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Abstract
Lasers are light sources that produce coherent beams. Semiconductor lasers offer no-
table advantages such as compact size, lower power consumption, and extended lifes-
pan over other laser types. Among different semiconductor lasers, photonic crystal
surface-emitting lasers (PCSELs) are recognized for their high optical output power
and low beam divergence, achieved through the use of a two-dimensional photonic
crystal. The proposed PCSELs use photonic crystals which offer refractive index
contrast in two dimensions. This creates a standing wave with zero group velocity
and vertical emission through Bragg diffraction. PCSELs have been successfully
demonstrated in the visible and infrared wavelengths, but not yet in the ultraviolet
(UV) range. This gap represents a significant opportunity, as UV-emitting PCSELs
find potential applications in lithography, sterilization, and processing of materials.
This project aims to explore different etching techniques to deep into the cladding
layer of the PCSELs. To keep the optical losses low, the vertical field profile should
not overlap with the absorbing metal layer used for the p-contact. Therefore the
distance between this metal and the QWs needs to be large and on the order of
300-400 nm. The bottom of the photonic crystal holes on the other hand should be
very close to the top QW (about 60 nm). To fulfill both these requirements the pho-
tonic crystal should have an etch depth of about 300 nm. Etching is preferred over
alternative methods, such as over-growth or mass transport, due to its presumed
simplicity and cost-effectiveness.

Keywords: Photonic crystal, Etching, ICP-RIE, UV Lasers, AlGaN, PCSEL
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1
Introduction

Ultraviolet (UV) light has applications in communication, water purification, lithog-
raphy, plant lighting, sterilization, and medical treatments. For wavelengths from
100 nm to 400 nm, UV technology has traditionally relied on mercury lamps. While
these lamps generate a broad UV spectrum for various uses, they have drawbacks
such as environmental concerns, high energy consumption, and limited lifespan [1].
Their bulky, fragile nature also complicates modern system designs. Although UV
light from the sun exists, the UVC component is absorbed by the ozone layer, making
it difficult to harness. Lasers have a long history, with the theoretical foundations
established in 1917 [2]. Since then, laser technology has advanced, leading to the
development of various types, including semiconductor lasers, which are essential
to modern applications. These advancements have broadened laser uses, from sci-
entific research to industrial processes [3]. Today, lasers are crucial in fields like
industrial manufacturing for cutting, welding, and engraving. In medicine, lasers
are used in surgeries and treatment therapies. Semiconductor lasers offer advan-
tages like no warm-up time, reduced waste, compactness, and long operational life
[4]. Surface-emitting lasers are preferred for their long life, high power efficiency,
and easy integration with optical fibres [5, 6]. Their compact design allows them to
fit into a wide range of devices, from portable medical tools to industrial machinery,
without sacrificing performance. One promising advancement in laser technology
is photonic crystal surface-emitting lasers (PCSELs), which are considered strong
candidates for UV sources. They offer high brightness, crucial for applications like
photolithography, and eliminate the need for bulky external optics by generating
a focused, directional beam within the photonic crystal structure, reducing sys-
tem complexity and cost [7]. PCSELs combine high output power, excellent beam
quality, and precise beam control, making them suitable for a wide range of appli-
cations [8]. While PCSELs emitting in blue and green parts of the visible spectrum
have been demonstrated, UV PCSELs remain underexplored [9]. Their development
could transform fields like biotechnology, enabling advanced imaging and new di-
agnostic tools. Compact, efficient UV PCSELs could also open new possibilities in
environmental monitoring, allowing portable UV sources to detect pollutants in air
and water [10]. This project aims to optimize the fabrication of photonic crystals for
UV PCSEL lasing by refining etching techniques, eliminating the need for re-growth
or wafer fusion, thus simplifying the process and reducing costs [11]. Achieving high-
quality photonic crystals is crucial for efficient and reliable UV PCSELs, requiring
precise control over fabrication. Key objectives include achieving a favourable as-
pect ratio of the holes in the photonic crystal and depositing a thick metal layer for
efficient electrical pumping. The filling factor of a PCSEL affects the band structure
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1. Introduction

and the coupling of diffracted light in the PCSEL [12]. A high aspect ratio is required
to achieve the desired filling factor at the bottom of the photonic crystal where the
mode overlap is the highest. It also allows better control over the filling factor at
the bottom of the photonic crystal, where mode overlap is greatest, affecting modal
losses and the lasing threshold [13]. Meanwhile, a thick metal layer is essential for
efficient electrical pumping. This thesis aims to aid with the fabrication of UVC
PCSELs using etching. Overgrowth methods with buried SiO2, mass transport, and
wafer fusion techniques have been used to fabricate PCSELs. However, the SiO2
layer creates a weak resonance effect as the refractive index contrast is not high and
the fabrication is complicated. The mass transport technique has been shown to de-
teriorate the uniformity of the semiconductor-air interface in the PhC [9]. Etching
holds a promising approach as it has already succeeded in creating PCSELs emitting
in the green region of the spectrum [11]. Since the photonic crystals are on top of
the quantum well, it is less complex and does not cause degradation to the quantum
well due to regrowth. However, there exists a potential for etch-induced damage
to quantum wells. The target etch depth is 300 nm to avoid optical absorption by
metal and to prevent etch-induced damage to quantum wells. By optimizing etching
techniques, this project aims to advance UV laser technology by fabricating UVC-
emitting PCSELs that are estimated to have 50W performance output power and
beam divergence of less than one degree. In order to achieve this, structures with an
aspect ratio close to 1:10 need to be etched in III-nitride materials, while ensuring
the etched structures have smooth side profiles.
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2
Background

This chapter intends to summarize the key concepts that were used to understand
the physics behind the device being fabricated. The basic ideas that underpin the
creation of PCSELs are presented in this chapter. We start by discussing the working
principles of lasers, the properties of photonic crystals and specifically 2D photonic
crystals, and the basic properties of AlxGa1−xN and end by describing the proposed
design of the PCSEL.

