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Abstract

Large scale photonic integrated circuits (PICs), as a future target for a wide
range of applications such as optical communication, interconnects,
biological/chemical sensing, and imaging, have attracted researchers’ interest and
efforts over the past years. To achieve this goal, more complex and higher-capacity
of PICs is increasingly demanded, also called “Photonic Moore’s Law” (PML) that
is proposed in 2012. One natural strategy of pursuing PML is miniaturizing the
photonic devices with acceptable sacrifice of the property.

Semiconductor laser, as one of the most indispensable and important devices
in PICs, has been experiencing a shrinking-size revolution since 2007, when the
first metal-coated semiconductor cavity laser is demonstrated experimentally by
electrical pumping. The idea of using metallic clad is based on utilizing the
advantage of strong confinement of light by metal, which dramatically miniaturizes
laser size and path the way to deep sub-wavelength region (even nano scale). A
variety of different types of metallic semiconductor cavities are proposed and
studied recently, basically including circular shape cavity with Whispering-Galley
(WG) mode and rectangular shape cavity with Fabry-Perot (FP) mode.

One major challenge of the revolution of metallic laser is the huge optical loss
from the metal. Some natural considerations, which are studied in previous works,
are utilizing high gain material such as InGaAs/InGaAsP Multiple Quantum Wells
(MQW), and operating lasers in low temperature. Besides, continuous effort of
improving fabrication technology and thus reducing loss caused by the imperfection
of cavity shape and property, is another key to get better performance of metallic
lasers. So here is a natural question: what is next progress of metallic cavity lasers,
especially after efforts such as choosing high gain material, operating at low

temperature and improving the fabrication technique to a bottle neck?



In this dissertation, a novel structure of capsule-shaped metallic semiconductor
cavity laser is proposed for the first time, aiming at reducing the metallic loss and
improving the cavity property. By introducing cylindrical ends with optimal
curvature at both ends of the cavity, Gaussian-like mode profile can be formed
inside, which drastically reduces the field overlap at the metallic sidewall and thus
lower down the optical loss. This new structure is designed for FP mode,
considering the fact that FP mode is relatively easier to be coupled into waveguide
and applied in PICs. Also, the proposed idea mainly designs and optimizes the
cavity shape, so that it is naturally compatible with other methods of improving
metallic lasers.

In order to theoretically study the property of the proposed structure, a
systematically numerical investigation is carried out by well-established
computational method as 3 dimensional (3D) finite-difference time-domain
(FDTD). The simulation results show an obvious improvement of cavity Q factors
(more than 50%) by using the capsule-shaped structure. Meanwhile, the threshold
gain and threshold current can be reduced exponentially when using this new design,
which can be estimated from the rate equation theory. Many other interesting issues
are also studied by simulation, including design of waveguide coupling, external
radiation efficiency, far field pattern and so on.

Fabrication of the proposed capsule-shaped metallic semiconductor cavity is
explored and improved. For such a tiny and characteristic cavity, many detailed but
not trivial issues may hinder a perfect fabrication. All the information is discussed
detailed in the dissertation, including improvement of lithography resolution, trade-
off in dry etching and effort for good metal deposition.

Photoluminescence (PL) measurement of fabricated cavity is carried out to
demonstrate the proposed structure in the form of proof of concept. Up to 4-fold
improvement in the Q factor of the fabricated capsule-shaped cavity, compared with

a conventional rectangular one, has been experimentally confirmed by PL



characterization with 532-nm wavelength focused beam at room temperature.
The measured results are consistent with our simulation prediction of 3D FDTD
method, and verify the effectiveness of introducing optimal curvature at the cavity
ends.

In conclusion, a novel metallic semiconductor laser structure named as
“capsule-shaped cavity” is proposed, simulated and demonstrated in this
dissertation for the first time. It has been shown that the proposed design does have
advantages to be applied as a compact light source in PICs. Both numerical and
experimental results show the huge improvement of cavity Q factors by the original
structure. Furthermore, the proposed structure is compatible with other works
focused on material and fabrication improvement, so that capsule-shaped design
open up the possibility of creating an ultra-small, low cost and high speed cavity
laser for advanced applications in optical communication, interconnects, sensing

and imaging.
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Chapter 1

Introduction



1.1 Photonic integrated circuits

Human beings utilize light in the nature for a long history. Even from the prehistoric
time, sunlight has been used in the form of collecting and focusing by the bulk of
ice to make a fire. In ancient era, beacon-fire was used to alarm a war, taking the
advantage of the fast speed of light. Around 16th and 17th centuries, accompany
with the invention of the microscope and telescope, universe and micro cosmos
broke into people’s eyes, under the help of controlling light propagation in free
space. Until last a few decades before, the advent of optical fiber, which is widely
applied in telecommunication, takes people into a new region to use light
propagation in waveguide.

Since 1969, the concept of Photonic Integrated Circuits (PICs) was proposed
by Stewart E. Miller [1], PICs has been developed with great enthusiasm and opens
up a new era. It is a revolution of controlling, designing and utilizing light in
photonic devices with the connection of integrated waveguide, instead of
propagation in free space, for the first time in human beings’ whole history.

After decades of development, PICs has been able to integrate hundreds of
components in one single chip [2] and realize several comprehensive functions such
as optical switch [3-4], polarization-multiplexed differential quadrature phase-shift
keying (PM-DQPSK) transmitter [5], arbitrary waveform generator [6], tunable
wavelength router [7] and so on. Considering the numbers of integrated components
in PICs is continuously increasing from single digit [8-10] at its infant age to
hundreds recently, Moore’s law in photonics is proposed [11], which can be
compared to the fact that the number of transistors per chip becomes double every
two years in microelectronics. Figure 1.1 shows the increasing complexity of InP-
based PICs [11], by counting the numbers of integrated components in a single chip,
including Arrayed Wavelength Gratings (AWGSs), Multilmode Interferences
(MMIs), Semiconductor Optical Amplifiers (SOAs) and modulators.
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Figure 1.1 Photonics Moore’s Law of PICs [11]. The number of components is counted
in a single chip, including AWGs, MMIs, SOAs and modulators. It does not take into
account the fact that a distributed feedback (DFB) laser has more complexity than a

MMI coupler.

For large scale PICs which integrate hundreds of components and realize
complicate functions, a natural design is collecting a variety of small basic
components and devices in different topologies to form large circuits or systems.
These small components include lasers, optical amplifiers, modulators, detectors,
couplers, filters and (de)multiplexers. And by proper and logical design, these
components and devices can be recounted into even smaller building blocks, which
serve as combining, guiding and splitting light. Figure 1.2 shows a schematic of the

basic building blocks in PICs [11].
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Figure 1.2 Functionalities of PICs that can be realized in a set of basic building blocks:

passive waveguide devices, modulators, SOAs and polarization converters (PCs) [11].

For the functionalities and related components listed in Fig. 1.2, generic
integration technology has developed over the past years and optimize them with
an efficient integration in PICs [2]. And designing good performance of an active
device such as light sources also plays an important role of large scale PICs in next
generation, with higher capacity and more complexity. Micro or Nano lasers have
small size and low cost, thus can be integrated in a large number on one single chip
and potentially have high speed [12]. Thus, miniaturization of semiconductor lasers

becomes one of the critical issues of achieving a large scale PICs in the future.

1.2 Trend of miniaturization of lasers

Since the first laser was demonstrated by Theodore Harold Maiman in 1960, the
evolution of laser never stops. Just 2 years later, the first semiconductor laser was
invented [13]-[16] and after that, many different types of lasers based on
semiconductor gain materials [17]-[49] are studied and demonstrated for various
applications such as light source, imaging, sensing, optical communications and so

on [11], [50].



Recently, some novel types of small semiconductor lasers have been proposed
and demonstrated, such as lambda-scale embedded active-region PhC laser (LEAP
laser) [51]-[53], membrane distributed feedback (DFB) laser [54], [55], micropillar
cavity laser [56], and three-dimensional photonic crystal (PhC) laser [57]. These
lasers are designed with new structures to achieve high cavity quality factors (Q
factors) and low energy cost, taking the advantages of PhC cavity, DFB, or
distributed Bragg reflectors (DBRs) respectively.

As the growing demands for more complex and higher-capacity PICs operating
at lower energy cost, the issue of shrinking the laser size becomes attractive to

researchers. Figure 1.3 shows a brief history of miniaturizing the laser size [58].
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Figure 1.3 A brief history of miniaturization of lasers [58]. After 2007, metallic
cavity structure becomes an important topology to shrink the laser size to deep

sub-wavelength range and even in nano-scale.

From Fig. 1.3, we can see the trend of shrinking semiconductor laser size, from
~mm of the first demonstration to ~100 um of Vertical Cavity Surface Emitting
Laser (VCSEL) [42], then to a few micro-meters size of microdisk laser [59], and

to sub-wavelength range of PhC laser [24]. And since 2007 when the metallic-



cavity semiconductor laser was demonstrated for the first time in the world [60],
using metallic clad to get extremely tight confinement of light and thus shrink the
laser size becomes a new method to achieve an ultra-small laser [61]-[75]. In this
first demonstration, lasing wavelength around 1.4um was achieved by a metallic
pillar with diameter of only 260 nm, even under the diffractive limit. This
milestone-like work enlighten researchers to study and design a variety of different

metallic cavity lasers and path the way to deep sub-wavelength scale.

1.3 Metallic cavity semiconductor lasers

1.3.1 The role of metal in metal-clad semiconductor lasers

As the material with a negative permittivity in optical frequencies, metal (especially
noble metal) exhibits different optical properties from that of dielectric materials.
Why and how can metal help shrinking the laser size?

A quite intuitive understanding is the effect of skin depth. That is, the
penetration depth of Electromagnetic (EM) wave into metal is usually much shorter
than the wavelength. So if metal serves as a clad of semiconductor cavity, light can
be confined tightly just inside. For more strict understanding in some cases of cavity
size under diffraction limit, the effect of Surface Plasmon Polariton (SPP) should
be taken into account. That is, when an EM field is incident into the interface of
metal and dielectric, SPP can be stimulated if the electrical polarization has a
component normal to the interface. It is a coupled oscillation between free electrons
at the metal surface and an external electromagnetic field. SPP has higher effective
refractive index than that of dielectric, thus can shrink the EM field profile into

much smaller dimension, even under the diffraction limit.
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Figure 1.4 Schematic of SPP [76]. (a) stimulation of SPP; (b) penetration depth of SPP;

(c) dispersion curve of SPP.

Figure 1.4 shows the schematic of the generation of SPP. According to the
continuity of displacement vector (D, = gy,e4E,q = €0€mE,m) , the electrical field
is not continuous at the z direction normal to the interface, which causes a period
bound charges along the interface shown in the Fig. 1.4 (a) . SPP mode propagates
along the surface of the interface for a few micrometers (for superior design, this
length can be larger), and can penetrate into the dielectric and metal plate for only
tens of nanometers, shown in Fig. 1.4 (b).

The dispersion curve of SPP is depicted in Fig. 1.4 (c). The angular frequency
and wave vector of SPP can be derived from Maxwell’s Equations with the

boundary condition of continuity of displacement vector [76], as following:

Wp

w = —
SPP - [1+ey

kepp =k /;df;’ (1.2)

where w,is the frequency of electron plasma, &; and &, is the permittivity of

(1.1)

the dielectric material and metal respectively. From Egs. (1.1) and (1.2) we can

know SPP is a kind of electromagnetic wave coupled to the free-electrons in the



metal. The wave vector of SPP will reach to extremely large (infinite large if the
imaginary part of the metal can be ignored) which means the moment of the wave
is so large that the light is localized in somewhere. Large wave vector means large
effective index (larger than that of dielectric and semiconductor materials), and thus
SPP can help achieve extreme miniaturization of semiconductor lasers.

The penalty of using metal to confine the light field is the high metallic loss,
coming from the image part of its permittivity. So another issue is that if metal is
necessary to a small semiconductor laser in sub-wavelength scale, considering its
high loss?

In order to illustrate the effect of metals on the sub-wavelength lasers, we can
use FP theory to compare the metallic cavity with semiconductor cavity (without

metal) for an intuitive understanding. The Q factor of FP cavity can be written as:

1 1

1
—=—+ , (1.3)
Q Qabs Qmirror
1
=g, (1.4)
Qabs w
1 vg1, 1
= —<=In(-), 1.5
Qmirror w L (R) ( )

where Qabs and Qmirror are the Q values corresponding to the absorption loss and
mirror loss, while vg, a, L and R are the group velocity, propagation loss, cavity
length and reflectivity of mirrors respectively. In sub-wavelength scale, usually
around 1 micro-meter of the footprint, DBR, DFB and PhC structure are too large
to be applied to achieve a high reflectivity. By introducing metal-clad outside the
semiconductor cavity, the reflectivity of both cavity mirrors increases, which
improves the Q factor. However, on the other hand, the propagation loss a will also
be increased by metal, which will reduces the Q factor. These two factors compete

with each other. Figure 1.5 plots the Q factors of both cavities as a function of cavity



length. (We use one dimensional simulation to calculate the reflectivity between
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Figure 1.5 Q factors as a function of cavity length. The blue line is corresponding to the

semiconductor cavity without metal-clad, while other three curves show the property of

metallic FP cavity.

From Fig. 1.5, a self-explanatory result is that in small dimension of a few
micro-meters, metallic cavities have higher Q factors rather than bared
semiconductor cavity, which shows that the improvement of reflectivity overcomes
the high metallic loss. While in the relatively large size, above 10 um, even bared
semiconductor cavity can achieve higher Q factor, as the mirror loss is diluted by
longer cavity length. This result also illustrates the reason why metal is used after
laser size is miniaturized into around micro-meter scale, shown in Fig. 1.3.

In short, metal plays a role in small lasers, not only for shrinking the laser size

but also for increasing the reflectivity to reduce the mirror loss.



1.3.2 Demonstrations of sub-wavelength metallic semiconductor

lasers

The first successful metallic laser is a semiconductor pillar cladded by gold [60].
The diameter is 260 nm which is under the diffraction limit. In this deep sub-
wavelength dimension, SPP mode exists and surfers from quit high metallic loss.
To achieve lasing, it is operated at low temperature of 10 k by 4-uA current injection.
This demonstration attracts a host of interests of researchers and enlightens a new

way to shrink laser size by metal.
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Figure 1.6 Demonstrations of sub-wavelength metallic semiconductor lasers. The

operation temperature and conditions are compared in the figure.

After that, many different designs with metals are studied and demonstrated,

including circular cavities such as pillar [63], [67], [70], [71], [77], pan [61], disk

10



[65] and rectangular cavities [62], [64], [66], [78], [79], and even some novel
structure with metallic element instead of cavity scheme [80]. All these metallic
lasers utilize high gain materials (usually 111-V semiconductors) to overcome the
high loss, and most of them apply low temperature operation to lower down the loss
in further. Some representative works are shown in Figure 1.6 [60], [61], [65], [66],
[77], [78], [81].

