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Abstract

MOCVD Growth and Loss Optimization for Tunnel

Junction Contacts for III-Nitride Laser Diodes
by

Shereen W. Hamdy

The ITI-Nitride edge-emitting laser diode (LD) shows promise in diverse applications
such as directed illumination e.g. automotive and spot lighting, communication e.g. Li-Fi
communication, fundamental science, and others. While significant recent progress has
been made in improving the efficiency of the III-Nitride edge-emitting LD, continuing
progress must be made for it to become and remain competitive in these applications.
The tunnel junction (TJ) presents unique design opportunities for many ITI-Nitride de-
vices, including in edge-emitting LDs where it is most often used as a substitute p-side
contact that in principle allows p-type material on one side of the TJ to be replaced
with less absorbing and more conductive n-type material on the other side. However, the
TJ presents challenges in p-type GaN activation, where typical metal-organic chemical
vapor deposition (MOCVD) growth conditions are known to introduce hydrogen and
re-passivate p-type material. The TJ presents additional challenges in absorption, where
the highly-doped layers of the TJ can contribute significant optical absorption loss to
LDs, reducing device efficiencies. Both of these challenges must be addressed for the
tunnel junction to be a part of viable III-Nitride edge-emitting LD designs.

In this work, we demonstrate high-power LDs using TJ contacts grown by molecular
beam epitaxy (MBE), which preserves p-GaN activation, and we also demonstrate LDs

using TJ contacts grown by MOCVD that employ a p-GaN activation scheme utiliz-
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ing lateral diffusion of hydrogen through the LD ridge sidewalls. Next, we model the
lasing mode and internal optical absorption loss profiles of III-Nitride edge-emitting LD
designs using the transfer matrix method and identify new designs showing reduced mod-
eled internal optical absorption loss in III-Nitride edge-emitting LDs using TJ contacts.
Last, LDs using TJ contacts and distributed feedback (DFB) gratings in tandem are de-
signed and evaluated in a joint film mode matching-analytical model, showing the tunnel
junction facilitates DFB LD designs with higher-order gratings, benefiting fabrication

tolerances and complexity.
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Chapter 1

Introduction

1.1 Introduction to the II1I-Nitride Materials System

The group III-Nitride semiconductor materials system is famed for its unique range
of direct energy bandgaps that correspond to wavelengths of light spanning infrared
wavelengths through the full visible range and into ultraviolet wavelengths. Especially
notable is that the III-Nitride system is also known as the material system enabling highly
efficient visible-light LED solid-state lighting technologies that greatly improve upon the
energy efficiencies of previously available technologies in illumination. These energy
efficiencies are referred to here as power conversion efficiencies or wall-plug efficiencies.

Since the demonstration of the first efficient III-Nitride LEDs in 1991 [I], additional
light-emitting devices have been demonstrated on the III-N materials system. These
include additional LED devices like the micro-LED, the ultraviolet LED, and the su-
perluminescent LED, as well as laser devices like the edge-emitting laser diode, the dis-
tributed feedback laser diode, and the vertical cavity surface-emitting laser (or VCSEL).
The realization of these new devices has enabled improved energy efficiency for an in-

creasing number of applications including general illumination, automotive illumination,
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Introduction Chapter 1

spot lighting, displays and projectors, free-space Li-Fi communications, medical imaging,
ultraviolet disinfection, and fundamental scientific research.

Room for improvement in device efficiency remains, however. Semiconductor devices
generally require both p-type doped material and n-type doped material in order to func-
tion. Because of the high activation energy of Magnesium dopant impurities used to form
p-type III-N material, p-type GaN is a material that is relatively resistive to electrical
conduction [2], and at the high doping levels required to reach acceptable conductivity
properties, the contribution of p-type GaN to optical absorption losses becomes signif-
icant [3], reducing device efficiency. This is especially concerning in laser diodes where
optical gain must match the total internal optical absorption loss for appreciable emission
of laser light to occur.

The tunnel junction was first demonstrated in 1958 by Esaki et al. [4]. In the III-
Nitride materials system, the tunnel junction has often been used where materials with
better conduction properties and lower optical absorption losses are needed. Tunnel junc-
tions are typically formed when highly doped n-type material is formed on highly doped
p-type material. In the resulting energy band structure, conduction may be achieved
through electron tunneling from the valence band of the p-type material into the con-
duction band of the n-type material. In this way, tunnel junctions provide an additional
interface between p-type GaN and n-type GalN and so can facilitate replacement of p-type
GaN with n-type GaN, which has superior conduction and absorption properties. Proper
utilization of the tunnel junction therefore has potential to lead to significant improve-
ments in performance and efficiency for many device types. Use of tunnel junctions can
also augment the performance of existing devices by facilitating novel designs that may
yield additional improvements to efficiency. Tunnel junction contacts have been used to
assist with current spreading [5] and mirror design [6] in LEDs, with current spreading

[7] and current confinement [8] in micro LEDs, with current spreading and grating forma-

2



Introduction Chapter 1

tion in distributed feedback laser diodes [9], and for current aperture definition [10] and
loss reduction [II] in VCSELs. Tunnel junction contacts have also been demonstrated
in III-Nitride LDs [12 [13] [14], facilitating novel LD devices as well. Some such devices
have been realized, e.g. LDs with cascaded active regions [I5], off-ridge topside contacts
[16], and p-side-down devices [17].

This dissertation presents three studies that advance III-Nitride laser diode research
using the tunnel junction contact. Chapter 1 “sets the table” for the rest of the dis-
sertation by laying out key concepts and motivations for III-N tunnel junction research,
describing how tunnel junctions and laser diodes are made, and giving a history of ITI-N
tunnel junction research up to the present. Chapter 1 is intended to be relatively acces-
sible to those who are new to and/or come from outside of this field. Chapter 2 describes
a study in which edge-emitting laser diodes with tunnel junction contacts are fabricated
and characterized, including one set of laser diodes utilizing, for the first time, tunnel
junction contacts formed using metal-organic chemical vapor deposition (MOCVD), i.e.
the same crystal growth technology used to form the rest of the laser diode epitaxial
stack in that study. In Chapter 3, the flexibility introduced by the tunnel junction is
used to identify and model LDs that utilize tunnel junction contacts to minimize optical
absorption losses, and in Chapter 4, the tunnel junction is used in another modeling study
where certain designs for laser diodes with distributed feedback gratings show emergent
benefits from the combination of the tunnel junction and distributed feedback grating.
Last, chapter 5 ties together these studies, offering insights and an outlook for future ef-
ficiency improvements and III-N tunnel junction research. Parts of this dissertation have
appeared in two papers: (1) “Efficient tunnel junction contacts for high-power semipolar
[II-nitride edge-emitting laser diodes,” by Shereen W. Hamdy, Erin C. Young, Abdullah I.
Alhassan, Daniel L. Becerra, Steven P. DenBaars, James S. Speck, and Shuji Nakamura,

Opt. Express 27, 8327-8334 (2019); (2) “Designs for III-Nitride Edge-Emitting Laser
3



Introduction Chapter 1

Diodes with Tunnel Junction Contacts for Low Internal Optical Absorption Loss” by
Shereen W. Hamdy, Steven P. DenBaars, James S. Speck, and Shuji Nakamura, at time

of writing submitted on September 30, 2021 to the SPIE journal Optical Engineering.

1.2 III-Nitride Laser Diodes

This section of the introduction provides a motivation for I1I-Nitride LD research,
followed by a generally accessible introduction to the physics of semiconductor laser

diodes and ITI-Nitride laser diodes as background to the sections that follow.

1.2.1 Motivations for III-Nitride Laser Diode Research

While the ITI-Nitride LED represents a leap in energy efficiency over previous lighting
technologies, it still possesses the fundamental material limitation of efficiency droop.
Efficiency droop, attributed in 2013 to Auger recombination [I8], occurs in LEDs at
high current densities where high carrier densities facilitate increased Auger nonradiative
recombination events, reducing the rate of radiative recombination events and in turn
reducing the associated radiative efficiency.

First demonstrated in 1996 [19], the III-Nitride edge-emitting laser diode (LD) pro-
vides a workaround to the problem of efficiency droop: in LDs, at lasing threshold, carrier
density clamps, and so Auger recombination and other nonradiative processes also clamp
at threshold levels while light output power increases continuously with input power
(up to the thermal limits of the LD at which point peak gain in the device falls with
increasing temperature, degrading LD performance with increasing input power). This
allows LDs to achieve power densities much higher than are achievable in LEDs, with
one edge-emitting LD able to match the light output of multiple LEDs running at lower

individual power to avoid efficiency droop [20]. This yields cost savings associated with
4



Introduction Chapter 1

reduced chip area per fully packaged device and so makes ITI-Nitride LDs a promising
candidate for commercial applications [I8], 19, 21].

Because of their highly directional, high-intensity output, III-Nitride LDs are ideal
for applications in which these properties are useful, for instance automotive lighting,
projection displays, and spot lighting. High-speed modulation of III-Nitride LDs has also
been demonstrated [22], showing suitability for high-speed communication including free-
space Li-Fi communication technologies. III-Nitride LDs also show potential for high-
efficiency general illumination, particularly street illumination where the directionality of
emitted light may help reduce light pollution relative to LEDs and other implementations
that emit light over a broader area. Last, because of the collimated, narrow-linewidth
emission characteristic of the stimulated emission that drives laser light output, III-
Nitride LDs, particularly distributed feedback LDs, are also likely to have applications

in scientific research.

1.2.2 Basics of Semiconductor Laser Diode Operation

To provide a foundation for understanding III-Nitride LD operation and efficiency,
we discuss in this section general semiconductor laser diode operation and review the
constituent parts of a semiconductor laser diode. A visual aid for the following discussion
of LD operation is provided in Figure . Ref. [23] provides an in-depth, comprehensive
discussion of semiconductor laser operation.

Laser operation can be very simply understood as:

1. a balance of related processes occurring within an optical cavity (i.e., a confined

space, often in the shape of a rectangular bar, bounded by reflective mirrors),

2. where these processes contribute to or diminish from an optical standing wave also

known as the lasing mode (i.e., a stationary or “trapped” wave of light),

5
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Topside metal electrical contact

(B) . P-type cladding

Waveguide layer

Electron blocking layer

[I[ Light out

/\
(3 @

Light out ]ﬂ
Waveguide layer

N-type cladding

@ Substrate

Backside metal electrical contact

Figure 1.1: Simplified schematic two-dimensional representation of a semiconductor laser
diode, showing a cross-section along the length of the laser diode bar (see Figure [1.8a)).
Annotations, labeled 1-4 and A-D, are discussed in [subsection 1.2.2]

3. where the optical cavity also contains a gain medium (put simply, a material with
the property of multiplying photons in the presence of a sufficient number of pho-

tons, in other words amplifying a wave of light).

Power may be supplied electrically (as is done/assumed for all LDs fabricated and/or
modeled in this dissertation) or optically (e.g. by another laser emitting at an optical
energy greater than the energy to be emitted by the laser of interest).

One principal feature of I1I-Nitride materials and semiconductor materials in general
is the characteristic gap in allowed energy states for electrons, referred to as the band
gap, which arises from quantum mechanical behavior of electrons in a crystal lattice in
some materials. The set of energy states below the gap is referred to as the valence band
and the set above the gap is referred to the conduction band. Electrons at energy states
in the conduction band (often referred to as just electrons) and electron energy state
vacancies in the valence band (often referred to as holes) are both collectively referred to
as charge carriers. Electron transport can be said to dominate electrical conduction in

n-type material, in which a dopant impurity contributes an extra electron per atom to

6



Introduction Chapter 1

the conduction band; hole transport dominates electrical conduction in p-type material,
in which a dopant impurity accepts one electron per atom from the valence band. In LED
and LD operation, application of a voltage across the device causes electrons and holes
to converge in the active region, where they may radiatively recombine, i.e., an electron
undergoes an energy transition across the set of forbidden energy states from an initial
energy state in the conduction band to an energy state vacancy in the valence band. The
energy difference is then released as a photon, which has an energy determined by the
size of the band gap at the location the electron makes its energy transition. A visual
diagram of the energy states in a PIN diode under no electrical bias is provided in Figure
, and a visual diagram of the energy states under forward bias (i.e. the device is
turned on) is provided in Figure m

Some common constituent parts of a semiconductor laser diode are:

e Topside metal electrical contact: This provides electrical access to the device i.e.
helps to spread electrical current across the device area. If well-constructed, it also
contributes relatively little resistance to electrical conduction through the device,

helping overall efficiency.

e P-type cladding: Forward bias conduction in p-type material is dominated by va-
lence band holes, and so the p-type cladding enables hole transport to the active

region for the purpose of radiatively recombining with conduction band electrons.

e Waveguide layer: Also known as a separate confinement heterostructure (SCH)
layer, this layer uses a material with a lower refractive index than most of the rest
of the LD to help confine photons closer to the active region to facilitate stimulated
emission events. In the LDs fabricated and modeled in this work, waveguide layers

are located above and below the active region.
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Figure 1.2: Schematic representation of the energy levels (i.e. energy band diagram) of
a simplified I1I-Nitride light-emitting device: (a) in equilibrium with no voltage applied,;
drift current caused by the energy topography (electrons in the conduction band move
downwards, left to right; holes in the valence band move upwards, right to left) is balanced
by diffusion of electrons and holes in their respective opposite directions. (b) with an
applied voltage such that electrons (e7) and holes (h™) may recombine in the active
region, as annotated over the graph. The energy barriers to diffusion for electrons and
holes are lowered by the applied voltage, permitting an increased diffusion current of
electrons from the electron-rich n-type material towards the active region and an increased
diffusion current of holes from the hole-rich p-type material towards the active region,
facilitating radiative recombination events.

e Electron blocking layer: In III-Nitride materials, orming a thin alloyed layer of
AlGaN just above the active region presents an energy barrier to electrons that
may otherwise overshoot the active region, improving injection efficiency i.e. the
efficiency with which electrical current becomes charge carriers that reach the active

region.

e Active region: The region where electrons and holes recombine to emit light. Ra-
diative recombination may be facilitated through use of quantum wells, which are

thin layers of smaller bandgap that create a well-like structure in the band dia-
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gram as seen in Figure [I.2] This well helps confine electrons and holes, facilitating
radiative recombination events. Its depth, i.e. the size of the energy band gap in
the well, corresponds to the wavelength of light to be emitted, and may be tuned
by adjusting the alloy composition. The active region also provides a gain medium
at the emission wavelength such that stimulated emission events (described below)

may occur. The III-Nitride active region is a site of ongoing study and optimization

[24], [25].

e N-type cladding: Forward bias conduction in n-type material is dominated by con-
duction band electrons, and so the n-type cladding contributes these electrons to

the active region for the purpose of radiatively recombining with holes in the valence

band.

e Substrate: The starting material on which crystal growth occurs. In the III-
Nitrides, this may be sapphire i.e. Al,O3, freestanding GaN, SiC, or other materi-

als. In this dissertation, the substrate generally is or is assumed to be freestanding

semipolar (2021) GaN.

e Backside metal electrical contact: As with the topside electrical contact, this allows
electrical access to the device, completing the path for electrical current through
the epitaxial structure while ideally contributing relatively little resistance to con-

duction through the device.

e Mirrors: Strictly speaking, this refers to the interface at the ends of the laser bar i.e.
the interface between IT1I-N material and air. Mirrors may be fabricated through dry
etch processes, physical dicing and polishing, or cleaving along a crystal plane. The
crystal structure of semipolar (2021) oriented GaN does not provide an accessible

plane for cleaving, and so LD facets on semipolar III-Nitride crystal planes are
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generally formed through dry etching or dicing and polishing [26], 27].

