tuning required. Then we
show the integration of Al;O3:Er3tlaser in a 3D integrated silicon photonics platform
by using an erbium trench layer to passivate the gain medium from other devices.
We demonstrate laser operation working along with other silicon photonics devices

on the same chip.

5.1 WDM light source by cascade of DFB laser

A wavelength division multiplexed (WDM) light source is a key component in sili-
con photonics technology for application in optical communications [39, 40, 41]. It
generally consists of several uniformly spaced optical wavelengths that can be used
to encode multiple communication channels in a common output. Several research
groups have demonstrated integrated WDM light sources of up to 16 channels by
bonding of III-V gain material onto the silicon chip [42, 43, 44, 45, 46]. However,
these hybrid devices often require careful temperature control and complex fabrica-

tion steps with yield challenges.
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Alternatively, rare earth doped glass lasers on silicon, such as Al,Os:Er**DFB
laser , have been shown to achieve low noise, good thermal stability and high output
power. By combining several lasers with varying grating periods, a multi-wavelengths

light source can be obtained with custom longitudinal mode spacing,.

DFB, DFB, DFB, DFB,
WDM =490 nm | A,=492nm: A,=494 nm  A,= 496 nm WOM

OUtpUt—nu-lul—lul-nl|_l|l|.l|||_||||.|l||-output

-llll-llllg_llll-IIIIE—IIIIIIIIIEIIII-IIII-

5.5 mm 0.1 mm

Figure 5-1: Design of WDM light source by cascaded DFBs. Four erbium DFB
lasers at uniformly spaced grating period are cascaded in series to generate multi-
wavelengths laser output.

In this chapter, we demonstrate a monolithic WDM source by cascading four
Al,O3:Er**DFB lasers. The design of the cascaded-DFB structure is shown in figure
5-1. Four DFB lasers are cascaded in series with the length of each laser Lprp =
5.5 mm, distance between each laser Lgpqcing = 0.1 mm, and first grating period A,
= 490 nm with 2 nm subsequent increment (A; = 492 nm, Az = 494 nm, and A4
= 496 nm). Each DFB laser has a quarter phase shift located at the center, thus
emitting symmetric outputs on both sides. The right output from DFB; propagates
to the next laser DFB,, and so on to the right end of the structure. The combined
output is then a WDM of four uniformly spaced wavelengths. In order to design
an asymmetric output that emits on only one end of the device, the phase shift can
be placed to be slightly off-centered in the cavity. With small reabsorption loss (0.5
dB/cm at 1563 nm) and good thermal stability of the Al;O3:Er®Tlaser, the lasers can
be placed closely with with negligible cross talk.

To form a compact CMOS compatible cascaded-DFB structure, we optimized the
multi-segmented waveguide design for short lasers. The laser waveguide consists of
five silicon nitride (SiN,) segments with the grating perturbation formed by periodic

etching of the first and last segments. The SiN,segments have dimensions of thickness
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t = 200 nm, widthw = 450 nm, and gap g = 400 nm. A SiO,gap g, = 200 nm is then’
added on top of the SiN, structure. Lastly, the Al;O3:Er3*gain medium of thickness
taio = 1100 nm is deposited by a reactive co-sputtering process as the final backend

3

step. The erbium ion concentration is Ng, = 1.0 x 10%* cm™2 and the background

loss is measured to be < 0.1 dB/cm, using the prism coupling method.

We measure the transmission response of the cascaded-DFB structure as shown in
figure 5-2a. Sharp resonances are located at the center of each DFB response at wave-
lengths A\; = 1563.56 nm, Ay = 1569.84 nm, A3 = 1575.90 nm, and Ay = 1581.76 nm.
The wavelength spacings between adjacent DFBs are slightly non-uniform (Aggjgcent
= 6.28 nm, 6.06 nm, and 5.86 nm). We believe that this can be explained by the
thickness non-uniformity of the Al,O3:Er3*film deposition. Due to the circular sym-
metry of the reactive sputtering process, long straight structures may suffer from

variations in film thickness, as described in chapter 4.

Laser measurements were carried out by pumping the cascaded-DFB structure
from both sides with two fiber pigtailed laser diodes centered at 978 nm (left side)
and 976 nm (right side). Accounting for fiber-chip coupling losses, the maximum
on-chip pump powers of the 978 nm and 976 nm diodes are estimated to be 120 mW
(left pump) and 70 mW (right pump) respectively. The output is monitored using

two optical spectrum analyzers (OSA) on both sides.

We obtain laser wavelengths centered at 1563.92 nm, 1570.20 nm, 1576.28 nm,
and 1582.16 nm, slightly higher than the passive transmission measurement due to
local heating by pump absorption. The peak output powers obtained in the left (and
right) OSA for the four DFBs are as follow: 17.7 dBm (17.4 dBm), 20.4 dBm (20.2
dBm), 22.1 dBm (22.6 dBm), 19.1 dBm (24.0 dBm). The measured power from the
left and right OSA generally show similar output levels, except for DFB,, which is
still in investigation. We plot the total emission spectrum of the cascaded DFBs by
adding the spectrum obtained from both left and right OSA in figure 5-2b. The total
peak power obtained for different wavelengths are 14.5 dBm, 17.5 dBm, 19.4 dBm,
and 18.0 dBm. This corresponds to a total cascaded DFB output power of 10.9 dBm
from all four DFBs, an average of 16.9 dBm per DFB. By assuming the noise floor
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Figure 5-2: (a) Transmission measurement of cascaded-DFB structure. (b) Total
emission spectrum of the cascaded-DFB WDM source at maximum pump power.
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at -55.0 dBm as shown in figure, we obtain an average of 38.1 + 2.5 dB SMSR per
DFB, which is to our knowledge, one of the best signal to noise performances of a
on-chip WDM light source ever reported [44].