1.4 Objective of this dissertation

State of the art of metallic semiconductor lasers is the trade-off and rebalance of
two factors: scaling and loss. Except for choosing proper active materials with high
gain and operating at low temperature, another natural consideration is to make
efforts on improving fabrication technique, and thus improving the cavity properties.
However, fabrication process of metallic cavity in such small scale (around 1 um
and even smaller) is so difficult that the space for improvement is not adequate [82].
So some new idea of reducing loss, which is independent on materials, fabrication
technique and operation conditions, is necessary for metallic semiconductor lasers.
This is the objective of this dissertation.

The dissertation will be organized as following:

In Chapter 1, a brief background of metallic semiconductor lasers is introduced.

In Chapter 2, a new structure called “capsule-shaped” cavity is proposed for
the first time for metallic lasers, considering the mode selection, potential
applications in PICs (for example, waveguide coupling and compatibility with other
devices) and other issues.

In Chapter 3, some theory and analysis methods are introduced and applied on
metallic semiconductor lasers.

In Chapter 4, 3D FDTD simulation is applied on the proposed structure and

investigated many cavity properties, such as Q factor, confinement factor, threshold

11



gain, threshold current, radiation efficiency, etc. Near field (radiated field from the
cavity) to far field transformation and waveguide coupling scheme is also taken into
account in this chapter.

In Chapter 5, fabrication process of capsule-shaped metallic cavity is
introduced. Some difficulties and limitations of fabrication technique is discussed
and related effort on improvement is also given in this chapter.

In Chapter 6, PL measurement is applied on fabricated samples. Up to 4-fold
improvement in the Q factor of the capsule-shaped cavity, comparing to its
conventional rectangular alternation, has been experimentally confirmed. The
measured results are consistent with our simulation prediction and demonstrate the
proof of concept of capsule-shaped metallic semiconductor cavity structure.

In Chapter 7, a brief conclusion of this dissertation is made.

12



Chapter 2

Proposal of capsule-shaped metallic
semiconductor laser
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2.1 Topological-type selection of metallic

semiconductor cavities

Among most demonstrations of metallic semiconductor laser up to now, circular-
shape and rectangular-shape cavities are two basic topologies. These two types of
cavities support WG mode (or circular mode) and FP mode inside respectively, thus
exhibit different properties, including Q factors, laser size and possible waveguide
coupling scheme. Some pioneering works of these two topological structures are

compared in Figure 2.1.
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Figure 2.1 Some pioneering works of circular and rectangular metallic semiconductor
cavities. Rectangular-topology cavity has moderate Q factor and footprint, compared

with the circular one.
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Fig. 2.1 shows the Q factors and footprints of two topologies. Circular cavities
can achieve higher Q factors (above 1000) in the similar laser size than those of
rectangular ones (usually around a few hundreds), which is coming from properties
of WG modes. Thus, circular structures can achieve extremely small laser size,
although under low-temperature operation, such as the pillar structure [60] and
nano-patch structure [65]. While rectangular topologies, which support FP modes,
both Q factors and footprints are in the moderate range (compared to circular
topologies), and show a linear-like relationship. This is a natural property result
from FP theory.

Except Q factors and footprint, some other properties should also be taken into
account for possible applications in PICs, including confinement factor of gain
materials (mainly depending on the resonant mode profile), waveguide coupling

scheme. These characteristics are listed and compared in Table 2.1.

Table 2.1 Properties of two topological metallic cavity lasers

Confinement | Waveguide
Topology Mode type Mode profile Reference
factor coupling

(a)

Circul Whispering = [85]
ircular iy
-Galley
=
Fabry f
Rectangular - [62], [86]
-Perot

From Tab. 2.1, we can see that the profile of WG mode inside circular cavity is
mainly distributed around the sidewall and have poor overlap with the active

materials, leading to a relatively low confinement factor. As a contrast, rectangular

15



cavity support FP mode which has better overlap with gain materials and thus gets
higher confinement factor.

Another issue is the scheme of waveguide coupling of these two topologies.
For conventional circular cavities such as microdisks, in-plane waveguide coupling
is usually applied; however, for achieving ultra-small dimension, metallic clad is
used to shrink the laser size and thus hinder the conventional in-plane coupling [83],
[84]. One possible solution is using only metallic top on the circular structure with
bared semiconductor around the sidewall, which can be applied to in-plane coupling
still [85]. However, circular-shaped semiconductor cavity with only metallic top
partly sacrifices the ability of confinement of the light field, and is difficult in
fabrication. For rectangular-shaped metallic cavity, light field can be coupled into
waveguide under the substrate [62], [86], which is relatively easier to be fabricated.

Thus for potential applications in PICs, rectangular topology (or FP mode) is
more suitable because of the advantages of higher confinement factors, ease of

waveguide coupling and fabrications.

2.2 Mode selection inside metallic FP cavity

There exist two basic modes inside a rectangular cavity. If the electric polarization
is normal to the metallic sidewall in the cross-section plane, it is defined as
Transverse Electric (TE) mode. And its counterpart one-Transverse Magnetic (TM)
mode is defined with a magnetic field normal to the sidewall.

As the existence of metallic clad, TE mode here can stimulate SPP at the
interface of metal and dielectric layer, thus is also called plasmonic-like mode. As
a contrast, TM mode still exhibits conventional dielectric property. Figure 2.2
shows the schematic of TE and TM modes in the cross-section plane of a metallic
semiconductor waveguide. Note that we follow the conventional definition of TE

and TM modes used for semiconductor waveguide lasers, but this definition may

16



be opposite to those used in the literatures on metal—insulator—-metal (MIM)

plasmonic lasers.
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Figure 2.2 Schematic of TE and TM modes in the cross-section plane of metallic
semiconductor waveguide: (a) definition; (b) and (c) mode profiles. The red and

yellow arrows show the electric polarizations of TE and TM modes respectively.

TE and TM modes exhibit different properties in metallic semiconductor
waveguide. With the help of SPP, TE modes can shrink the field distribution in a
quite small area, even under diffraction limit, but suffers from high loss. Figure 2.3
shows the refractive index and propagation loss of TE and TM modes in metallic
semiconductor waveguide [62]. Note that the exact values of these physical
quantities are dependent on the detailed structure (materials, thickness, etc.), but the
trend of these curves is meaningful.

From Fig. 2.3, a self-explantory fact is that TE mode has higher real part of the
effective index rather than TM modes, which means TE mode can confine light
field inside a smaller dimension. Furthermore, TM mode has the diffraction limit
cut-off, similar to mode in conventional dielectric waveguide; while TE mode has
no such cut-off. However, TE mode suffers from higher propagation loss than that
of TM modes, as a penalty of its confinement ability.

From the electrical field distribution (|E|) of both modes (insert of Fig. 2.3), we
can see that TE mode has better overlap with waveguide core in vertical direction,

and thus has higher confinement factor than that of the TM mode. This is another
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advantage of the TE mode. And other properties of TE mode such as the
compatibility with other device, higher material gain by compressive MQW are also

better than those of the TM mode.
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Figure 2.3 Effective index (real part) and propagation loss of TE (red curve) and
TM (black curve) modes in a metallic semiconductor waveguide. Insert, mode

patterns (|E|) of TE and TM modes [62].

As TE mode has many advantages discussed above, it is suitable for metallic
cavity lasers used in PICs, in spite of its high loss. And the question “how to reduce
the metallic loss of TE mode” becomes an important issue, which will be discussed

and studied in the next section by proposing a new structure.
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2.3 Proposal of capsule-shaped metallic FP cavity

From the above discussion, TE mode (plasmonic-like mode) within a FP cavity is
more suitable for metallic semiconductor lasers for potential applications in PICs.
However, due to the high metallic loss of TE mode, especially when narrowing
down the cavity width, TM mode (dielectric-like mode) is selected as the lasing
mode in the recent experiments with 1.3x1.1 pm? cavity [66]. Thus reducing the
metallic loss effectively becomes a critical issue.

It should be mentioned that the benefits from lowering down the operation
temperature, high gain materials and better fabrication are helpless for TE mode to
compete with TM mode, as the latter one can also get these improvements equally.
So some new design or scheme to reduce the metallic loss of TE mode is necessary,
for improving the cavity property furtherly.

From the FP theory and Eqgs. (1.3)-(1.5), the total loss of a rectangular metallic

cavity comes from mirror loss (oc%ln(%)) and propagation loss a. R is the

reflectivity of the cavity mirrors and is almost fixed once the materials are selected.
When shrinking the laser size, the length L decreases and thus the mirror loss

increases. Thus, how to reduce the propagation loss a. is critical.

i

Fy

L Z

(a) (b)

Figure 2.4 Schematic of light propagation in metallic FP cavity. (a) electrical
field distribution (|E?) of TE mode in the top-view plane; (b) analogous to an
open cavity with flat mirrors.
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Figure 2.4 (a) shows the electrical field distribution (|E[?) of the TE mode of a
conventional FP cavity (rectangular topology), numerically calculated from 3D
FDTD simulation, which will be discussed in detail in Chapter 3 and 4. The metallic
loss is mainly from the SPP field which exists at the interface of metal and dielectric
layer. If the field overlap at the metallic sidewalls can be reduced, the loss in the
form of SPP should be decreased effectively.

Fig. 2.4 (b) makes an analogous comparison to macro lasers with an open cavity.
Light propagates back and forth with mirror loss and has a plane wave-like profile.
This can be regarded as an open cavity with flat mirrors at both ends. A classical
improvement is using curved mirrors to make a stable cavity, which pushes the light
field into the center and forms a Gaussian profile.

Now we think back to the metallic semiconductor cavity, if we imitate the
improvement in an open cavity system and change the flat cavity ends to cylindrical
ones, we should get a similar result. That is, Gaussian-like mode profile will be
formed inside the cavity and the overlap at the metallic sidewalls should be
dramatically reduced. In this way, metallic loss can be reduced effectively without

sacrifice of the cavity dimension.
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Figure 2.5 Schematic of the capsule-shaped metallic laser.
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Here, a new structure with cylindrical mirrors of metallic semiconductor cavity
laser is proposed for the first time, and is nominated as “capsule-shaped” cavity.
Metallic cladding outside the semiconductor structure is not only used for a tight
confinement of the light, but also acts like the electrode for current injection. The
light mode of such a metallic cavity laser can be coupled into a waveguide vertically
from the bottom side, which aims at potential applications in PICs. Figure 2.5 shows
the schematic of the proposed structure. In order to demonstrate the proof of concept,
design of this structure in detail (for example, the thickness of each layer, the length,
width and curvature, etc.) and its related simulation, fabrication and measurement

are studied, which will be discussed in following chapters.

2.4 Summary

In this chapter, different topologies and cavity modes of metallic semiconductor
lasers are discussed in detail, and FP cavity with TE mode is suitable for the

potential applications in PICs.

Circular % Higher Q but lower I
cavity ¥ Difficult waveguide coupling

for PICs l

for smaller size for PICs

) B E—

! ‘ . for reducing metallic loss

Figure 2.6 Roadmap of the proposal of capsule-shaped metallic semiconductor
lasers.

TM mode

> Diffraction limit cut-
off
» Lower loss

In order to reduce the metallic loss, a new structure of FP cavity is proposed

for the first time, with cylindrical mirrors instead of conventional flat ones. It is
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nominated as “capsule-shaped” metallic semiconductor cavity. It should be
mentioned that this proposal is based on the design of a topological structure, and
thus is compatible with other methods of improving cavity properties, such as
choosing high gain materials, using low optical-loss metal and reducing
imperfection of fabrication by better technique. Figure 2.6 shows the roadmap of

the proposal, as a summary of Chapter 2.
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Chapter 3

Analysis and theories of metallic
semiconductor laser
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3.1 Introduction

Basic analysis of metallic semiconductor laser is discussed in this chapter. Firstly,
by the rate equation theory, we can obtain an intuitive understanding of the behavior
of semiconductor lasers. For steady-state, threshold gain and threshold current can
be estimated as long as the cavity Q factor is known. Secondly, waveguide model
is introduced to calculate the propagation loss of a FP-cavity based metallic
semiconductor laser, for estimating the Q values. However, 2D waveguide model
cannot precisely derive the propagation loss, the reflectivity loss and resonant
wavelength of a 3D cavity, and cannot obtain some important information such as
cavity mode pattern, external radiation ratio and radiate field, etc. Thus, a 3D based
simulation is necessary. Thirdly, FDTD method is briefly introduced for the
simulation of the proposed structure in this dissertation. And the near-to-far-field

transformation (NFFT) method is also derived.
3.2 Rate equation analysis

3.2.1 General rate equation of semiconductor lasers

In semiconductor lasers, basically there exist two physical processes. One is the
carrier generation and recombination in the active region, another is the photon
generation and loss in the cavity.

For the first process, the current generation depends on the injection efficiency
ni, while the recombination is more complicated and includes many mechanisms
such as spontaneous recombination Rsp, stimulated recombination Rst, non-radiative
recombination Rnr and carrier leakage Ri. The stimulated recombination requires the

presence of photons. The other three terms refer to natural or unstimulated carrier
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decay processes, and can be described by empirical polynomial AN + BN? + CN3,
which estimate defect, spontaneous and Auger recombination, respectively.

For the other process, the main photon generation above threshold is stimulated
recombination Rs, which is usually intuitively written in the form of optical gain.
That is, when the light propagates in the active region for a unit length (enough
small), the increase of the photon density can be described as the product of optical
gain and propagated distance. Besides, spontaneous recombination process also
contributes to the photon generation, and can be coupled into the lasing mode by a
spontaneous emission factor. Considering that the active region occupied by the
electrons is usually smaller than that occupied by photons, thus the concept of
confinement factor I is introduced to describe the electron-photon overlap. On the
other hand, the photon decay process is defined by the photon lifetime, which is
related to the cavity Q factor.

According to the conservation of numbers of carriers and photons, rate

equations can be written [87]:

dN _ il N

E—q—v—;—vggN, (3.1)
dN N
— > =TvygN, —TBspRsp — T—;’ 3.2)

where N is the electron density, Np is the photon density, t is the carrier lifetime, tp
is the photon lifetime, #iis the current injection efficiency, | is injection current, q
is the charge of the carrier (here is the electron), V is the volume of the active region,
Rsp is the spontaneous recombination, fsp is the spontaneous emission factor, I' is
the confinement factor, vg is the group velocity of cavity mode, and g is the material
gain of active region.

Based on the analysis of Egs. (3.1) and (3.2), behavior of semiconductor lasers

can be discussed, which is detailed in the next section.
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3.2.2 Threshold gain and threshold current

Considering the photon generation and recombination processes which are
described in Eq. (3.2), the steady-state is the photon decay rate equals to the photon
generation rate, thus dNp/dt is zero. If we neglect the spontaneous term, which is a

small fraction coupled into the lasing mode, we can get the threshold gain [87],

1

9th = ) (33)

where g is the threshold gain, I" is the confinement factor, vg is the group velocity
of lasing mode, and 1, is the photon lifetime.