Turning our attention to the processes that occur in the semiconductor LD, the first set
of these processes that we consider are those that generate light in contribution to, or

diminish light from, a standing wave in this optical cavity:

e Charge carrier transport: A prerequisite step to light emission. Hole transport
that leads to emission is dominated by diffusion towards the active region from the
p-type material, and electron transport that contributes to emission is dominated
by diffusion towards the active region from the n-type material. Hole and electron

transport are respectively represented by processes B and C in Figure [1.1]

e Spontaneous emission: The primary mechanism for light emission in LEDs. In LDs,
spontaneously emitted light may or may not contribute to the optical standing wave

that makes up the lasing mode. Represented by process 2 in Figure [1.1]

e Stimulated emission: The main mechanism for light emission in lasers, and the func-
tion of the gain medium. In a stimulated emission event, a passing optical wave
causes an electron and hole to recombine, producing an additional photon that is
in phase with the original wave. When the concentration of photons becomes high
enough that stimulated emission events balance the optical loss mechanisms in the
laser (lasing threshold), stimulated emission becomes the dominant recombination
process for all additional electrons and holes, while other processes no longer in-
crease with increased input power (i.e., they clamp at threshold). In Figure ,

stimulated emission is represented by process 3.

e At the mirrors (labeled A in Figure , generated photons may be reflected back
into the cavity, maintaining the optical standing wave (process D in Figure ,

or they may exit the cavity (process 4 in Figure , contributing to emitted laser
10
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light but also diminishing from the optical standing wave. Light may escape in
equal amounts at both sides of the laser, or high-reflection and/or anti-reflection

facet coatings may be used to bias emission towards one facet.

e Emitted photons may be absorbed by material in the LD cavity before they may
be emitted at the mirrors, unproductively diminishing the optical standing wave,
i.e., the photon is lost to internal optical absorption. Generally, internal optical
absorption losses are a bigger problem for more conductive materials such as metals
and TCOs, as well as highly doped semiconductor layers. The optical standing wave
typically has its greatest intensity at the active region, and so materials close to the
active region generally have a significantly greater influence on the total internal

optical absorption loss.

Other processes take place in which the input electrical energy fails to generate light

in contribution with the lasing mode:

e Electrons and holes may recombine in a nonradiative process that does not emit
light. Often this is assisted by a “trap” energy state, located within the band gap,
into which conduction band electrons and valence band holes may fall, where this
trap state is typically associated with an impurity atomic species in the crystal.
Defects in the crystal structure may also contribute to nonradiative recombination

processes.

e Other times, the excess energy from a recombination event excites another carrier
instead of to optical emission, and this is termed Auger recombination. Auger
recombination has been shown to be the dominant process behind LED droop [18],
where at sufficiently high input current density, LED power conversion efficiency
begins to drop. In LDs, droop clamps at threshold and so does not diminish

efficiency in LDs as it does in LEDs.
11
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Nonradiative processes are represented by process 1 in Figure [I.1]

1.2.3 Efficiency of the III-Nitride Laser Diode

While much progress has been made to advance III-Nitride LD power conversion
efficiencies (PCEs) [28, 29], i.e. light output power relative to electrical input power,
PCEs in LDs remain short of what is necessary for LDs to be competitive with LEDs
in applications like illumination, while other technologies like the III-Nitride distributed
feedback LD are also still in a developing stage towards commercial viability. This
motivates research into improving the power conversion efficiency, or PCE, of the III-
Nitride LD.

Having identified PCE as one limiting factor to the III-Nitride LD’s commercial via-
bility, we review below the components of PCE relevant to LD analysis and research. In
LDs, PCE can be defined and subsequently broken down into components as described

below:

PCE — light. power out‘ _ Lout
electrical power in [}, Vi,

Ii — I oy, Vi ot.
PCE:mhndmz( " th) (”"a-+a ) ( ff“) (1.2)

where L, represents the output optical power and I[;, Vi, represents the product of the

device terminal current and voltage, i.e., the input electrical power. That is, maximizing
LD efficiency entails maximizing the output optical power Ly,; and minimizing the input
electrical current [;, and voltage Vi,. It is common for analyses to consider L, and Vi
data as a dependent function of corresponding [, data. A typical plot visualizing this
analysis, referred to here as a light-current-voltage or LIV plot, is shown in Figure [1.3

The PCE of an LD can also be broken down into three efficiency components, as in

12
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Figure 1.3: A simultaneous light-current-voltage plot, or LIV plot, of two example laser
diodes (LDs) with tunnel junction contacts. Both LDs have a threshold current Iy, of
about 500 mA and a turn-on voltage of roughly 4 volts. Considering a given input
current, this plot shows LD B requires a lower input operating voltage than LD A, and
it emits more optical power than LD A. This makes LD B the more efficient LD.

Equation [1.2] The first efficiency component, the threshold efficiency 7, quantifies the
efficiency loss attributed to the threshold current Iy, i.e. the amount of input current
that is needed just to bring the LD up to lasing threshold, i.e. emission of laser light,
while not appreciably contributing to the optical power output. The second efficiency
component, the differential efficiency 7,4, contains (1) the injection efficiency 7; of input
current that arrives as useful free charge carriers in the active region of the device (as
opposed to, for example, overshooting the active region of the device or being shunted
on other unintentional electrical paths), and (2) the proportion of light that escapes
the laser cavity through the cavity mirrors as laser light, represented as the mirror loss
am, relative to the total optical absorption loss, which additionally includes the internal
optical absorption loss «; which represents undesired absorption of light within the laser

cavity before it can escape as useful light. Last, the third efficiency component, the

13
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voltage efficiency 7,, represents the proportion of applied voltage Vi, that does useful
work in generating photons. The difference between the applied voltage and the photon
voltage Vpnot. is considered excess voltage and a source of inefficiency in LDs.

This analysis illuminates a few paths to improvements in PCE in LDs. First, the
voltage Vi, applied to the device may be reduced relative to the photon voltage Vphos.
by identifying and optimizing sources of series resistance (typically associated with the
resistivity of materials in, and the electrical contacts to, the device) as well as components
that increase the diode turn-on voltage i.e. the approximate voltage at the “bend” in
a current-voltage plot like those in Figure [I.3] Typically, tunnel junctions require a
finite turn-on voltage of their own for efficient conduction, and so they have been seen to
increase the total LD turn-on voltage. For example, an increase of about 1.5 volts in the
turn-on voltage, relative to devices without tunnel junctions, has been observed in Refs.
[11] and [I4]. However, tunnel junctions provide an interface between p-type GaN and
n-type GaN, and so enable designs where n-type material replaces some or most p-type
material, which is generally relatively more resistive to conduction [2]. In this way, while
the tunnel junction contributes to turn-on voltage, it also allows the series resistance
associated with p-type material to be reduced.

The threshold current [y, is the current at which the optical gain in the active material,
related to the amount of stimulated emission, matches the total optical losses a; +
of the laser diode. The threshold current is then a function of the total internal optical
absorption loss «;, and the mirror loss a,,, which describes the amount of light that
escapes the LD as useful output. We then want to minimize both the ratio a;/a,, (to
increase the differential efficiency 74) and the sum «; + «,, (to increase 1, and reduce
Lin).

The primary mechanism of concern for undesired photon absorption in ITI-Nitride

material is free-carrier absorption, in which the energy of an absorbed photon, instead

14
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of being converted into light in a stimulated emission event, is absorbed by an electron
that then transitions to an available higher energy state. Free-carrier absorption is of
greater concern in materials with a high carrier density, i.e., materials that are conductive
and/or have high levels of n-type or p-type doping. In particular, since typically around
2% of magnesium acceptor atoms in p-type material are ionized and can contribute
to conduction [30], p-type material is often doped at relatively high levels to achieve
acceptable conductivity, but as a result a large number of unionized dopant impurities
are available to contribute to optical absorption. As a result, p-type material is expected
to contribute relatively high amounts of loss [31]. The free carrier absorption process
involving an unionized magnesium acceptor impurity atom is shown in Figure [1.4]

In semiconductor materials, the available electron energy states, or energy band struc-
ture, are approximately parabolic functions of momentum near the conduction band min-
imum and valence band maximum; an upward energy transition must then be matched
by a specific transfer of momentum, typically an electron scattering event, for the tran-
sition to occur. Three mechanisms for momentum conservation of particular importance

are:

1. phonon-assisted absorption, in which carriers scatter from vibrations in the crystal

lattice;

2. alloy-assisted absorption, in which alloys of GaN e.g. In,Ga;_,N can contribute to

scattering of carriers due to disordered distribution of the alloying atomic species;

3. charged-impurity-assisted absorption, in which Coulomb interactions between free

carriers and impurity species can contribute to carrier scattering events.

As the density of impurities, the alloy composition, and/or or the availability of phonons

(i.e. temperature) increases, free-carrier absorption events via these mechanisms become
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Figure 1.4: A simplified schematic diagram of the free carrier absorption event involving
an unionized magnesium electron acceptor impurity: an electron in a deep valence band
level receives energy from a photon and momentum from a phonon or scattering event.

more probable and so more frequent, and the internal optical absorption loss «; increases
in turn. (A more in-depth discussion of optical absorption mechanisms in III-Nitride
materials is available in Refs. [31] and [32] by Kioupakis et al.)

Of particular concern in the context of this dissertation are the highly-doped n**-
GaN and p*T-GaN layers of a tunnel junction that contribute significantly to free-carrier
absorption, since highly-doped materials generally contain higher quantities of free charge
carriers, as well as to charged-impurity absorption due to their high doping levels. Metals
and transparent conducting oxides (TCOs) like indium tin oxide (ITO) are also absorbing

materials [33] and can contribute significantly to absorption as well. Reducing the amount
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of all of these materials where possible is advantageous to reducing absorption. Last, the
lasing mode, i.e. the electromagnetic standing wave of photons within the laser diode,
typically has its intensity maximum located by design at the active (light-emitting) region
of the device in order to maximize the probability of stimulated emission events. Creating
spatial separation between optically absorbing materials and the active region is then also
helpful to reduce absorption.

To summarize, one of the principal goals of III-Nitride laser diode research is to
maximize the total energy efficiency, or PCE, of the laser diode, and this is the principal
goal of this research. This can be done by seeking optimizations that reduce the required
operating voltage, or increase the light output of the device, at a given input current. The
required input operating voltage can be reduced by minimizing material and interfaces
that resist conduction and by optimizing the turn-on voltage of the device, and the
light output can be increased by identifying and managing sources of undesired photon
absorption that reduce the amount of emitted laser light. In this dissertation, we focus
on the tunnel junction primarily as a means to improve LD efficiency through reduction
of light absorption to processes other than stimulated emission into laser light output,
i.e., the aim is to use the tunnel junction to find ways to reduce the internal optical

absorption loss «;.

1.3 The III-Nitride Tunnel Junction

1.3.1 P-Type III-Nitride Material

In the early 1990s, the formation of conductive p-type material was one of the promi-
nent challenges in III-Nitride research. P-type material at the time was too resistive for

practical devices. This changed in 1989 when Amano et al. demonstrated electrically
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active p-type material using a low-energy electron-beam irradiation (LEEBI) treatment
[34], and subsequently in 1991-1992 when Nakamura et al. demonstrated active p-type
GaN material achieved through thermal annealing above 700°C in nitrogen environments
[35]. Shortly afterwards, Nakamura et al. also demonstrated the compensation of Mg
electron acceptor dopants by hydrogen [36]. In other words, the thermal anneal allows
hydrogen present in p-type material, which is typically located at the top of the epi-
taxial structure, to diffuse vertically upwards out of the free surface on the top of the
wafer. This has led to the common practice of achieving conductive p-type material
through this anneal, also referred to as a thermal activation, typically but not always at
an intermediate stage in between crystal growth and nanofabrication.

As was previously discussed, today’s p-type III-Nitride material still generally has
poor conductive properties relative to n-type material [2], where in p-type material about
2% of dopant impurities used to facilitate electrical conduction in p-type material ulti-
mately contribute to conduction [30]. To compensate for this, p-type material is typically
doped at relatively high levels in order to achieve adequate conduction. As a result, p-
type III-Nitride material is generally considered a relatively absorbing material [3] while
still being relatively resistive.

One problem presented by the conductivity issues of p-type material in practical I1I-
Nitride devices is that it not a good lateral current spreader: injecting current directly into
p-type material, which in non-tunnel junction optoelectronic devices is most commonly
located at the top of the device epitaxial structure, can lead to highly nonuniform lateral
distribution of current flow across the device area [37]. Furthermore, in the areas through
which current does flow, the resulting relatively higher current densities may lead to
premature efficiency droop [18]. Because of this, III-Nitride LED devices, which often do
not electrically contact the full device area for better vertical extraction of emitted light,

often utilize transparent conducting oxides (TCOs) such as indium tin oxide (ITO) to
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spread current across the entire device area, improving device efficiency [38].

In LDs, light is emitted laterally and so vertical current injection directly into the
full device area is common, unlike in LEDs. However, another issue arises: the metal
contact contributes a significant amount of internal optical absorption loss to the device.
Increasing the thickness of the p-type material in order to spatially separate the metal
from the lasing mode would reduce the metal’s contribution to optical absorption losses,
but the generally poor conductive properties of p-type material mean this strategy results
in an efficiency penalty in the form of increased operating voltage. Here, too, TCOs are
often used: they provide a spatial separation between the metal and the lasing mode,
and they are more conductive than p-type material. Also, while TCOs are a relatively
optically absorbing material [33], their refractive index contrast with GaN helps to confine
the optical standing wave of the lasing mode away from both the TCO and the metal,

reducing their respective contributions to optical absorption losses.

1.3.2 Pros and Cons of the Tunnel Junction

The tunnel junction presents another approach to the improving conductivity and

absorption properties on the p-side of III-Nitride devices:

1. form n-type material between the metal contact and the p-type material: the prefer-
able conduction and absorption properties of n-type material allow for a greater
thickness of material without a penalty to absorption or conductivity. This creates
a physical separation of the highly-optically-absorbing metal layer from the active
region (this also removes the need for the also highly-optically-absorbing ITO layer,

which as previously described would otherwise serve a similar purpose);

2. join the n-type and p-type material with a highly-doped pn junction that achieves

conduction not through forward bias diode conduction but through electron tun-
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Figure 1.5: Energy state diagram of the tunnel junction. In this diagram, an electron e~
tunnels from the lower valence band of energy states, in red, from the p-type material
rightwards to the higher-energy conduction band of energy states, in blue, in the n-type
material; this process leaves behind an electron energy state vacancy, or hole h™. Note
that this energy state diagram depicts the tunnel junction under common operating

conditions (1.5 V of reverse bias across the tunnel junction in order to improve tunneling
[1T], 14]).

neling from the valence band in the p-type material to the conduction band in the

n-type material.

An energy band diagram illustration of the tunnel junction is pictured in Figure [1.5]
and schematic illustrations of example epitaxial structures with and without a tunnel

junction are provided in Figure [1.6|

The tunnel junction strategy comes with several advantages, including:
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Figure 1.6: Cross-sectional schematics of generic epitaxial layer stacks for ITI-Nitride
optoelectronic devices without a tunnel junction and (b) with a tunnel junction.

e circumventing the extra absorption associated with adding a TCO layer,

e efficiently spreading current across the device area for devices with nonuniform
electrical contacting such as LEDs and micro-LEDs and off-ridge contacted edge-

emitting LDs [16],
e simplifying fabrication processes, reducing the time and cost of fabrication:

— metal contacts, which are otherwise typically formed separately on n-type and
p-type material, may be formed simultaneously to n-type material located
above and below the active region (i.e. on devices with both contacts located
on the same side of the wafer),
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— TCO deposition may be skipped entirely;

— in some cases, tunnel junction device crystal growth may take place monolith-
ically in one crystal growth step without removal from the reactor; this has
been demonstrated on e.g. molecular beam epitaxy-grown tunnel junction de-
vices [I3] and has been researched in part on devices grown by metalorganic

chemical vapor deposition [39)

e allowing replacement of the contact to p-type GaN with another contact to n-type
GaN, where contacts to n-type GaN are often much less resistive than contacts to

p-type GaN, benefitting device efficiency [40], 41],

e allowing an additional cladding layer of n-type GaN, as shown in Figure [I.6D] to
be added above the tunnel junction; this layer may be used to spatially separate
the metal contact from the active region in order to reduce the contribution of the

metal to optical absorption losses.

e allowing reduction of p-type cladding material, which was previously shown to have

undesirably resistive and absorptive properties.
However, significant challenges remain for tunnel junction devices:

e For efficient tunneling, the tunnel junction requires its own voltage bias in addition
to that of the rest of the LD. This increases the input voltage needed for a given
output power, reducing device efficiency. In most cases, this effect dominates over

the reductions in voltage associated with the advantages that were discussed above.

e While p-type material is usually located at the top of the crystal growth structure
such that compensating hydrogen may diffuse vertically out of the wafer during

the activation anneal, a tunnel junction regrowth in metalorganic chemical vapor
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deposition crystal growth conditions which are frequently hydrogen-rich exposes
the p-type material to hydrogen, effectively repassivating it, and then subsequently
adds n-type material on top through which the hydrogen cannot diffuse [42]. Tunnel
junction device fabrication processes must address this repassivation either by using
crystal growth processes that are sufficiently free of hydrogen such as molecular
beam epitaxy [43, 44] or by removing the hydrogen through a lateral diffusion

scheme after crystal growth is completed [B [45] 46|, 47, [48].

e For efficient tunneling, the tunnel junction also requires highly doped material in
its immediate vicinity. This helps to minimize the width of the energy barrier to
electron tunneling and so reduce the voltage increase associated with the tunnel
junction. (For more, Ref. [49] provides a good discussion of PN junction basics.)
However, highly doped material is generally also highly absorbing and has the
potential to significantly increase optical absorption losses and diminish LD per-
formance. This creates a balance problem between managing the absorption of the
tunnel junction layers and the voltage increase associated with the tunnel junction
turn-on voltage. Reducing the thickness of the highly doped layers to the mini-
mum may help, and this essentially specifies the balance problem to one between
managing the absorption of the tunnel junction and ensuring that there is sufficient

highly doped material to support tunneling.

e The aforementioned high doping may be compensated and so in effect reduced if,
for example, Mg dopants used to form the p-type GaN diffuse into the n-type GaN,
where they can compensate for the n-type Si dopants. Controlling the rise and fall
of the [Mg] and [Si] doping profiles of the tunnel junction is therefore also important
to efficient operation. Various mechanisms for Mg diffusion have in particular been
the subject of various studies in the literature [50], 511, 52, (3] 54].
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Many of these challenges are at time of writing the subjects of ongoing research.