2.1 Stimulated emission and Lasers
LASER stands for Light Amplification by Stimulated Emission of Radiation, and
as its name suggests is a light source that emits coherent radiation by stimulated
emission of photon. This is possible when population inversion is established by
current injection or optical pumping. Optical gain and feedback are two require-
ments to build a laser. Lasers produce highly concentrated beams of coherent light
through stimulated emission. They operate based on the principles of quantum me-
chanics, particularly the interaction of electrons within atoms or molecules. The
radiative transition is a process where a photon is emitted when the electron moves
to a lower energy state. They are divided into stimulated and spontaneous transi-
tions. When an electron in the conduction band makes a transition to an empty
valence band state stimulated by an incoming photon, it’s called stimulated emis-
sion as depicted in Figure 2.1. If all the photons emitted by the transition have
the same frequency, phase, and direction of propagation, then it is called coherent
radiation. In contrast, spontaneous emission occurs when an electron transitions
to a lower energy state without external stimulation, emitting photons randomly in
all directions. While spontaneous emission is responsible for the initial generation
of light in a laser, it is the process of stimulated emission that amplifies this light,
leading to highly coherent emission. A laser consists of an optical gain medium,
pump, and optical resonator. The pump is the energy supply that establishes pop-
ulation inversion. The optical gain medium is where the population inversion and
the subsequent, radiation occur from. The optical resonator ensures that necessary
feedback is provided. Various types of lasers exist, including gas, solid-state, and
semiconductor lasers, each with distinct gain media and operational mechanisms.
They differ in terms of the material with which it is made and how the active media
and the resonator are designed. Gas lasers, such as helium-neon and carbon dioxide
lasers, use a gas-filled tube as the gain medium, with electrical currents or light
used to excite the gas atoms. Solid-state lasers, on the other hand, use a solid crys-
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2. Background

Figure 2.1: Simplistic model of stimulated emission of a photon from an atom. An
incoming photon interacts with an electron at a higher energy level E2 which causes
it to fall back to the lower energy level E1, during the process emitting two-photon
having the same frequency, phase and direction of propagation. This starts off a
chain reaction which enables emission.

tal, like ruby or neodymium-doped yttrium aluminium garnet, as the gain medium,
with flash lamps or diodes providing the necessary energy. Each type of laser has
specific applications depending on its wavelength, power, and beam quality. Unlike
traditional lasers, semiconductor lasers offer improved performance and integration
capabilities, addressing the demands for high output power and beam quality [14].

2.2 Photonic crystals and properties
Photonic crystals are structures that have periodic variations in refractive indexes.
This causes a photonic bandgap analogous to the electronic bandgap to be formed.
These structures can be designed so that a certain wavelength is confined. They are
divided into one-dimensional (1D), 2D, and three-dimensional (3D) crystals depend-
ing on the number of directions in which the refractive index changes periodically.
The different types are depicted in Figure 2.2. 1D photonic crystals, often realized
as Bragg gratings, may not offer a complete photonic bandgap but are simpler to
fabricate. On the other hand, 3D photonic crystals, while theoretically capable of of-
fering a complete bandgap in all directions, are challenging to fabricate with current
technology. Due to these fabrication difficulties, 2D photonic crystals are considered
more appealing for practical applications, offering a good balance between perfor-
mance and manufacturability. The development of 2D photonic crystals has also
paved the way for compact and efficient lasers, modulators, and sensors, which are
crucial for advancing photonic technologies. The photonic bandgap offered by the
photonic crystal depends on several parameters, including the lattice constant, rod
radius, and refractive index contrast. By carefully tuning these parameters, it is pos-
sible to design photonic crystals that selectively block or allow specific wavelengths,
making them highly versatile in various applications. For instance, photonic crystals
can be used in the design of highly efficient mirrors, known as distributed Bragg re-
flectors (DBRs), which reflect specific wavelengths while transmitting others. These
mirrors are essential components in many laser systems, where they help to define
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2. Background

Figure 2.2: 1D, 2D and 3D photonic crystal structures [15].

the lasing wavelength and enhance the overall efficiency of the device. Photonic crys-
tals offer high speed and low energy consumption due to their ability to manipulate
light with minimal loss and without the need for electrical conversion. The con-
cept of mirrorless feedback in photonic crystals achieved through Bragg scattering,
is another area of interest. In this scenario, the periodic structure of the photonic
crystal itself provides the necessary feedback for laser operation, eliminating the
need for traditional mirrors. This approach can lead to the development of more
compact and robust laser systems with fewer components and reduced complexity.
The ability to restrict oscillation to a narrow spectral range through the design of
the photonic crystal also allows for the creation of lasers with very precise wave-
length control, which is crucial in applications such as high-resolution spectroscopy
and optical sensing [16].