We perform a temperature dependence test of the cascaded DFBs by placing the
chip on a thermoelectric cooler (TEC). The TEC temperature can be adjusted from 20
to 50 °C by varying the current level. Figure 5-3a shows the spectrum of DFB1 at tem-
peratures of 20, 30, and 40 °C. No significant change of the output power is observed
at varying temperatures, demonstrating thermal stability of the Al,Oz:Er3tlasers.
Figure 5-3b shows the wavelengths of all four DFBs at varying temperature with an
uniform temperature-dependent shift of % = 0.015 nm/°C across all four lasers.

Improved performance of the cascaded DFB laser WDM light source can be
achieved in the following ways. The maximal output of each DFB laser can be op-
timized by varying the grating strength s and cavity length Lprg, as shown in [47].
The pump laser can be recirculated by using a selective reflector to obtain a more
flattened spatial pump profile. In addition, by taking into account the doping con-
centration, reabsorption loss, and total available pump power, the combined WDM
output can be carefully designed to have better power uniformity. Lastly, to scale
the cascaded-DFB to include more DFB lasers, several structures can be combined in
parallel or the structure can be folded around the chip to increase the total available
length (here the design was constrained by the chip length of 2.5 cm).

In summary, we have demonstrated CMOS-compatible monolithic integration of
a WDM light source in a silicon photonics platform by cascade of Al,O3:Er3*lasers.
Simultaneous operation of four DFB lasers has been achieved and the output shows
good thermal stability with varying chip temperatures (20—40 °C), with a uniform
temperature dependent wavelength shift of 0.015 nm/C across all four DFBs. We
propose that such AlyOs:Er3tlasers are an alternative approach to low noise and

thermally stable WDM light sources for optical communications.

Temperature insensitive operation of optical interconnects has been actively in-
vestigated in recent years [48, 49]. By using multiple Al;O3:Er**DFB lasers and
SiN,ring filters with equal channel spacing (AMjgser = AAjister), We propose an opti-
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drop responses at 20°C and 50°C. (b) Plot of frequency shift of the laser and filter at
various temperatures.

cal transceiver scheme as shown in figure 5-4. The outputs from N = k x n number

of regularly spaced lasers are combined into one waveguide. This waveguide is then
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Figure 5-4: (a) Conceptual diagram of the proposed Al;O3:Er®*lasers and SiN, filters-
based optical transceiver. (b) Schematic responses of drop ports and laser outputs
from five filters and DFB lasers, respectively. If the wavelength spacing is equal
(ANgser = AAfiter), there would be a one-to-one correspondence of the laser and the

filter, e.g. 1to D, 2to E, 3to A, 4 to B, and 5 to C.

passed through N filters with each output proceed to the modulator and detector
for that wavelength. If the channels span across entire free spectral range (FSR),
then there would be a one-to-one correspondence of the laser and the filter. Further-

more, a temperature control free operation is possible since both Al,O3:Er3*lasers

and SiN_filters have small and almost equal thermal characteristics.
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The filter here consists of two PECVD SiN,rings (radius R = 30 pm), both at the
same thicknesses of 200 nm and widths of 1 m. The nitride layers are separated by
100 nm SiO;. The filter is coupled symmetrically from both sides by bus waveguides
made from two SiN,waveguides of widths 1 pym at equal gap distances of 200 nm.
The ring filter has 3-dB bandwidth of 114 GHz at 1567 nm.

We measured the spectra of the DFB outputs and drop responses at various tem-
peratures. In figure 5-5a, we aligned the laser and filter spectra plot at 20°C. The
temperature dependent frequency shifts are then compared at 50°C. The frequency
change is almost synchronized, demonstrating the potential for on-chip optical trans-
mitter operation without temperature control. A finer measurement of the frequency
shifts at various temperature points is shown in figure 5-5b. The fitting of the fre-
quency shift of the Al,Oz:Er3tlaser (2.57 GHz/°C) is measured to be within 4%
difference from the SiN,ring filter (2.47 GHz/°C).

Thus, we demonstrated the feasibility of a temperature control free optical transceiver
by using Al,O3:Er®*DFB laser and SiN,ring filter. The temperature dependent fre-
quency shift of the laser is shown to be almost synchronous with the ring filter over

temperature range of 20°C to 50°C.

5.2 Erbium laser in full platform

So far, we have demonstrated Al,Os:Er3tlasers on a dedicated platform for laser de-
vices. The stack consists of only several layers such as SiN,, SiOsand Al,O5:Er3*+film.
In a full silicon photonics platform, the layer stack can easily have more than a dozen
to hundred of layers with additional steps such as n/p doping, annealing, metal/via,
and other silicon photonics or electronic devices. The layer stack process thus has to
designed to allow all the devices to work on the same chip.

In hybrid III-V and Si laser, various integration schemes of the laser has been
demonstrated, as shown in figure 5-6. One approach is to use Indium Phosphate as
the interface material to bond both the III-V laser and the Si chip (figure 5-6a) [15].
Another approach is to align and bond the semiconductor optical amplifier (SOA)
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on the substrate (figure 5-6b) [44]. Both of these approaches require a nontrivial
alignment step that complicates the integration process and reduce the production
yield. An alternative approach to improve the alignment accuracy is to create trenches
for the III-V material. It still requires bonding and SiOypassivation steps to secure

the gain material, and the resulting yield is still not clear [50].