1.4 Crystal Growth of III-N Optoelectronic Devices

Having motivated the I1I-Nitride LLD as a device and the tunnel junction as a design
element for this device, and having established a foundation for how semiconductor LDs
and their constituent parts function, we turn our attention in the rest of this chapter to

how these devices and structures are formed.

1.4.1 Metal-Organic Chemical Vapor Deposition

Devices in this thesis were primarily grown using metal-organic chemical vapor de-
position (MOCVD), a non-equilibrium crystal growth technique in which vapor-phase
chemical precursors are transported to a reactor chamber held at high temperature (typ-
ical growth temperatures in this work ranged from 850°C to 1180°C). This growth is
typically facilitated by carrier gases such as nitrogen and hydrogen gas that flow at high
rates in order to improve transport of precursor species. In the high-temperature reactor
chamber, these precursors decompose into their respective atomic species, which deposit
on a substrate wafer in the chamber, and their byproducts, which are mostly removed
from the growth chamber.

In this work, the metalorganic chemicals trimethyl gallium (TMG) and triethyl gal-
lium (TEG), trimethyl aluminum (TMA), and trimethyl indium (TMI) were respectively
used as gallium, aluminum, and indium precursors. Additionally, disilane (SisHg) and
Bis(cyclopentadienyl)magnesium (abbreviated CpsMg) were used as precursors to the
dopant impurities Si and Mg. Ammonia was used as the nitrogen precursor, and nitro-
gen and hydrogen gas were both used as carrier gases.

While the vast majority of commercial I1I-Nitride devices are formed on Al,O3 (sap-
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phire) substrates for cost effectiveness, the devices fabricated in this dissertation were
fabricated on freestanding semipolar GaN substrates that are, as is discussed below, on
the (2021) crystal plane orientation. Freestanding GaN provides the benefit of a signif-
icantly reduced density of threading dislocation crystal defects, which is critical to LD
operation [55]. In this work, freestanding semipolar GaN substrates were used for all
devices; these substrates were provided by Mitsubishi Chemical Company.

In tunnel junction research, where it is critical to grow thin, highly-doped layers with
minimal diffusion into adjacent layers, a few concerns are present. First, while TMG is
an effective gallium precursor for the thicker template and n-type GaN layers near the
bottom of the epitaxial structure that are grown first, it can create issues in the active
region, where it can contribute carbon impurities and reduce overall power [50], as well
as in the tunnel junction, where more precise thickness control is needed for the highly
doped n++ and p++ GaN layers. MOCVD-grown tunnel junctions were generally grown
using TEG as the gallium precursor at relatively slow growth rates for improved thickness
control, though TMG was generally used for the n-type cladding grown following tunnel
junction growth. Second, magnesium is known to exhibit a “memory” effect in which it
may linger in an MOCVD reactor well after any p-type material has been grown [54],
and has been shown to diffuse into subsequently grown layers if not managed [50} 51]. In
this work tunnel junctions were regrown following initial growth up to p-type material,
removal from the reactor, and a hydrofluoric acid surface treatment. Tunnel junctions
were grown after the reactor chamber had been baked out immediately prior in order to

remove residual magnesium from previous growth cycles.
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Figure 1.7: (a) A simplified schematic representation of an x-ray diffraction experiment.
(b) An example of the data from an x-ray diffraction experiment (blue), where parameters
are extracted through fitting a modeled curve (red) [58].

1.4.2 Growth Calibrations

Growth rates and alloy compositions were calibrated using x-ray diffraction, which
may be briefly summarized as a nondestructive characterization technique in which the
interference patterns of x-ray radiation reflected from the surface of a wafer may be used
to extract data about the structure and composition of that wafer. In this work, x-ray
diffraction was used to obtain thicknesses of constituent layers on a wafer as well as their
alloy compositions. This was typically done by running w — 26 scans on simple structures
in order to calibrate growth rates (i.e., from measured thickness and nominal growth
time) and alloy compositions versus certain crystal growth parameters. To illustrate,
schematic representation of an x-ray diffraction measurement is provided in Figure [1.74]
and Figure provides an example of the result of an x-ray diffraction measurement.
An in-depth discussion of x-ray diffraction physics can be found in Ref. [57]. X-ray
diffraction measurements used in the course of the research described in this dissertation

were carried out at the X-ray Facility at the Materials Research Laboratory at UCSB.
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Doping levels were calibrated and characterized using secondary ion mass spectroscopy
(SIMS) at the UCSB California Nanosystems Institute (CNSI). This compositional char-
acterization technique bombards a small area of a wafer with ions in order to eject atoms
from the surface; the SIMS system then subsequently analyzes the mass and charge of
the ejected atoms in order to find the layer-by-layer concentrations of atomic species of
interest. In III-Nitride research, SIMS may be used to find depth profiles of the concen-
trations of alloy atoms such as indium and aluminum, dopants such as magnesium and
silicon, impurities such as hydrogen, oxygen, or carbon, and/or other atomic species of
interest.

In this work, SIMS was primarily used to calibrate doping levels and characterize
tunnel junction doping profiles. Due to the small dimensions of the highly-doped tunnel
junction layers, which can nominally be under 10 nm thick, it was important to work as
close to the depth resolution limit of the SIMS system as reasonably possible in order
to obtain the most accurate data possible. For an example of the result of a SIMS

characterization, see Figure [2.7]

1.4.3 Semipolar Crystal Planes of GaN

Materials belonging to the ITI-Nitride materials system, such as GaN, are crystalline
materials with a repeating wurtzite structure. While most III-Nitride devices are pro-
duced using (0001) or c-plane oriented material due to availability and cost, the III-
Nitrides are also a polar materials system, and polarization-related electric fields occur
at the interfaces into device regions where GaN is alloyed with other IT1I-Nitride materials,
such as InN and AIN, for the desirable properties of those materials. These polarization-
related electric fields occur along the axis of the c-plane and may augment or diminish

performance of devices produced on this crystal orientation.
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However, crystal orientations that are inclined relative to this plane have been shown
to yield improved optical properties for devices, for example increased overlap of electron
and hole (i.e. electron energy state vacancy) wavefunctions in the device active region
[59]. This assists in light emission, i.e. improves the probability of desired radiative
energy transition events. These crystal planes also show reduced wavelength shift with
increasing input current density [59], which is a desirable property for commercial devices
in which reliability is a concern. Last, these planes show increased material gain [60),
61]. This would help reduce the threshold current density required to bring the LD
across threshold into the desired lasing operating regime. For these reasons, all devices
discussed in this dissertation are fabricated and/or modeled on the (2021) crystal plane

on freestanding GaN substrates.

1.5 Nanofabrication and Characterization of I1I-Nitride

Optoelectronic Devices

1.5.1 Nanofabrication Process

Following successful crystal growth, the researcher obtains a flat wafer with the full
epitaxial stack but no topographical features, and nanofabrication techniques must be
used in order to form a physical structure optimized for LD operation. This work ulti-
mately involves (1) constructing the laser optical cavity and mirrors in order to facilitate
stimulated emission events, and (2) depositing metal contact pads on the wafer such that
devices may be electrically probed and operated. The devices described this dissertation
were all fabricated in the UCSB Nanofabrication Facility.

Figure shows a schematic three-dimensional illustration of this LD structure, as
well as a two-dimensional schematic cross-section of an LD showing the layer-by-layer

28



Introduction Chapter 1

p-contact

Metal electrical

contact upper n-GaN cladding

n**-GaN
l p**-GaN

|
SiO, ’ p-GaN cladding \

LD ridge insulator

p-InGaN waveguiding layer

Metal backside
l electrical contact p-AlGaN electron blocking layer
Eghtiout n-InGaN waveguiding layer

n-GaN cladding

Substrate

n-contact

(b)

Figure 1.8: (a) A three-dimensional not-to-scale model of an edge-emitting LD at the end
of its fabrication process. (b) A two-dimensional cross-section of an LD in the plane of
the LD facet. (c) An image of four freestanding GaN wafers at the end of the fabrication
process, where each vertical metal bar indicates the location of one laser diode.

epitaxial structure, and a top-down photograph of freestanding GaN wafers that have
undergone the full LD crystal growth and nanofabrication process. While LD fabrication

processes and final products vary greatly by implementation, these are representative of
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the LDs built and modeled in this dissertation.
Most nanofabrication steps are generally able to be sorted into one of the below

categories:

e Lithography: A simple lithography step generally involves (1) coating the wafer
in photoresist i.e. a light-sensitive polymer; (2) aligning existing features on the
wafer to a mask that selectively covers and exposes areas of the wafer in a pre-
defined pattern; (3) exposing the areas of the wafer not covered by the mask to
(e.g.) ultraviolet light, such that (4) the photoresist in this areas weakens and may
be removed in developer that selectively dissolves the photoresist that was (or was
not) been exposed. While photolithography i.e. light-based lithography is perhaps
the most widespread form of lithography, other techniques exist. For example,
processes requiring high precision and/or small features often use electron beam
lithography, which while more costly and time intensive is generally able to deliver

smaller features than what is possible with photolithography:.

e Deposition: This involves deposition of a thin film of material onto the wafer sur-
face, typically through evaporation from or scattering off a source material. Com-
mon deposition techniques involve thermal evaporation, electron beam evaporation,
sputtering, ion beam deposition, and chemical vapor deposition. Over the course
of this dissertation, SiO,, indium tin oxide (ITO), and several metals were all de-
posited through various deposition processes. An inclusive definition of deposition
would also include crystal growth techniques such as MOCVD and MBE, which of

course were used in this work to deposit GaN and its alloys.

e Etch: Material may be removed from a wafer through wet etching, typically by
submerging the whole wafer in acid solution, or through dry etching, i.e. exposing

the wafer to a controlled plasma environment. Wet etches may be also used to treat
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an exposed surface for oxidation prior to steps where surface quality is important

such as metal contact deposition and tunnel junction regrowth [41], 50} [51].

An in-depth discussion of nanofabrication techniques and technologies is available in Ref.
[62].

A simplified explanation of the features of the full LD structure pictured in Figure
[1.8a] their functions, and how they are formed, follows:

e Areas to be processed for each of the below steps are first differentiated through a

lithography step.

e The rectangular bar that makes up the LD ridge defines the optical cavity. Through
its refractive index contrast with its outside environment, it assists with confinement
of light to an area corresponding to the lasing mode standing wave. In this work
the LD ridge is formed by etching away material outside of the LD ridge in a dry

etch step.

e The SiO, insulating layer has the primary purpose of confining current injection to

the top of the LD ridge. The SiO layer is formed through a deposition step.

e As previously explained, the metal contacts electrically connect to the top and
bottom of the epitaxial structure and allow for efficient current injection into the
device. Typically contacts to p-GaN and n-GaN are formed in two separate process
steps; in tunnel junction devices where both contacts are to n-GaN and are also on
the same side of the wafer, both contacts may be formed simultaneously. In this
work the metal contacts are formed in two separate deposition steps, one each to

the top and bottom of the wafer.

e Facets are formed through two additional dry etch steps (one for each side of the

LD bar). These dry etch steps provide improved verticality over the etch that was
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Figure 1.9: Cross-sectional schematic of the LD ridge sidewall activation scheme: Af-
ter defining the LD ridge, all photoresist is removed and the LD is annealed at high
temperature, allowing hydrogen to diffuse laterally out of the p-type material.

used to define the LD ridge; this helps to reduce the input electrical power required

in order to achieve laser threshold i.e. threshold current [26], 63, [64].

A more thorough set of steps for the LD fabrication process used in this work is

provided in Appendix A.

1.5.2 Sidewall Activation

Activation of p-type material is straightforward in III-Nitride devices with no tunnel
junction above that material: an anneal immediately post-MOCVD growth and pre-
nanofabrication causes hydrogen to diffuse vertically out of the wafer. Devices with

an MOCVD-grown tunnel junction, however, re-expose the p-type material to a high
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temperature environment where hydrogen is present, and subsequently cap their p-type
material with n-type material through which hydrogen cannot diffuse [42]. In order to
produce III-Nitride devices that both have a tunnel junction and are viable, advanced
strategies for activation are needed. These strategies generally employ lateral diffusion of
hydrogen around the n-type tunnel junction material towards a free p-GaN surface where
it can exit the wafer. This creates a constraint on fabrication processes: at some point
during fabrication, a sufficient amount of free p-GaN surface must be exposed per device
such that an anneal step may be inserted in the process for full electrical activation of
the p-type material.

The strategy used in this dissertation, pictured in Figure[I.9] inserts an anneal step in
between formation of the LD ridges and the deposition of the SiOs insulator layer, where
the LD ridges are of a width such that hydrogen is feasibly able to diffuse out of the full
device area. This strategy was first demonstrated in LEDs with MOCVD-grown tunnel
junctions [B]. Other similar strategies have successfully realized ITI-Nitride devices with
MOCVD-grown tunnel junctions. For example, etched vias through n-type material
to the p-type material can provide windows such that hydrogen may diffuse laterally
towards, and then out of, those windows; however, dry etch damage to material exposed
during the etch may compensate p-type material and risks creating issues for hydrogen
outdiffusion [65] [66]. Selective area growth (SAG) techniques, in which a hardmask
pattern formed by (e.g.) SiO5 on the wafer allows for ITI-Nitride material to be grown in

select areas, have resulted in via formation that produced successful microLEDs [46], 47].

1.5.3 Characterization Techniques

During fabrication, multiple diagnostic techniques are available to the researcher that

allow verification of the success of, or failure analysis for, each process step. In this work,
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the accuracy of lithography alignments relative to existing features on the wafer were
assessed by optical microscope; dry etch rates were calibrated by laser microscopy or
depth profilometry; LD facet etch rate and verticality were calibrated using a scanning

electron microscope (SEM); thin film deposition rates were calibrated by ellipsometry.

Last, secondary ion mass spectroscopy (SIMS), also mentioned in [subsection 1.4.2) was

used to measure doping levels as a function of depth in the wafer as was relevant during
and after fabrication.

Following fabrication, the wafer is placed on a position-adjustable stage where LDs
may be individually electrically probed. Emitted laser light is aligned with a lens such
that it is collimated and directed into an optical integrating sphere that may read the
total LD output optical power in tandem with other instrumentation for reading the
operating voltage and supplying various levels of input electrical current. This process
is repeated for each facet of each LD in order to calculate total output power and overall
power conversion efficiency for each LD. A spectrometer is also used to read the lasing
spectrum of the LD. Once the LD is electrically connected, data collection is mostly

automated; Figure shows an example of the end result of this process.