2.2.1 2D photonic crystals for PCSELs
The 2D photonic crystal structure in the PCSEL creates a 2D standing wave that
is amplified in the active region to ensure that a laser beam of a single wavelength
is emitted. This is possible as the 2D photonic crystal structure ensures the group
velocity of the desired mode propagating over the entire surface is zero, hence cre-
ating a standing wave. Since the optical feedback is provided from the entire area
of the crystal, it allows single-mode emission from a broader area. Then it ensures
the emission of the desired mode in a direction normal to the surface, also termed
the guided-wave mode, through Bragg diffraction [13]. In Figure 2.3, the curva-
ture of the bands, as marked by the blue lines, corresponds to the group velocity
of the guided-wave modes. Γ, X, M mark the high symmetry points in Figure 2.3,
where the zero group velocity at the Γ points are highlighted. As there is no pe-
riodicity variation in the vertical direction, effective light out-coupling guarantees

5



2. Background

M Γ X M
0

0.2

0.4

0.6

vg=0

k||

ω
a
/2

π
c

[-]

Band structure of 2D square lattice

First TM-modes

Figure 2.3: The photonic band diagram for a 2D photonic crystal in AlGaN with
a square crystal lattice, a = 128.4 nm, and with a square air-hole, d = 55 nm [17].

single-mode emission over large regions and improves optical gain and coherence in
devices such as photonic-crystal surface-emitting lasers (PCSELs). Precise control
over the behaviour of light within the crystal is possible by varying the dielectric
contrast, and the lattice geometry of the materials to tailor the spectral positions
of the zero group velocity points.

2.3 III-nitrides for UV emitting PCSELs
The bandgap of the semiconductor determines the emission wavelength of semi-
conductor lasers. Hence to have emission in the UV region, the active region
should include UV-emitting material and the rest of the structure should be UV-
transparent. This is why AlxGa1−xN is suitable for PCSELs emitting in the UV
region. AlxGa1−xN is a compound semiconductor. Compound semiconductors are
the type of semiconductors that contain more than one atom from different groups
of the periodic table. A typical semiconductor crystalline structure is defined by a
lattice, a set of points that form a 3D periodic structure, and a basis, a group of
atoms repeated at every lattice point. The lattice point has three lattice vectors. A
unit cell is the smallest volume cell, which forms the entire crystalline structure when
repeated in all directions. One of the basic unit cell structures is simple hexagonal as
described in Figure 2.4. AlN crystallize in wurtzite structure. It is obtained by two
overlapping hexagonal closed pack structures with a distance of 3c/8 between each
other in the vertical direction, where c is the lattice constant in the z-direction. It
can be also considered as a hexagonally closed-packed lattice with two basis atoms.
The bonding forces are strong and equal in all directions, hence cleaving does not
form atomically smooth surfaces. This is a challenge when vertical structures need
to be evaluated by cleaving the sample. AlN is a binary compound semiconductor
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2. Background

Figure 2.4: Hexagonal lattice structure. The distance between the nearest neigh-
bours is marked by a and the lattice constant in the z direction is marked by c [18].

with elements from III-V groups of the periodic table. The lattice constant of the
crystalline structure is around 3.1 Å, the bandgap energy is close to 6 eV, and the
emission wavelength is close to 200 nm. This makes it a suitable choice for the
cladding layers in an optically pumped UV laser. Hence the photonic crystal layer
is made from AlN and the layers below the photonic crystal are made from various
forms of AlxGa1−xN. The lattice constant a varies from 0.3110-0.3113 nm and c from
0.4978 nm-0.4982 nm. The c/a ratio is 1.633 which is caused by the ionic nature of
the bonds which in return provides the piezoelectric properties[19][20].

2.4 Photonic crystal surface-emitting lasers
PCSELs are optoelectronic devices that enable lasing with low divergence and high
output power. Photonic crystals enhance the directionality and coherence of laser
beams by limiting the range of wavelengths at which light may form a 2D standing
optical field by ensuring zero group velocity and effective outcoupling of the desired
mode. Hence, PCSELs can produce higher output powers with symmetric, low-
divergent beams without the use of external lenses. The surface emission simplifies
integration into photonic systems and improves performance in applications such
as sensing, displays, and communications. To provide a working lasing, PCSELs
integrate multiple components that operate in harmony. The active layer produces
light and optical gain and is usually made up of quantum wells. Light is helped
to be contained vertically by the top and lower cladding layers that surround this
layer. The intended PCSEL design is depicted in Figure 2.5 and its 3D view is in
Figure 2.6. Surface emission is produced when light from the active layer interacts
evanescently with the photonic crystal layer. PCSEL uses a two-dimensional (2D)
photonic crystal. A zero in-plane group velocity can be produced by the 2D photonic
crystal for the guided-wave modes that travel across the surface, which generates the
necessary optical input from coupled fields across the entire crystallographic area.
The single-mode stability of these guided-wave modes encompasses a wider region,
enabling the PCSEL to have a broad mode while maintaining single-mode emission
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2. Background

[3].

Figure 2.5: Photonic crystal surface-emitting laser in cross-sectional view with
contacts for electrical injection.

Figure 2.6: A sketch of the 3D view of a PCSEL; a) photonic crystal b) multiple
quantum wells in waveguide c) substrate with cladding.

8



3
Nanofabrication of 2D photonic

crystals

The PCSEL for ultraviolet-C emission has been grown on a sapphire substrate with
Aluminium Nitride cladding. The core consists of multiple quantum well structures
which are composed of Al0.3Ga0.7N with Al0.7Ga0.3N waveguide. The nanofabrication
should be able to yield the desired structure by adhering to the following conditions-

• A thin AlN layer is grown, into which cylindrical air gaps are etched to form
the photonic crystal

• The depth of the cylindrical air gaps needs to be around 300 nm deep. This
helps to reduce the absorption of the mode by the metal layer as depicted in
Figure 3.1 as there is sufficient physical distance between the active region and
the metal layer.

• The aspect ratio between the depth of the cylindrical air column and the
diameter of the same needs to be at least 1:10.