The photon lifetime can be defined in the form of Q/w, where Q is the cavity
quality factor and w is the angular frequency of the lasing mode. So g can be

estimated naturally if Q is known:

w
TvgQ'

9th = (3.4)
Another expression of the threshold gain is considering the loss inside the

cavity by FP theory, can be written as:

gen = = (@ +=In(2)), (35)

where ai is internal modal loss of lasing mode during one round propagation, L is
the length of the cavity and R is the reflectivity of the mirrors. By waveguide model,
the propagation loss of the waveguide mode can be regarded as an approximation
of aiin EQ. (3.5) and thus can be used for estimation of gi. This discussion will be
included in the next section.

On the other hand, from the steady state of Eq. (3.1), threshold current can be

estimated. Under steady state (dN/dt), the carrier generation rate equals to the
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recombination rate. Taking into account that the stimulated recombination rate is a
small fraction of total recombination and can be neglected here, Eg. (3.1) can be

written as
Ip = ——, (3.6)

where It is the threshold current and N is the threshold carrier density. The carrier
density decay can be expressed as polynomial AN + BN? + CN? (here, the first term
usually can be neglected), and the material gain can be written empirically in the

form of carrier density as

g = gONlnNitr’ (3.7)

where gon is the empirical gain coefficient and Ny is the transparency carrier density;,

both can be searched from experimental data. Finally the threshold current is

derived as
qV (BNZ+CNgy)
Iep = : : (3.8)
ni
g
N¢p = NtreXp(_th)v (3.9)
9doN

Now the threshold gain and threshold current are derived from the rate equation
theory. To estimate these values, only the photon lifetime or the cavity Q factor is
needed. Next section will take waveguide analysis to calculate approximate
threshold values for simplicity. More accurate and precise calculation will be done

in the next chapter.

27



3.3 Waveguide analysis

From the discussion above, it is clear that the threshold gain and current of a
semiconductor laser can be estimated if the cavity Q factor and confinement factor
are known. To evaluate the Q factor precisely, 3D calculation is necessary, which is
usually complicated and takes time. Before taking a strict 3D calculation,
waveguides theory can be used firstly for an intuitive understanding and

approximation of the semiconductor cavity, for simplicity.

Thickness Complex

Definition Material (nm) Refractive Index

p-Contact P-InGaAs 100 3.6+0.0984i

p-Clad P-InP 500 3.16+0.0002i

MQW layer

Figure 3.1 Cross-section of 2D waveguide model of metallic semiconductor laser.

For a waveguide structure with multi layers (usually materials with different
refractive indices), the electric field E and magnetic field H in each layer can be
expressed by Helmhortz equation, which can be derived from the Maxwell’s
equations, if taking into account the condition of time harmonic field. Considering
the boundary conditions that the normal components of both the electric and
magnetic displacement vectors should be continues at the interface of two materials,

the EM field distribution in a waveguide structure can be analytically derived.
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Figure 3.1 shows the cross-section of the 2D waveguide model of metallic
semiconductor lasers in previous work of our lab [88]. The resonant mode is
regarded to propagate back and forth in a waveguide, and the cross-section of that
waveguide with detailed parameters is shown in Fig. 3.1.

For this complicate structure of waveguide, analytical derivation is difficult
while the simulation based on the finite element algorithm by COMSOL is carried
out. The simulated propagation loss and confinement factor of TE and TM modes

are shown in Figure 3.2 [88].

600 '; 03
(a); | | ° 03
0 Plasmonic Mode (TE)] ~ €92
< 300\ - \1asmonic. Mode (1E); - €
?200.. W : : E 02 |
. v e |
00— * 0151 #Plasmonic Mode -~
D|e|%:tr|c Mode (TM ; S (TE) 1
00 50 80 1000 1200 0 600 800 1000 1200
width[nm] width[nm]

Figure 3.2 Propagation loss (a) and confinement factor (b) of TE and TM modes of the

2D waveguide in Fig. 3.1 [88].

From Fig. 3.2 (), it is obvious that the propagation loss of TE mode is higher
than that of TM mode, which is resulted from the high SPP loss of the TE mode.
This point is discussed in detail in the previous chapters and is consistent with the
result of Fig. 2.3, in which the propagation loss of similar waveguide shows the
same trend above the diffraction limit. From Fig. 3.2 (b), the confinement factor of

TM mode shows insensitive property to the dimension of waveguide, as the
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dielectric mode profile does not change so much with varying width; however, as
the SPP loss at the waveguide sidewalls depends heavily on the width, the
confinement factor of TE mode decreases dramatically with narrower waveguide.

With the known propagation loss and confinement factors in Fig. 3.2, and using
the formulation written in Eq. (3.5), threshold gain of metallic semiconductor lasers
can be estimated by 2D waveguide model. Here, reflectivity of the waveguide end
can be derived, using the model of a plane wave reflected by a flat mirror.

The waveguide method is a simplified model of a cavity, and cannot provide
some important information such as the cavity mode pattern, the strict accurate Q
factor and confinement factors. And as the waveguide model only solves the EM
field distribution in one cross-section plane, by assuming that the resonant field
inside the cavity should remain the same profile during propagation. This
assumption can be acceptable in the case of conventional rectangular cavity, which
using flat mirrors at the end of the waveguide. However, when the slope angles or
undercut is introduced to the cavity, considering some practical issues that are
caused from imperfections of fabrication process, the simple waveguide model can
hardly give a solution. Furthermore, some new designs rather than the conventional
rectangular structure, for example, the proposed capsule-shaped cavity, cannot be
modelled by 2D waveguide.

Because of those limitations of the waveguide model, 3D analysis of metallic

semiconductor cavity is necessary in this research.

3.4 3D analysis based on FDTD algorithm

For a 3D metal-clad cavity with isotropic material inside, the analytical solution of
the EM field distribution can be theoretically derived. Nevertheless, for more
complicated structures with multi-layers and materials, numerical-simulation

methods are widely used. Among various algorithms, FDTD uses no linear algebra
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and discretizes the Maxwell’s equations in time domain, thus can treat nonlinear
and impulsive behavior naturally [89]. As its accuracy and robustness, FDTD
method is applied in this dissertation to solve the 3D simulation of metallic
semiconductor cavities. By setting a dipole-source inside the cavity and recording
the EM-field evolution in time domain, the Q factor can be analyzed from the decay
of the field. By Fourier transform (FT), spectrum inside the cavity in the frequency
domain also can be calculated, and the EM-field distribution of the resonant mode
is obtained. Then the confinement factor can easily be calculated by a simple
integration of the field overlap with the active material. The property of the
simulated cavity can be estimated from these known quantities by Egs. (3.4) and
(3.8).

As the FDTD algorithm aims at the discretization of Maxwell’s equations, the
real size of the computational area depends on the concrete wavelength and
structures involved in the simulation, considering the calculation efficiency and
time. For the cases in this research, infrared light around 1.55 um and the cavity
scale of 1 um are applied in the simulation, and the calculated EM field is in the
near-field range. To investigate the property of radiation from the cavity in a macro
range, which can be useful in characterization measurement and other concrete
applications, NFFT rather than simulating the far field directly by FDTD is
necessary. Analytical derivation of such transformation will be discussed briefly in

the next section.

3.4.1 Near to far field transformation

According to the equivalence theorem, if the tangential components of electrical
field E and magnetic field H of one enclosed surface maintain the same values, the
EM field distribution outside that surface remains unchanged even though it varies

inside that surface. Thus, the far field of the calculated cavity can be derived
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theoretically, as long as the boundary condition of one enclosed surface of that
cavity is obtained from the FDTD simulation. This efficient procedure is called near
to far field transformation, shown in Figure 3.3.

Here, the fields to be computed can be written in the form of vector potentials

E(®) = —jwud@) + ijev (v : A(f’)) —VxE®® (3.10.a)
HF) = —jweF (@) + ﬁv (v-F@) -V xA@) (3.10.b)
and
A® = [J@® G@#7)av’ (3.11.9)
F@) = [Jn(® GE,#)dV' (3.11.3)

where o is the angular frequency, € and p are the permittivity and permeability, A

and F are the vector potentials, J and fm are the equivalent currents of electrical

and magnetic field, G(#,7") isthe Green function in the free space, 7 and 7' are

the position vectors of the observation point and the source point respectively.
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Figure 3.3 Schematic of NFFT, using the EM field on the enclosed boundary in near

field.

In 3D case, the Green function can be written as

G 7y = SR | expjkn)

exp(jkr' - €,) (3.12)

- - ~
4T|7F—71| 4mtr

where é, is the unit vector in the direction of 7. Here, far-field approximation of
|7 —7'| ~ r — 7' - &, istaken into account.
Using the far-field approximation of Green function in Eq. (3.12), vector

potentials in Eq. (3.11) can be rewritten into
> exp(—jkr) 7,5, N ’ exp(—jkr) 2
A@) =———[]J) exp(jk?"' - &) ds' = ———[(6,¢)
(3.13.9)

e —jk 7 Y R I I} (—jkr) 2
F(7) =2E2CLD 1] (#) exp(jki' - ,) ds' = 22 LD 7 (6, )

(3.13.b)
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In far-field zone, considering that the operator V can be replaced by (-jE), and

by projecting into spherical coordinates, the field in Eq. (3.10.a) can be rewritten

into

(=Jjkr) ,
(EG = %(—J’C)(Zfe + fm<p)
xp(—jkr) ,
VEo = 2252 (O (2, + fino) (3.14)
\E,, =0

where Z =./u/e is the wave impedance. As the relationship between the

electrical field E and magnetic field H in the far-field zone is similar to that of a
plane wave, here the formulation of H is not necessary to list.

Eq. (3.14) is the far-field expression of the electrical field, which is derived
from the vector-potential theory by the approximation of the far-field zone. Another
issue is that the near field is numerical simulated by 3D-FDTD simulation, which
is in the formulation of a rectangular coordinate system. To utilize the numerical

data directly, transformation from rectangular to spherical coordinates is derived as

following. Here the f(e, @) and fm(e, @) in Eq. (3.13) can be obtained from

numerical simulation in rectangular coordinates
fe = ]]}(?’) exp(jkx'sin 6 cos ¢ + jky' sinf sin ¢ + jkz' cos 6)ds’
(3.15.a)
fme = ffm;(?’) exp(jkx'sin @ cos ¢ + jky'sin 6 sin ¢ + jkz' cos 8)ds’

(3.15.b)
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where ¢ = x,y,z represents the components of the rectangular coordinates,
respectively, while ]:c and fmf can be obtained by integration of the tangential
components of the EM fields on the enclosed output plane (raw data from the 3D-
FDTD simulation). And then substituting fz and f; into Eq. (3.14), the far field

can be derived finally as following

rE9 = —jk%ﬁ[z(ﬁc cos @ cos ¢ + f, cos O sing — f, sinf)
+(—fmx SINQ + fr,, cOS Q)]

\E, =jk$;ikr)[z(fx sing — £, cos @) + (finx €Os 0 cos @
+fmy COs O sin@ — f,;, sin0)]

(3.16)

3.5 Summary

In this chapter, theoretical analysis of metallic semiconductor cavity lasers is
discussed. Firstly, from rate equation theory, threshold gain and current of a
semiconductor cavity laser are derived in the form of empirical parameters of
recombination and cavity-properties such as Q factor, confinement factor, etc. To
calculate these values needed in estimation of threshold gain and current,
waveguide theory is introduced and discussed for an intuitive understanding, in
spite of the many limitations of this 2D model. For a rigorous and accurate study,
3D simulation based on FDTD algorithm is necessarily applied in this research. At

last, the NFFT is also introduced and derived, based on the numerical data from the
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FDTD simulation. In the next chapter, series of results by 3D-FDTD simulation of

proposed capsule-shaped structure will be discussed in detail.
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Chapter 4

Simulation results of capsule-shaped
metallic semiconductor laser
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4.1 Introduction

As discussed in Chapter 3, lasing behavior such as the threshold gain and threshold
current can be estimated once the cavity Q factor is known. Considering that the
waveguide model has limitations and can hardly take into account the radiation
from the substrate, reflection at mirrors, resonant cavity mode, etc., 3D calculation
of the whole cavity is necessary.

In this chapter, 3D simulations of capsule-shaped metallic semiconductor
cavity lasers are carried out in details. To evaluate the effectiveness of the proposed
structure, a series of capsule-shaped cavities with sets of assumed parameters is
taken into 3D FDTD simulation. The designed cavity is illustrated in Figure. 4.1

and related parameters are listed in Table 4.1 [90].

Silver

; Contact layer:

5i0, p-InGaAs

p-InP

InGaAs

n-InP . Substrate: Z —_—
] B X | —

Figure. 4.1 The designed structure of capsule-shaped metallic semiconductor
cavity that is used in the 3D FDTD simulation. (a) the 3D view, where W is the
width, L is the length and R the curvature of cylindrical mirrors. (b) three cross-

section planes.
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Table 4.1. Material parameters used in 3D-FDTD simulations [90]. The
definitions and thickness of each layers are corresponding to those in Fig. 4.1
(a). The permittivity of silver is fitted to the experimental values [105] by using

a single Lorentzian pole [89].

Layer Material Thickness (hnm) | Refractive index
Bottom clad n-InP 500 3.17
Active core InGaAs 300 3.53

Top clad p-InP 500 3.17
Contact layer p-InGaAs 100 3.6+0.0984i
Insulator layer SiO; 30 1.45

Metal clad Silver 100 Lorentz fit to data

For the fully vectorial 3D FDTD simulation, B-CALM, an open-source
simulator based on graphical processing units (GPUs) [91] is employed to rapid and
efficient calculation. The discretization grid size is set to 10 nm, which shows good
convergence in our calculation with confirmation. Taking into account the
symmetry, only one-quarter of the structure (in the x >0 and y > 0 region) is carried
out into the computational cell. By setting perfect electrical conductor (PEC) or
perfect magnetic conductor (PMC) boundary conditions at planes of x =0and y =
0 (center of the structure) respectively, either the TE or the TM mode can be
selectively excited. For each of the other four boundaries, we set 15 convolutional
perfectly matched layers (CPMLSs) to eliminate the reflection [92].

Following sections will discuss simulation results under these settings in details.
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4.2 Cavity Q factors and mode patterns

From 3D-FDTD simulation, the spectrum of resonant mode inside the cavity can
be obtained by doing FT of the electrical field that decay in the time domain. Then
cavity Q factor can be derived from the ratio of the resonant wavelength to the
corresponding linewidth A/AA.

The length (L in Fig. 4.1 (a), excluding SiO2) is fixed to 1100 nm and cavities
with different values of width (W in Fig. 4.1 (a), excluding SiO2) are investigated.
Here the length L and width W are elaborately selected, so that the resonant modes
of the cavities fall within 1450-1650 nm wavelength range. Figure. 4.2 plots the Q
values as a function of the mirror curvature R for the TE modes (plasmonic modes)
and the TM modes (dielectric modes) respectively [90]. For simplicity, x-axis in
Fig. 4.2 is defined as a ratio of cavity length L to the curvature R, so the case of L/R
=0 (R = o) corresponds to the conventional rectangular cavity.