1.6 A Short Review of III-Nitride Tunnel Junction
Research Progress

Semiconductor tunnel junction research finds its origins in research by Esaki et al. in
which the tunnel junction was first demonstrated in Germanium in 1957 [4,[67]. The first
study demonstrating tunnel junctions in the III-Nitride materials system was published
by Jeon et al. in 2001 [68], and other studies followed later that year [69, [70]. Since then,

research has expanded to address various facets of tunnel junction devices. Particularly
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active sites of research are (1) reducing the operating voltage of tunnel junction devices
relative to non-tunnel junction devices and (2) activating p-type material or maintaining
its activation in tunnel junction devices. In this section, we briefly review the research
into tunnel junctions in the III-Nitrides materials system in terms of these two research

fronts.

1.6.1 Managing the Tunnel Junction Voltage

As was previously discussed, reducing the voltage penalty of the tunnel junction, i.e.
reducing the electron tunneling distance of the tunnel junction, is important to improving
device efficiency for tunnel junction device efficiency. One strategy to do so involves
using alloys of GaN to achieve polarization-enhanced tunneling. This was demonstrated
in 2007 and 2009 using AIN based tunnel junctions [71) [72] and in the early 2010s using
GaN-InGaN-GaN based tunnel junctions [73, [74, [75] [76], [77], where InGaN provided the
additional benefit of a reduced bandgap, helping to reduce the energy barrier to tunneling.
Multiple later experiments similarly showed voltage improvements through incorporation
of increasing amounts of InGaN into the tunnel junction [47, 78, 79 80], as well as through
grading of the InN content of the tunnel junction [81]. In particular, tunnel junction
voltage reduction through use of InGaN (i.e., reducing the tunnel junction band gap Eq
by incorporating indium into the tunnel junction to achieve a lower-bandgap InGaN layer
and reduced tunneling distances) is especially helpful on semipolar and nonpolar crystal
planes where polarization-based strategies are unavailable.

The treatment of and composition at the interface between p++ and n++ material,
which is frequently the regrowth interface for non-monolithically-grown devices, is also
critical to tunnel junction research. Magnesium has been shown to have various mecha-

nisms for diffusing into subsequently grown layers [52, 53], [54]. In tunnel junction devices,
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this would have the effect of compensating the n-type side of the tunnel junction, in ef-
fect increasing the depletion width and in turn the tunneling width and excess voltage of
the tunnel junction. Control of this diffusion is important to achieving narrow depletion
widths. In 2016, a study examined hydrofluoric acid (HF), aqua regia, and hydrochloric
acid treatments, all showing reductions in voltage; the HF was additionally shown to
somewhat reduce magnesium in subsequently grown layers [6]. In 2017, two additional
studies showed HF surface treatments prior to MOCVD regrowth can significantly re-
duce diffusion of Mg into subsequent layers [50, [51]; a study published in 2021 showed
the same [82]. Also, in 2014, a study attributed an increase in operating voltage (of a
two-step-growth device over a monolithically grown device) to impurity incorporation at
the regrowth interface [76], and in 2015, SIMS measurements of an MBE-grown tunnel
junction LED showed a thin, high-concentration layer of oxygen at the interface, which
was modeled to provide an n-type delta doping effect and reduce the electron tunneling

distance [83].

1.6.2 Hybrid MBE-MOCVD Growth

Since MOCVD growth conditions are known to passivate p-type material with hydro-
gen, rendering it nonconductive [36], one often-used strategy for realizing viable tunnel
junction devices is growth of the tunnel junction through molecular beam epitaxy (MBE),
where MBE contains a sufficiently low pressure of hydrogen that passivation of p-type
material is not a concern [43], [44]. While MOCVD is generally more suitable to use in
commercial applications, use of MBE in this way allows for rapid demonstration of III-
Nitride devices with tunnel junctions and also allows for experiments on other aspects
of the tunnel junction that are not confounded by issues with activation of p-type ma-

terial. At UC Santa Barbara, hybrid MOCVD-MBE III-Nitride tunnel junction device
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growth, first demonstrated by Young et al. in 2015 [83], has been used to demonstrate
LEDs [6, [78, 82] [84], ultraviolet LEDs [85], vertical cavity surface-emitting lasers (VC-
SELs) [11],86], and edge-emitting laser diodes [12, [14], and cascaded-active-region devices
[87]. Similar reasoning can be used to motivate research on fully MBE-grown ITI-Nitride
devices, and this strategy has been used to show evidence of trap-assisted Auger recom-
bination in ITI-Nitride LEDs in 2019 [88], realize polarization enhanced tunnel junctions
[73,[74, [75], and demonstrate ultraviolet LEDs [89, 00], cascaded LDs [15], and distributed
feedback LDs [9].

1.6.3 Lateral Activation of the Tunnel Junction

The alternative strategy to MBE regrowth of the tunnel junction is to use MOCVD
and subsequently remove hydrogen through lateral diffusion during an activation anneal.
This was demonstrated for LEDs in 2013 [5] where a region up to 80 pm deep from the
sidewall luminesced following a 30-minute anneal, suggesting devices of similar feature
sizes may be feasibly fully activated with this method. This strategy was subsequently
used to implement MOCVD-grown tunnel junctions on micro-LEDs in 2018 [7] and on
edge-emitting LDs in 2019 [14]. Monolithically-grown tunnel junction LEDs activated in
this way were also demonstrated in 2017 [37].

However, dry etch steps used to form LD ridges and LED mesas have been shown to
damage exposed material, in particular compensating p-type material [65] [66]. In 2021
it was shown that surface treatments of the exposed sidewalls prior to activation, as well
as multiple cycles of this process help achieve full removal of hydrogen from the entire
device area in micro-LEDs [48].

While sidewall activation has yielded viable devices, its applications are limited to

smaller device sizes such that hydrogen may efficiently diffuse out of the full device area.
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In 2020, micro-LEDs with selective-area-growth (SAG) tunnel junctions were demon-
strated [46], 47]. The SAG scheme provided vias in the tunnel junction regrowth such
that hydrogen was able to diffuse laterally a short distance to a free p-GaN surface re-
gardless of device size or geometry. This method also had the benefit of protecting most
of the free p-type surface from dry etch damage.

Last, in situ activation of p-type material immediately prior to tunnel junction re-
growth, as part of a fully-MOCVD growth process for vertical cavity surface emitting
lasers (VCSELs), was shown to improve performance [39]. While not strictly an activa-
tion technique utilizing lateral diffusion of hydrogen, such a process if made sufficiently
efficient would address the same issues of p-GaN activation that lateral diffusion strate-

gies also seek to manage.
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Tunnel Junction Contacts for
High-Power Semipolar III-Nitride

Edge-Emitting Laser Diodes

This chapter is based on the following publication in Optics Fxpress: “Efficient tunnel
junction contacts for high-power semipolar III-nitride edge-emitting laser diodes,” by
Shereen W. Hamdy, Erin C. Young, Abdullah I. Alhassan, Daniel L. Becerra, Steven P.
DenBaars, James S. Speck, and Shuji Nakamura, Opt. Express 27, 8327-8334 (2019)

2.1 Motivation

LEDs from the III-Nitride materials system currently provide energy-efficient com-
mercially available solutions for various lighting applications. However, they show effi-
ciency droop at elevated current densities [I8]. This increases the chip area required for
many applications, in turn raising associated substrate and crystal growth costs. Since

their first demonstration in the 1990s [19], IT1I-Nitride laser diodes (LDs) have offered an
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alternative to III-Nitride LEDs. As current density increases beyond LD lasing thresh-
old, the light output power increases continuously with increasing current up to thermal
rollover, where the peak gain is saturated and gradually reduced due to heat generation.
This allows LDs to achieve power densities much higher than are achievable in LEDs,
with one edge-emitting LD able to match the light output of multiple LEDs. This yields
cost savings associated with reduced chip area and makes LDs a promising candidate for
white lighting [21]. Use of LDs also creates new opportunities in several future appli-
cations using highly directed light such as laser projector displays, fiber-guided lighting,
and visible light communication [22]. However, adoption of III-Nitride LDs into com-
mercial products, particularly white lighting, is still limited: III-Nitride LDs currently
exhibit wall plug efficiencies too low to match those of I1I-Nitride LEDs 28] [91]. To be
competitive as a white lighting technology, LD performance must be improved through
advancements in differential efficiency, threshold current density, and operating voltage.

Use of semipolar growth planes is one method to increase I1I-Nitride LD wall plug ef-
ficiencies. While commercial LDs are most frequently grown on the (0001) crystal plane,
semipolar planes (hkil), where 1 and h or k are nonzero, are inclined with respect to
the (0001) plane and have reduced discontinuities in total polarization at heterointer-
faces. In the case of InGaN quantum wells, most semipolar crystal orientations, such as
(2021), have significantly reduced polarization-related electric fields in comparison with
the (0001) plane. The reduced electric fields in the quantum wells increases the electron-
hole wavefunction overlap and reduces wavelength shift with current density [59, (60, 61].
Semipolar and nonpolar crystal planes also yield increased material gain due to strain-
induced splitting of the topmost two valence bands in the InGaN quantum wells and
reduced hole effective mass caused by the anisotropic band structure of these planes and
augmented by biaxial strain [60, [61].

There is also space for reducing the internal optical loss of III-Nitride LDs, which
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contributes both to low differential efficiencies and high threshold current densities. P-
type GaN [31] and a transparent conducting oxide (TCO) layer, typically indium tin oxide
(ITO) [92], are significant contributors to internal optical loss in LDs. Tunnel junctions
offer an alternative design that reduces or eliminates the absorption of both of these
layers. Instead of a TCO layer, n™"-GaN is grown on top of a pt*-GaN contact layer
terminating the p-type GaN cladding layer. The resulting p-n junction has a depletion
region narrow enough for electrons to tunnel through from the valence band of the p-
type layer to the conduction band of the n-type layer when operating in reverse bias
[83]. After the n™*-GaN, lightly doped n-GaN is also grown as an additional cladding
layer. The resulting design replaces the TCO layer with the tunnel junction and the less
absorbing lightly doped n-GaN layer. If the highly doped layers in the tunnel junction
can be mostly depleted of free carriers, their optical absorption can be minimized as well.

One issue any tunnel junction implementation must resolve is the activation method
for its p-type GaN. P-GaN requires post-growth annealing to electrically activate Mg
dopants, which are passivated by hydrogen introduced as a carrier gas and by decom-
posing ammonia during MOCVD growth [36, [35]. Performing an MOCVD regrowth
over activated p-GaN re-passivates the p-GaN with hydrogen, and the n-GaN regrowth
presents a potential barrier as well as a diffusion barrier that prevents reintroduced hy-
drogen from diffusing through it during a subsequent activation step [42]. This problem
may be resolved by growing the tunnel junctions using MBE, which uses an ultra-high
vacuum environment with a sufficiently low pressure of ammonia to maintain active p-
GaN [83]. The problem of re-passivated p-GaN by MOCVD growth conditions may also
be resolved by etching features through the p-GaN and then annealing the wafer to allow
hydrogen to laterally diffuse through the feature sidewalls instead of through the wafer
surface. This method would be particularly attractive from a technological perspective,

where MOCVD is already the industry standard crystal growth technique with significant
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advantages in scalability. However, this method is less effective for larger devices where

hydrogen must diffuse a greater distance to realize a fully activated device [5] [7, [37].

2.2 Progress in MBE-Grown Tunnel Junction Con-

tacts for III-Nitride Edge-Emitting Laser Diodes

2.2.1 Crystal Growth and Fabrication

In this work, we demonstrated edge-emitting LDs with MBE-grown tunnel junction
p-contacts and identical LDs using I'TO p-contacts instead as a baseline reference. Light-
current-voltage data were measured under pulsed conditions from all devices, and the
performance of these devices was analyzed and compared.

Cross-sectional schematics summarizing the common laser diode epitaxial growth, the
tunnel junction regrowth, and the fabricated laser diode structures are shown in Figure
2.1} An epitaxial structure optimized for blue edge-emitting laser diodes was grown by
atmospheric pressure MOCVD on freestanding (2021) bulk GaN substrates provided by
Mitsubishi Chemical Corporation. This structure consisted of, in order of growth, 1.2 um
of n-GaN, a 65 nm n-Ing oy Gag 93N waveguiding layer with a 10 nm compositional grade to
GaN on either side, a two-quantum-well active region consisting of 3.5 nm Ing 18Gag g N
wells and 7 nm GaN barriers, a 10 nm p-Alg 2sGag 72N electron blocking layer (EBL) and
then a 10 nm grade to p-GaN, a 65 nm p-Ing g7Gag 93N waveguiding layer with a 10 nm
compositional grade to GalN on either side, 650 nm of p-GaN cladding, and an 15 nm
pTT-GaN contact layer. Wafers that would see a tunnel junction regrowth were grown
with a thinner p™*-GaN contact layer thickness, calculated to minimize nondepleted
ptT-GaN. This thickness was determined to be 8 nm after accounting for uncertainties
in the growth rate calibration.
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Figure 2.1: Cross-sectional schematics of the fully fabricated edge-emitting LDs: (a)
control devices using ITO p-contacts, and (b) devices with MBE-grown tunnel junction
p-contacts. Reprinted with permission from Ref. [14] (©) Optica Publishing Group.

Of two wafers grown, one, to be given an indium tin oxide (ITO) p-contact, was
removed from the MOCVD reactor and activated with a 15 minute anneal in air at
600°C. This wafer served as a control reference for evaluation of the performance of
the tunnel junction laser diodes compared to traditional laser diodes. A second wafer
was removed from the MOCVD reactor, activated under the same conditions, and then
placed inside an ammonia MBE reactor, in which a 15 nm n*t-GaN layer, a 350 nm
n-GaN cladding layer, and a 10 nm n™"-GaN contact layer were grown at about 725°C
as measured by pyrometer.

On both wafers, ridges were defined by using a reactive ion etch (RIE) to etch to
the top of the p-InGaN waveguiding layer. An SiO, insulating field oxide layer was then

deposited immediately following the ridge-defining etch to allow for a subsequent liftoff
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Peak Wavelength Threshold Current ~ Voltage at Differential

(nm) Density (kA/cm?) 5 kA/cm? (V)  Efficiency
ITO 440 2.3 7.2 34%
MBE-grown TJ 443 1.9 8.4 31%

Table 2.1: Device performance parameters of the LDs characterized in Figure .

self-aligned to the ridge etch. Once the ridges were defined, the wafer with no tunnel
junction regrowth was surface treated with concentrated HCI for 15 minutes. Then, a 150
nm [TO layer was blanket deposited on this wafer and the contact areas were defined by
lithography and RIE etching. Contact pads of 30 nm Ti and 1000 nm Au were deposited
on top of the ITO contacts. The wafer with the tunnel junction regrowth, following ridge
definition, was surface treated for one minute in HCI following a lithography to define
the contact areas. Then, top-side contacts to the n-GaN contact layers, consisting of 50
nm Al, 100 nm Ni, and 1000 nm Au, were deposited by electron beam evaporation.
Next, the laser facets were defined on all three wafers by a chemically assisted ion
beam etch process [?]. No facet coatings were deposited. Before n-contact formation
on the freestanding GaN wafer backsides, the wafer backsides were surface treated with
a five-minute 400 W SiCl, etch, a one-minute buffered HF surface treatment, and a
one-minute concentrated HCIl surface treatment. Use of a SiCly etch process has been
shown to improve the quality of resulting n-contacts [41]. Then, n-contacts, consisting
of 50 nm Al, 100 nm Ni, and 300 nm Au, were formed on both wafers by electron beam

evaporation, completing the fabrication process.