In this work, we demonstrate an integration scheme of Al,O3:Er3*laser witthout
any alignment step by using an erbium trench structure. The erbium trench is pat-
terned by the same lithography process for the laser waveguide. Figure 5-7a illustrates
the full platform integration scheme of Al,O3:Er3*laser. The step-by-step process of
fabricating the laser devices with erbium trench is shown in figure 5-7b. First, we
start with two layer of SiN;. The top SiN,layer acts as the etch marker for the trench.
Depending on the waveguide cross section, additional SiO;layer can be deposited in
the trench. Lastly, the Al;O3:Ertlayer deposition remains to be the last backend

step as before.

We implement the integration scheme of Al;O3:Er3*laser on a full silicon photonics
platform by using the quarter phase shift DFB design discussed in chapter 2. The
width of the erbium trench is designed to be 50 um wide. We obtain lasing at 1560
nm (figure 5-8) working along with other devices on the same chip such as optical
phased arrays and tunable ring filters. Threshold power of P;;, = 89 mW and slope
efficiency 7 = 1.0% are obtained. We also measure the linewidth of the laser (figure 5-
9), and obtain similar performance to the laser without the erbium trench. A slightly
higher threshold power indicates additional intrinsic loss in the cavity which we have
not investigated further. Potential source of loss can be due to the boundary loss
of the trench, multimode coupling to the ”trench mode”, shadowing effect from the
trench in Al,O3:Er3*deposition.

In summary, we demonstrate the feasibility of integrating Al,Oz:Er3*laser in the
full silicon photonics platform. The erbium trench is fabricated with the same pattern-
ing lithography for laser waveguide. This integration approach requires no alignment
effort and still allows the Al,O3z:Er3*tdeposition to be the last step in the process.

Similar laser performance is obtained for laser with and without erbium trench with
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a slight additional loss. Further investigation is needed to optimize the performance

of the laser.

5.3 Summary

In this chapter, we addressed the implementation of Al,O5:Er3*laser in several use
cases. For optical communication applications, we produced a multi-channels WDM
light sources by cascading four DFB lasers with constant increment in grating period.
We obtained laser wavelengths centered at 1563.92 nm, 1570.20 nm, 1576.28 nm,
and 1582.16 nm at an average power of 16.9 dBm per DFB. The WDM sources
show good thermal stability with temperature dependent wavelength shift of 0.015
nm/C, an order of magnitude smaller than semiconductor laser. Furthermore, we
show that the thermal characteristic of Al,O3:Er3*laser matches with SiN,ring filter,
demonstrating the feasibility of a temperature control free transceiver operation.
We also extended the compatibility of AlyO3:Er3*laser to work with other on-
chip devices by demonstrating the integration of the laser in a full silicon photonics
platform. An erbium trench is fabricated with the same patterning lithography step
as the laser waveguide. We demonstrate a quarter phase shift DFB laser on the
same chip that contains other working photonics devices. This integration opens
the possibility for further integration of AlyOs:Er3*laser in a more complex silicon

photonics circuits.
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Figure 5-6: Various integration schemes of semiconductor laser on silicon photon-
ics platform. (a) Bonding of III-V laser and SiOsglass by using Indium Phosphate
(InP) material. (b) Bonding and alignment of semiconductor optical amplifier (SOA)
on silicon substrate. (c) Burying of III-V material sealed by SiOslayer with metal
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(a) Full Platform Integration

(b) (d)

(b) Erbium Trench Process

Figure 5-7: (a) Schematic of integration scheme of Al,Os:Er®*laser on full silicon
photonics platform. (b) The fabrication process of Al,O3:Er®tlaser in erbium trench.

83



1035

0.3 e
Slope Efficiency n=1.0 % i
g Threshold pump P, =89 mW
?.25 '
S '*
— 7 “' ‘
‘ g 0.2 !
E?o 15 /
5 4
g !
30.1 O AR
° ‘
- 0.05 g
0 J
0 20 40 60 80 100 120 140
| Pump Power (mW) .
(a) Laser Performance
70_._ - ~
-10
3-20
5-30
0
L
£ -40
24
& |
= -50 -

[
[+1]
o

-70 m

1530 1540 1550 1560 1570 1580
‘Wavelength (nm)

(b) Laser Spectrum

Figure 5-8: (a) Output power vs pump power and (b) spectrum of Al,O3:Er**laser
in full silicon photonics platform.

84



1 " - Measurement|
| —Fitting |

Transmission
o o
o o

-
'S

02  -0.1 0.0 0.1 02 |
_ Frequency (MHz)

(a) Laser Linewidth (linear)

| 0 \ - Measurement

i -5 3 . -ng

| 48 kHz

Q 10 }

| e

\.g -15

o

E-20

&

= -25

=30

.35
0.2 -0.1 0.0 0.1 0.2 |

~_ Frequency (MHz)

(b) Laser Linewidth (dB)

Figure 5-9: Laser linewidth in (a) linear and (b) dB scale.

85



86



Chapter 6

Additional Works

In this chapter, we discuss several additional works related to the main effort in this
thesis. There are two main results discussed here, first, the microring laser design
that uses the same novel waveguide design on a small trench area to generate a
compact low threshold rare earth doped lasers. Then, we report a multi-pass pump
configuration that enhances the absorption efficiency by tuning the grating design for

the pump and lasing wavelength, .