From Fig. 4.2 (a), firstly, a self-evident fact is that, for all different values of
width, the Q factors of the TE modes always increase by introducing the mirror
curvature (for cases of L/R > 0). This result demonstrates our proposal of capsule-
shaped structure does reduce the metallic loss, which is predicted in Chapter 2.
Besides, for all cases with different width, the Q values increase along the x-axis
and reach the maximum at L/R > 1. For example, in the case of W = 840 nm, the Q
factor improves from 197 to 297 (about 51% increase) when L/R = 1.43.

From Fig. 4.2 (b), the Q factors of the TM modes exhibit no obvious correlation
of the curvature of R. As for TM modes, no SPP is stimulated at the interface of
metal and insulator layer, so that even cylindrical mirror pushes the light field far
away from the metallic sidewall, it does not show much influence of Q values. So

in the following discussion, only TE mode is investigated.
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Figure. 4.2 Cavity Q factors of capsule-shaped metallic cavities for the TE (a)

and TM (b) modes, as a function of the mirror curvature R. (L is fixed to 1100

nm, three cases of different widths are compared. Other parameters are written

in the text.)
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One thing should be mentioned is that, for a narrower cavity width (W = 720
or 600 nm), Fig. 4.2 (b) shows that the TM mode has initially higher Q than the TE
mode when there is no curvature (L/R=0, conventional rectangular cavity). We
attribute this to the larger metallic loss of the TE modes for narrow cavities [62],
which is discussed in Chapter 2. However, by introducing the curvature (when
L/R>0), the Q factor of the plasmonic mode gets effectively improved, exceeding
that of the TM mode, which is actually not influenced much by the curvature. For
example, in the case of W = 720 nm, the Q factor could be increased from 120 to
193 by the optimal curvature, and thus be able to achieve lasing of the TE mode in

such a narrow-width cavity as well.

Rectangular cavity

LLLL
g

Capsu_le-shaped_ cavity
L4000)
‘ = b

Figure. 4.3 Electric field distribution |E[? of the TE mode in three cross-section

planes (xy, xz, and yz planes crossing the center of the cavity). The top and
bottom rows respectively show the cases of the rectangular cavity (L/R = 0) and
the optimized capsule cavity (L/R = 1.43) with the same width of W = 840 nm,

corresponding to the two marked cases A and B in Fig. 4.2 (a).

The cavity mode pattern is also obtained from the 3D-FDTD simulation. Figure.
4.3 compares the electric field distribution of the TE mode for both rectangular and

capsule-shaped cavities [90]. In the conventional rectangular case (A in Fig. 4.3),
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significant amount of intensity is confined in the SiO2 layer, which contributes to
the plasmonic loss. By introducing the curvature (B in Fig. 4.3), as a contrast, the
field distribution is effectively pushed into the center of the cavity and its overlap
with the metallic sidewalls is eliminated significantly. As a result, metallic loss of

TE mode is reduced dramatically.
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Figure 4.4 Cavity Q factors for the TE mode of capsule-shaped metallic cavities
with (red curve) and without (blue curve) metallic walls respectively, as a
function of the mirror curvature R. (L = 1100 nm, W = 840 nm. Other parameters
are written in the text.) Inset, the schematic of the top view of a cavity in each

case.

From Fig. 4.2 and 4.3, the effectiveness of capsule-shaped topology is
numerically validated. Here comes a question, is the use of metals at the sidewalls
necessary for such cavities with subwavelength dimension? One intuitive
understanding is that, the metallic sidewalls can confine the light mode in the width

dimension, however, it increases the metallic loss meanwhile. These two factors
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compete with each other and a more rigorous discussion by 3D-FDTD simulation
should be carried out.

Figure 4.4 shows the Q values as a function of the mirror curvature R for the
TE modes of two capsule-shaped cavities with and without metallic sidewalls (all
other structures and parameters of these two cavities maintain the same),
respectively. First of all, the cavity without metallic sidewalls has lower Q value
than that of its counterpart with an entire metallic clad. It can be explained that the
radiation loss of the resonant mode from the cavity sidewalls overwhelms the
metallic loss, because of the weak confinement of the light field in the narrow width
dimension. One interesting thing is that for confocal topology (L/R = 1) in Fig. 4.4,
the Q factors of both cases are almost the same, as the confocal cavity can confine
the light mode like a perfect Gaussian-beam, which limits the radiation from the
sidewalls. Meanwhile, metallic loss at the sidewalls is also reduced, and the cavities
with and without metallic sidewalls show similar properties of Q factors.

From the discussions up to now and the results plotted in Fig. 4.2-4.4, it can be
concluded that both the capsule-shaped topology and the entire metallic clad
(including the metallic sidewalls) are necessary for increasing the cavity Q factors
and reducing the optical loss.

From the mode pattern, confinement factor I" can be derived by integrating the
electric intensity |EJ? inside the active InGaAs core layer, normalized by the total
intensity. Figure 4.5 displays the confinement factor I' of the TE mode inside the
capsule-shaped cavity, as a function of the mirror curvature R [90]. Consistent with
the Q factor in Fig. 4.2, the confinement factor T also shows obvious increase by
introducing the mirror curvature. For the case with a narrow width (W = 600 nm or
720 nm), the improvement of I' is more significant, as the curved mirror pushes the
light field into the center of the cavity and reduces its overlap with the metallic
sidewalls more effectively. In the case of W = 600 nm for instance, I' improves from

0.366 to 0.488 (about 33% improvement) when L/R = 1.67.
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Figure 4.5 Confinement factors I' of a capsule-shaped metallic laser for the
plasmonic mode, as a function of mirror curvature R (L = 1100 nm. Other
parameters are written in the text.). Note that for the case of W = 720 nm (the
green curve), there is no information of confinement factor I', because two
different modes overlap at a same resonant wavelength when R < 0.7L, and we
could not extract the accurate field distribution of TE mode in these regimes to
calculate T
The direct results from 3D-FDTD simulation of capsule-shaped metallic
semiconductor cavities are discussed up to now, and can reveal the effectiveness of
the Q factor improvement property of the proposed new structure. In the following
section, the 3D-FDTD results will be taken into the calculation of threshold gain

and threshold current.

4.3 Threshold gain and threshold current

In Chapter 3, the threshold gain gw has been derived from the rate equation and

written in Eq. (3.4). Itis inversely proportional to the cavity Q factor, group velocity
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vg and the confinement factor I, so that the threshold gain gw should be reduced if

both Q and I are increased. Since we ignore the material dispersion for simplicity

in the 3D-FDTD simulation, we assume the group refractive index of the InGaAs

layer to be 3.53 to calculate vg to keep consistent with the simulation.

Threshold Gain For InGaAs Layer(/cm)

4000; T : v : : : : :
-@-W=600nm
3500 e W=720nm
- \\/=840nm
30007 ™e. 1
2500 ey el ]
®-9.
2000 - @@ o |
15004 ... :
....... A ""'Am._____."
1000 o e
500 r r r r r r r r
0 02 04 06 08 1 12 14 16 1.8

L/R

Figure 4.6 Threshold gain required at the InGaAs layer of a capsule-shaped

metallic laser for the plasmonic mode, as a function of the mirror curvature R.

(L = 1100 nm. Other parameters are given in the text.)

Figure 4.6 depicts the threshold gain g« required at the active InGaAs layer,

calculated by using Eq. (3.4) for the TE mode as a function of mirror curvature R

[90]. By introducing the curved mirrors, both the Q factor and the confinement

factor I get improvement (shown in Fig. 4.2 and Fig. 4.5), thus the threshold gain

decreases significantly. For example, in the case of W = 840 nm, the threshold gain

can be reduced below 1000 cm-1 when 1<L/R<1.6, which value is achievable for

high gain materials such as InGaAs [87].
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By using the derived threshold gain gw and the conventional theory on
semiconductor lasers based on the rate equations, we can estimate the threshold
current Iy by Eq. (3.8). The material parameters are also given in Table 4.2 [90],
which is derived from the reported parameters for the bulk InGaAs crystal, lattice-
matched to InP [90], [93], [94].

Before taking rigorous calculation, an intuitive understand of the effect of
capsule-shaped cavity on the threshold current can be examined. As shown in the
text above, the curved mirrors can increase Q and I, which results in significant
decrease of g.,. On the other hand, the volume of the active layer V is reduced by
cutting a rectangular cavity into a capsule-shaped one, which is obvious from Fig.

4.1. Both factors contribute to the reduction of I,.

Table 4.2 Material parameters of bulk InGaAs crystal, lattice matched to InP, used in

estimating the current threshold.

Variable | Definition Value Unit | Ref.
B Bimolecular recombination coefficient | 1.0x10%° | cm3/s | [94]
C Auger recombination coefficient 4.15x10%° | cm®/s | [93]
ni Current injection coefficient 1 - -
Nir Transparency carrier density 1.1x1018 cm3 | [87]
9on Empirical coefficient 1000 cm? | [87]

Figure 4.7 shows the calculated It as a function of L/R [90]. For all values of
cavity width, current threshold I:» is reduced exponentially by introducing the
curved mirror. In the case of W = 840 nm, for example, the I:» can be reduced from
291 pA (L/R =0) to 60 pAwhen L/R = 1.43.

The I, dependence on the cavity width (rigorously speaking, dependence on
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the active volume) is more sensitive for the conventional rectangular cavities. For
example, the rectangular cavity with W = 840 nm requires a threshold current of
291 uA, which is 2-orders smaller than that for W = 720 nm (22.7 mA), and 3-
orders smaller than that for W = 640 nm (178.0 mA).

6

10 U U 3 U U U L T !

-~ @~ W=600nm

. W=720nm

10 \"'\. --&-\W=840nm E

—~ 4 '\.\.\ ~

<10 ..

e

_E]_O B G ® |

10 e S A
A g A

0 02 04 06 038 1 12 14 16 18
L/R

Figure 4.7 Threshold current of a capsule-shaped metallic laser for TE mode,

as a function of the mirror curvature R. (L = 1100 nm. Other parameters are given

in the text.)

It is in line with the cavity width dependence of propagation loss, which is
estimated by waveguide analysis [62]. This is one reason why TE mode is
increasingly difficult to achieve lasing when shrinking the laser size using the
conventional rectangular cavity. As a result, a latest effort on rectangular metallic
cavity only achieved TM mode but TE mode (Note that the nomination of TE or
TM mode in Ref. 66 is opposite to that in this dissertation. In this dissertation, the
definition of TE and TM modes follows the researches of conventional
semiconductor lasers, and all the modes in the text obey to this rule.) [66]. However,
by introducing capsule-shaped cavity, the threshold current of the TE mode can be

dramatically reduced, and thus lasing TE mode with many benefits for PICs
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becomes achievable.

Another natural issue is how high Q value is sufficient for a FP cavity-based
metallic laser, especially by introducing capsule-shaped structure? In other words,
if further improvement of Q factors is necessary and worthy to be achieved? To
investigate this issue, a series of cavities with the same dimensions of 1.1 um by
0.84 um is taken into the calculation, with an assumption that the Q values vary
from 50 to 1000. Then the threshold current as a function of Q factors can be studied,
which is shown in Figure 4.8.

From Fig. 4.8, it shows that when the Q factor is smaller than 250, the threshold
current can be reduced exponentially as the Q factor increases. However, when the
Q factor becomes larger than 250, the threshold current will be reduced slowly as
the Q factor goes on to increase. In other words, a-few-hundreds Q-factor is enough

for sub-wavelength metallic cavity with about 1 pm by 1 pm dimensions.
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Figure 4.8 Threshold current of a capsule-shaped metallic cavity with 1.1 pm by

0.84 um dimensions, as a function of Q factor.
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It also should be mentioned that lambda-scale lasers with well designed cavities
can achieve the low threshold current of a few tens uA with Q factors of a few
hundreds, which is discussed in the research of LEAP laser [51]. From this point of
view, relatively low Q factors of our capsule-shaped metallic lasers can be practical
by optimizing the cavity structure and parameters. And we theoretically
demonstrate in this paper that an optimized capsule-shaped cavity with Q factor of
297, which has the effective modal volume of 0.45 pm? and footprint of 1.1x0.84

um?, can achieve the threshold current as low as 60 pA.

4.4 Size shrinking effect of capsule-shaped metallic

semiconductor laser

From the point of view that the large scale PICs requires light source with ultra-
small footprint and low energy cost, metallic semiconductor lasers should be
designed as small as possible. However, from the previous discussion in Section
4.3, it is concluded that a smaller cavity can generally increase the threshold gain,
which may increase the threshold current. As the factors of small volume and low
cost compete with each other, there should exist a limit of shrinking the laser size.

In order to examine the relationship between laser size and threshold current,
series of cavities with different volumes are investigated. Figure 4.9 depicts the
threshold current It as a function of the width of the capsule-shaped cavities. For
all the cases, the cavity length L is fixed to 1100 nm, and the mirror curvature is
fixed to L/R = 1.25 (red curve) and L/R = 0 (blue curve).

From Fig. 4.9, firstly, it reveals that for all values of the width, the capsule-
shaped cavities (red curve) always have smaller threshold current than that of the
rectangular ones (blue curve), which demonstrates the advantage of capsule-shaped
metallic cavity. Secondly, in the range of narrow width (W < 800 nm), It increases

with decreasing width, because the effect of increasing gt is exponentially [see in
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Eg. (3.8)] and overwhelms the reduction of V which is linearly. On the other hand,
in the range of broader width (W > 800 nm), I becomes relatively insensitive to
the width, because the decrease of gi compensates the increase of V. As a result,
there exists an optimal width of 840 nm for L/R = 1.25 (red curve), where I, is

reduced to as small as 64 pA.
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Figure 4.9 Threshold current of a capsule-shaped metallic laser (red curve) and
a rectangular metallic laser (blue curve) for the plasmonic mode, as a function

of the cavity width W. (L = 1100 nm. Other parameters are given in the text.)

Up to now, the idea of designing a capsule-shaped metallic semiconductor
cavity laser is to achieve high Q factor and low threshold. In this basis, optimal size
exists. However, from another point of view, if some level of Q factor and threshold
is acceptable, how small the laser size can go? For example, in Fig. 4.2 (a), a
capsule-shaped cavity with 720-nm width has a similar Q value to a rectangular
cavity with 840-nm width. In this case, capsule-shaped structure can be utilized to

shrink the laser size without sacrifice of the performance.
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In order to investigate this size shrinking effect of the capsule-shaped metallic
semiconductor lasers further, a series of both rectangular and capsule-shaped
cavities with different dimensions are carried out into 3D-FDTD simulation, and
the calculated Q, g, and I are all listed in Table 4.3 [90].

In Tab. 4.3, there are 3 pairs of different examples to show that the capsule-
shaped structure can shrink the laser size effectively, compared to conventional
rectangular one. In Case 3, for example, the footprint can be reduced from
0.92x0.80 um? to 0.72x0.64 um? (about 42% reduction) by introducing curved
mirrors (L/R = 1.25) while keeping the Q factor and the resonant wavelength

unchanged. As a result, the threshold current can be reduced to 593 pA.