• A metal layer has to be deposited to explore the electrical pumping of the
device which also needs to act as the sacrificial layer for the etch process.

Figure 3.1: Overview of the fabrication of PCSEL structure to be etched.

The steps involved in the fabrication are outlined in Figure 3.1. This section will
describe the steps involved in the creation of the photonic crystal structure as per the
requirements and the various techniques used in detail. The resist PMMA was added
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3. Nanofabrication of 2D photonic crystals

with the two layers. This is because the two of them have different sensitivities, so
there is an undercut. This ensures proper liftoff. The photonic crystal structure
required to act as the reflector for the device comprised an AlN layer with air gaps
of 30 nm diameter and 300 nm depth, with a Ni layer on top.

3.1 Patterning
To create the required structure in the AlN layer, we need to transfer the pattern onto
it. The scale of the dimensions of the required patterns is smaller than the resolution
of optical lithography. Hence e-beam lithography is used as it is applicable for the
feature size of the design. The pattern produced on the AlN layer is used as the
mask for further processing.

3.1.1 E-beam lithography
E-beam lithography uses an electron source to produce a beam which is used to get
the desired pattern on the layer. For this purpose, a positive tone high-resolution
e-beam resist PMMA is first coated onto the surface. The beam is exposed to the
region that needs to be removed, one pixel at a time. To obtain this electron beam
with a small spot size, The electron stream is usually produced by either thermionic
emission, field emission, a combination of both, or photoemission. The electrons
generated are then condensed into a beam with a small spot size using a series
of electrostatic lenses. The disadvantage of e-beam lithography is its decreased
throughput [21]. For the subsequent etching, a mask is required. This mask has
to be resistant to reactive ion etching. PMMA does not have sufficient resistance
to dry etching, a metal mask may be necessary. Since the device is meant to be
electrically driven, it gives more incentive to deposit a metal layer on the top of
the photonic crystal layer. However, the metal shouldn’t be inside the air rods
as it can lead to absorption of the modes, hence the metal needs to be deposited
before the etching process. While the possibility of depositing a metal layer after
etching exists via tilting the sample, it introduces metal on the top part of the air
gap which is not favourable. Further, the tilt angle and air gap hole size become
additional parameters in the process which increases the complexity of the process
and is beyond the scope of this thesis. One of the ways to overcome this bottleneck is
to use the metal layer needed for the electrical pumping as the mask. To ensure the
metal is deposited as the mask, the liftoff technique is used rather than etching as
this would require an additional e-beam lithography step which is difficult as we need
to make sure that the underlying patterned resist is aligned with the resist pattern
on top of the metal layer. While this is theoretically possible, it is difficult to achieve
realistically as there could be misalignment. Hence after the resist is patterned using
e-beam lithography, the exposed region is removed, to enable further processing.

3.1.2 Lift-off
Lift-off is a popular technique for difficult-to-etch materials. The steps involve -

• Deposition of resist onto the substrate
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3. Nanofabrication of 2D photonic crystals

• Patterning of resist, in this case using e-beam lithography
• Removal of the exposed region
• Deposition of the mask, in this case, nickel
• Immersion of the wafer to a remover that dissolves the resist, removing the

metal layer deposited on top of the resist in the process
To enable successful lift-off as described above, the vertical edges should be inten-
tionally not be covered by the metal to enable the remover to act on the resist.
If good step coverage is enabled, then the metal layer will protect the resist from
the remover. Sputtering is not ideal in this case as it provides good step coverage,
however, evaporation serves well for this purpose. Evaporation is a process of metal
deposition in which a crucible containing the target metal is heated. The pressure is
kept low so that the vapours from the heated crucible, are collected and condensed
on the target which is kept suspended above the crucible. Since the metal layer
needs to be thick enough to not get wholly consumed by the etching process but
thin enough to enable successful liftoff, 75 nm of nickel is deposited. This is because
180 nm thick resist is deposited and typically the metal layer should be less than
half of the resist thickness. To wholly ensure that the metal is not deposited on the
vertical sidewalls, an undercut in the resist is made by using two layers of resist with
varying sensitivity to the e-beam. The resist with higher sensitivity is coated as the
first layer and the resist with the lower sensitivity as the second layer, this ensures
that the layer with the higher sensitivity is developed more compared to the other,
producing an undercut where metal deposition via evaporation is highly unlikely.
The resists are developed with IPA: DI water (93:7) mixture for 120 s.In this case,
the first one is PMMA 200 K with ethyl lactate and the second one is PMMA 950K
with anisole. We used PMMAs with different solvents to prevent intermixing when
coating [21].
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3.2 Etching
Etching is the process used to transfer patterns from a mask to the underlying
layer. In this case, the mask used is nickel and the underlying material is AlN. The
common figures of merits used to quantify the quality of the process are etch rate,
selectivity, and undercut. Etch rate is the thickness of the material removed per
unit of time. Selectivity is the ratio of etch rates between the mask and the etched
layer, which makes it an important parameter to analyze the choice and thickness of
the mask used. The etched sidewalls may not always be vertical hence analyzing the
undercut, that is the lateral extent of the material removed, is also an important
figure of merit. Etching can be divided into dry and wet etching. Physical and
combination etching methods typically fall under dry etching and use plasma to
generate chemically reactive species that react with the layer to form volatile by-
products which are then easily removed. Wet etching is a purely chemical process
where the sample is immersed in the etching solution which reacts to the areas not
protected by the mask, which is typically inert to the solution, to be removed [21].
Dry etching consists of ion milling and plasma-based etching. Plasma-based etching
is a type of dry etching that can involve both purely chemical attack or a combination
of both chemical and physical etching. Plasma-based etching can be classified into
different types depending on the nature of the discharge gas, the extent of the
bombardment caused by the ion generated by the glow discharge, and the volatility
of the gas process formed. Ion Milling is a purely physical etching mechanism. Ion-
milling uses noble gases as the etch species, hence there is no chemical reaction
involved. This process is highly directional but offers low selectivity as there is
no chemical reaction involved and the process is purely mechanical. Reactive ion
etching is a plasma-based process that shows higher selectivity than ion milling and,
hence is considered a more promising candidate for the process, as the mask used
is not removed after the process and is part of the device. Wet etching, which is
also a purely chemical process, is highly selective but it comes at the cost of low
anisotropy as the etchant solution attacks the exposed region uniformly, and poor
process control as the process is limited by temperature dependence and solution
particulate contamination [22].