6.1 Compact microring laser

We have demonstrated a high power Al,O3:Er3*laser on silicon photonics platform.
The cavity length is usually in centimeter-scale and the threshold power ranges in
several to tens of miliwatts. In some applications such as biophotonic sensors [51, 52],
compact device foot print and sub-milliwatt threshold might be preferred. In an
approach which drastically reduces the device size and lasing threshold, high quality
factor whispering gallery mode cavities [53, 54] have been doped with rare earth ions to
realize visible and infrared microtoroid and microdisk lasers on silicon [52, 55, 56, 57].
However, such lasers are isolated on the chip surface and require an external fiber to
couple pump and laser light to and from the cavity, respectively. Whereas efforts have
been made towards a monolithic micrometer-scale integration scheme [58, 59, 60, 61},

that is, where both microcavity and waveguide are co-integrated on the same chip,
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Figure 6-1: (a) Microring laser fabrication steps: (i) deposition of the SiOsbottom-
cladding layer on a silicon substrate; (ii) deposition of the lower SiN,layer; (iii) pat-
terning of the SiN,rings and bottom part of SiN,bus waveguide (at far right) fol-
lowed by SiOsencapsulation; (iv) deposition of the upper SiN,layer; (v) patterning
and SiOgencapsulation of the upper SiN,layer to define the trench etch stop and top
part of the nitride bus waveguide; (vi) microring trench etch and removal of SiN etch
stop; (vii) deposition of the rare earth doped Al;Ozgain medium into the trench. (b)
[llustration of the resulting monolithic rare-earth-doped microring laser structure.

to our knowledge, no laser action has previously been demonstrated.

Here, using a similar laser waveguide design for Al,O3:Er*t, we report on com-
pact, low-threshold microring lasers monolithically integrated on silicon chips. The
rare earth doped microlasers are fully integrated with their excitation and emission
bus waveguides via a high-Q cavity design with effective fabrication technique. We
show compact sub-milliwatt threshold microring lasers with erbium-, ytterbium, and
thulium-doped Al;Ozhost material with center wavelengths at 1560 nm, 1040 nm,
1800 nm respectively. Our approach allows for straightforward, dense integration of
such laser sources within existing silicon-based microphotonic systems.

We discussed the design of erbium- and ytterbium doped microring laser as follows.
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Figure 6-2: Laser performance and spectrum of various rare-earth doped Al,Ogslaser.

As shown in figure 6-1, our microring laser design is based on a silicon-compatible
process flow which uses two SiN,layers. The microlaser structure consists of a rare

earth doped Al,Osfilled trench above SiN,waveguide, which forms the active micro-
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cavity, beside a SiN,bus waveguide for pump injection and laser output coupling.
SiN,has a higher refractive index than rare earth doped Al;O3(n ~ 2 vs. n ~ 1.65 ),
enabling more compact, high-refractive-index-contrast and low-loss passive photonic
devices. However, to achieve net gain in the cavity and lasing, a sufficient proportion
of light must propagate in the active gain medium. Thus, we developed a composite
resonator structure which supports modes with high optical intensity overlap with
the gain layer, but also permits reduced microring diameter due to the SiN,features.
The trench also serves to confine the light and reduce the microring bending radius
and enables silicon compatibility (the non-standard gain material can be deposited
into the trenches outside of the silicon foundry). The segmented SiNjcavity design
yields a highly wavelength-insensitive mode shape, allowing for high overlap between
980-nm pump modes and 1050-nm Yb- or 1550-nm Er-doped microring laser modes.
Meanwhile, the integrated double-layer silicon nitride bus waveguide allows for a high
degree of control of waveguide mode properties (i.e. for phase-matching to the mi-
crocavity pump modes and effective coupling of pump light to the ring) and low-loss

guiding of pump and laser light on the chip.

We fabricated two 240 nm thick SiN,(n = 1.94 at 1550 nm) layers with a 100-
nm-thick SiOslayer in between. We patterned both SiN_layers yielding 0.6 pum wide
SiN,microring features with 0.4 pum separations and 160 um outer diameter, waveg-
uide widths, w, of 0.4 or 0.9 um and microring-waveguide gaps, g, ranging from 0.1
to 1.0 pgm (in 0.1 pm steps). Above the top SiN,level, we deposited a 4 pm thick
SiOqlayer, and patterned and etched 4 pum deep microring trenches using the upper
SiN_layer as an etch stop. After removal of the SiN etch-stop, we deposited an addi-
tional 100 nm thick SiOslayer in the microring trenches. Lastly, we deposited 2 um
thick undoped, erbium-doped and ytterbium-doped aluminum oxide films over the top
of the dies (shown only deposited into the microring trenches in the figure for clarity)
using a reactive co-sputtering process as before. For the ytterbium-doped lasers we
applied a uniform doping profile and concentration of 7 x 102 cm™3. We selected
a relatively high ytterbium doping concentration because of the low absorption-to-

emission cross-section ratio around 1050 nm and negligible concentration-quenching
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effects observed in ytterbium doped AlyOs3[32]. Moreover, relatively high gain was
required to overcome the higher internal resonator scattering losses near 1 um and
output coupling as compared to erbium-doped devices operating near 1.5 ym. For
erbium-doped lasers, the erbium concentration was varied throughout the layer in or-
der to match the 980 nm pump mode distribution and minimize the laser threshold.
We varied the sputtering power applied to the erbium target throughout the deposi-
tion, resulting in uniform lateral doping and a graded vertical concentration profile
(with peak in the center of the film and approximately 1/3 the peak concentration
at the top and bottom of the film). We selected peak erbium concentrations on the
order of 2 to 3 x 102 cm™3 high enough to achieve higher gain than cavity losses,
but low enough to maintain low threshold lasing and avoid significant concentration
quenching mechanisms [13]. We summarize the fabrication steps in figure 6-1a and

the resulting structure is illustrated in figure 6-1b.