2.2.2 Results and Analysis

The completed laser diode devices were tested at room temperature under two-point-

probe pulsed conditions, using a pulse width of 1 us and a duty cycle of 1%. Rather
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Figure 2.2: (a) Current-voltage (IV) and combined two-facet light-current (LI) charac-
teristic comparison of 1800 ym x 15 pum LDs, one with an ITO contact and the other
with an MBE-grown tunnel junction contact, taken under pulsed conditions, and (b) a
representative lasing spectrum of the LD with the MBE-grown TJ p-contact. Reprinted
with permission from Ref. [14] (©) Optica Publishing Group.

than assume equal light output from each uncoated facet, the light output powers from
both facets of each laser were measured and added together to give the total optical
power output. The light-current-voltage characteristics of 1800 pm x 15 pum laser diodes
from the wafers with ITO contact and MBE-grown tunnel junction contact devices were
measured and are given in Figure 2.2a} the a representative lasing spectrum from an LD
with an MBE-grown tunnel junction contact is given in Figure [2.2b| To characterize
the overall performance of devices across these wafers, scatter plots of the wall-plug
efficiencies and threshold current densities of all fabricated devices with I'TO contacts and
MBE-grown tunnel junction contacts are given in Figure 2.3 Last, device performance
parameters extracted from this data are given in Table

Overall, devices with MBE-grown tunnel junction contacts show lower threshold cur-

rent densities than in devices using an I'TO contact, as shown in Figure 3. We speculate
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Figure 2.3: Scatter plots of (a) wall plug efficiencies of all fabricated devices, and (b)
threshold current density across all fabricated LDs, on the wafers with ITO contacts and
MBE-grown TJ contacts. The LDs with the MBE-grown TJ p-contacts generally lower
exhibit lower threshold current densities than the LDs with I'TO p-contacts. Simple ex-
ponential fits excluding the outlier points, which are attributed to nonuniformities during
the fabrication process, are provided just as a visual aid. Reprinted with permission from
Ref. [14] © Optica Publishing Group.

this reduction in threshold current density may come from improved current spreading in
the thicker tunnel junction regrowth allowing more uniform current injection throughout
the laser ridges. Use of an MBE-grown tunnel junction regrowth is also shown to increase
the turn-on voltage of the resulting laser diodes compared to I'TO. This is consistent with
previously published III-Nitride tunnel junction results [5, [7, B7, 11, 13]. The turn-on
voltage increase is attributed to the tunnel junction itself, which is expected to need to
operate under some fixed reverse bias “turn-on voltage” for efficient electron tunneling.
This is corroborated by the similar differential resistances of the devices with an ITO

layer and those with an MBE-grown tunnel junction.
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2.3 Demonstration of I1I-Nitride Edge-Emitting Laser
Diodes with Tunnel Junction Contacts Formed

by MOCVD

2.3.1 Crystal Growth and Fabrication

In this work, LDs with MOCVD-grown tunnel junction p-contacts, with p-GaN ac-
tivated through lateral diffusion of hydrogen through laser ridge sidewalls, were demon-
strated; these LDs were grown, fabricated, and characterized for light-current-voltage
data under pulsed conditions. Secondary ion mass spectroscopy (SIMS) measurements
were then conducted to assist understanding of the results.

A cross-sectional schematic summarizing the laser diode epitaxial growth, the tunnel
junction regrowth, and the fabricated laser diode structure is shown in Figure [2.4l The
laser diode epitaxial structure below the tunnel junction was the same as that described
in the previous section. Following removal from the MOCVD reactor, this wafer was
surface treated for two-minutes with concentrated HF to remove surface magnesium, ac-
tivated under the same conditions, and finally placed back into the MOCVD reactor, in
which a 15 nm n**-GaN layer, a 210 nm n-GaN cladding layer, and a 15 nm n*"-GaN
contact layer were grown at growth temperatures varying between 800°C and 980°C.
The concentrated HF surface treatment used here before the MOCVD tunnel junction
regrowth was used to reduce the surface Mg concentration and thus reduce the Mg tail
during subsequent growth of the n*+-GaN tunnel junction contact layer. Treatments of
concentrated HF have been previously shown to have this effect [54]. Since Mg propa-
gation has been shown to be greatly reduced by comparison in MBE regrowths [30], no
HF surface treatment was used on the wafer that received the MBE regrowth.

On this wafer, ridges were also defined by using RIE to etch to the top of the p-InGaN
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Figure 2.4: Cross-sectional schematics of the fully fabricated edge-emitting LDs with
MOCVD-grown tunnel junction p-contacts. Reprinted with permission from Ref. [14]
© Optica Publishing Group.

waveguiding layer. The photoresist used in this process step was stripped off immediately
afterwards to allow the wafer to be annealed to reactivate the p-GaN that was passivated
during the MOCVD regrowth. This reactivation step consisted of a 30 minute anneal
in air at 700°C, a two-minute buffered HF surface treatment, and a second 30 minute
anneal in air at 700°C. This activation step allowed for hydrogen reintroduced by the
MOCVD tunnel junction regrowth to diffuse out of the ridge sidewalls and was expected
to have fully activated the p-GaN in the 15 pm wide ridge [B, [7]. Following this step,
SiO, was blanket deposited onto this wafer and vias through the SiOy to the tops of
the laser ridges were defined by a HF wet etch. Laser facets were defined and backside

contacts were deposited as described in the previous section.
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Figure 2.5: (a) Current-voltage (IV) and combined two-facet light-current (LI) character-
istic comparison of a representative 1800 ym x 15 um LD with an MOCVD-grown tunnel
junction contact, taken under pulsed conditions, and (b) a representative lasing spectrum
from this wafer. Reprinted with permission from Ref. [14] (©) Optica Publishing Group.

2.3.2 Results and Analysis

The pulsed light-current-voltage characteristic of a representative 1800 ym x 15 pym
LD with the MOCVD-grown tunnel junction contact is given in Figure 2.5a} a repre-
sentative lasing spectrum from this wafer is given in Figure [2.5b, This device showed a
threshold current density of 3.3 kA /cm?, a voltage of 14 V at 5 kA /cm?, and a differential
efficiency of 25%. To characterize the overall performance of devices across this wafer,
a scatter plot of the wall-plug efficiencies of all fabricated devices with MOCVD-grown
tunnel junction contacts is given in Figure Last, secondary ion mass spectroscopy
(SIMS) data was taken from the MOCVD-grown TJ as well as the MBE-grown TJ; this
data is pictured in Figure 2.7 We note that the devices with MOCVD-grown tunnel
junction contacts were grown at a later time than the devices on the other two wafers

and so are not otherwise compared side-by-side with those devices.
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Figure 2.6: A scatter plot of all measured wall plug efficiencies for devices with MOCVD-
grown tunnel junction contacts. Reprinted with permission from Ref. [I4] © Optica
Publishing Group.

Devices with MOCVD-grown tunnel junction contacts performed with high thresh-
old current densities and operating voltages, and lower differential efficiencies overall,
motivating SIMS measurements to investigate possible causes of this performance. As
shown in the SIMS data in Figure the falling edge profile of [Mg] in the MOCVD-
grown tunnel junction regrowth is quite steep as intended, with a maximum fall rate
of about 2.7 nm/decade. However, the [Mg] peak only reaches 5.3 x 10" ecm™3, well
under the calibrated value of 2 x 10?2° em™2. As a result, [Mg] never exceeds [Si] in the
highly-doped layers, which should enlarge the tunneling width. This doping profile is
therefore expected to be the primary cause of the high operating voltage in devices with
the MOCVD tunnel junction regrowth. Further investigation is needed to confirm the
cause of this behavior, but because surface treatments involving HF have been shown to
lower [Mg] peaks [7], we speculate that the HF treatment preceding the MOCVD tunnel
junction regrowth removed an excessive amount of surface magnesium before it could

incorporate during the regrowth, lowering the [Mg] profile peak.
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Figure 2.7: SIMS profiles of [Si] and [Mg] near the regrowth interfaces of the tunnel
junctions grown by (a) MBE and (b) MOCVD, plotted simultaneously for each wafer.
Reprinted with permission from Ref. [14] () Optica Publishing Group.

Last, we speculate one possible cause of the low output power may be the higher
temperatures sustained during the MOCVD tunnel junction regrowth of at or over 950°C
for about 15 minutes. Relatively high temperatures were also sustained during the p-GaN
sidewall activation unique to this wafer in which this wafer was annealed at 700°C for a
cumulative total of one hour with the intention of achieving complete sidewall activation.
By comparison, growth temperatures of about 725°C were used during the MBE tunnel
junction regrowth. These sustained elevated temperatures are expected to have degraded
the crystal quality of the InGaN quantum wells. This would reduce the carrier lifetime

associated with nonradiative recombination and raise threshold current density.

2.4 Conclusions

This work demonstrated an MBE-grown tunnel junction contact for III-Nitride edge
emitting laser diodes that achieved lower threshold current densities than control devices
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with ITO contacts. This work also demonstrated laser diodes using an MOCVD-grown
tunnel junction contact fabricated using a sidewall activation method and a HF surface
treatment to control the Mg memory effect. These laser diodes were characterized by high
operating voltages and threshold currents and low differential efficiencies, indicating that
there is room for further development of the involved growth, activation, and fabrication
processes. Last, doping profiles measured by SIMS indicated that while Mg diffusion was
successfully suppressed, further work is needed to optimize the MOCVD-grown tunnel

junction doping profile for efficient tunneling.

52



Chapter 3

Designs for III-Nitride
Edge-Emitting Laser Diodes with
Tunnel Junction Contacts for Low

Internal Optical Absorption Loss

This chapter is based on a paper titled “Designs for III-Nitride Edge-Emitting Laser
Diodes with Tunnel Junction Contacts for Low Internal Optical Absorption Loss” by
Shereen W. Hamdy, Steven P. DenBaars, James S. Speck, and Shuji Nakamura, at time

of writing submitted on September 30 2021 to the SPIE journal Optical Engineering.

3.1 Motivation

Significant progress has been made in recent years towards efficiency improvements
for the I1I-Nitride edge-emitting laser diode (LD) [21], 28], 29]. Still, one of the contribut-

ing factors to internal optical absorption losses in many III-Nitride LD designs is the
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optical absorption associated with p-type layers [31) 3] and transparent conducting oxide
layers [92], 93] 04]. Unmitigated, the absorption losses of these layers contribute to the
threshold gain, increase the threshold current density, and reduce the differential effi-
ciency, and thus lower the wall-plug efficiency in LDs. This limits the LD’s viability for
relevant emerging applications in efficient illumination, high-speed Li-Fi communication,
and other technologies.

In this work, we use degrees of freedom unique to LDs utilizing a tunnel junction
contact to investigate LD designs that minimize the internal optical absorption loss con-
tributions from the p-side of the epitaxial stack. We model these devices using the
transfer matrix method [95], 96], 97] to calculate depth profiles of the lasing mode and in-
ternal optical absorption losses. We support these models with additional band diagram
modeling in the Bandeng software package [98]. We ultimately locate pathways towards
minimization of the p-side contributions to loss made uniquely possible by the tunnel
junction contact. These pathways show potential for substantial reductions in internal

optical absorption loss in many real LD designs.

3.2 Background

The models used in this study estimate the dimensions of the tunnel junction depletion
region using the analytical expressions for the p-type and n-type depletion widths in pn

junctions, which are provided below:

2e Np
Wy (Vii — Viias) = \/%(Vbi — Viias) {m} (3.1)
Wy, (Vi — Viias) = \/Q_Z(Vbl Vhbias) [ND(Nl;IA—i- NA):| (3.2)
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In the depletion region of a pn junction, all acceptors and donors are fully ionized
(neglecting effects at the depletion edges). Thus, for the case of GaN, all Mg acceptors
are in a single negative charge state corresponding to N, and all donors are in a positive
charge state Nj;. Thus in the depletion region there are no neutral acceptors available for
optical absorption from deeper valence band states nor are there any neutral donors, nor
any free holes or electrons. This means thicknesses of the p++-GaN and n++-GaN layers
of the tunnel junction that minimize the internal optical absorption loss are expected to
be close to the theoretical junction depletion widths such that the numbers of neutral
dopants and undepleted free carriers are minimized. However, in real devices, profile
spreading effects like the Magnesium (Mg) memory effect [54] and Mg diffusion through
threading dislocations [52 53] in I1I-Nitride tunnel junction layers grown by metal-organic
chemical vapor deposition, as well as finite turn-on and turn-off slopes of dopant profiles,
and finite turn-on slopes of the depletion profiles associated with the Debye lengths
comprising a significant portion of junction layer thicknesses, complicate the dopant
profiles and depletion profiles of the tunnel junction somewhat. Additionally, the built-
in potential of the tunnel junction must be fully dropped within the highly-doped tunnel
junction layers. This constraint ensures the tunnel junction depletion region does not
extend into lower-doped layers where a greater material thickness would be required to
drop the remaining potential. This situation would result in a wider depletion region and
so a wider tunneling distance, reducing electron tunneling probabilities. A higher reverse
bias operating voltage would be needed to compensate, yielding a negative impact on the
voltage performance of the tunnel junction if this constraint is not met.

A viable ITI-Nitride tunnel junction implementation must also address activation of
p-type material, which is known to be passivated by hydrogen in MOCVD growth condi-
tions in which hydrogen is present as a byproduct of ammonia decomposition and often

also as a carrier gas [36]. This passivation renders Mg atoms inactive as dopant impu-
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rities, reducing the acceptor dopant concentration N,. This increases the width of the
depletion region and so increases the electron tunneling distance of the tunnel junction.
As a result, tunnel junction devices with inactive p-type material typically have high
operating voltages. In many studies, the tunnel junction is grown by molecular beam
epitaxy (MBE), where growth conditions in MBE maintain a sufficiently low pressure of
hydrogen and so preserve activation of p-type material [44]. In other studies, the tunnel
junction is grown by MOCVD and subsequently reactivated through lateral diffusion of
hydrogen through the sidewalls of partially or fully fabricated devices. This latter process
has been achieved for multiple different device types and geometries [B, 48]. Addition-
ally, selective area tunnel junction regrowth processes were also recently demonstrated,
in which p-type material is efficiently activated through joint lateral-vertical diffusion to-
wards vias in the tunnel junction regrowth [46] 47]. As such, in this analysis, we assume
devices with fully activated p-type material.

In this analysis, we treat any profile spreading in the dopant and depletion profiles,
relative to the epitaxial designs and analytical solutions, as occurring on length scales
much smaller than the characteristic length scale of the lasing mode profile, and so (1)
we assume this profile spreading is negligible in the context of an analysis of internal
optical absorption losses; (2) we treat these profile spreading effects as problems of im-
plementation outside the scope of this paper that are the subject of ongoing research
[54, 52, 53, [51]. We consider the depletion region to be of size defined by and
and to be depleted of free carriers and unavailable to contribute to absorption. Because
the size of the depletion region is dependent on the applied bias across the tunnel junc-
tion, the contribution of the tunnel junction to loss is then dependent on the bias across
the tunnel junction as well, and so we evaluate tunnel junction depletion width values
at a reverse bias across the tunnel junction of 1.5 V that is typical for operating cur-

rent densities used in LDs. This operating bias has been observed as an approximately
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constant (at operating current densities) increase in operating voltage in an LD with a
tunnel junction contact over that of an otherwise identical LD fabricated instead with
an ITO p-contact and operated at the same current density [I1} [14]. Band diagrams are
modeled in the Bandeng software package [98] to verify that the built-in potential drop
of the tunnel junction is fully contained within the highly-doped layers in these designs.
Last, we assume fully activated p-type material as has already been demonstrated in the

various III-Nitride tunnel junction studies cited here.

3.2.1 Designs

We modeled five illustrative designs that should result in reduced internal optical
absorption loss. The first, model A, shown in Figure [3.1a] is an indium tin oxide (ITO)
clad LD with an epitaxial stack below that is typical for III-Nitride LDs [99 92]. To
maintain consistency with the other models, we treat the upper 4 nm of the p++-GaN
contact layer as depleted of free carriers, where the theoretical depletion width of p-GaN
at an ITO contact may be calculated based on the relevant physical parameters of both
materials [38] [33].

Model B, shown in Figure [3.1b] replaces the ITO layer with a tunnel junction stack
typical to tunnel junction contact implementations [83]. This stack consists of a 10 nm
n+-+-GaN layer that completes the tunnel junction, a 400 nm n-GaN layer, and a 10 nm
n+-+-GaN contact layer. Using equations and and the dopant concentrations in
Table 3.1, we assume the first 3.7 nm of the n++-GaN tunnel junction layer, and the
last 1.8 nm of the preceding p++-GaN layer, to be depleted of free carriers and therefore
unavailable to contribute to absorption, as discussed in the previous section.