3.2.1 Dry etching
The plasma-based processes are defined by these steps:

• Plasma generation: By breaking down the feed gas (in this case chlorine (Cl2)
and argon (Ar) )into chemically reactive species. The feed gas when broken
down consists of ions, radicals, electrons, and neutrals. Physical damage is
caused by neutrals and also by ions. Chemical attack is dependent on ions
and radicals.

• Adsorption: By diffusion of the chemically reactive species to the layer to be
etched. The extent of the bombardment by the chemically reactive species is
determined by the field near the substrate, which can be either null or extensive
depending on the target electrode on which the sample is placed.

• Reaction: Chemically reactive species undergo surface diffusion to then react
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with the exposed region. If inert gases are used, then the subsequent ion
bombardment doesn’t cause only physical damage.

• Desorption of reaction product and removal from near the substrate region:
For etching to take place the reactive gas discharge from the plasma has to
produce a volatile gas-surface product.

To understand the etch mechanism, it is crucial to analyze what might be the
rate-limiting step. Depending on the nature of the gases, and the extensiveness of
bombardment, the following plasma etching can be divided into the following as
they are relevant to the experiments conducted [23].

3.2.1.1 Ion milling

Ion milling is done by physically damaging the substrate via ions accelerated toward
the sample. For this purpose, inert gases are used to generate the plasma. When the
ions are formed in the plasma they are accelerated towards the negatively charged
cathode, during this motion the the ions may collide with neutral species. If the
energy transfer is greater than the ionization energy of the molecule then the neutral
atom becomes an ion, and further, all these ions bombard the cathode which causes
the bonds in the top layer of the target to be broken. The process used a strong
vertical electric field concerning the sample and low chamber pressure, which results
in high directionality. The low pressure ensures minimal collisions between ions and
gas molecules, thereby making the etch highly anisotropic.

3.2.1.2 Inductively coupled plasma RIE

The Oxford Plasmalab 100 Inductively Coupled Plasma/ Reactive Ion Etching is
used for reactive etching. The nickel layer deposited by the liftoff process is used
as the mask. The laser interferometer endpoint system is used to estimate the etch
rate. The factors explored in the experiments are Electrode RF power, ICP RF
power, DC-bias, base pressure, process pressure and etch gases. The range of the
factors that can be tuned is given in the table below. The available process gases
are Cl2, SiCl4, CH4, H2, Ar, O2, Nf3, N2O, N2, SiH4.

Table 3.1: Factors that can be attuned in the ICP tool.

Parameter Minimum Value Maximum Value
ICP power 0 W 2000 W

Forward power 0 W 500 W
Process pressure 1 mTorr 99 mTorr

Chlorine flow rate 0 sccm 50 sccm
Argon flow rate 0 sccm 50 sccm

Volatility of the etch by-products is a crucial factor in determining the etch rate,
as the removal of etch by-products is necessary for further etching of the substance.
A lower boiling point may imply higher volatility [24]. The literature lacked data
on existing etching recipes suitable for the required dimension scale. Additionally,
the numerous factors involved rendered the number of necessary experiments greater
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than what could be feasibly conducted within the allocated time and resources. The
approach taken to circumvent this challenge was to identify the existing recipes for
etching materials and modify them by comparing the bond strength of the material.

Various experiments in the literature show that Cl-based plasma, mainly Cl2 and
Ar-based reactive ion etching was the top choice for the etching of AlN and AlGaN
[22, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. While issues like lack of information on
dimensions were etched, the recipes discussed served as a good starting point for the
series of experiments. The most relevant issue is the fact that the nickel mask used
in the dry etch process needs to be reused, hence the recipe that provides the best
etch profile also needs to corrode the nickel layer to the minimum. The details of
the experiments run on the 6 samples of the first batch of experiments are summa-
rized in Table 6.1. The tool only allowed the user to manipulate the flow rates, ICP
power, forward power, maximum chamber pressure value, and etch time. The DC
voltage is self-biased, hence the changes were only just monitored and noted down.

An etch rate value higher than 75 nm/minute has been reported to increase the
surface roughness [35]. The parameters in the same reference whose values resulted
in the 75 nm/minute etch rate were used as the baseline. The baseline values were
selected as ICP power = 100 W, forward power = 100 W and the percentage of
Chlorine in the process gas was kept at 60% of the total composition. During this
run of experiments, ICP power was kept to 0 W. The first two samples were etched
with different forward power to understand the influence of the forward power on the
selectivity and etch rate. Then the Cl2 percentage was increased to understand the
changes as the gas composition percentage changes in the third and fourth samples.
Since SiCl4 was also available as the process gas, one of the samples was used to test
the effect of this gas, with low forward and ICP power to understand the influence
of the gas and see if its feasible gas chemistry. The ICP RIE etch method was also
done using just Cl2 as the process gas. This enables chemical dry etching. The same
setup for Cl2/Ar based plasma etching was used. Ion milling is done using chlorine
ions beam current of 30 mA, beam voltage of 500 V, neutralizer current of 30 mA
and acceleration voltage of 300 V for 4 minutes.