In figure 6-2 we show the laser performance of erbium- and ytterbium- doped
Al;Ogslaser. For erbium laser, by varying the gap of the bus waveguide and the trench
structure, we observed laser modes spanning a wavelength rémge of 1530 — 1565
nm and both multi-mode and single-mode lasing. The laser spectrum was typically
multi-mode at low pump powers, while one or two dominant modes emerged under
higher powers. For a device with erbium concentration 3 x 102 cm™3 and g = 0.3
pum we observed single-mode lasing at 1560 nm (with side-mode suppression > 30
dB) and up to 27 pW total laser power in the silicon nitride waveguide (limited by
the maximum diode laser pump power). By comparing to the resonances observed
in 1550 nm transmission measurements in the same chips, we determined the laser
modes to be TM like. The free-space 3dB linewidth was < 20 pm (below the limit
of the optical spectrum analyzer used to measure the laser spectrum). We obtained
the lowest laser threshold in devices with g ~ 0.5 pm (at optimum pump coupling)
and at reduced erbium concentration. The laser exhibits a threshold of 0.5 mW, and
double-sided slope efficiency of 0.3%, with up to 2.4 uW output power (total power

measured from both outputs) coupled into the SiN,waveguide.

In ytterbium-doped microrings we observed lasing in the range 1020 — 1045 nm.
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We observed lowest-threshold lasing at a pump wavelength of 970.96 nm. This wave-
length is blue-shifted from Yb absorption peak around 975 nm because the absorption
at 975 nm is too strong, thus significantly reducing both Q and the coupled pump
power. A single laser line is evident at 1040 nm with a side-mode suppression of >
40 dB (inset). We observed lasing at a threshold of 0.7 mW, a total output power of
> 100 uW coupled into the SiN,waveguide and double-sided slope efficiency of 8.4%.

The fabrication and characterization of thulium doped microring lasers are similar
to erbium and ytterbium microlasers. We will refer the reader to the PhD thesis of

Zhan Su [62].

With these results we have realized highly-compact monolithic rare-earth-doped
devices on silicon. Previously, the smallest bend radius obtained in an Al,O3:Er®*device
embedded in SiO,was 250 pm, in that case a compact amplifier [63]. Here, us-
ing SiN_features we reduce the bend radius to 80 m, thus suggesting a path to-
wards more compact integrated amplifiers as well as lasers. Compared to previous
Al O3z:Er®**racetrack lasers [16], we have decreased the device footprint by a factor of
~500. Meanwhile, the total cavity length of the microrings is 20 times shorter than
that of DFB and DBR devices, and the thresholds reported here are more than 10

times smaller.

While in this work we demonstrate a proof of principle, a full investigation of
the parameter space can lead to enhanced microring laser performance. Er-Yb co-
doping or in-band pumping at 1480 nm can be explored to increase the erbium laser
efficiency. Furthermore, the high efficiencies of DFB and DBR lasers and ultra-low
thresholds demonstrated in fiber-coupled microcavities [52, 55, 56, 57] indicate that
higher efficiencies and lower thresholds can be obtained by optimizing the resonator
mode and optical coupling properties and increasing the cavity Q.

By using standard silicon wafer-scale processing, we demonstrate that these mi-
croring lasers can be implemented in silicon-based photonic circuits (i.e. enabling
integration with high-performance active and passive silicon, germanium and silicon
nitride devices). A single off-chip fiber-coupled pump source or heterogeneously-

bonded on-chip laser diode pump could efficiently power multiple microring lasers.
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Due to their low threshold and single-mode operation around 1.5 pym, arrays of Er-
doped lasers are promising as chip-scale multi-wavelengths communications sources.
Meanwhile, Yb-doped lasers emit in the low water absorption window, can operate
in water and can act as highly effective nanoparticle sensors [64, 65]. Thus, their
implementation in lab-on-a-chip or integrated biophotonic applications is of interest.
Furthermore, the reported cavity structure can easily be adapted for additional rare
earth dopants (Nd3*, Tm3*, etc.) with different pump and laser wavelengths.

In summary, we have shown lasing in fully-integrated, monolithic microring struc-
tures on silicon chips. The rare-earth-doped microring lasers are enabled by a mul-
tilayer design which is silicon-compatible, straightforward and can be easily adapted
to realize laser sources emitting from the visible to mid-infrared wavelengths on a
full silicon photonics process flow. The low lasing threshold suggests that a single,
low-cost diode laser pump source could excite densely-integrated arrays of lasers on a
chip for wavelength division multiplexing applications. Optimization of optical cou-
pling parameters and microring mode properties can lead to even lower thresholds,
higher efficiencies and smaller device footprints. These new, compact, inexpensive
and efficient lasers are a viable alternative to existing silicon-based laser technologies
and have implications for wide-ranging applications of integrated photonic systems,
including optical computing, classical and quantum communications, sensing, bio-

photonics and fundamental micro- and nanoscale research.

6.2 Resonantly Pumped DFB Laser

In a typical Al,O3:Er*laser, the pump absorption is usually limited, particularly
because of their small footprint size as compared to traditional erbium fiber laser.
To allow sufficiently short pump absorption lengths, erbium-doped waveguide lasers
are doped with higher levels of erbium concentrations, which can lead to increase in
energy transfer upconversions and concentration-quenching effects [66]. Recirculating
the pump can increase the number of pump passes over a short length. For instance, a

highly reflective mirror can be placed at the end of an erbium-doped waveguide laser
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and reflect the unabsorbed pump back into the laser, as suggested in reference [47].
We demonstrated this scheme in the experiment, as shown in figure 6-3, and shows
~1.5 times improvement in threshold power and slope efficiency. This permits two
pump passes but prevents dual-sided pumping, from the side of the highly reflective
mirror. To allow multiple pump passes, an additional reflective mirror can be placed

at the laser input, forming a pump cavity.
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Figure 6-3: (a) Schematic and (b) laser performance of DFB laser with a single pump
reflector.