Model C, shown in Figure |3.1c, aims to show the effects of optimizing the tunnel

junction thickness for low loss and reducing the p-GaN thickness in tandem. First,
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Figure 3.1: Visual representations (not to scale) of the LD epitaxial designs modeled:
(a) an ITO-clad LD; (b) the former LD with the ITO layer replaced by a typical imple-
mentation of a tunnel junction contact [83]; (c¢) a redesign of model B found to minimize
internal optical absorption losses; (d) a redesign of model B that eliminates the p-GaN
cladding layer; (e) a redesign of model D that replaces the p-InGaN waveguiding layer
with an n-InGaN waveguiding layer located above the tunnel junction.

model C reduces the thickness of the second n-GaN cladding layer to 1000 nm, from 400
nm in model B. This moves the metal contact well outside of the optical mode to reduce

its contribution to internal optical absorption. Model C also halves the thickness of the
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Figure 3.2: Plots of (a) the band diagram and (b) the carrier concentrations in the tunnel
junction used in model C, evaluated at 1.5 V of reverse bias, as modeled in the Bandeng
software package [98]. This model demonstrates that the extent of the tunnel junction
depletion region in model C is not expected to significantly extend into the lower-doped
regions outside of the tunnel junction.

p-GaN cladding layer located above the active region to 125 nm, from 250 nm in model
B, in order to reduce its contribution to optical absorption loss as well. Last, we model
the tunnel junction in model C to be as thin as possible while still supporting the built-
in potential drop within the highly-doped layers as previously discussed. Band diagram
simulations in the Bandeng software package [98], pictured in Figure , were used to
find the minimum p++-GaN and n++-GaN thicknesses satisfying these conditions as
about 5.1 nm and 5.5 nm, respectively. In practical consideration of uncertainties in
measured growth rates and doping levels in common crystal growth techniques, and the
bias dependence of the depletion widths in a PN junction, slightly larger thicknesses of
5.5 nm and 6.0 nm were used for the p++-GaN and n++-GaN layers, respectively. As
in model B, we assume the analytical depletion region, 1.8 nm wide on the p side of the

junction and 3.7 nm wide on the n side of the junction, to be depleted of free carriers
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Figure 3.3: Equilibrium band diagram plots of regions of interest in (a) model D and (b)
model E, as modeled in the Bandeng software package [98]. These models show that the
full built-in potential is dropped across both the tunnel junction and the active region
in both models, supporting the presence of both electrons and holes for conduction and
optical emission even as the amount of p-type material is reduced.

and therefore unavailable to contribute to absorption.

Last, Model D, shown in Figure is a version of model C that eliminates the
125 nm p-GaN cladding layer and adds the same thickness to the upper n-GaN cladding
layer; Model E; shown in Figure [3.1€, is a version of model D that further eliminates p-
type material by additionally replacing the p-InGaN waveguiding layer with an n-InGaN
waveguiding layer above the tunnel junction. Further band diagram simulations, pictured
in Figure [3.3] were done to verify that the remaining amount of p-type material would
be enough to drop the full built-in potential of both the tunnel junction and the active
region.

All features not mentioned in these descriptions are assumed to be identical between
all three designs. Parameters corresponding to the (2021) crystal plane were used in all

models, corresponding to the LD designs on which these models were based [14],[99]. The
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doping levels for the epitaxial layers considered in this study are provided in Table [3.1]
The emission wavelength was assumed to be 440 nm in all devices, and absorption values
were calculated using the parametrizations in [31]. These designs were modeled using the
transfer matrix method, which in this implementation yields lasing mode distributions
and ultimately one-dimensional layer-by-layer profiles of internal optical absorption losses

[95], 96, 7).

3.3 Results

Plots showing the calculated lasing mode profiles and internal optical absorption
profiles of each design are provided in Figure|3.4], and optical absorption losses associated
with individual layers of interest are provided in Table [3.1] The total modeled internal
optical absorption losses are 8.14 cm™! in model A (the TCO contact LD), 8.41 cm™*

1'in model C

in model B (the unoptimized tunnel junction contact LD), and 7.12 cm™
(the optimized tunnel junction contact LD). Model D, which eliminates p-GaN cladding
layer, sees a total of 8.93 cm™! of loss; model E sees a total of 8.05 cm™!. An additional

visualization of the material absorption coefficient in the vicinity of the tunnel junction

in models B and C is provided in Figure [3.5

3.4 Discussion

These models demonstrate the possibility for metal and TCO contacts to contribute

avoidable internal loss, as illustrated in Figures |3.4a] and [3.4bl We also note that the

reduced refractive index of ITO relative to that of GaN assists in confining the mode in
model A away from the metal contact. As a result, the loss contribution from the metal

contact in model B increases relative to model A by 0.46 cm™!, even at a greater total
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Figure 3.4: Depth profiles of absorption loss, refractive index, and the lasing mode (in
arbitrary units) for each of the LD designs modeled: (a) the ITO-clad LD; (b) the
former LD with the ITO layer replaced by a typical implementation of a tunnel junction
contact [83]; (c¢) a redesign of model B found to minimize total internal optical absorption
losses, total internal loss 7.12 cm™'; (d) a redesign of model C that eliminates the p-GaN
cladding layer; (e) a redesign of model D that replaces the p-InGaN waveguiding layer
with an n-InGaN waveguiding layer located above the tunnel junction. We note that the
clipped peaks in the absorption profiles in Figures [3.4c|, [3.4d] and [3.4¢| correspond to the
nearly-fully-depleted, highly-doped tunnel junction close to the active region that causes
two tall but narrow spikes in the absorption profile. These spikes peak at about 317,
802, and 936 cm ™! /um in the undepleted p++-GaN, and peak at about 110, 278, and
349 cm™!/pm in the undepleted n++-GaN, in Figures [3.4c| [3.4d], and [3.4¢| respectively.
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Model A Model B Model C Model D Model E

Dopant
Layer conc. (cm™3) Loss values by layer (cm™1)
Metal — 0.925 1.39 0.0423 0.0423 0.0489
ITO — 1.24 — — — —
Upper n-GaN
cladding 1018 — 0.0397 0.141 0.357 0.381
n-InGaN 1018 — — — — 0.251
n+-+-GaN 10%° — 0.245 0.257 0.649 0.820
p+-+-GaN 2.0 x 10%° 0.052 0.950 1.15 2.90 3.43
p-GaN 1.7 x 10'8 0.595 0.765 0.550 — —
p-InGaN 5.0 x 108 1.78 1.74 1.73 1.73 —
Total loss (cm™1) 8.14 8.41 7.12 8.93 8.05
Confinement factor (%) 2.13 2.00 1.97 1.97 1.89

Table 3.1: Calculated loss contributions from metal, ITO, and epitaxial layers of interest
for each LD model. Values of the total internal optical absorption loss, confinement
factor, and dopant concentrations of epitaxial layers of interest are also provided.

distance from the active region.

This model subsequently shows how this loss component may be reduced by spatially
separating the topside contact farther from the active region to reduce mode overlap. In
LDs that do not use a tunnel junction contact, this typically requires an increase in the
thickness of the p-GaN cladding layer, which comes with a voltage increase associated
with the resistivity of p-GaN [2, [100] and leaves unmitigated the optical absorption loss
associated with the p-GaN cladding layer itself [3, BI]. In LDs using a tunnel junction
contact, the aforementioned spatial separation may be achieved by placing a lightly-doped
n-type cladding layer between the tunnel junction and metal contact. This separates the

metal contact from the mode such that it has negligible contribution to optical absorption
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Figure 3.5: Plots of the material absorption coefficient in the vicinity of the tunnel
junction (a) in model B, (b) in model C. The reduction in the thickness of the high-
absorption-coefficient tunnel junction layers from model B to model C mitigates the
increase in optical absorption loss due to increased proximity to the active region. We
note our previous assumption that the theoretical depletion region is depleted of free
carriers and unavailable to contribute to optical absorption loss, reflected in the model as
a region of zero absorption coefficient within the tunnel junction. We also note that, while
models D and E alter the immediate environment of the tunnel junction, the p++-GaN
and n++-GaN composition and doping levels are not adjusted, and so the p++-GaN
and n++-GaN absorption values in Figure apply to these models as well.

losses with a minimal associated increase in absorption, shown in Figure [3.4d While

1

the metal and ITO layers combined contribute 2.17 cm™ in model A, and the metal

contributes 1.39 cm™!

in model B, in model C the metal contributes 0.0423 cm™! of loss.
We note that the loss contribution from the upper n-GaN cladding layer increases from
0.0397 cm ™! in model B to 0.141 cm ™! in model C due to the increased thickness of this
layer, as well as the reduced confinement of the lasing mode relative to model B: without
a metal layer present in the same vicinity to the active region, the lasing mode reaches
farther into the p-side of the device.

Reducing the thickness of the tunnel junction also yields improvements in absorption.

As previously explained, this optimization minimizes the presence of free carriers in the
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tunnel junction that drive the associated contribution to internal optical absorption loss.
As shown in Table 1, the tunnel junction contributes 1.20 cm~' in model B with the
unoptimized tunnel junction contact. In the LD utilizing the reduced-thickness tunnel

L of absorption because

junction, the tunnel junction contributes an increased 1.41 cm™
of its location closer to the active region, but this 0.21 cm ™! loss increase was mitigated
by the optimization of the tunnel junction and furthermore is matched in the model by a
0.215 cm ™! loss reduction corresponding to the reduced thickness of the p-GaN cladding
layer in model C. In other words, designs that achieve a sufficiently low-loss tunnel
junction allow the thickness of the p-type cladding layer above the active region to be
reduced, yielding associated benefits for operating voltage, while maintaining a minimal
net loss penalty despite the increased proximity to the active region of the highly doped
tunnel junction.

Model D shows that the p-GaN may not be eliminated entirely from model C without
causing a net increase in loss from increased overlap of the lasing mode with the highly-
doped tunnel junction. However, model E shows that this increase may be mitigated
by replacing the p-InGaN waveguiding layer with an n-type waveguiding layer above the
tunnel junction. While this increases the proximity of the tunnel junction to the mode
profile peak, this also distances the relatively absorbing InGaN layer from the mode
profile peak and eliminates additional p-type material, yielding an overall net reduction
in loss compared to model D.

The total loss values in models D and E still exceed the value achieved in model C.
However, low loss and a minimum of p-type material may still be achieved simultaneously
by introducing a thin UID GaN spacer layer immediately above the active region. For
example, introducing a 30 nm UID GaN spacer layer yields a 0.87 cm™! reduction in total
internal loss. A plot of the total internal absorption loss of model E versus the thickness

of this layer is provided in Figure 3.6
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Figure 3.6: Total internal optical absorption loss in model E as a function of the thickness
of a UID GaN spacer layer located immediately above the active region. With 0 nm of
UID GaN (the amount used by default for reported loss values and band diagrams), the
total loss is 8.05 cm™!; with 30 nm, 7.18 cm™!; with 150 nm, 5.01 cm™*.

We note at this point that the model shows that while using InGaN for the UID spacer
layer instead of GaN would additionally increase confinement, it would also increase total
loss instead of reducing it as desired: a 30 nm Ing o7Gag 93N layer increases confinement to
2.08% (up from 1.89%) but increases total internal loss by about 0.19 cm™! to 8.24 cm™*,
indicating a loss penalty from stronger confinement causing greater mode overlap with
absorbing layers near the active region such as the tunnel junction. We also expect that a
UID spacer layer may add some voltage to devices, creating a trade-off situation between
loss and voltage. Future calculations will evaluate the effect of this layer on voltage at
different doping levels and thicknesses and also include full drift-diffusion calculations of
the operating voltage.

Last, we address confinement factor: Model B shows a reduction in confinement factor
relative to model A due to the ITO layer (and its associated refractive index contrast)

having been removed from the structure and replaced with a thicker GaN stack. Models
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C and D show subsequently lower confinement factors due to increased thickness of GaN
material above the active region, and model E shows a further decrease in confinement
factor with the InGaN waveguiding layer spatially separated from the active region.
The confinement factor can be recovered through the use of off-ridge contact designs, as
discussed in Ref. [16]. For example, a version of model E excluding all material above the
bottom 400 nm of the upper n-GaN cladding layer shows a confinement factor of 3.68%,
which is significantly higher than the other values reported here. We associate this
increase with increased proximity of the GaN-air interface and its associated refractive
index contrast; this interface can be located relatively close to the active region in off-
ridge contact designs. This model also shows a total internal optical absorption loss of

!in model E, showing a similar loss penalty effect from

8.31 cm™ !, up from 8.05 cm™
increased confinement as was discussed earlier. We note that two-dimensional versions
of this model and the other models discussed here are needed to capture the full effect

of the off-ridge design as well as to account for lateral confinement, and this will be the

subject of future calculations.

3.5 Conclusions

In this study, five edge-emitting laser diode designs were modeled using the transfer
matrix method, yielding depth profiles of the lasing mode and internal optical absorption
losses and individual loss components associated with each epitaxial layer. These show
that, in LDs with tunnel junction contacts, significant improvements in total optical
absorption losses can be achieved through optimization of the tunnel junction, vertical
and/or lateral distancing of the metal contact from the optical mode, and reduction of
p-type material. These practices are unique to the design space available to LDs with

tunnel junction contacts, and they illuminate pathways to potential future efficiency
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gains.
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Chapter 4

Tunnel Junction Enabled Surface
Gratings for III-Nitride Laser

Diodes

This chapter is based on, at the time of writing, unpublished work that was presented as
part of the PhD Qualifying Exam associated with this dissertation, and additional work

that expands on the same.

4.1 Introduction

In optics and photonics, the photonic crystal, or distributed feedback (DFB) grating,
is a periodic structure often constructed along the length of an edge-emitting LD. Two
general schematic representations of a distributed feedback grating are given in Figure
4.1l The DFB grating couples a periodic refractive index profile to the optical mode of
the laser diode, enabling it to strongly select for constructive feedback at one wavelength

corresponding to the grating period. As a result, a DFB grating confers high spectral
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Figure 4.1: (a) Three-dimensional and (b) cross-sectional example schematics of a laser
diode with a distributed feedback grating, following the design considered in this work.

purity to an LD [10I]. The III-Nitride DFB LD then shows potential for applications
such as communications and fundamental science, where high-spectral-purity light is
desired. Various DFB grating implementations have been realized in the III-Nitrides
materials system, such as buried gratings [102], surface gratings formed from indium tin
oxide (ITO) [103] and from photoresist [104], sidewall gratings formed in the laser ridge
[105], higher-order gratings [105) [106], and a molecular-beam-epitaxy-grown DFB LD
incorporating a tunnel junction [9].

Laser diodes with DFB gratings still possess limitations, however, including in the
ITI-Nitride materials system. Assuming a square grating, the first-order grating period
of a device is given as a function of wavelength and refractive indices by [23]

A:%(ﬁileﬁ%)z;—g (4.1)
where )\ is the emission wavelength in vacuum, the n; are the effective refractive indices

of each of the two vertical cross-sections of the DFB grating, and 7 is the average of the
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two n;. Given an emission wavelength of 440 nm for blue-emitting III-Nitride devices and
a typical value of the effective refractive index n from those modeled in this study, the
first-order grating period is around 89 nm, necessitating grating formation by electron
beam lithography. This adds significant time and complexity to fabrication processes,
and in commercial devices adds significant cost as well.

Higher order gratings, with grating periods equal to an integer multiple of the first-
order grating period as mA, can be considered as a means to potentially avoid electron
beam lithography by increasing the feature size of the grating, and the grating duty
cycle 7, i.e. the proportion of each grating period taken up laterally by an individual
ridge, offers additional flexibility. However, increasing the grating order m, or using an
asymmetric duty cycle in which v # 0.5, reduces the coupling x to the lasing mode as
[23, 107]

_ 2|ng — | sin(mmy)

K= (4.2)

)\0 m

In DFB LD designs, it is important to maintain x4 near unity, where L, is the length of
the DFB grating. If the coupling is not strong enough and kL, is too low, then the DFB
grating only provides weak reflectivity. If coupling is too strong and L, is too high, the
stopband (i.e. wavelength selectivity) of the grating starts to broaden, which allows side
modes of the LD cavity to contribute to emission and so reduces the spectral purity of
the emitted light [23].

The tunnel junction provides a means to significantly increase DFB grating coupling
and so create a coupling overhead allowing higher-order gratings. If the bottom of the
DFB grating is placed at the metallurgical junction of the tunnel junction, i.e. the
interface between p-type and n-type material, a TJ-DFB LD can realize multiple benefits

simultaneously:
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e The DFB grating and tunnel junction layers may be formed simultaneously using
a selective area regrowth process in which (1) the growth interrupt is placed at the
tunnel junction interface and (2) the regrowth areas correspond to the teeth of the

DFB grating.

e By locating the bottom of the DFB grating at the tunnel junction interface, p-
type material which would have been passivated by reintroduction to MOCVD
growth conditions [36] may be straightforwardly reactivated with an anneal where
evacuation of hydrogen is achieved through a combination of lateral and vertical
diffusion to the free p-type surface at the bottom of the grating. Similar schemes

have already been demonstrated in other tunnel junction devices [5], 45| [46] 147, 48],

as well as in [section 2.3 of this dissertation.

e By reducing the thickness of the LD p-GaN cladding layer as is permitted in LD
designs using tunnel junction contacts (and as previously discussed in ,
the tunnel junction interface, and so the extent of the grating, is brought closer to
the active region by the same amount. This increased proximity should significantly

increase the coupling «, allowing for higher-order gratings with wider periods.