3.2.2 Wet etching
It is reported that wet etching of AlGaN with strong bases like potassium hydrox-
ide(KOH) aqueous solution and tetramethylammonium hydroxide (TMAH) can in-
troduce m-plane and r-pane facets and is slow as well as the etch [36]. It is reported
that the etching of AlN using HF does not meet our requirements [26]. A combina-
tion of wet and dry etching is a possibility to be explored. Hence our experiments
involved the use of wet etching in combination with dry etching to see the improve-
ment in surface roughness and etch profile quality [36].
TMAH is a strong base that has been shown to etch 3 um thick ALN film grown
on a c-plane sapphire substrate with a 16.5 nm per minute etch rate. Hence a time
series wet etching of 5,10 and 15 minutes will be done. TMAH was chosen as it was
most accessible to our set of experiments.
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3.3 Characterization
While the preferred structure is cylindrical air holes in the AlN layer, to enable
successful characterization stripes of varying width have been used as the pattern
to conduct experiments of etching. The samples required extensive characteriza-
tion to understand the effects of different processing. To understand the etch pro-
files, the sample needed to be cleaved to be analyzed by Scanning Tunneling Mi-
croscopy(SEM). The factors relevant to understanding the quality of the etch process
are etch rate, selectivity, anisotropy, and hand homogeneity. Etch rate is the speed
of the process given by

R = d/tetch(Å/minute) (3.1)

where tetch is the time for which the material has been subjected to etching, and d
is the distance etched. Selectivity is the ratio of etch rates. Anisotropy is given by
the equation

A = 1 − (Rhorizontal/Rvertical) (3.2)

where R is the etch rate. Since in these experiments, the characterization method
to understand etch depths is not reliable for horizontal direction, anisotropy is not
calculated and is disregarded as a factor for consideration. The uniformity of the
etch rate is calculated by

U = (Rhigh − Rlow)/(Rhigh + Rlow) (3.3)

here the Rhigh is the etch rate calculated by using the highest value of etch depth
measured on the sample and Rlow is the etch rate calculated by using the lowest
value of etch depth measured on the sample.

3.3.1 Profilometer
For measuring the nickel layer thickness before and after etching, a surface pro-
filometer with a 2.5-micron wide stylus is used. To calculate the AlGaN and Ni etch
depth, the structure was measured immediately after etching and then after remov-
ing the Ni layer. This was to obtain values d2 and d4 as depicted in Figures 3.3 and
3.4. The order in which the etch rate calculation is done is outlined in Figures 3.2,
3.3, and 3.4.

Figure 3.2: Structure with Ni deposited before etching, d1=75 nm.
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Figure 3.3: Structure with measured after etching, d2 is measured.

Figure 3.4: Structure after etching with Ni removed, d4 measured.

This was used to calculate the etch depth in the Ni layer and the AlGaN layer. The
amount of AlGaN etched is equal to d4 and the amount of nickel etched is equal to
d1-d3 which is calculated as

d1 − d3 = d1 − (d2 − d4) (3.4)

The etch rate, R, can be calculated as

RAlGaN = d4/tetch (3.5)

RNi = (d1 − d3)/tetch (3.6)

where tetch is the etch time.

3.3.2 Scanning electron microscopy
After etching the samples are stripped of the nickel layer, cleaved, and examined
using SEM. SEM uses a beam of electrons for surface scanning. The electrons
generated from the electron gun are passed through several electromagnetic guns to
condense the electrons to a fine probe for scanning. The image is obtained by two
phenomena- the backscattering of electrons (BSE) and the emission of secondary
electrons (SE). BSE is used to get good chemical contrasts while SE is used to get
good topological contrast as more electrons escape from topological surfaces than flat
surfaces. While BSE and SE give topological contrast, SE is the primary signal. Area
with atoms of higher atomic number will appear brighter. When the acceleration
voltage increases, the wavelength of the electrons decreases, which reduces probe
size which results in finer probing. A higher acceleration voltage can cause a larger
interaction zone in the lateral direction which can reduce lateral spatial resolution.
Hydrocarbon-containing specimens leave a dark mark after examining with higher
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resolution [37]. Since the sample has an insulating layer on top after Ni is removed,
a low working distance and electron gun power in the range of 1-5kV is used. A
6 nm gold layer was sputtered on the sample as AlN is an insulator and for good
quality SEM images the surface needs to be conductive.
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4
Results and Discussions

The experiments were run in six batches to test out various parameters. All the
batches have a nickel layer thickness of 75 nm. The experiments focused on opti-
mizing the dry etch process. Wet etching experiments were also done to understand
the possible wet etchants and their impact on the structure. The results are divided
into preliminary tests which tried to replicate etching recipes from the literature,
ICP power influence study, RF power influence study and gas chemistry influence
study.

4.1 Dry etching
ICP RIE etching was done on samples to understand the influence of ICP power,
forward power, and etch gas chemistry on the etch rate of AlGaN, etch rate of
Ni, selectivity, surface roughness, sidewall angle and etch rate uniformity across
the profile. Ion milling experiments were tested out but the process damaged the
samples, hence further experiments with the process were not tested out. The values
of parameters which was selected as the baseline for the experiments are detailed in
Table 4.1 and the conclusions arrived at by analysing the recipes from the literature
are summarized in Table 4.2. Since AlN is a piezoelectric material it has been widely
used in MEMS devices, hence literature review on the fabrication of such devices
served as a baseline for the experiments.