Table 4.3 Size shrinking effect of capsule-shaped metallic semiconductor cavity
lasers.By introducing an optimal curvature, significant size reduction is achieved

without changing the Q factor and resonant wavelength.

Case 1 2 3

L (nm) 1580 1360 1340 1140 920 720

W (nm) 1000 1000 1000 900 800 640

L/R 0 1.25 0 1.25 0 1.25

A (nm) 1548 1546 1557 1572 1620 1620

Q 285 315 257 259 142 143

gen (cm™) | 884 | 788 | 1059 | 1045 | 2155 | 2006

Ln(pA) 113 72 150 | 103 | 1572 | 593

Viotal/ N 0.60 0.49 0.50 0.34 0.24 0.14

Size

. 18% 32% 42%
reduction
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4.5 External radiation and waveguide coupling

scheme

As high loss is caused from metal-clad in types of metallic semiconductor lasers,
how efficient the lasing mode can be extracted from the cavity is an important issue.
In this section, firstly the external radiation ratio is derived and simulated to
estimate the total radiation efficiency. Then a waveguide coupling scheme which
extracts the evanescent wave from the cavity substrate is proposed and studied.
The total Q factor plotted in Fig. 4.2 can be regarded as an expression of total
cavity loss, which has two different contributions, including the metallic loss and

the radiated loss. It can be written as

1 1
= +— (4.1)
Qmetal Qrad

Q|+

where 1/Qmetal and 1/Qrad denote the metallic absorption and the external radiation
rate, respectively. Extracting sufficient radiated lasing mode is an important issue
in practical applications. From Eqg. (4.1), the external radiation efficiency can be

expressed as

Q

Next =
Qrad

(4.2)

where 7exe IS the external radiation efficiency. To investigate 7x quantitatively for
various capsule-shaped cavities, 3D-FDTD simulations are repeated for the same
structures but without metallic losses, which can be realized easily by just setting
the damping coefficient of the Lorentzian model to be zero. In this case, the Q factor
derived only from the contribution of the external radiation with the assumption
that the modal profile does not vary substantially with and without the metallic

losses. Thus, an approximate Qrad Of the given cavity structure can be obtained.

53



Finally, external radiation efficiency 7ex: can be calculated by Eq. (4.2).

Figure 4.10 depicts rex; of different capsule-shaped cavities as a function of L/R
for various values of cavity width [90]. Firstly, it shows that the cavities with wider
width have lower external radiation efficiency, which is consistent with the general
trend that the wider width increases the confinement factor I' as shown in Fig. 4.5.
Besides, Fig. 4.10 also shows that 7ex is relatively insensitive to the mirror
curvature (L/R). As a mirror with curvature of R is introduced to the rectangular
cavity, the metallic loss is reduced, which can contribute to an increase of 7ext. On
the other hand, however, confinement factor I" is also enhanced, which donates to a
decrease of the external radiation rate. As a result, these two factors compensated
for each other and 7ext behaves insensitively to the curvature of R. Thus, depending
on the applications (whether you need to minimize the threshold current or
maximize the laser output power), there exists an optimal design for the cavity

width and L/R.
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Figure 4.10 External radiation efficiency of a capsule-shaped metallic laser for
the TE mode, as a function of the mirror curvature R. (L = 1100 nm. Other

parameters are given in the text.)
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From Fig. 4.10, it is important to point out that high 7ex ranging from 40 to 60%
can be achieved reasonably in all cases calculated in the simulation. This indicates
that although the high metallic losses have non-negligible effects on the overall
performance, it is not the most (if not the least) dominant effect that determines the
Q factor. It should also be mentioned that the field is radiated into the bottom InP
substrate for the structures considered here, thus the radiated field, in principle,
could be coupled into a waveguide structure underneath the metallic cavity.

Some different schemes of waveguide coupling are reported with numerical
demonstration [85], [86]. As it is discussed in Chapter 2, for circular metallic lasers,
an in-plane-coupling structure is proposed. The circular cavity is capped with
metallic top while the sidewall is only bared semiconductor without metallic
claddings. In this way, the radiate field from the sidewalls can be coupled into a
waveguide placed nearby the cavity. This scheme of waveguide coupling sacrifices
the advantage of the tight confinement by an entire metallic clad; and it surfers from
practical difficulties in fabrication, as an asymmetric metallic top of the circular
semiconductor pillar is assumed for the optimal coupling efficiency of 22% [85].
Considering the poor Q factors of a capsule-shaped cavity without metallic
sidewalls, which is plotted in Fig. 4.4, the in-plane-coupling scheme is not suitable
for the proposal in this dissertation.

Another scheme of waveguide coupling is collected the radiation from the
bottom side of the cavity with entire metallic clad [86]. Unlike the in-plane-
coupling, it couples the light radiation vertically from the cavity substrate, which
owns the advantages of ease of fabrication and higher coupling efficiency.

Here a structure of waveguide coupling based on the vertical coupling is
proposed and taken into 3D-FDTD simulation, to make an intuitive perspective.
Figure 4.11 shows the schematic of waveguide coupling design of capsule-shaped

metallic semiconductor lasers. A waveguide of InGaAsP core with InP clads is
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located underneath the metallic cavity, which can extract the external radiation of

the cavity from the bottom side.

Silver p-InGaAsP

Active
InP core

InGaAsP

Substrate

(b) InP substruate

(a)

Figure 4.11 Schematic of waveguide coupling design. (a) 3D view; (b) cross-section
plane along the wave-propagation direction. The active core of the metallic cavity can

be either bulk InGaAs or InGaAs/InGaAsP MQW.

The active core of the metallic cavity can be either bulk InGaAs or
InGaAs/InGaAsP MQW. Here a bulk-InGaAs active layer is used in the simulation
for example, and the length and width of the cavity are 1600 nm and 1000 nm
respectively, while the thickness of the waveguide core is 350 nm. As the similar
structure of metallic semiconductor modulator is designed in our lab [95], here a
similar set of parameters of that work is directly applied to the structure in Fig. 4.11
for simplicity, with d1 = 350 nm and d2 = 100nm. The waveguide-coupling
efficiency is defined as the ratio of pwaveguide/yrad, Where the pwaveguide and yrad
respectively represent the cavity-to-waveguide coupling rate and the total cavity
radiation rate [86]. The yrad is calculated by integrating the ponyting vector in an
enclosed plane that includes all the simulated structure. For a conservative
estimation, the pwaveguice IS derived from integrating the poynting vector within the
waveguide-core (InGaAsP) region in the cross-section plane (part of the enclosed

plane) that is perpendicular to light propagation direction. The estimated
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waveguide-coupling efficiency is about 38.7%, and the electrical field distributions

in three cross-section planes are shown in Figure 4.12.
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Figure 4.12 Electrical field distributions in three cross-section planes of xz-plane
crossing the center of the cavity (a), xy-plane crossing the center of the
waveguide (b) and yz-plane that is perpendicular to the light-propagation

direction (c). White lines show the position of the waveguide structure.
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Here the vertical waveguide-coupling scheme is proposed and numerically
investigated, while more efforts on the optimizing this vertical coupling scheme for
higher coupling efficiency can be done in future work. For instance, the substrate
of the waveguide can be coated with lower-index layer such as SiO to reduce the
radiation loss. Besides, the optimization of parameters d1 and d2, which is sensitive
to cavity Q factor, can also improve the coupling efficiency. Further, asymmetric
lengths in two directions of the waveguide can be designed to couple the cavity

mode into one definite direction, which is more efficient for applications in PICs.

4.6 Far-field radiation of capsule-shaped metallic

semiconductor laser
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Figure 4.13 Far-field pattern of capsule-shaped metallic semiconductor cavity.
(L = 1100 nm, W = 840 nm, L/R = 1.25, other parameters are the same as the

cavity shown in Fig. 4.1)
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By the NFFT that is derived in Chapter 3, the far-field pattern of radiation from the
capsule-shaped cavity can be obtained, which is illustrated in Figure 4.13. For
simplicity and consistence with other simulation results in this chapter, the topology
of this cavity is the same as those in Fig. 4.1, while L = 1100 nm, W = 840 nm and
L/R =1.25. From Fig. 4.13, it shows that the main patterns with the highest intensity
in the far field pattern exist around 6=60°, which is beyond the light cone of an
objective lens with a numerical aperture (NA) lower than 0.86. However, a
moderate field at #=0°, »=0° can still be collected into the photon detector, by an
objective lens with a low numerical aperture. This will be dealt with in detail in

following chapters.

4.7 Summary

In this Chapter, a systematically numerical calculation of proposed capsule-shaped
metallic semiconductor cavity laser is carried out by 3D-FDTD simulation. Firstly,
the cavity Q factor is calculated and shows above 50% improvement by introducing
curved mirror with optimal curvature of R. The electrical field distribution inside
the capsule-shaped cavity exhibits a Gaussian-like mode profile with reduced
overlap at the metallic sidewalls, which intuitively explains the reason why the
capsule-shaped structure can reduce loss and improve Q value effectively. Then the
confinement factor is also estimated and shows increase by capsule-shaped design,
which is consistent with the results of Q value and mode pattern.

Secondly, by substituting the known Q value and confinement factor into the
derived rate equation in Chapter 3, the threshold gain and threshold current of
capsule-shaped cavity are calculated as well. Capsule-shaped design can lower
down both the threshold values dramatically.

Thirdly, the external ratio efficiency is investigated and about 40-60% light

field can be radiated from the cavity, according to the simulation. Then a scheme of
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waveguide coupling under the cavity substrate is proposed and taken into
calculation. About 38.7% coupling efficiency is achieved for optimal case, and
shows potential applications in PICs. Besides, far field of the radiation is also
studied to give a guidance for collection and measurement of the lasing mode.

In short, the advantage and effectiveness of capsule-shaped cavity for metallic
semiconductor lasers are numerically demonstrated in this chapter. Following

works will concentrate on the experimental investigation of this proposal.
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Chapter 5

Fabrication of capsule-shaped metallic
semiconductor laser
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5.1 Introduction

Fabrication Technologies of semiconductor devices have been developed for
decades with the growing demands for more complex and higher-capacity large-
scale integration (LSI), in both Si-based and compound semiconductor applications.
As the rise of various plasmonic-based devices with metals, the fabrication
technique is processed in deep sub-wavelength scale to achieve ultra-small devices.
On the other hand, as the compound semiconductors, for example, InP-based
materials, are suitable for building lasers because of the direct bandgap, thus
plasmonic or metallic I11-V lasers which aim at ultra-compact and low-energy
consumption light source in PICs are developed prosperously in recent years. Due
to the ultra-small dimension of such metallic semiconductor lasers, it is a great
challenge to fabrication technology [82].

In this chapter, the proposed capsule-shaped metallic InGaAs/InP cavity lasers
are fabricated for the first time. There are mainly 3 steps as a standard procedure of
device fabrication: depositing, patterning and etching. Some difficulties and
imperfections are suffered during the process such as the property of Ag deposition,
device profile after dry etching, contamination of patterning mask and etc. All these
important issues will be discussed in details in following sections, and get improved

by some procedures.

5.2 Fabrication process flow

The schematic of fabrication process flow of capsule-shaped metallic
semiconductor cavity (similar structure in Figure 4.1) is briefly shown in Figure 5.1.
As the objective of this dissertation is to demonstrate the proof of concept of the
capsule-shaped structure, fabrication for PL measurement is designed for simplicity.

The whole process is started from an epitaxial wafer with an active layer of InGaAs,
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which is cladded by InP, shown in Fig. 5.1 (a). The wafers used in fabrication and
measurement in this work are grown by the metalorganic vapor-phase epitaxy
(MOVPE) technology, and are ordered from LandMark Optoelectronics
Corporation (LMOC). The parameters of each layers in the epitaxial wafers are
listed in Tables 5.1 (with active layer of bulk InGaAs) and 5.2 (with active layer of
InGaAs/InGaAsP MQW).

EBL “«l

- - Lﬁchmg L

Silicon wafer Silicon wafer Silicon wafer

Figure 5.1 Schematic of fabrication process flow of capsule-shaped metallic

semiconductor cavity.

As shown in Fig. 5.1, the brief fabrication process flow is as following:

a) Crystal growth by MOVPE, which is done by LMOC.

b) Deposition or sputtering of silicon oxide. Here SiO», which is used as a mask

for dry etching, is deposited or sputtered on the top of wafer firstly. During
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sputtering, plasma is induced by radio-frequency (RF) voltage to generate high-
energy molecules of SiO2, which is sputtered and deposited on the surface of the
wafer. As damage may be caused by the plasma of sputtering, it is not best choice
for deposition of the etching mask. Another method to deposit SiO2 is plasma-
enhanced chemical vapor deposition (PEVCD). By introducing SiH4 and O on the
surface of a substrate, the Si and O radicals react each other and produce SiO; film.
The quality of SiO, formed by PECVD is preferable to that deposited by sputtering

in this process.

c-d) Spin coating resist and patterning the wafer by electron beam lithography
(EBL). Here, resist “ZEP 520-A” is used and a 3-min pre-baking is also dealt with.
High voltage (50kV) is applied for fine resolution of EBL as the objective pattern

is quite small in the range of ~um or even ~100nm.

e-f)  Chromium deposition and EB resist lift-off. In order to protect the EBL
pattern, Cr is deposited on the top of the wafer by electron beam (EB) evaporator.
High voltage is applied to the target of Cr and makes it melt and form plasma. Then
the Cr gas evaporates and gets solidified on the surface of the wafer to form a thin
film. After lift-off process of EB resist by ZED MAC, capsule-shaped patterns of

Cr are realized.

g) Dry etching of SiO2 with Cr mask, and of InGaAs/ InP with SiO2 mask. Using
CHF3/Ar (5:5) to dry etch SiO> layer is well controlled and shows straight and
smooth etching profile. However, dry etching for InGaAs/ InP multi-layer structure
meets difficulty and imperfection. A basic issue is the balance of vertical profile
and roughness of the etching surface. During this process, both chemical and
physical etching exist, lead to anisotropic or isotropic profile respectively.
Anisotropic profile is crucial for making a good waveguide and cavity, although it

can introduce some roughness of the device surface. The trade-off of profile and
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roughness is the main issue during this process, and two schemes of dry etching by
Clo/Ar and CH4/H> are investigated in this research, which will be discussed in

detail latter.

h) Deposition of SiO as an insulator layer. To deposit SiO2 uniformly to the
sidewalls and the top of the mesas, atomic layer deposition (ALD) is applied in this

process and achieve high-quality insulator layer.

1) Deposition silver and gold by EB evaporation. Ag is used as the metallic clad
for the capsule-shaped cavity, while Au is applied as a protecting layer for Ag. Due
to the nature of EB evaporator in our lab, the holder for the samples cannot rotate
horizontally during evaporating, there exists some leakage of after Ag deposition
and drop off occurs. To solve this problem, some improvement is done to fabricate
an entire Ag clad without blind angle, which will be detailed discussed in following

section.

j) Bonding to silicon wafer. After thermal annealing, the fabricated chip is flipped
over and then bonded to a silicon wafer by black wax and BCB. As the evanescent
field of the resonant mode is radiated from the InP substrate, this step is helpful to
an easy measurement of the fabricated samples. During bonding process, making it

as flat as possible.

k) Removing the InP substrate by wet etching with hydrochloric acid. InP

substrate is etched by HCI solution until etch-stop layer of InGaAsP.