94



Alaser
E S B EEEEEEEEETSR

=S

Apump EEEEEEEEEEEESN Apump
(a) Resonant Pump Design

% 1H e On-Resonance F"urnplng ‘ &

b © Off-Resonance Pumping /

o AN=22%

% e

g 05

@

2 o - - -

=t 20 40 60 80

Pump Power (mW)
(b) Resonant Pump Performance (dB)

Figure 6-4: (a) Schematic and (b) laser performance of DFB laser with resonant
pumping.

Here, we report on an optical pumping scheme, termed resonant pumping, for
an Al,O3:Er®**DFB waveguide laser. The scheme uses two mirrors on either side of
the DFB laser, forming a pump cavity that recirculates the unabsorbed pump light.
Symmetric distributed Bragg reflectors are used as the mirrors and are designed
by matching the external and internal quality factors of the cavity. Experimental
demonstration shows lasing at an optical communication wavelength of around 1560
nm and an improvement of 1.8 times in the lasing efficiency, when the DFB laser is

pumped on-resonance.

We briefly discuss the resonant pumped DFB laser here, for full discussion, readers
are encouraged to refer to [67]. The structure is the standard quarter phase shifted
DFB laser enclosed by a DBR pump cavity. The DBR pump cavity is realized by
placing DBR gratings on either side of the DFB laser. The grating perturbations
have a period of 0.298 um and are formed by etching out 0.1 pm from both sides of
the center SiN,layer. The center SiN,has a width w, of 0.458 um. The lengths of the
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DBR grating and DFB laser are 350 um and 2 cm, respectively. A small separation
exists between the ends of the DFB laser and the DBR gratings, and, hence, the total
length of the DBR pump cavity is 2.11 cm. A layer of index-matching fluid (n=1.45)

is placed on top of the laser during measurement to assist in matching the pump

resonamnce.
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Figure 6-5: Contour plot of the cavity-induced field enhancement for different cav-
ity lengths and erbium concentrations (ions/cm?): (a) maximum enhancement, (b)
average enhancement.
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The pump cavity DBR grating design was based on matching the grating external
quality factor Qez to the internal @Qns of the pump cavity, for critical coupling [68].

The internal ;¢ consists of total pump loss that comes from background loss in the
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Al,O3:Er®*film and the erbium absorption loss. The background loss was measured
to be 0.1 dB/cm and erbium absorption at 976 nm was calculated to be 0.91 dB/cm
from the doping concentration of 1.5 x 10%° cm~3 with the pump confinement factor
of 0.76. The total pump loss is thus 1.0 dB/cm. Using the total pump loss value
and the effective index of 1.64 at 976 nm, the internal Q;,; can be calculated to be
4.5 x 10°. The grating external Q. can be calculated by assuming Fabry Perot
cavity. Following the grating design, transfer matrix calculations were performed to
determine the amount of field enhancement produced by the cavity, at resonance.
The amount of enhancement was calculated as the ratio between the field intensity
in the cavity and the intensity in a single-pass case. This can be expressed at various

points along the cavity as the following:

_Ef(2) + E(2) |?

¢(2) = OIE (6.1)

E¢(z) and E,(z) are the forward and backward propagating electric fields along
the cavity, respectively, and Ef,(2) is just the forward electric field in the single-pass
case. A standing wave is formed in the cavity, with periodic maximum and mini-
mum electric-field fluctuations. Figure 6-5 shows a contour plot of the maximum and
average field enhancements for various cavity lengths and erbium doping concentra-
tions. The maximum value was taken at the center of the cavity, where much of the
DFB laser intensity exists. Note that these calculations assumed -matched grating
reflectivities. It can be easily deduced that the enhancement increases as the cavity
length shortens or the erbium concentration reduces. For a cavity length of 2.11 cm
and an erbium doping concentration of 1.5 x 10% ¢cm™3, the average and maximum
field intensity enhancements are 1.5 and 2.7, respectively. We hence expect laser

performance improvements, within this range, when pumped on-resonance.

To pump the laser, we use a narrow-linewidth 976 nm pump diode (< 1 MHz) laser.
The output is collected from the 1550 nm outputs of both the right and left WDMs,

and measured using an optical spectrum analyzer. By insertion loss measurements, we
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estimate coupling losses per facet of 4.2 and 5.7 dB for 976 and 1550 nm, respectively,
without the index-matching fluid on the chip. The coupling losses are 3.3 and 4.5 dB
for 976 and 1550 nm, respectively, with the index-matching fluid. Lasing is observed
at 1563 nm. Figure 6-4b shows the on-chip laser power versus the on-chip pump
power for cases when the laser is pumped on- and off-resonance. From the plot, the
slope efficiencies can be estimated to be 2.2% and 1.2% with on- and off-resonance
pumping, respectively. An improvement of 1.8 times is thus achieved when the laser
is pumped on-resonance. This improvement falls within the predicted enhancement
ranges of 1.5 and 2.7, as discussed above.