Table 4.1: Preliminary test parameters for dry etch process.

Sample No
Flow Rate
(sccm) ICP Power

(Watts)
Forward Power
(Watts)

DC Bias
(Volt)

Etch Time
(Minutes)Ar Cl2 SiCl4

1 15 30 0 50 200 12
2 15 30 0 100 329 7
3 15 50 0 100 350 7
4 15 50 0 50 200 12
5 20 10 55 30 246 5
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The SEM images are used to understand the etch profile, etch depth, etch width
at the top and bottom, uniformity of the etch profile over the sample, and surface
roughness. The SEM images and Table 4.2 summarizes the comments.

Table 4.2: Prelimenary test SEM analysis summary.

Sample
number

Etch
depth
(nm)

Etch
width
-top
(nm)

Etch
width
-bottom
(nm)

Undercut
angle
(degrees)

Etch
profile
uniformity

Surface
damage

1 161.5 98.67 - 102.3 uniform minimum
2 200.9 126.7 - 104 uniform minimum

3 416 128.1 30.08 - -
damage
seen on
stripes

4 359.5 107 32.54 -

extreme
variations
seen
across
profile

contamination
high

5 22.58 85.19 47.53 - uniform extremely
damaged

The preliminary tests showed SiCl4 is not a promising candidate as the process gas
since it showed build-up on the surface which could be due to the comparatively
involatile etch by-products. The higher RF power showed high DC bias. An increase
in the Cl2 percentage showed higher damage to the surface while increased RF
power did not show any considerable change even with higher etch time. The data
is insufficient to be conclusive about any assumptions made after the first test.
The flow rate was fixed to 15 sccm Ar and 30 sccm Cl2 after the first run. Etch
rate analysis was not done on the preliminary batch. The results from these tests
were used to determine the starting parameters for the ICP power influence study
conducted summarized in Table 4.3.

4.1.1 Influence of ICP power on AlGaN and Ni etch process
To understand the influence of ICP power on the etch rate of AlGaN and nickel,
ICP power was tested from 300 W to 45 W by keeping the forward power, etch
time, chlorine flow rate, argon flow rate and chamber pressure constant. The initial
experiments indicated that the process might benefit from lower RF power and
lower Cl2 flow rate. During this run, it was noticed that at lower flow rates, the tool
couldn’t match the input value to the actual value. The mismatch was noticed for
ICP power at lower values where the input of 50 W only yielded 45-48 W during
the run, with values fluctuating during the process. The DC bias also showed
fluctuations increasing with an increase in ICP power. The trends show that even
though the AlGaN etch rate consistently increased with increased ICP power, the
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Table 4.3: Variation of Ni and AlGaN etch rate with ICP power. The plot shows
a linear increase of etch rate till 200 W for the AlGaN etch rate, while the Ni etch
rate does not show a similar trend.

Sample
No

Flow
Rate
(sccm)

ICP
Power
(Watts)

Forward
Power
(Watts)

DC
Bias
(Volt)

Chamber
Pressure
(mTorr)

Etch
Time
(Minutes)Ar Cl2

1 10 15 300 80 254-256 - 7
2 10 15 150 80 277 - 7
3 10 15 100 80 290 2.8 7
4 9.9 14.9 50 79 295-300 2.2 7
5 10 15 69 79 282 2.5 7
6 10 15 21 79 235 2.5 7

Table 4.4: Parameters for the ICP power study.

Ni etch rate did not increase with the same scale as depicted in Figure ??. This
could be due to the formation of a nickel oxide layer on the surface due to either the
oxygen plasma cleaning step or the ICP RIE etch process itself. The profilometer
measurements showed that for the samples which were etched with more than 100
W ICP power the nickel layer thickness increased. While Ni and NiO both arrange
themselves in a face-centred cubic lattice, the lattice constant of NiO is higher, this
could be the reason for the apparent increase of the nickel layer. No conclusive
evidence of the dependence of ICP power on the etch selectivity could be found as
depicted in Figure 4.1. The SEM images were used to understand the etch profile,
etch depth, etch width at the top and bottom, uniformity of the etch profile over
the sample, and surface roughness. The SEM evaluation showed ICP power did not
show considerable influence on profile shape, but only on etch depth.
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Figure 4.1: Etch selectivity as a function of ICP.

4.1.2 Influence of forward power on AlGaN and nickel etch
process

The forward power was varied to understand the influence of the same by keeping
the other parameters constant. The etch rate of AlGaN and Ni with respect to
different RF power is plotted in Figure 4.2. Forward power 50 W showed the highest
selectivity while SEM images of samples treated with lower than 50 W showed
increased surface roughness. As RF power increases implies higher DC bias which
may enable ion bombardment, hence higher selectivity. However, after the peak at
50 w as depicted in Figure 4.3 selectivity decreases, this could be because as RF
power increases the diffusion of plasma particles decreases which reduces chemical
etching. Selectivity typically increases with chemical reactions between particles
and the material to be etched.
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Figure 4.2: Variation of Ni and AlGaN etch rate with forward power. The plot
shows a linear decrease in the etch rate for AlGaN with increasing forward power
and no trend for the etch rate of Ni.

Figure 4.3: The variation of selectivity shows that the forward power of 50 W has
the highest selectivity.