I) Ready to be measured.
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Table 5.1 Parameters of each layers of epitaxial wafer (active layer of bulk-

InGaAs) ordered from LMOC.

Definition Material Thickness (nm) Doping (cm?)
P-contact P-InGaAs 100 >1x10"P
Upper cladding P-InP 600 5x10" P
Etch stop U-InGaAsP 8
Upper buffer U-InP 50
Core U-InGaAs 350
Lower buffer U-InP 50
Lower cladding N-InP 700 5x10"N
Etch stop N-InGaAsP 8 5x10"N
Lower cladding N-InP 250 1x10"™ N
N-contact N-InGaAsP 100 >5x10"8 N
Buffer N-InP 300 >5x10"%N
Substrate InP

Table 5.2 Parameters of each layers of epitaxial wafer (active layer of
InGaAs/InGaAsP MQW with band gap for 1550-nm wavelength) ordered from
LMOC.

Definition

P-contact
Upper
Etch stop

Upper buffer

MQW laver

Lower buffer
Lower
Etch stop
Lower

N-contact
Buffer

Substrate

Material
P-InGaAs
P-InP 600 5x10"7 P
U-InGaAsP 8
U-InP 50

6 X u-InGaAs (well) 6x15nm

(well) 150nm

5 X u-InGaAsP 5% 12nm
((ELED)] ((EIED)
U-InP 50
N-InP 700 5x 107N
N-InGaAsP 8 5% 107N
N-InP 1x10'8N
N-InGaAsP >5x10'8N
N-InP 100 >5x 108N
Sl-InP
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Statuses during or after some important processes are shown in Figure 5.2.
From next sections to the end of this chapter, imperfections of the fabrication will

be discussed and some improvement is obtained.

After EB lithography After ICP RIE etching

25 pm

After substrate removing After Ag & Au deposition

Figure 5.2 Statuses of fabrication after some important processes.

5.3 Difficulty and improvement of dry etching

5.3.1 Basic knowledge of dry etching in this research

In this research, devices are fabricated by dry etching to build a cavity structure.
Unlike wet etching that is processed in solutions, dry etching process is using ions,
molecules and radicals produced by plasma in gas-phase and in low pressure to
react with materials, which is called reactive-ion etching (RIE). The basic setup of
RIE is setting two plate electrodes face to face in a vacuum chamber and using RF
between them to form oscillated ions and radicals. RF power, pressure, temperature,
gas flow, and etc., depend on the concrete materials and process. This technique is

known as charge-coupled plasma (CCP), and regarded as a normal one of RIE.
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Another technique used in RIE is inductively coupled plasma (ICP), which applies
an extra RF source power to control the attraction of ions independently. Higher
plasma density can be achieved by ICP for the same source power and thus better

anisotropy can be obtained. Figure 5.3 shows a basic schematic of the RIE process.

1top electrode

—
gas inlet

bottom electrode

exhaust

RF

Figure 5.3 A basic schematic of RIE.

During RIE, ions and radicals participates in the reaction with the
semiconductor materials, and both isotropic and anisotropic process exist. Isotropic
etching means the same shape in all the crystal orientations and usually forms
spherical sidewalls, which is regarded as the imperfection of devices such as
waveguides and cavities. While anisotropic etching results in vertical sidewalls

without horizontal etching. The former one is more chemical process while the
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latter one is more physical effect during dry etching. Figure 5.4 shows the schematic

of isotropic and anisotropic etching [96].
Isotropic
[ | [ |
T L

Anisotropic

Figure 5.4 Schematic of isotropic and anisotropic etching [96].

For dry etching of InP-based materials, there exist two main methods: halogen-
free chemistry of CHa4/H2 and Cl.-based chemistry. Both of them are tried in this
research and etching conditions are optimized for good fabrication quality, which

will be discussed in next sections respectively.

5.3.2 Clz-based dry etching

InP dry etching by Cl>-based chemistry can be divided into following process [97];
generation of ion and electron [Eq. (5.1a)], generation of etchant [Eq. (5.1b)],
chemical reaction and ion reaction [Eg. (5.1c)] and product desorption by

evaporation [Eq. (5.1d)].

e+ Cl, » CIJ + 2e (5.1a)
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e+ Cl, - e+ 2Cl (5.1b)

InP + nCl — InClyaqs) + PCly(ags) (5.1c)

InClX(adS), PCly(adS) g InClX(gaS), PCly(gaS) (Sld)

Many controlling parameters such as temperature, pressure, gas composition,
bias power and source power should be taken into account and tested for a good
etching. The condition of ICP-RIE machine using Clz-based chemistry for InP
etching is listed in Table 5.3 [98], by which can achieve straight etching profile with
smooth sidewalls. However, multilayer-structure of InGaAs/InP exhibits different
property from that of single InP material during dry etching, as the etching rate and

characterization are different.

Table 5.3 Etching condition for single InP material

Source power
Gas flow ) Temperature )
/bias power Pressure (Pa) Material
(sccm) (°C)
(W)
Cly/Ar (2:8) 140/110 1.0 220 InP

Figure 5.5 shows the etching results of InP dummy chip and epitaxial chip (see
in Tab. 5.1), using the condition in Tab. 5.3. Compared to an InP dummy chip by
the same fabrication prosess, undercut and slope angle appear in the etching profile
of InP-based multi-layer chip, due to isotropic nature of RIE.

Is the isotropic etching profile critical for the property of proposed capsule-
shaped metallic semiconductor laser? To evaluate this impact, simulation of cavities

with different slope angles is investigated, shown in Figure 5.6. Here, for simplicity,
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the undercut profile is simplified to a slope with an angle and carried out into the

numerical calculation.

Figure 5.5 Etching profiles of InP dummy chip (a) and InGaAs/InP multi-layer

chip, using the condition in Tab. 5.3.

600 L : : L L
Slope angle

500

400

Q factor

200

r r r r r r

1 2 3 4 5 6 7 8

1000
Slope angle (unit: ©)

Figure 5.6 Q factors of the capsule-shaped cavity (L/R = 1.25) with 2.5 um by
1.2 um dimensions, as a function of slope angle. Insert, the definition of slope

angle of the isotropic etching.
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As it is shown in Fig. 5.6, a capsule-shaped FP cavity with a small slope angle
can decrease the Q factor dramatically and rapidly, as the sloped mirrors push the
resonant mode outside the cavity from the substrate, which is regarded as the
radiation loss. Control of the slope angle within 3 degrees is necessary. Thus this
isotropy of the RIE should be eliminated and better etching condition is to be
improved.

In Cl>-based chemistry, the role of chlorine radical is to chemically etch the I11-
V materials, while Ar is added to enhance physical etching and improve the
anisotropy [96]. So adjustment of the gas composition is one way to achieve better
etching profile. As higher anisotropy is improved by adding the ratio of Ar, more
damages to the sample surface is introduced, due to the etching process. To a
balance of straight etching profile and roughness, the Clo/Ar ratio is modified from
2:8 to 1:9, which is proved to be efficient.

Another effort is to modify the source power and bias power to investigate the
effect of ions density on the dry etching. Note that when source power and bias
power are increased, the etching rate will also increase and raise the localized
temperature quickly at the place where the etching reaction happens. As the
machine is not mounted a cooling system and controlling the temperature precisely
is not available, any effects resulted from the large changes in temperature cannot
be studied in detail. To exclude this issue, both slight changes of source/bias power
ratio and gas composition are carried out into the etching conditioning.

According to the condition for InP etching in Tab. 5.3, conditioning of
source/bias power ratio is taken into investigation, shown in Table 5.4. It should be
mentioned that the wafer used in the conditioning is grown by our own MOVPE

with a similar multi-layer structure of InGaAs/InP to that ordered from the company.
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Table 5.4 Etching profile of different source/bias power. The Cly/Ar ratio is fixed to

1:9, and temperature is setting to 220 °C.

Unit Source power
(W) 110 140 160 180

-

nw o = 0
o

- ® S 0o ©

o

Basically, increasing power will increase the etching rate and introduce
damages to the samples surface. As shown in Tab. 5.4, trenches appear after etching
when source power is larger than 140 W, while the sidewall roughness becomes

severe when the bias power is larger than 140 W. Besides, changes of bias power
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do not bring as sensitive effect as that from changes of source power. Thus, both
source power and bias power should be lower than 140 W and the results have
similar etching profile which can be acceptable.

Figure 5.7 shows the optimal dry etching profile of epitaxial wafer ordered
from land mark, with improved anisotropic sidewall in optimal condition than that
in an old condition. Slight isotropy including small undercut and slope still exist
after optimization, although has been already minimized. This is due to the nature

of our Cl>-based ICP machine, rather than the scheme of Cl,-based chemistry itself.

Figure 5.7 Optimal etching profiles of corss-section and 3D view by Cl»/Ar ratio
of 1:9, and source/bias power ratio of 140W:110W at 220 °C, in the first row. As
a contrast, etching profiles in the second row are the result without optimization

(CI2/Ar ratio of 2:8).
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To achieve more straight etching profile and obtain better property, another RIE
process of CHa/H> based chemistry is studied and optimized, which will be

discussed in next section.

5.3.3 CHa4/H2-based dry etching

CHa/H2-based chemistry is powerful in InP-base material etching, as the advantages
of controllable etching depth (low etching rate), low risk (no toxic) and relatively
low plasma damage [96], and is applied widely in fabrication of InP/InGaAsP
materials and related micro or even nano devices [99]-[102]. The main radicals that
react with InP in CH4/H2 plasma are CHz and H, which can help to generate volatile

product in low temperature, as the following reaction [96],
CH; + H + InP — In(CH3)3 + PHj, (5.2)

One important issue of this chemistry is that the excessive polymer deposition
exists during the etching process and lower the quality of the surface. To overcome
this, a cleaning procedure by O2 plasma is used to control and eliminate the polymer,
after some time of the dry etching process. Another drawback of this chemistry is
when using ICP, the power should be well controlled into some low level, otherwise
the desorption of phosphor atoms becomes faster and leaves behind the indium
clusters, which degrades the quality of the sample surface [103]. Thus, in this
research, RIE is used for a better and controlled etching quality, with the penalty of

relatively lower etching rate.
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Table 5.5 Condition of one etching-cleaning cycle of CH4/ Hz-based RIE.

H, CH4 0, Press. RIE Temp. Time DC bias
(sccm) | (sccm) | (sccm) | (mTorr) (W) (°C) (sec.) (V)
Etching | g 7 0 15 80 60 300 -439
Cleaning
0 0 50 75 40 60 20 -240

After optimization of the gas composition and source power, the condition of
one etching-cleaning cycle for CHa4/ Ho-based RIE is listed in Table 5.5. One —cycle
can etch about 75-nm depth of the InP/InGaAs multi-layer material. And etching
profile for 3-um depth is shown in Figure 5.8.

Figure 5.8 Etching profile by CH4/ H.-based RIE. (a) a rectangular cavity; (b) the

surface of etched sidewall in details, corresponding the marked blue part in (a).

From Fig. 5.8, the overall etching shape is much better and anisotropic than
that by Cl>-based chemistry shown in Fig. 5.7 (Here the mask of sample in Fig. 5.8
is not good enough so that the etching boundary is not as smooth as that in Fig. 5.7,
but this point has no sense with etching process itself.). However, obvious polymers

and roughness appear after etching process, mainly exist on the top position of the
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InP layer rather than the bottom part. As the last part of InP in the bottom (last 2
um) is smooth with very few polymers, the etching and cleaning condition in Tab.
5.5 is effective; while polymers and roughness in the first part of InP (see in Fig.
5.8(b)) are caused by other issues such as localized temperature on the sample. In
this process, after 10 cycles, dry etching is interrupted and N2 is an inlet to cool
down the temperature inside the chamber. And then the RIE is going on. Thus, top
InP surfers from higher temperature in some cycles rather than that of bottom
counterpart. One solution to this issue is applied a cooling down process after fewer
etching-cleaning cycles. A cavity with much better etching profile done by the
optimized RIE (cooling down process after 8 etching-cleaning cycles) is shown in

Figure 5.9.

Figure 5.9. Optimal etching profile of a capsule shaped cavity by CH4/ H,-based

RIE. (a) cross-section view. (b) 3D view.

Up to now, two chemistries of dry etching of InGaAs/InP multi-layer structure
and optimizations of etching conditions are studied and discussed. Some other

improvement of the fabrication process will be in the next section.
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5.4 Metal deposition

Metal deposition is another critical process of metallic semiconductor laser. EB
evaporator is used to deposit Ag and Au as a metal-clad in the proposed design,
where Au is used as a protective layer of Ag. The target (Ag) is heated by EB in
high vacuum below 10 Pa, and is melted into plasma and flies to the substrate
upon the target, where a film is formed. As the nature of this process, the evaporated
material goes up straight in the vacuum because of the long mean-free path of a few
tens of centimeters. Thus only the top of a 3D substrate can be deposited effectively,
while the sidewalls are free from evaporation. This feature is schematically
illustrated in Figure 5.10, the dashed line shows shadow area where cannot be
deposited with target material. Besides, the areas in the plane which is parallel to
the deposition orientation is also free of the evaporation, such as the facets A and B

in Fig. 5.10.

Y

Figure 5.10 Oriental problem of EB evaporation. The arrows indicate the

direction of evaporation. And the dashed line shows the shadow area.

To deposit Ag uniformly of a 3D cavity, at least twice evaporation should be

done from #45° angles that can cover all the surface of the cavity. In case that some
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facets of the cavity are parallel to the evaporating orientation (see facets Aand B in
Fig. 5.10), the cavities to be evaporated are all oriented by 45° to avoid this issue.
However, in practical cases, the sample can hardly be placed with strict 45° and the
evaporation orientation also exists slightly different as designed. Twice evaporation
sometimes is not sufficient for a uniform deposition while some blind angles remain
to be free of Ag. Thus, an improvement process with 4-times evaporation is
introduced, with #45° angles of both the evaporation orientation and the cavity
orientations on the holder.

Figure 5.11 shows the schematic of the orientations in 2 and 4-times
evaporations, respectively. The corresponding deposition results are compared in

Figure 5.12.

2-times deposition 4-times deposition

@ Rotate +45° 'Rotate + 45°

\

/
\

'Rotate +45°

\

Rotate -45°

Figure 5.11 Schematic of the orientations in 2 and 4-times evaporations. Each grey area
represents the sample holder with a handle to control the evaporation angles, while the

blue one represents the sample.

From Fig. 5.12 (a) and (c), the top view of 2 and 4-times evaporation show
symmetric shadows after this process. The corresponding 3D views are given in (b)

and (d), and show obvious leakage of metal deposition (area marked by red-ring in
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(b)) by 2-times method. As a contrast, by 4-times evaporation, the deposition of Ag
and Au gets improved and more uniform, without any blind angles, shown in Fig.