In summary, we have demonstrated resonant pumping for an erbium-doped DFB
laser. A pump cavity was formed by placing DBR gratings on either side of the
DFB laser. The design of the DBR gratings was based on matching the internal
and external Qs. Experimental measurement show an improvement of 1.8 times in
the lasing efficiency when the DFB laser was pumped on-resonance. The proposed

resonant pumping scheme improve the pump absorption rate for short laser cavities.
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Chapter 7

Summary

Silicon photonics is the future of optical technology. By leveraging the maturity
of silicon device fabrication, the field of photonics has found its way to the large
scale production potential. Just as electronics need a voltage source, a complete
silicon photonics platform requires a coherent light source such as laser. The top
three specifications of silicon photonics laser are CMOS compatibility, high power
scalability and ultra-narrow linewidth for low noise operation.

We present the development of integrated erbium-doped aluminum oxide laser on
a silicon photonics platform. Using a novel wavelength-insensitive design, a CMOS
compatible waveguide structure is designed to achieve high confinement factor and
intensity overlap for both the pump (980 nm) and signal (1550 nm) wavelengths.
Laser operation in the C- and L- bands of the erbium gain spectrum is obtained
with both a distributed Bragg reflector and a distributed feedback structure. We
demonstrate power scaling with output power greater than 75 mW. To obtain an
ultra-narrow linewidth laser, we design a distributed phase shift laser to obtain 5.3
+ 0.3 kHz linewidth. A recirculating-self heterodyne delayed interferometer setup is
used to measure the linewidth accurately.

We then continue to investigate the influence of gain film thickness uniformity
in distributed feedback laser performance. Due to the geometry mismatch of the
circularly symmetric deposition process and the straight laser structure, we observed

performance degradation and inconsistency across the 300 mm wafer in a 2-cm DFB
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cavity. We propose a compensation scheme by bending the DFB structure to follow
the circular symmetry of the fabrication step. We obtain performance improvement
of greater than 6 times in the threshold power. The curved DFB laser is shown to
be more tolerant to misalignment in the deposition, and thus providing a reliable
approach for obtaining on-chip Al,O3:Er3tlaser.

We consider the implementation of Al;O3:Er®*laser in several use cases. In optical
communication application, a wavelength division multiplexed (WDM) light source
for silicon photonics can be obtained by cascading several Al;O3:Er3*DFB lasers. We
obtain a well-spaced four channels lasers with a temperature stable operation across
20 — 50°C. Furthermore, we extend the compatibility of Al,O3:Er*tlaser to work
with other on-chip devices by demonstrating the integration of laser in a full silicon
photonics platform. An erbium trench is fabricated on the location of the laser
allowing alignment free process. This integration opens the possibility for further
integration of Al,O3:Er3*laser in a more complex silicon photonics circuits.

We discuss several additional related works. First, compact low threshold laser
design by using a microring laser structure in an erbium trench. Lastly, a resonant
pumped DFB structure that improved the pump absorption rate by almost two times.

An immediate potential future work is to combine Al,Os:Er3tlaser with other
existing photonics devices on the same chips such as transceiver link, phased array,
and sensor applications. Other possible directions include investigating other rare-
earth doping at longer wavelength such as thulium and holmium doped lasers at
1.9 um where the silicon absorption is lower. The laser design can also be further
optimized by investigating different doping concentrations, cavity lengths, and other
cavity parameters. Finally, the author hopes the work presented in this thesis can
serve as a building block to a more complex applications of Al,O3:Er®*laser in the

future.
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Appendix A

Three-level Erbium model

Level Lifetime Wavelength

T 60.0 us 980 nm
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Figure A-1: Three-level state energy of Al,O3:Er®*laser.

Fig. A-1 presents a 3 level model of erbium. *I5 /25 i 13/2 and 114 /2 represent the
ground, signal and pump energy states, respectively. Pump absorption occurs from
4I15/2 to 41}, /2. Fast non-radiative decay transition occurs to 413 /2. Excited state
absorption (ESA) and/or energy transfer up-conversions (ETU) occurs from #1313/, to

41,1/2. Signal emission and absorption occurs between */,3/, and 41’15/2.

The temporal dynamics of signal photon and the 3 energy states can be expressed
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as the following rate equations

dN, _ 1 Op,a/\ppm Os esa/\s 2
= oM+ el Aeff Tpatein g 4 2 Aeff Tocoads GNr L W, Ny (A1)
le 1 Os, a 0'3 e 1 Us esa)\
— = —N. Ny — N, — —N N A2
dt Ty 2+ ch,AeffS 0 ChAeffS 1 T 1 ChAeff -5 ! ( )
— 2W, et N1 (A.3)
No=N;— Ny — N, (A4)
ds
—L% = —vg(a + Us,eNl - Us,aNO - a's,esaNl)S' (A5)

Ny, N1, Ny are the erbium concentrations at ground, signal and pump energy states,
respectively. 0,4, 054, 05 are the pump absorption cross-section, signal absorption
and emission cross-sections, respectively. 0,5, is the signal-to-pump excited-state
cross-section (ESA) and W, is the signal-to-pump energy transfer up-conversion
coefficient (ETU). In general, there may be a pump-to-higher-state ESA and ETU.
But we consider a simplified model here. P, is the input pump power (watts). A,
and A, are the pump and signal wavelengths. a is the total cavity loss (1/m) and v,
is the group velocity. Acss is the effective area and S is the photon power (watts).
Dynamic solutions can be attained by simply applying a finite-difference scheme

to the above equations. For example a forward-difference scheme can be expressed as

Oparpbi Os.esals
=A ——N + RATPET oot 4 2 gnel A6
t( ChAeff + ChAeff S N ( )
+mmwﬂnwy (A.7)
As Osels 1

NP =A Nn 1 Os,a n—1prn—-1 _ “$€ n— 1 = an—1 A.