In this way, the DFB and the tunnel junction both improve the implementation of the
other design element, yielding greater-than-the-sum-of-the-parts benefits to the LD. This
motivates further study on this design. We note that while other LDs with both TJ
contacts and DFB gratings have been realized at the time of writing [9], they do not
implement the design that is to be explored in depth here.

Last, it is important to note that this design necessarily requires some current spread-
ing within p-type material, which is known to be typically a poor current-spreading ma-
terial [2]. This nonuniform current injection, however, yields a periodic distribution of

current density and in turn a periodic optical gain in the direction of the grating. It
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is possible that designing for a complex-coupled DFB grating may be one option for
realizing a device that (1) retains the aforementioned benefits of the TJ-DFB combina-
tion and (2) addresses the issues with p-GaN current spreading by instead incorporating
benefits of gain-coupling such as improved side-mode suppression ratio (SMSR), resolved
wavelength degeneracy, and reduced spatial hole burning [108] 109, 110]. In this work,
however, we set aside this issue as a subject of future work and optimization to be

discussed in and to be researched further in the future.

4.2 Simulation and Calculation

In this work, we consider various DFB grating designs that all extend from the top of
the p-type material (at the bottom of the grating) to the top of the n-type material (at the
top of the grating), as pictured in Figure We assume the grating lengthwise covers
the full length of the LD ridge, which we assume to be 1500 pum long, and widthwise
covers the center 5 um of LD ridge, which we assume to be 8 pum wide. We assume
a 50% duty cycle (y = 0.5), and per the work in we assume a low-loss,
50% depleted tunnel junction. We model designs with metal on top of the grating, as
becomes feasible at high grating orders, as well as designs without metal on top of the
grating that use n-GaN to spread the current, as shown in Figure We seek designs
with 0.7 ~< kL, ~< 1.5 for a narrow stopband, and we seek designs with higher-order
gratings for simpler fabrication. The principal variables are the p-GaN cladding thickness
t,, the total tunnel junction regrowth thickness t¢,,, the first-order grating period A, and
grating order m. These variables are also indicated in Figure [4.24]

We first model designs in two dimensions in the film-mode matching FIMMWAVE
software [ITI] to calculate effective refractive indices. We then calculate the grating

period A and the coupling x using equations (4.1) and (4.2]), respectively. Last, total
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Figure 4.2: (a) Cross-sectional schematic of relevant DFB grating parameters and (b) a
two-dimensional color-intensity plot (arbitrary units) of a lasing mode representative of
those simulated during this work.

internal absorption loss is calculated for each design (using the same transfer matrix
model as was used in [chapter 3|) as an average weighted by the duty cycle (usually 50%)

of the loss values associated with 1D models of the grating top and grating bottom

cross-sections [95], 97, [96].

4.3 Results

4.3.1 First-Order Gratings

Contour plots of the calculated grating period, coupling, coupling-cavity-length prod-
uct, and total internal loss, assuming a first-order grating, against TJ-DFB LD design,

are provided in Figure [4.3]
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Figure 4.3: Contour plots of the calculated grating period I', coupling x, coupling-cavity-
length product kL4, and total internal optical absorption loss «; for a first-order grating
with cross-sections defined in Figure [{.2a]

4.3.2 Higher-Order Gratings

The high coupling values modeled for a first-order grating and shown in Figure
motivate increasing the order of the grating. A plot that compares coupling, grating
order, and p-GaN cladding thickness is provided in Figure [4.4a) and a simple visual

aid for the linear relationship between grating period and grating order is provided in
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Figure 4.4: A set of visualizations of the coupling and grating period values accessible
to the TJ-DFB design: (a) DFB order vs. coupling for two different T'J positions where
grating height is held constant; (b) DFB order vs. corresponding grating period, and
epitaxial design vs. (c) grating order and (d) grating period for kL, = 1.

Figure [£.4b] Two equivalent contour plots that give the relationship between the design
parameters and the resulting values of grating period and grating order are provided in
Figures and [1.4d]

From these, we proceed to examine the following designs:
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Model 1 Model 2 Model 3 Model 4

p-GaN cladding thickness, ¢, (nm) 200 0 0 0
Tunnel junction stack thickness, ¢, (nm) 400 600 600 600
Grating order for kL, =1, m; 21 115 85 85

Grating period for kL, = 1, I'y (nm) 1863 10225 7522 7522
Internal Optical Absorption Loss, a; (cm™!)  6.76 7.00 7.00 6.51

Table 4.1: Design parameters for four different tunnel junction DFB grating models under
the constraint KL, = 1.

1. t, = 200 nm, ¢,, = 400 nm, and metal contacts on the tops of the grating;
2. t, =0 nm, ¢, = 600 nm, and metal contacts on the tops of the grating;

3. t, = 0 nm, ¢, = 600 nm, and metal contacts on the tops of the grating, with
effective refractive index values calculated through the transfer matrix method, as

opposed to in FIMMWAVE for the previous models.

4. t, = 0 nm, ¢, = 600 nm, and no metal contacts on the tops of the grating, with

effective refractive indices also calculated using the transfer matrix method.

A table of modeled and calculated parameters of interest is given in Table [4.1]

4.4 Analysis and Discussion

Figure show that reducing the thickness of the p-GaN cladding layer, while
holding constant the location of the grating bottom at the top of the p-type material,
has the effect of dramatically increasing coupling, and this can be attributed to the
grating being brought into close proximity with the active region. This has the effect of

increasing total internal loss, per Figure but the model also shows that increasing
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the tunnel junction regrowth thickness by a similar amount may straightforwardly reduce
the loss penalty without affecting coupling.

This process yields coupling values for the DFB grating as high as about x = 700
cm™ !, or kL, = 110 for L, = 1500 pum. This creates the intended overhead in coupling
that allows for the use of higher grating orders. Figure depicts modeled coupling
versus grating order for two illustrative TJ DFB LD designs; notably, thinning the p-GaN
cladding layer ¢, — 0 nm allows for up to 115th-order gratings without kL, decreasing
below unity. Figure .40 straightforwardly visualizes the linear relationship between
order and grating period. Last, Figures and [£.4d] give the modeled grating order
and period for various TJ DFB LD designs under the constraints that the DFB grating
bottom is at the top of the p++-GaN layer and the coupling is fixed at kL, = 1. These
show a strong correlation between the p-GaN cladding layer thickness and the coupling,
since the p-GaN cladding layer contributes to vertical distance between the active region
and the DFB grating. These also show that the coupling is nearly independent of the
TJ regrowth thickness, though the dependence is somewhat stronger when the p-GaN
cladding is eliminated or nearly eliminated, at which point the TJ regrowth begins to
contribute to the index contrast between the grating teeth and the spaces in the grating.

Alternatively, as shown in table (1.1, moving the TJ interface and the bottom of
the DFB grating 200 nm downwards by eliminating the p-GaN cladding layer allows a
kLy, = 1 grating to move from a 21st-order grating (grating period 1.863 pm) to a 115th-
order grating (grating period 10.2 pm), while increasing internal optical absorption loss
by 0.23 em™?, i.e. by 3.08%. Contacting the top of the grating, or omitting this contact
from the design, is not shown to significantly affect coupling, as models 3 and 4 yield the
same grating order and period. However, omitting top-of-grating contacts is shown to

reduce internal optical absorption loss by 0.49 cm™!, or by 7.00%.
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4.5 Conclusions

In this work, we modeled a laser diode synthesizing the benefits of both the tunnel
junction contact and the distributed feedback grating. This design was shown to yield
considerable overhead in coupling which allows the DFB LD to move to higher orders
and grating periods. Through the designs modeled here, gratings up to 115th-order, i.e.
about 10.2 pm in period, were shown to be achievable while simultaneously maintaining
g = L.

As mentioned earlier in this chapter, current spreading remains a limitation of this
design, which in its current form is likely to yield nonuniform (in the direction of the
DFB grating) current injection into p-type material. We anticipate moving to a complex-

coupled DFB grating design may be an effective strategy to circumvent this issue; this,

and other potential solutions, will be subjects for future research.
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Conclusions and Future Research

Directions

Much of laser diode research seeks to (1) improve power conversion efficiency and in
turn improve performance of LDs, and to (2) reduce fabrication complexity and in turn
reduce the cost of LD fabrication such that the LD may become a more commercially
viable technology. The tunnel junction presents opportunities for both efforts, and in
this dissertation, some of these opportunities were explored.

ITI-Nitride tunnel junctions in the literature are frequently grown by molecular beam
epitaxy (MBE) [13, [16], [76, 83], which is a highly convenient growth technology for the
tunnel junction because MBE growth conditions generally preserve activation of p-type
material [43] 44] while ambient hydrogen in metal-organic vapor phase epitaxy (MOCVD)
growth conditions has been shown to passivate p-type material [36]. However, since
MOCVD as a growth technology is already widely used by industry and provides greater
scalability, MOCVD-grown tunnel junctions are both attractive and necessary for com-
mercialization of tunnel junction devices. Work is ongoing to demonstrate and refine fully

MOCVD-grown tunnel junction devices that also address activation of p-type material
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[0, 45 146, [47, 48]. This dissertation advanced these efforts: in , we demon-
strated III-Nitride edge-emitting LDs with MBE-grown tunnel junctions that showed
reduced threshold currents relative to an I'TO-contact devices that were processed in
tandem. We additionally demonstrated an edge-emitting LD with an MOCVD-grown
tunnel junction utilizing lateral activation through the LD ridge sidewalls to produce
electrically active p-type material.

Additionally, by providing an interface between p-type and n-type material, the tunnel
junction facilitates reduction of p-type material, which in ITI-Nitride devices is typically
relatively optically lossy [3, 31]. However, the resulting increased proximity of the highly-
doped tunnel junction to the active region also brings increased internal optical absorption
loss, creating an optimization problem. This dissertation explored in depth the effect of
the reduction of p-type material, in conjunction with optimization of the tunnel junction
doping profile, on internal optical absorption loss using transfer matrix modeling, and
identified several possible low-loss designs.

Last, combined tunnel junction-distribute feedback grating (TJ-DFB) LDs were mod-
eled, motivated by the potential for emergent benefits from a combined design that locates
the bottom of the grating at the tunnel junction regrowth interface, which itself is lo-
cated at the top of the p-type material. In such a design, the DFB grating provides an
activation mechanism for the tunnel junction where hydrogen may diffuse out of p-type
material through the grating teeth. At the same time, the tunnel junction permits de-
signs with reduced p-GaN, providing higher coupling levels and so enabling higher-order
gratings that may be fabricated through processes less expensive than electron beam
lithography. Film mode matching models and additional transfer matrix and analytical
modeling were used to evaluate the coupling and feasibility of various combined TJ-DFB
grating models.

Additional research is still needed to fully realize the potential of tunnel junction
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contact implementations on edge-emitting and distributed feedback LDs. Some of this

future work is discussed below.

5.1 Optimization of the Tunnel Junction Contact

In [chapter 2] several sites of related future work were identified. Primary among
these was optimization of the doping profile of the tunnel junction, where the turn-
on and turn-off slopes of [Mg] and [Si] in the p++ and n++-doped layers may not
necessarily be sufficiently steep for efficient operation. Within the tunnel junction, excess
compensation can occur if the [Mg] and [Si] profiles significantly overlap, yielding a wider
tunneling distance and increased excess voltage. At the edges of the tunnel junction,

undepleted Mg and Si can contribute to excess internal optical absorption loss, precluding

any of the optimizations discussed in [chapter 3| or |chapter 4] that frequently involve

bringing the tunnel junction in closer proximity to the active region. While some aspects
of the doping profiles in the MOCVD-grown TJ were well-controlled, others indicated
room for optimization that may yield reductions in excess voltage and internal optical
absorption loss. This is a site of ongoing work. For example, low-temperature flow-
modulation epitaxy has been recently shown to yield more abrupt Mg doping profiles
at a regrowth interface [50} 51]. Low-temperature flow modulation epitaxy also has the
potential to address degradation of the InGaN quantum wells during high-temperature
tunnel junction regrowths.

Work may also be conducted on incorporation of Indium into the tunnel junction.
This is an optimization problem, where InGaN tunnel junctions are likely to yield both
reduced excess voltage and increased optical absorption loss due to their smaller bandgap.
Growth of InGaN tunnel junctions also presents sensitive materials and reproducibility

problems to be investigated, as InGaN layers have been shown to experience temperature-
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dependent segregation at MOCVD crystal growth temperatures [112, 113]. This is also a
subject of ongoing work [9], 47, [79, 80, [81], 114], and future work will continue to address
the optimization of the InGaN tunnel junction for edge-emitting and distributed feedback
laser diode processes and current densities.

Last, it has been shown that excess voltage in sidewall-activated tunnel junction
devices may indicate incomplete activation of p-type material, leading to a larger tunnel
junction depletion width, where devices with larger feature size showed higher operating
voltage at a given current density [7]. It has also been proposed that some dry etch
processes, which are frequently used to form LD ridges, can compensate exposed p-type
material [65], [60]; since n-type layers present a barrier to diffusion of hydrogen [42], this
risks diminishing of lateral diffusion out of a laser ridge formed by a dry etch process. This
has motivated studies into wet etch treatments that reduce this effect [48]. Further work
may be conducted on activation conditions and surface treatments to maximize lateral
diffusion of hydrogen out of LD ridges and gratings, as well as on activation schemes

more generally such as in situ activation [39].

5.2 Moving to P-Minimal Laser Diode Designs

In [chapter 3], p-minimal LDs were modeled showing significant feasible reductions in
p-type material and/or internal optical absorption loss. However, the lowest-loss models
assume an optimized TJ in which the [Si] and [Mg] rise and fall rates associated with
the n++ and p++ layers are maximized. and in which the n++ and p++ layers are
grown at the minimum thickness required to fully drop the built-in potential of the PN
junction. This emphasizes the importance of the previously discussed work on optimizing
the doping profiles of the TJ to fully realize the benefit of the TJ contact: only once an

optimized TJ is realized may p-minimal LLDs be fabricated with minimal risk of significant
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increases in internal optical absorption losses.

Last, as discussed in [chapter 3| two-dimensional modeling and calculations may also
be conducted to examine the predicted electrical and optical profiles of p-minimal designs
in full. Two-dimensional modeling is also likely to be of help to the TJ-DFB LD, where
two-dimensional profiles of current spreading and optical absorption losses would be
particular areas of interest in addition to the existing two-dimensional models of the

lasing mode profile.

5.3 Fully Realizing the Tunnel Junction-Distributed
Feedback Grating LD

While provided a motivation for LDs using the TJ-DFB combination, such
LDs are yet to be realized; one site of future work would then be developing growth and
fabrication processes to ultimately realize this device. For example, the DFB grating
would most likely be realized by a selective area growth process to avoid damage to
exposed p-GaN associated with dry etching [65], [66], or otherwise an appropriate chemical
treatment would need to be developed to recover etch damage to exposed material during
an etched-grating process, where similar goals have been achieved for micro-LED sidewalls
[48].