5.12 (d).

2.5um | | 2 um

——
WDI1250mm! 5 OKVEX(II5K 20m

()

Figure 5.12 Ag and Au deposition results of 2-times (a-b) and 4-times (c-d)

W1 Smm 550KV

evaporation processes respectively. (a) and (c) show the top view while (b) and
(d) show the 3D view. The marked area by red-ring in (b) shows the obvious
leakage of metal deposition by 2-times method, while it is eliminated by 4-times

improved process, shown in (d).

5.5 Issue of Cr mask

As it is discussed in section of process flow, chromium is deposited on the EBL
pattern as a mask before SiO2 dry etching of CHFs/Ar (5:5) chemistry. Then the
SiO2 remained on the pattern plays the role of mask for InP/InGaAs etching. In Cl-

based chemistry, Cl also etch chromium as well as InP-based materials. While in
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the CH4/H> chemistry, Cr mask cannot be directly etched but drops into small pieces
as contaminations on the surface of the chip, which acts as “masks” of CH4/H2 RIE
to etch small pillar-like structures. This contamination caused from remaining Cr
does not influence the property of the cavity directly, but can worsen the Ag
deposition process once they happen to be so close to the cavities that their
evaporation shadows hinder the Ag deposition on cavities. To solve this problem,
thinner Cr mask (reducing from 40-nm to 20-nm thickness) is employed in the
process, and the amount of Cr contaminations in dry etching process is reduced
dramatically and the deposition quality is also improved. Figure 5.13 shows a

comparison of cavities fabricated with different thick Cr mask.

D)2 T

_ (b) =1L,

Figure 5.13 Cavities fabricated with different thick Cr mask. (a) 40-nm thick Cr;

(b) 20-nm thick Cr.

5.6 Summary

In this chapter, fabrication of proposed capsule-shaped metallic semiconductor
cavity is performed for the first time. Process flow and corresponding technique is
introduced, and difficulties and problems during some processes are examined in
details, especially the etching property and metal-deposition uniformity. To

improve the anisotropic dry etching, different etching chemistries are investigated
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and various conditions are tested. Due to the nature of machines in our lab, CH4/H>-
based RIE achieves better etching profile and is optimized for the etching process
of capsule-shaped structure. For metal deposition, to eliminate the blind angle
during the EB evaporation, 4-times evaporating process is designed and obtains
uniform metal-clad outside the semiconductor mesa. Other issue such as

contamination caused by Cr mask is also taken into account and get improved.
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Chapter 6

Photoluminescence characterization of
capsule-shaped metallic semiconductor laser
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6.1 Introduction

In this chapter, PL of fabricated capsule-shaped metallic semiconductor cavity is
taken into measurement, to demonstrate the proof of concept for the proposed
structure.

In following sections, firstly, the setup of PL systems is introduced, as well as
the procedures of measurement. Then several PL measurement results are given and
analyzed in details, which prove the prediction of numerical simulation in Chapter

4. At last, a brief summary and conclusion are made.

6.2 Setup of PL measurement

Figure 6.1 shows the schematic of PL setup in the measurement of fabricated

capsule-shaped metallic semiconductor cavities.

Mirror |
spectrometer
ND filter |

Filter

Beam splitter

Objective lens
20x, 50x I

[
Steering stage Lens iris

Figure 6.1 Schematic of PL measurement setup.
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As shown in Fig. 6.1, the sample is placed on the steering stage, which can
move by an electrical mechanism in x, y and z direction independently with a
resolution of 0.1 nm. As the cavity dimension is around ~um, this resolution is good
enough for the PL system to focus on each cavity and collect the radiated light field.
Light source in this system is a 532-nm continues-wave (CW) laser which
stimulates the emission from each cavity. And the spectrum of the emitting field is
analyzed by a spectrometer. To eliminate the thermal noise, the CCD camera of the
spectrometer is cooled to -100 K.

To measure the emission from a specified cavity correctly and effectively, some

necessary steps should be followed, as shown in Figure 6.2:

a) Find the position of a group of cavities coarsely from the luminescence of cold
light. As all these cavities with different dimensions are fabricated in groups with
corresponding coordinates and marked bars, and thus can be readily distinguished

from the backside of the substrate.

b) Sweep and capture the position of cavities. To find the exact position of each
cavity and measure the spectrum of its emission in further, an area with a group of
cavities is swept by steering stage in X and y orientation respectively. To avoid over
heating and even destroying the sample, low pumping power is used in this step to

stimulate the emitting field and cavity-position maps can be obtained.

c) Measure the spectrum of the specified cavity. Once the exact position of each
cavity is obtained from step (b), the specified cavity can be precisely localized on
the focus of the PL system. By modifying the light source power, clear spectrum

and LL curve can be measured and analyzed.
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Figure 6.2 Schematic of PL measurement steps.

6.3 PL characterization of capsule-shaped metallic

semiconductor cavity

PL characterizations of capsule-shaped and conventional rectangular cavities on the
same chip are measured as a comparison, to show the effect of the capsule-shaped
structure. Due to the fabrication process, especially the dry etching property, there
are three different samples to be PL measured. For simplicity of discussion in
following text, all these samples and their properties are listed in Table 6.1. Sample
1 and 2 are dry etched by ICP-RIE of Clz-based chemistry, showing undercut and
slope properties of etching profile. While Sample 3 is fabricated by RIE of CH4/H2-

based chemistry, getting much improvement of anisotropic etching profile.
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Table 6.1 List of all samples which are taken into PL measurement.

. . . . Etching
Cross-section Top view 3D view Active core
scheme
Sample 1 Bulk InGaAs Cly-based ICP
Sample 2 Bulk InGaAs Cly-based ICP
InGaAs/InP CHa/H,-based
Sample 3

aw

RIE
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Figure 6.3 shows the spectra of fabricated cavities in sample 1 with the same
dimensions of 2.2 um by 2.0 um but different mirror curvatures. The spectra are
pumped by a 532-nm laser at 2.5 mW at room temperature. As poor etching
property with undercut and slope, shown in Tab. 6.1, the cavity shape cause extra
radiation loss that can dramatically reduce the Q factor. Thus, the spectrum shows

quite low Q values of all these cavities.
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Figure 6.3 PL spectra of capsule-shaped and rectangular metallic cavities on
sample 1. All the cavities have the same length (2.2 pum) and width (2.0 pum),

and the mirror curvature is shown in the figure.

However, in spite of the low Q values of these cavities in sample 1, the capsule-
shaped structure clearly shows an effective improvement of cavity Q factors, as
shown in the Fig. 6.3. For example, the Q factor of the conventional rectangular
structure (L/R = 0) is increased by a factor of 5 by introducing the confocal (L/R =

1.0) cylindrical structures.
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To confirm the Q-factor enhancement effect of capsule-shaped structure,
fabrication technique is improved and sample 2 with better etching profiles is taken
into PL measurement. Figure 6.4 shows the PL characterization of two different
cavities in sample 2, having the same length and width (L = 1.8 um, W = 1.4 um)
and different values of mirror curvature of R. The pumping condition is a 532-nm

laser at 0.9 mW in room temperature.
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Figure 6.4 PL spectra of capsule-shaped and rectangular metallic cavities on
sample 2. All the cavities have the same length (L = 1.8 um) and width (W =1.4

um), and the mirror curvature is shown in the figure.

As the optical loss (for example, radiation loss) of sample 2 has been effectively
reduced by the improvement of the fabrication process, the spectra in Fig. 6.4 get
obvious Q-value enhancement rather than that of sample 1. For instance, the Q
value of conventional rectangular cavity (72) in sample 2 is higher than that of
optimal capsule-shaped one (67) in sample 1. This illustrates the importance of

good fabrication in small-scale metallic semiconductor lasers.
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It should be mentioned that it is not fair to compare the effect of capsule-shaped
cavity between cavities on different chips, because of the unknown factors by
different fabrication process, such as the dry etching shape, Ag deposition quality,
etc. To exclude these unknown factors, comparison within the same chip is
necessary. As it is shown in Fig. 6.4, for cavities with the same length (L = 1.8 um)
and width (W = 1.4 um), by introducing a capsule-shaped design, the Q value can
be effectively increased from 72 (L/R = 0, 1450-nm peak) to 120 (L/R = 1, 1430-
nm peak), about 67% improvement. This result proves the 3D-FDTD simulation

prediction, which is studied and discussed in Chapter 4.
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Figure 6.5 PL spectra varies as the increasing input light power from 0.12 mW
to 2.27 mW. Insert, the LL curve corresponding to the spectra. The measured

cavity is placed on sample 2, corresponding to the capsule-shaped on in Fig. 6.4.

To study the output-input characterization of the optimal capsule-shaped cavity
in Fig. 6.4, increasing light-source power from 0.12 mW to 2.27 mW is input to

measure the output power and spectra, which is shown in Figure 6.5. The linewidth
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of these spectra does not appear obvious changes or reduction, as this cavity cannot
exhibit the lasing behavior, which is also shown in the insert in Fig. 6.5. This is
because the cavity Q factor is still too low and thus suffering from high threshold
gain required in the active layer of bulk InGaAs. As discussed in Chapter 4, Q value
of a few hundreds (or at least above 200) is necessary to achieve an acceptable and
practical threshold gain.

To reduce the radiation loss caused from imperfect fabrication process (mainly
in dry etching process) and improve the cavity Q factor in further, CH4/H»-based
RIE is optimized and achieve better anisotropic etching shape, which is shown in

Tab. 6.1.
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Figure 6.6 PL spectra of capsule-shaped and rectangular metallic cavities on

sample 3. All the cavities have the same length (L = 1.84 um) and width (W =

0.8 um), and the mirror curvature is shown in the figure.

Figure 6.6 shows the PL characterization of three different cavities in sample
3, having the same length (L = 1.84 pum) and width (W = 0.8um), but different
values of mirror curvature of R. The pumping condition is a focused 532-nm laser

beam at 0.28 mW in room temperature.
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From the main peak around 1564 nm, the Q factors are extracted to be 55, 195,
and 223, for the structures with L/R = 0 (rectangular), L/R = 1.0 (confocal), and L/R
= 1.25, respectively. Above 4-fold improvement is observed by capsule-shaped
design, in sample 3. And the observed cavity Q value is as high as 223, which is
almost 2 times larger than that of sample 2. This illustrates that the quality of

fabrication does affect the cavity property sensitively.
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Figure 6.7 PL spectra varies as the increasing input light power from 0.05 mW
to 0.40 mW. Insert, the LL curve corresponding to the spectra. The measured
cavity is on sample 3, corresponding to the capsule-shaped one with L/R =1 on

in Fig. 6.6.

To analyze the emissions of cavities in sample 3 further, LL characterization is
measured by increasing the input power from 0.05 mW to 0.40 mW. In spite of that
the observed Q factor is around 200 and can be comparable to that value beyond
threshold of a recent experimentally demonstrated metallic semiconductor laser
[66], our capsule-shaped cavities still cannot achieve lasing, and only emit spectra

with higher intensity but similar linewidth when the input power is increasing. This
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LL property is shown in Figure 6.7, in the case of a capsule-shaped cavity with
length 1.84pum, width 0.8 pm and L/R = 1.

One possible reason is that the localized temperature inside the cavity is
increasing quickly accompany with the increase of input power, so that the large
loss of recombination at high temperature hinders the cavity to achieve lasing
threshold. As shown in the insert of Fig. 6.7, the LL curve seems to be “fluctuant”,
which can be rising quickly by increasing input power a little bit at some points but
the magnitude of rising becomes relatively lower if the input power is increasing
continuously. This just seems like an output “drop”.

Another possible reason is that the extra optical loss (except the radiation loss
in sample 2) introduced by the fabrication process, rather than the imperfection of
the etching shape, such as the roughness of the sidewalls. The CH4/H2 chemistry
(used for sample 3) can achieve better anisotropy during RIE, as a penalty, more
roughness and corresponding propagation loss can be introduced by more
participation of physical etching. Thus, for rectangular cavities with similar
dimensions in both sample 2 and 3, similar cavity Q factors are PL observed around
the range of a few tens (see in Fig. 6.4 and Fig. 6.6), as the reduced radiation loss
from isotropic etching profile in sample 2 is compensated for by the increased
propagation loss from roughness on sidewalls in sample 3. However, the capsule-
shaped structure pushes the resonant mode distribution effectively into center of
cavity, where is far from the sidewalls, and the propagation loss is reduced as well
as the metallic loss. This is the reason why capsule-shaped design can achieve a
higher enhancement of the Q factor in sample 3 rather than that of sample 2.

To evaluate the Q factor reduction by extra propagation loss caused by
roughness on sidewalls, 3D-FDTD simulation of the cavities measured in Fig. 6.6
are carried out as a comparison. The simulated Q factors as a function of mirrors

curvature of R are depicted in Figure 6.8.
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Figure 6.8 Simulated cavity Q factor of a capsule-shaped metallic cavity (L =
1840 nm, W = 800 nm.) for the TE mode, as a function of the mirror curvature.
R. The marked point A is corresponding to the main peak of the red curve (L/R

= 1.25) in Fig. 6.6.

Fig. 6.8 shows the simulated Q factors of cavities with perfect and smooth
sidewalls, which are considerably higher than the measured values in Fig. 6.6. This
is because that the high losses from the fabrication process are not included in
simulations. In line with the observed spectra by PL measurement, Q factors can be
increased dramatically by introducing capsule-shaped design and arrives at the
maximum with L/R = 1.25.

Figure 6.9 compares the PL measured and simulated spectra of a capsule-
shaped cavity in sample 3, with the dimension of L = 1840 nm, W = 800 nm and
L/R = 1.25, which is corresponding to the marked point A in Fig. 6.6.

From Fig. 6.9, firstly, a self-explanatory point is that the main peaks around
1564 nm of both PL measured and simulated spectrum fit to each other well, with
a few nanometers mismatch, which can be attributed to the imperfect cavity shape

compared to that calculated in simulation. For the range from 1500 nm to 1550 nm,
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the measured spectrum has peaks with higher intensity but broader linewidth, in
comparison with those in simulation result. This can be attributed to the minute
difference of the cavity shape introduced by the fabrication. For the range below
1450 nm, there exist no obvious peaks in the observed spectrum, which is different
from the simulated one. This can be attributed to the fact that the material gain is

quite low within this range and cannot stimulate any resonant modes.
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Figure 6.9 PL measured and simulated spectra of a capsule-shaped cavity in
sample 3, corresponding to the marked point A in Fig. 6.8 (L = 1840 nm, W =

800 nm and L/R = 1.25).

To investigate the resonant mode pattern of the main peak around 1564 nm in
Figure 6.9, electrical field distributions of three cross-section planes inside the
cavity are shown in Figure 6.10. The observed spectrum is the evanescent field of

the resonant FP mode which radiates from the substrate of the cavity.
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Figure 6.10 Electrical field distribution (JE|) of the resonant mode inside a

capsule-shaped metallic cavity with L/R = 1.25 (corresponding to point A in Fig.