1 t( + hAeffS 0 chAeffS 7'1 1 ( 8)
Os, esa)‘ n—-1prn—1 -12 n—1

N7 s.etulNT A.
cmws — QW et NP %) + NI (A.9)
NI =N, — N — N} (A.10)
S™ = Ay(—vg(a+ 0, e NP1 — g, o NF1)S™1) 4§71, (A.11)

Higher-order difference schemes may be used, for example, Runge-Kutta 4th order,

for better accuracy or larger time-step size (shorter computation time).
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Steady-state solutions can be attained by setting the differential operators to zero

and solving the set of 4 equations for 4 unknowns.

0= —%Ngs + ""’;:Zi“zv“ Z—;%‘;—;SNN“ + We et N3 (A12)

0= ;1; oy Zease AAf SN - —uass. AAf SNY Tiles (A.13)

_ Tsesads gus s _ gy nse? (A.14)
chAcsyg

Ng® = Ny — Ni* — Ng° (A.15)

0 = vg(a+ 05 NT° — 0,NG°)S*. (A.16)

One can simply use in-built Matlab solvers, such as fsolve, to solve the 4 unknowns.

Ion-quenching in erbium doped lasers can affect the stability. An additional set
of equations (noted with subscript ¢) for quenched-ions can be added to the original
set of equations (A.1)-(A.5) for active-ions (noted with subscript a) and written as a

set of coupled equations as

ng 1 Op.arp P 0' )\
2 = Ny, + RPN 2SN, W etu N o2 A.17
dt T2 2, + h,Aeff 0 ChAeff L + et L ( )
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NO,a = Nt,a - Nl,a - N2,a (AQO)
dNy 4 1 Oparp b Osesals
=2 = Ny, + RPN, 2 E SNy + W etuN A21
dt Ty 20 % ChAeff 0¢F ChAeff ta etuttl q ( )
le q 1 Os, a)‘ Os, e 1 T, esa/\
= = —Nyq+—"—5N N —N —2e37 % SN, A.22
dt T2 + ChAeff 00 ™ ChAeffS Le™ ’Tl,q Le™ Ch,Aeff 14 ( )
— W, N1 (A.23)
dsS
—d—t- = _'Ug(a + os,e(Nl,a + Nl,q) - Us,a(NO,a + NO,q) - Us,esa(Nl,a + Nl,q))S-

(A.25)

The difference in the ion-quench set of equations is simply in the lifetime of the quench
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ions (71,4 in equation (A.22)). Coupling here occurs through the photon number.
Similar attempts as above can be made to solve for the transient and steady-state

values.

A quick way to analyze the stability due to ion-quenching (compared to a temporal
simulation), is to consider a small perturbation in steady-state and study whether the
perturbation grows or decays. Let ANy 4, AN; 4, ANy, be the small perturbation in
quench ion energy states. Similarly, let ANz 4, ANy 4, ANp 4 be the small perturbation
in active ion energy states. And let AS be the small perturbation in photon. From

(A.17)-(A.35), the perturbed system can be expressed as

(N3, -;tANz,a) _ _le( N$% + ANa,) + %‘;‘X—%(Néi +ANo,) (A.26)
A2 2Me) L+ AN + S (57 4+ AS(NG + AN (A7)
- Sl (S 4 AS)(Nfa + AN) - (VT2 + AN (A28)

NG+ ANog = Neo — Ny — ANy o — N3, — ANgg (A.29)
d(Ns, ji—tAqu) _ _%(stf; + ANy ,) + %IZ_?(NSZ +AN,,) (A.30)
d(Niy ZtAN La) _ Tiz( Ng' -+ ANg) + C‘;;»Z:; (S + AS)(NG% + ANp,)  (A31)
- c‘;szj;f (5% + AS)(N{% + ANyg) — %}(Nf:‘; +AN,) (A32)

Ng% + ANog = N,y — Ni% — ANy, — N§% — ANy, (A-33)
d(Sssd_;t_ AS) = —v(0 + Oue(NE + ANy, + N3% + ANy ) (A.34)

— 05a(NgS + ANgq + NG5, + ANo ) (S*° + AS). (A.35)

For simplicity we do not include the ESA and ETU effects.

Assuming the perturbations are small enough such that higher-order terms can

be canceled out (e.g ASAN;, = 0), the above set of equations can be reduced and
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expressed in linear matrix form as

where M is

AN, | [ AN, |
AN, AN,
ANog | =M | AN,,
ANy, AN,
AS ] | AS |
myy miz O 0 0
mar Mma2 0 0 mos
0 0 maz mga O
0 0 mu3 myq mys

Ms1 Ms2 Ms3 Misg
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and
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Note that time-variations of steady-state values were set to zero and Ng5 + ANy,

was replaced with N; o — Nj5, — AN o — N33 — ANy, (similarly for quenched term).
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El

ANy, ANz q,

ANy, ANy,
Now, assuming the vector | AN,, | changes in time as | A Na,q0 e, the
AN, ANy g0
i AS | i ASy ]
[ AN, |
AN 4,
latter term can be substituted into (A.36) to give an expression as A | ANygo | =
ANy 4,
i ASo |
[ AN, |
AN} q,
M| AN, o |- Als thus simply the eigenvalue of M. If the real part of the eigenvalue
AN1q0
AS

is positive, the perturbations grow, and the system is unstable. If the real part of the

eigenvalue is negative, the perturbations decay, and the system is stable.
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