The TJ-DFB design also leaves as a site for future research the issue of current
spreading such that the LD active region is uniformly pumped, and an additional site of
future research may be into solutions, primarily improved conductivity in p-type material,
such that the benefits of the TJ-DFB design may still be realized. Alternatively, since
the profile of the pumped areas of the active region would have the same periodicity as

the DFB grating, the goal of uniform current spreading may be eschewed entirely for
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a complex-coupled TJ-DFB LD design that may potentially pick up additional benefits
associated with gain-coupling such as improved side-mode suppression ratio, resolved

wavelength degeneracy, and reduced spatial hole burning [108], 109, [110].
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Appendix A

Fabrication Process for
Sidewall-Activated Tunnel Junction
Laser Diode

For more information on this fabrication process, see and Refs. [26, 411 63
115, [116].
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Step

Equipment | # |

Process Step

Notes

A. Ridge Formation and Sidewall Activation

Ridges Litho

Solvent Bench 1

3' Ace, 3'Iso, 2' DI (sonicate on high) N2 dry

2

Dehydration bake on hotplate at 2110 °C for 22, cool 1'

Spin LOL 2000, 2 krpm, 10 krpm/s, 30s (~250 nm thick)

mount small samples on
blue tape, can spin
multiple samples
simultaneously

PR Bench

Clean backside with EBR 100

if needed

Bake on center of LH hotplate at 210 °C for 5', cool 1'

Actual center T ~194 °C

Spin 955CM-1.8, 3 krpm, 10 krpm/s, 30 s (~1.8 um thick)

Clean backside with EBR 100

if needed

[N|ao|jun|s

Soft bake on hotplate 95 °C for 90 s

Load Ridges mask (TOPNV2)

10
Stepper #2 (30+')

Load sample onto 2" 500 um chuck with 130 pm shim with ¢ +
pointing up

11

"EDIT TOPNV2" Check: die size and column number

12

"EXEC TOPNV2", PASS: "RIDGES"

no pass shift

13

Expose 0.75 s, focus = -1

PR Bench 14

Post-exposure bake on hotplate at 110 °C for 90 s

Develop Bench | 15

Develop in 726MIF for 65 s, DI Rinse, N2 dry

Microscope 16

Inspect (0.3-0.5 um undercut on LOL 2000) develop more if
necessary

UV Ozone 17

1200 s (~6 A/min)

Ridges Etch

18

Load bare carrier wafer

19
RIE #5 (2+hr)

Run BECE_00

02 clean: 10', 50 sccm, 50 mTorr, 300 W RF;

BCI3/CI2 pretreat: 3', 20 sccm BCI3, 5 sccm CI2, 10 mTorr, 15 W
RF;

ClI2 etch conditions: 2', 10 sccm, 5 mTorr, 200 W RF

no He cooling

20

Load sample onto carrier wafer (no mounting oil)

21

Run BECE_01
BCI3 pretreat: 2', 10 sccm, 10 mTorr, 100 W RF;
Etch: Time TBD, 10 sccm, 5 mTorr, 200 W RF

o
~

no He cooling

Solvent Bench | 22

Soak sample in DI water, N2 dry

23

Soak sample in 1165 pre-heated to 80 °C for 15'

place sample face-down
in beaker

24

Move sample to 2nd 1165 pre-heated to 80 °C

Solvent Bench
25

Sonicate in bath at frequency: 8, intensity: 8, power: low,
time~20-30 s

26

swish for 30" Iso, 30" DI, N2 dry

27

Inspect, repeat steps 34-37 if necessary

Microscope 28

Inspect

Reactivate

RTA 29

Reactivate 15' N2/02 at 600 °C

SiO2 Blanket
Deposition

IBD (3+ hr, start | 30

Load silicon calibration piece

at same time as

reactivation) 31

Login: Earl
Check and run recipe: COH_Ratetestdep for 2100" (35')

Ellipsometer 32

Measure SiO2 on Si calibration thickness and index

should be ~ 125 nm (dark
blue colored), n=1.47

33

Load sample(s) and THREE silicon monitors
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IBD 34 Calculate dep time for 225 nm SiO2. Update and run recipe:
COH_SiO2 Sidewall Dep

Measure SiO2 on Si monitors (thickness and index) should be ~ 225 nm (gold

Elli t 35
ipsometer colored), n=1.47

B. Insulator Via Formation and P-Contact Formation

Solvent Bench | 36 |2'in each ACE/ISO/DI swishing or sonicating on lowest settings

37 |Dehydration bake on hotplate 2110 °C >2', cool 1'

Spin HMDS, 3 krpm, 10 krpm/s, 30 s (let HMDS sit for 20 s before

38 -
spinning)

PR Bench 39 [Spin OCG825, 3 krpm, 10 krpm/s, 30 s (~1.5 um thick)

40 [Clean backside of sample with EBR 100

41 |Bake on hotplate at 95 °C for 2'

4?2 |Load sample onto one of the black chucks left aligner only

MJB-3 Aligner | 43 |Flood expose 1s

44 |Let sample outgas for 5' (VERY IMPORTANT)

45 |Bake on hotplate at 95 °C for 2' let cool 1'

Insulator Via PR Bench 46 |Spin 955CM-1.8, 3 krpm, 10 krpm/s, 30 s (~1.8 um thick)
enc
and p-Contact 47 |Clean backside with EBR 100 if needed
Litho

48 |Softbake on hotplate at 95 °C for 90 s

49 |Load mask #2 - "EF V5.gds-Layer 7: PContPads"

Load sample onto 2" 500 um chuck with 130 um shim with c +

50 .
pointing up
Stepper #2 (30+') 51 "EDIT TOPNV2" Check: die size, column number, right alignment
die position
52 |["EXEC RTOPNV2", PASS: "PCONTS" no pass shift

53 |Expose 0.75 s, focus= -1

Develop in 726MIF for 55-60s (~2 um undercut on OCG825), DI

Develop Bench | 54
evelop benc Rinse, N2 dry

Microscope 55 |Inspect, develop more if necessary

UV Ozone 56 (1200 s (~6 A/min)

57 |Etch piece of Si Monitor #1 in BHF (~200 nm/min)

Inspect monitor for hydrophobicity every 10-15s, record total

SiO2 Wet Etchl| Acid Bench >8 etch time (should take 50 s — 1)
59 Etch sample in BHF for 1.1x the monitor etch time, DI rinse, N2
dry
Acid Bench 36 |30s HCl dip, DI rinse, N2 dry
= E Deposit 10 kA Al Yonkee et al., Semicond.
(2+ hr) 37 Sci. Technol. 33(1),
015015 (2018).
Place upside-down in 1165 heated to 80 °C for 10+, then liftoff |do not leave overnight in
p-Contact Dep 38 K X o
using pipette agitation hot 1165
Solvent Bench Move sample to fresh beaker of 1165 and agitate until visibly

39
clean pattern (no Au strands)

40 [swish for 30" Iso, 30" DI, N2 dry

Microscope 41 [Inspect, repeat steps 91-93 if necessary

C. P-Pad Formation

Solvent clean | 43 |2'in each ACE/ISO/DI swishing

PR Bench 43 |Dehydration bake on hotplate 2110 °C 22, cool 1'

Spin HMDS, 3 krpm, 10 krpm/s, 30 s (let HMDS sit for 20 s before

44 -
spinning)

45 |Spin OCG825, 3 krpm, 10 krpm/s, 30 s (~1.5 pum thick)

38



46 |Clean backside of sample with EBR 100
47 |Bake on hotplate at 95 °C for 2'
MJB-3 aligner | 48 |Load sample onto one of the black chucks
49 |Flood expose 1's
50 |Let sample outgas for 5' (VERY IMPORTANT)
PR Bench 51 |Bake on hotplate at 95 °C for 2' let cool 1'
52 |Spin 955CM-1.8, 3 krpm, 10 krpm/s, 30 s (~1.8 pum thick)
Contact Pads 53 [Clean backside with EBR 100 if needed
Litho 54 |Softbake on hotplate at 95 °C for 90 s
55 |Load mask #3 - TOPNV2 PADS
Load sample onto 2" 500 um chuck with 180 pum shim
56
Stepper #2 "EDIT TOPNV2" Check: die size, column number, right alignment
57 |die position
(30+') 58 ["EXEC TOPNV2", PASS: "PCONTS" no pass shift
59 [Expose 0.4 s, focus= +2
Develop bench 60 Develop in 726MIF for 55-60s (~2 um undercut on OCG825), DI
Rinse, N2 dry
Microscope 61 |Inspect, develop more if necessary
UV Ozone 62 [1200s (~6 A/min)
E-Beam #3 Deposit 150/10,000 A Ti/Au more gold could be
(2+ hr) 63 better, 1 um is ebeam 3
limit
Solvent bench | g4 [Place upside-down in NMP heated to 80 °C for 10'
p-Pad Dep

65

Liftoff using pipette agitation

66

swish for 1' Iso, 1' DI, N2 dry

Microscope

67

Inspect, repeat steps 91-93 if necessary

D. C+ Facet Formation

C+ Facets Litho

Solvent Bench

68

2"in each ACE/ISO/DI swishing

PR Bench

69

Dehydration bake on hotplate at 2110 °C for 22, cool 1'

70

Spin HMDS, 3.5 krpm, 10 krpm/s, 45 s

71

Spin SPR220-7.0, 3.5 krpm, 10 krpm/s, 45 s (~6 um thick)

72

Clean backside with EBR 100

if needed

73

Soft bake on hotplate 115 °C for 120 s

Stepper #2 (30+')

74

Load CAIBE mask

75

Load sample onto 2" 500 um chuck with 130 um shim with ¢+
pointing up

orientation very
important!

76

"EDIT TOPNV2" Check: die size, column number, right alignment
die position

77

Under CAIBE pass, Y Pass Shift = +0.016 (first etch, shifts pattern
DOWN and exposes the c+)

Adjust pass shift if p-pad
alignment was off by
more than 400 nmin Y.
Must align to metal in Y

78

"EXEC TOPNV2", Pass: "CAIBE"
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79 |Expose 1.35 s, focus= -1

Let sample outgas for 35' IMPORTANT preheat the hotplate at

PR Bench 80 R
50 °C

Post-exposure bake on hotplate at 50 °C for 60 s, then
PR Bench 81 |. . o

immediately move to 115 °C for 90 s

Develop Bench | 82 |Develop in 726MIF for 105 s, Dl rinse, N2 dry

Inspect lithography. Check that facets mask aligned in y does not

Microscope 83 |expose any metal. Check that it is the C+ side that is exposed for
etching first
UV Ozone 84 (1200 s (~6 A/min)
85 |Etch piece of Si Monitor #1 in BHF (~200 nm/min)
Inspect monitor for hydrophobicity every 10-15s, record total
SiO2 Wet Etch2|  Acid Bench 86 etch time (should take 50 s — 1)
87 Etch sample in BHF for double the monitor etch time, DI rinse, N2
dry
Mount samples on chuck with Cu tape such that facets to be when chuck is mounted
etched (c+ side) face LHS into system, it rotates
88 180°, so the facets will
then face the beam
R 89 [Check every parameter in recipe
(3+ hr) 90 Run: "Speck-Std_Ar_CI2_norotate_10x" (-33 degrees) etch rate 50-60 nm/min

C+ Facets Etch

75', 10x3' etch steps with 9x5' cool steps

91

Gases: Ar 5 sccm to Neutralizer; Ar 10 sccm to Beam; Cl2 20 sccm
to Chamber; Beam etch source 200 mA Neutralizer, 200 W RF,
150 mA, 250 Vb, 500 Va; Platen drive "Posn", Platen "Cool" 10 C
chiller, Chamber "heat" 40 C

cools substrate and heats
chamber walls

Solvent bench

92

Strip mask in 1165 heated to 80 °C for 10+', agitate with pipette

place sample upside-
down in beaker

93

Move sample to fresh beaker of 1165

94 |Soak sample in 1165 heated to 80 °C for 2', agitate with pipette
95 [swish for 30" Iso, 30" DI, N2 dry
. Inspect that the surface is clean and that the correct side has
Microscope 96
been etched
Laser 97 Confirm the etch depth and profile
Microscope

E. C- Facet Formation

C- Facets Litho

Solvent Bench

98

1'Ace, 1'Iso, 1' DI, N2 dry

PR Bench

99

Dehydration bake on hotplate at 2110 °C for 22, cool 1'

100

Spin HMDS, 3.5 krpm, 10 krpm/s, 45 s

101

Spin SPR220-7.0, 3.5 krpm, 10 krpm/s, 45 s (~6 pum thick)

102

Clean backside with EBR 100

if needed

103

Soft bake on hotplate 115 °C for 120 s

Stepper #2 (30+')

104

Load CAIBE mask

105

Load sample onto 2" 500 um chuck with 130 um shim with ¢+
pointing up

orientation very
important!

106

"EDIT TOPNV2" Check: die size, column number, right alignment
die position

107

Under CAIBE pass, Y Pass Shift =-0.016 (2nd etch, shifts pattern
DOWN and exposes the c-)

Adjust pass shift if p-pad
alignment was off by
more than 400 nmin Y.
Must align to metal in Y

108

"EXEC TOPNV2", Pass: "CAIBE"
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109 |Expose 1.35 s, focus= -1
Let sample outgas for 35' IMPORTANT preheat the hotplate at
PR Bench 110 R
50 °C
Post-exposure bake at 50 °C for 60 s, then immediately move to
PR Bench 111

115°Cfor90s

Develop Bench

112

Develop in 726MIF for 105 s, DI rinse, N2 dry

Inspect lithography. Check that facets mask aligned in y does not

Microscope | 113 [expose any metal. Check that it is the c- side that is exposed for
etching
UV Ozone |1141200 s (~6 A/min)
115 |Etch piece of Si Monitor #2 in BHF (~*200 nm/min)
116 Inspect monitor for hydrophobicity every 10-15s, record total
SiO2 Wet Etch3|  Acid Bench etch time (should take 50 s — 1)
117 Etch sample in BHF for double the monitor etch time, DI rinse, N2
dry
Mount samples on chuck with Cu tape such that facets to be (when chuck is mounted
etched (c- side) face LHS into system, it rotates
118 180°, so the facets will
Oxford lon Mill then face the beam)
(3+hr) 119 [Check every parameter in recipe

C- Facets Etch

120

Run: "Speck-Std_Ar_CI2_norotate_10x" (-33 degrees)
75', 10x3' etch steps with 9x5' cool steps

etch rate 50-60 nm/min

Solvent Bench

121

Strip mask in 1165 heated to 80 °C for 10+', agitate with pipette

place sample upside-
down in beaker

122

Move sample to fresh beaker of 1165

123 [Soak sample in 1165 heated to 80 °C for 2', agitate with pipette
124 |swish for 30" Iso, 30" DI, N2 dry
. Inspect that the surface is clean and that the correct side has
Microscope 125
been etched
Laser 126 Confirm the etch depth and profile
Microscope

F1. N-Contact Formation (No thinning)

N-contact Dep
& Liftoff

PR Bench

127

Mount sample upside down on Si wafer with a drop of AZ 4110

128

Bake on hotplate at 105 °C for >5'

RIE #5 (40" + 40'

129

YonkeeO1 on bare carrier wafer

130 [Yonkee02 10'
per sample)
131 [Place samples in water immediately after removing from RIE 5
Acid Bench 132 |60s BHF dip, DI rinse, N2 dry
UV Ozone 133]20' (1200")
Acid Bench 134 |30s HCl dip, DI rinse, N2 dry
E- # Deposit 10 kA Al
beam #3 135 eposi
(1+ hr)

Soak sample in NMP heated to 80 °C until sample detaches

Place upside-down in

136 beaker. Do not try to
Solvent Bench .
slide or pry samples off
137(2'Iso, 2' DI, N2 dry
Microscope 138 |Inspect, repeat NMP if necessary
Laser Testing | Laser Test Setup [ 139 [Preliminary testing Consider annealing after

F2. Substrate Thinning and N-Contact F

ormation After Thinning

Substrate
Thinning

Packaging Lab

140

Remove backside contact with tape

141

Mount sample upside down on sapphire wafer with tan wax

142

Bake on hotplate at 120 °C
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143

Polish samples (one at a time)

Acid Bench

144

60s concentrated HF, DI rinse, N2 dry

Solvent Bench

145

Solvent clean

RIE #5 (40" + 40'

146

YonkeeO1 on bare carrier wafer

147 [Yonkee02 10'
per sample) - - - -
148 |Place samples in water immediately after removing from RIE 5
Acid Bench 149 |60s BHF dip, DI rinse, N2 dry
N-contact Dep UV Ozone 150|20' (1200")
& Liftoff Acid Bench 151 |30s HCl dip, DI rinse, N2 dry
E- # Deposit 10 kA Al
beam #3 152 eposi
(1+ hr)
Soak sample in NMP heated to 80 °C until sample detaches from |Place upside-down in
153 [sapphire beaker. Do not try to
Solvent Bench .
slide or pry samples off
154]2'Iso, 2' DI, N2 dry
Microscope 155 |Inspect, repeat NMP if necessary
Heat Sink . Solder to Cu heatsink
. Packaging Lab | 156
Mounting

Laser Testing

Laser Test Setup

157

Laser testing
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