6.9) at three cross-section planes crossing the center of the cavity.

To understand the emitting field that is observed by PL measurement in further,
far field of the radiation in Fig. 6.8 is numerically calculated by the NFFT, which is
discussed in Chapter 4. Figure 6.11 shows the numerical result of the far-field
pattern of the measured cavity in Fig. 6.9, by 3D-FDTD simulation. Unlike the
radiation in near field, the far-field radiation shows main intensity distribution far
away from the original point (the point perpendicular to the center of the cavity).
Considering the fact that the NA of the objective lens used in the PL measurement
is not high enough to collect the main patterns (6 around 60°), only the pattern of
moderate intensity (§=0°, ¢=0°) can be collected by this PL setup. This disadvantage
makes the measurement difficult and may degrade the pumping efficiency, as higher
pumping power is needed to collect the moderate part of the emission.

Up to now, series of cavities are taken into PL measurement and all these
observed spectra demonstrate the Q-factor enhancement effect of capsule-shaped

structure. All the results are briefly listed in Table 6.2 as a summary.
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Figure 6.11 Simulated far field of the radiation from a capsule-shaped metallic

semiconductor cavity, corresponding to the marked point A in Fig. 6.8 (L = 1840

nm, W =800 nm and L/R = 1.25).

Table 6.2 List of all PL measurements of capsule-shaped metallic InGaAs/InP cavities

Sample Etching Active | Etching lpz)?:)ntt Q | Enhan-
# profile core | scheme (1) factor | cement
Clo-

1 Bulk | pased | 231 | 67 |56fold

InGaAs
ICP
Clp-
2 Bulk | pased | 123 | 120 | 1.7fold
InGaAs
ICP
InGaAs/ | CH4/H2
3 InGaAsP | -based 0.60 223 4 fold
MQW | RIE
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6.4 Discussions

6.4.1 Comparison with other demonstrations of metallic nanolasers

In Section 6.3, PL characterizations of series of fabricated capsule-shaped metallic
cavities are discussed, and enhanced Q factor of 223 by the proposed structure is
experimentally confirmed. Although it still does not achieve lasing, the observed Q

value is comparable to other demonstrations of metallic nanolasers, which is shown

in Figure 6.12.
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Figure 6.12 Comparison of Q factors between capsule-shaped metallic cavity structure

and other demonstrated subwavelength metallic semiconductor lasers.

As it is discussed in Chapter 2, the FP-mode based metallic semiconductor lasers
have moderate cavity Q factors and footprint in the successful demonstrations. For

the proposed design of capsule-shaped topology, the simulated result shows a
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smaller cavity footprint with higher Q factor (see in Fig. 6.12, marked by purple
star), which is superior to the properties of conventional rectangular topology.

Due to imperfections of fabrication and the measurement technique in this
research, the observed Q factor by PL measurement is much lower (see in Fig. 6.12,
marked by red star) than that of simulation result, but still can shrink the cavity
footprint with comparable Q value to that of rectangular cavities.

All these points demonstrate the advantage and effectiveness of the proposed

capsule-shaped structure.

6.4.2 Obstacles of lasing operation

Lasing operation is not achieved in PL characterization of fabricated capsule-
shaped metallic cavity structures in this research, although the Q factor
enhancement effect is verified experimentally.

The possible reasons why it cannot achieve lasing are discussed here.

One important reason is the observed cavity Q factor (for example, 223 in case
of sample 3) is much lower than that of the simulated one (583, by 3D-FDTD
simulation, see in Fig. 6.8), which can be attributed to the extra losses introduced
by the fabrication process. First, due to the resolution of EBL and the lift-off process
of EB resist, the fabricated pattern is inevitably different from the optimal design.
This factor may degrade the ability of the capsule-shaped topology that can confine
the light mode like a Gaussian beam. So the field overlap at the sidewalls of a
fabricated cavity is not reduced as much as the numerical design. Second, sidewall
roughness and slight isotropic structure after dry etching also play vital roles in the
decrease of the cavity Q factor, as it can introduce extra propagation loss which is
not included in the simulation. Many efforts on two different dry-etching processes
are made for the optimal etching shape, and finally the CH4/H»-based RIE is chosen

for this research. However, slight slant and small roughness of the sidewalls still
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exist (see in Fig. 5.9). This is another factor to degrade the performance of the
capsule-shaped cavity in the PL measurement. Third, silver cladding of the cavity
in this work is used for mirrors, which require high quality. Although the issue of
leakage of metallic clad is solved by the improvement of silver-deposition process
(see in Fig. 5.11 and 5.12), the quality of silver deposition is not optimized in this
work. To reduce the scattering loss and SPP loss in metal surface, a general idea is

to deposit the metal layer with larger grain size [104].

Figure 6.13 Silver surfaces on SiO; top of an InP dummy wafer. SEM (a) and AFM (b)
images after EB evaporation; SEM (c) and AFM (d) images after un-optimized thermal

annealing process.

To check the quality of silver claddings of fabricated metallic cavities in this
work, a 300-nm thick silver layer is deposited to the SiO top of an InP dummy

wafer by EB evaporation, and then is examined by SEM and atomic force
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microscope (AFM), shown in Figure 6.13. The grain size of silver surface can be
improved from about tens of nanometers (after EB evaporation) to hundreds of
nanometers by un-optimized thermal annealing process, while larger grain size that
can be comparable to the cavity size is of great importance to achieve lasing at room
temperature[66]. Thus, the thermal annealing of silver deposition process is also to
be optimized in future work.

Another reason is the thermal effect of the sub-wavelength metallic cavity
lasers. When the pumping light is injected into the cavity, the localized temperature
at the active layer may increase quickly and cause extra thermal loss. Detailed
discussion of this point is given in Section 6.3. As the target of this work is to
demonstrate the effectiveness of the proposed capsule-shaped topology for sub-
wavelength metallic cavity lasers, the optimization of thermal dissipation is not
included and considered in this research. One method of overcome thermal effect
is taking PL measurement in low temperature, and using pulsed laser with infrared
frequency as the pumping source; while a more fundamental way is to investigated
the thermal-dissipation issue of the metallic cavity and optimize the cavity structure,
as well as the selection of insulator layer for better thermal performance, which will
be studied in the future work.

A further issue is how far are the fabricated metallic cavity structures from
lasing in this PL measurement? To this end, the threshold pumping power is studied
theoretically in the following. It can be derived simply from the Eq. (3.8), by
rewriting the carrier density in the form of optical injection (assuming quantum
efficiency is 100%)

huV (BNZ,+CNZy)

Py = - : (6.1)

where Py, is the threshold power by optical pumping, h is the Plank constant, v is

the frequency of the pumping laser, #i is the optical injection efficiency, and other
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parameters are the same as those in Tab. 4.2. The i is estimated by the overlap of

focused 532-nm laser beam spot and the fabricated cavity size. Taking into account

facts that the diameter of the incident laser beam is about 3 mm and the focal length

of the objective lens is 10 mm, the focused spot size can be derived simply to be

about 4.33 um, by the approximation of focused Airy patterns. And considering the

fabricated and measured cavities in this work are mainly in the range of 1~2 um,

here, the cavity length and width is assumed to be 2 um and 1 um respectively. Thus,

the #i can be evaluated to be about 10% under all these assumptions, and the P is

estimated by Eq. (6.1) as a function of cavity Q factor, shown in Figure 6.14.
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Figure 6.14 Estimated threshold power P# of a capsule-shaped metallic

cavity with 2 um by 1 um dimensions, as a function of Q factor (L/R = 1). A

532-nm focused laser beam is used for pumping light in this calculation.

From Fig. 6.14, it is obvious that for the metallic cavity (L = 2 um, W = 1 pm,

L/R =1) pumped by a focused 532-nm laser beam in current PL system, the threshold

power (red curve with injection efficiency of 10%) is considerably higher than that

applied in measurements in Section 6.3. This explains why lasing is not achieved.
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For example, in the case of Q value around 200, a threshold power of 11.4 mW is
needed. Such a high pumping power may cause severe thermal loss and even
damage the cavity, as it is discussed in the previous section. However, there still
exists space to be improved.

One solution to reduce the threshold power is improving the cavity Q factors.
As it is shown in Fig. 6.14 in red curve, the threshold power can be lowered down
to about 1.6 mW if the Q value can be enhanced to 500, which is possible and
numerically demonstrated in Fig. 6.8. Fabrication process needs to be improved and
optimized to increase the Q factor, as discussed above.

Another improvement can be taken by utilizing an infrared laser as the pumping
source. Compared with green laser used in this work, infrared laser takes the
advantage of lower photon energy, which not only reduces the thermal loss of the
cavity, but also increases carrier density inside so that the threshold power can be
estimated to be reduced by half.

Further, high-NA lens can be mounted in the PL system for a smaller focused
spot size, in order to improve the pumping efficiency effectively. For instance, if an
objective lens with a focal length of 5 mm is used instead of the current one with a
10-mm focal length, the focus spot is shrunk to 2.2 um and close to 50% injection
efficiency can be achieved. As a result, the threshold power (blue curve) is dramatically
reduced, compared to that of a low-NA lens (red curve), shown in Fig. 6.14. For example,
the Py, can be reduced to 2.3 mW for the a cavity with Q value of 200, which is practical in
the PL measurement.

Thus, for the proposed capsule-shaped metallic semiconductor cavity structure,
it is practical to achieve lasing by making the three improvements discussed above

in future work.
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6.5 Conclusion

In this chapter, properties of fabricated capsule-shaped metallic InGaAs/InP
cavities are characterized by PL. Firstly, the PL system is introduced briefly and the
steps of measurement are also illustrated. As the objective cavities are in few-
micrometers or even smaller scale, to distinguish a specified cavity with
sophisticated design is an important issue. Here, a steering stage with resolution of
0.1 nm by an electrical mechanism is used to find and locate the precise location,
and solving this problem well.

Secondly and most importantly, the PL measurement results are studied and
analyzed in details. For series of samples with different shapes and qualities due to
the fabrication process, the PL characterizations all experimentally confirm the Q
factor enhancement effect of capsule-shaped cavity, compared to the conventional
rectangular one, which demonstrates the 3D-FDTD simulation prediction in
Chapter 4. Besides, better fabrication process can bring better sample quality with
reduced optical loss, and thus can achieve higher cavity Q factors of PL emission.
Due to different process, extra optical loss caused from isotropic etching shape or
roughness sidewalls can be introduced to the fabricated samples, which is also
discussed in this chapter. Besieds, simulations of the measured cavities are carried
out to show a good consistency with experimental results.

Thirdly, factors that can hinder achieving lasing are analyzed and discussed. In
spite of the observed Q factor of 223 in PL characterization, which is comparable
and quite close to those of the successfully demonstrated metallic-cavity lasers,
lasing is not achieved or not observed in the measurement. One reason is the extra
high loss introduced from the fabrication process, even the process techniques are
improved in this study (see details in Chapter 5), can reduce the designed Q values
easily. Another reason is the local temperature inside the measuring cavities that

can increase recombination loss quickly.
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In short, by PL characterization of the fabricated capsule-shaped metallic
InGaAs/InP cavities, it is experimentally confirmed that the proposed novel
structure does reduce the metallic loss of the cavity and increase the Q factor
effectively, in consistence with the 3D-FDTD simulation prediction. This is the
most important issue in this dissertation and demonstrates the proof of concept of
the proposal. Due to some reasons rather than the structure design but the
fabrication and measurement technique, lasing is not observed yet, several

corresponding improvements should be done in the future to achieve lasing.
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Chapter 7

Conclusion
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In this dissertation, a novel metallic semiconductor laser structure of “capsule-
shaped cavity” is proposed, simulated and experimentally studied for the first time.
This capsule-shaped design can form Gaussian-like mode profile and reduce the
field overlap at the metallic sidewalls. Thus, the cavity Q factor can be improved
effectively with the reduced SPP loss. Aiming at miniaturization of semiconductor
lasers for applications in large-scale PICs, the proposed capsule-shaped structure is
studied systemically in this work and therefore

In Chapter 2, the state of the art of metallic cavity lasers is investigated,
including the cavity structures, lasing modes, metallic losses, and operating
conditions. On the one hand, WG modes and FP modes, corresponding to circular
and rectangular cavities, has advantages and disadvantages respectively, and both
of them are experimentally demonstrated in recent years. On the other hand,
considering the potential applications in PICs, the use of metallic lasers by
waveguide coupling and the compatibility with other devices are two important
issues, for which the FP-mode based cavity is more suitable. To reduce the high loss
at the metallic sidewalls in the conventional rectangular FP cavity, a new design of
capsule-shaped cavity with curved mirrors is proposed, which can support
Gaussian-like resonant mode that is far away from the sidewalls.

In Chapter 3, theoretical analysis of the proposed metallic InGaAs/InP cavity
lasers is done by the rate equation theory, and formulations of threshold gain and
threshold current are derived. To estimate these values, cavity Q factors and
confinement factors should be derived. Waveguide theory is used for an intuitive
understanding and analysis, while some important issues such as the radiation field,
mode pattern and precise cavity Q factor cannot be taken into account by this 1D
or 2D theory. Then 3D-FDTD simulation method is briefly introduced, which is
necessary for the novel structures. NFFT is also part of this chapter, as it is an

important issue in both practical applications and measurements.
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In Chapter 4, a series of 3D-FDTD simulations of capsule-shaped metallic
cavities is carried out and discussed in details, including Q factors, mode patterns,
confinement factors, threshold gains, threshold currents, radiation efficiency,
waveguide coupling efficiency and far field radiation. It is numerically confirmed
that by introducing an optimal capsule-shaped structure, Q value can be improved
above 50%, compared to a conventional rectangular cavity. Besides, the threshold
gain and current can be reduced exponentially by the proposed design. And further
issues such as size shrinking effect, ease of waveguide coupling, external radiation
efficiency are further discussed in this chapter. All these simulation results
numerically demonstrate that the proposal in this dissertation is suitable and
efficient for the ultra-small lasers for the potential applications in PICs.

In Chapter 5, fabrication of the capsule-shaped metallic InGaAs/InP cavity is
performed for the first time. Extra losses can be introduced to this structure by
imperfect fabrication process, which worsens the quality and property of the
cavities. To overcome this challenge, some fabrication techniques are explored and
improved, especially in the process such as dry etching and metal deposition.

In Chapter 6, PL characterization of fabricated cavities is measured and
analyzed. All the observed spectra demonstrate the Q-factor enhancement effect of
capsule-shaped structure, compared to that of a conventional rectangular cavity;
and up to 4-fold improvement is achieved experimentally. These measured results
are consistent with 3D-FDTD simulation prediction, and confirm the effectiveness
of the proposal.

From all the simulated and experimental results, the proposed capsule-shaped
metallic InGaAs/InP cavity structure is really suitable for the light source in PICs.
This new design can reduce the high loss in the conventional metal-clad lasers, and
is relatively easy to be coupled in the waveguide, and is compatible with other
devices in PICs. It can be concluded that this proposal of capsule-shaped cavity is

an essential component of the large-scale PICs in the future.
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