4.1.3 Gas chemistry influence study
The influence of different gas compositions was tested while keeping the ICP, forward
power constant, and etch time constant. The etch time was decreased to 3 minutes.
Forward power was reduced to 50 W and ICP power was kept at 100 W. The chamber
pressure at 5 mTorr. The total flow rate to the chamber was kept constant at 50
sccm. 100% chlorine and 50% chlorine in the total gas flow rate were inspected for
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surface roughness. The experiments showed that the etch depth and profile across
the sample were not as uniform as expected. Variations were observed in the etching
behaviour of the full chlorine process for stripes on the same substrate as depicted in
Figure 4.4. In contrast, this was not observed with mixed chemistry processes. The
fully chlorine-based process showed high selectivity but the profiles were not similar
across different stripes on the same sample. This could be due to the exhaustion of
the process gas as the effective area of etching is high. The layout is such that the
nickel mask only covers a small portion of the total structure. This could lead to the
gas being exhausted before it reaches the sides of the substrate, as the SEM analysis
showed the etch depth at the centre is higher than at either side of the substrate.
Since increasing the total gas flow showed greater damage done to the substrate,
increasing the presence of a mask over the surface area might be a good step toward
improving a fully chlorine-based plasma process. Figures 4.5 and 4.6 are the SEM

Figure 4.4: Comparision of etch depth variation on different grating on the same
sample. Grating on the edges of the sample had higher etch depth while grating at
the centre had lower etch depth. The blue rectangle depicts the substrate.

images for the 100% chlorine in the etchant gas composition and Figures 4.7 and 4.8
for the 50% chlorine. For all the other parameters kept constant, the 50% chlorine
mixture shows the cross-section profile to be smoother.
The results showed that ICP power and RF power were not as crucial as chlorine
flow rate percentage to surface roughness. It was observed that while it is possible
to etch AlGaN deep, the side wall angle and surface roughness differed with the
chlorine flow rate For a uniform etch profile over the surface, the chlorine percentage
had to be kept low, and for high selectivity, the chlorine percentage needed to be
high. The best-assumed findings from the study are that since the mask coverage
on the substrate is low, the process gas gets consumed easily and hence just using
chlorine-based chemical etching without ion-based sputtering provided by the argon
molecules, the etch profile turns out to be non-uniform. However, using a higher
argon percentage decreases the selectivity and hence chlorine is required in the etch
gas mixture. The need for higher RF power could be because AlN is a chemically
inert molecule. ICP power only influenced the etch rate, as the ICP power increased
the etch rate increased, however, the selectivity was the highest in the 150 W to 50
W range. RF power 50 W and ICP power 100 W with a 1:1 ratio of Cl and Ar in the
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Figure 4.5: 100% chlorine-based ICP RIE, surface coated with 6nm Au for better
visibility. Sidewall angle is 960-83.20 with vertical etch depth 175.7 nm and width
at the top 60.48 nm

Figure 4.6: Zoomed in cross-section of the surface shows roughness for 100%
chlorine based ICP RIE.

Figure 4.7: Profile of samples etched with 50% chlorine. Vertical etch depth 330.7
nm and width at the top 104.2 nm.

total flow rate showed comparatively smoother profiles while etching the required
depth. Lower RF power showed a rougher surface. To conclude, a total flow rate
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Figure 4.8: Cross section of the sample etched with 50% chlorine.

of 50 sccm, with 50% chlorine, Rf power between 30 W - 50 W with ICP power
between 75 W and 150 W, was able to etch 300 nm into AlGaN with a vertical
profile that could be of interest to UV emitting PCSELs.
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4.2 Wet etching
Wet etching with TMAH due to the reasons mentioned in section 3.3 was used
to understand the influence on the profile. The substrate which had undergone
identical ICP dry etching was left in a bath for 5, 10, and 15 minutes containing
ma-D 525 developer without any heat. Ma-D 525 is an aqueous-alkaline TMAH-
based developer. All the samples show surface deformity with the irregularities
increasing with time as shown in Figure 4.13.

Figure 4.9: a) Dry etched gratings not
treated with TMAH.

Figure 4.10: b) Sample immersed in
TMAH-based developer bath for 5 min-
utes.

Figure 4.11: c) Sample immersed in
TMAH-based developer bath for 10 min-
utes.

Figure 4.12: d) Sample immersed in
TMAH-based developer bath for 15 min-
utes.

Figure 4.13: TMAH treated samples show wet etching is not vertical but rather
shows no significant trend.
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5
Future Work and Conclusion

The study involved understanding the working of UVC PCSELs and analyzing differ-
ent possible etching mechanisms including dry etching and wet etching. Concerning
different dry etching techniques, ICP-RIE etching was a suitable process. Even
though we have been able to etch the desired structure the full influence of the pa-
rameters couldn’t be mapped due to limitations in sample numbers and the number
of experiments that could have been run within the given time. The study concludes
at the point that ICP-RIE etching using Chlorine and Argon, with 50% chlorine in
a 50 sccm total gas flow, with 100 W ICP power and 50 W RF power was able to
etch AlGaN structures of 300 nm depth with nickel mask. Etch selectivity increased
with increasing Cl percentage in the total flow rate but the etched metal surface was
rougher. There was less lateral etch uniformity with increasing Cl percentage which
was observed by the difference in etch rate at larger structures on the sample and
the etch rate observed in the photonic crystal in the cross-section SEM images. The
highest Cl% led to a rougher etched AlGaN/AlN surface. More substantial tests into
understanding the influence of etching on the nickel layer need to be executed, to
actualize electrical injection. The challenges encountered in characterizing the sam-
ples, particularly due to the difficulties in cleaving AlN on sapphire, have impacted
the evaluation of photonic crystal structures. However, overcoming these challenges
is crucial, as the results will directly contribute to the development of UV PCSELs,
enabling more efficient and precise laser performance in the ultraviolet spectrum.
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