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High-power semiconductor diode lasers are widely used in industrial applications such as
material processing and as pump lasers. One challenge in the development of these lasers
is that the laser diode suffers sudden failures due to high optical power density at the
facets of the laser. These failures occur due to surface states that permit the absorption or
non-radiative recombination at the semiconductor-coating interface, in the coating itself
or in the semiconductor lattice near the interface. Impurities or lattice defects near the
facets often limit the maximum optical output power produced by a laser diode as well as
limits the life time of the device.

Dielectric coatings are used to tailor the reflectivities of the laser diode facets. Ion beam
sputtering is a method of depositing these coatings with the use of ion sources. Deposition
parameters of the ion source affect the film quality and properties. Ion beams can also be
used to pre-clean the semiconductor surface and to deposit different passivation layers
prior to the coating. Appropriate treating of the laser facets, notably the output facet of
the laser, can be used to not only increase the tolerance for high intensities but also in-
crease the life time of the laser device.

In this thesis an assist source of an ion beam sputter was parametrized to produce different
cleaning and passivation treatments. The treated devices were then tested with under
pulsed operation to test the effectiveness of the treatments. Figure of merit for testing was
the threshold of optical peak power where the devices experience sudden failure. Depo-
sition parameters of aluminum oxide were found to have a significant effect on the dam-
age threshold of the laser later in the thesis. Assist source was parametrized to produce
uniform and controlled etching for the cleaning treatments. Assist source was also used
to produce silicon nitride passivation layers using ion assisted deposition. Different clean-
ing treatments and passivation layers were applied to laser diodes.

Best devices showed an increase of 9 % on average damage threshold. Overall, the device
performance, including devices with no applied treatments, was noticed to be notably
weaker than commercially coated samples. After parametrization of primary source dep-
osition parameters for aluminum oxide, the average COD threshold was found to increase
by at least 50 %.
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Korkean tehon puolijohdediodelasereita kdytetddn laajalti teollisuuden sovellutuksissa
sekd pumppulasereina. Yksi haaste ndiden lasereiden kehityksessd on laserien
ennenaikainen ja #killinen hajoaminen laserin peilipinnoilla liian isoista valotehoista
johtuen. Taméntyyppiset hajoamiset voidaan yleensd selittdd puolijohderakenteen ja
pinnoituksen vilissd tai vilittoméssd l1dheisyydessd olevilla pintatiloilla, jotka voivat
rekombinoitua emittoimatta valoa tai absorboida sitd. Valoa absorboivat epdpuhtaudet tai
kidevirheet rajoittavat usein laserin tuottamaa optista maksimitehoa lyhentden myos
laserien elinik&a.

Dielektriohutkalvopinnoituksia kdytetdin lasereissa sddtdmiin laserin kaviteetin pintojen
heijastuvuuksia. Ionisddesputterointi on ohutkalvopinnoitteiden tekemiseen tarkoitettu
laite ja tuotantotapa, jossa pinnoitukseen kiytettivd materiaali irroitetaan ionisiteiden
avulla. Kdytetyt pinnoitusparametrit vaikuttavat merkittdvésti tuotettujen ohutkalvojen
laatuun ja ominaisuuksiin. Joniséteitd voidaan myds kéyttdd puolijohdepintojen
esipuhdistukseen sekd erilaisten passivointikerrosten pinnoitukseen. Oikeanlainen
esikisittely etenkin laserin tuottaman valon ulostulopinnalla lisdd lasereiden kestdm&d
maksimitehoa seké pidentdi niiden elinikéaa.

Tdssd opinndytetyOssd tutkittiin ionisddesputterointilaitteen apuionildhteelld tuotettuja
puhdistus- ja passivointikisittelyja. Apuionildhteelle etsittiin puhdistusparametrit, joilla
pinnan etsaus oli kontrolloitua ja tasaista. Tdamén lisdksi apuionildhteelle etsittiin
parametrit passivointiin tarkoitettujen piinitridikerroksien tekemiseen. Kisiteltyjen
laserien valotehon kesto mitattiin kdyttdmélld niitd pulssitetusti nousevalla virralla,
kunnes ne hajosivat. My0Os pédionildhteen vaikutusta lasereiden tehonkestivyyteen
tutkittiin muuttamalla alumiinioksidin pinnoitusparametreja.

Paras kisittely lasereille tuotti 9 %:in nousun laserien hajoamistehon keskiarvossa.
Kisitellyistd lasereista sekd my0s késittelemittomisti referenssilasereista huomattiin, ettid
niiden tehonkesto on merkittivasti heikompi kuin lasereiden, jotka olivat kaupallisesti
pinnoitettuja. Tastd syystd tutkittiin alumiinioksidin kasvatusparametrien vaikutusta
laserien valotehon kestoon. Kasvatusparametreja optimoimalla saavutettiin ainakin
50 %:in lisdys kisitteleméttomien lasereiden tehonkestoon.
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1. INTRODUCTION

Ever since the demonstration of semiconductor laser diode [1], these light sources have
been an expanding field reaching multibillion USD markets. As semiconductor lasers
reach higher powers, become more efficient and meet even stricter spectral requirements,
new markets are ready to be influenced. At the moment semiconductor lasers are widely
used in optical storage, industrial applications and communications. Other notable fields
are medicine, sensors, military applications and display systems.

Edge-emitting laser diodes are fabricated using epitaxial semiconductor layers grown on
top of a semiconductor substrate wafer. This means that the epitaxially grown semicon-
ductor layers, also called epilayers, follow the crystal pattern of the previous layer. Meth-
ods of controllably and accurately producing these include molecular beam epitaxy
(MBE) and metalorganic chemical vapour phase epitaxy (MOCVD). These laser wafers
then undergo fabrication steps including lithography, metallization and cleaving until
they are laser bars. The laser devices are often coated as bars and then cleaved into chips.
Laser bars can be seen in Fig. 1.

Figure 1.  Laser bars in a gel pack. Bars are usually 10 mm wide, 0.5—4 mm long
and contains over 20 individual chips. Image is courtesy of Modulight Inc.



Constant trend in semiconductor lasers is ever decreasing size. Thus one challenge in the
development of these lasers is the increasing optical power density. Too high optical
power generally leads to sudden device failures at the output. This catastrophic optical
damage (COD) breaks the laser. The threshold for COD lowers as the device ages and is
exposed to heating, ultimately leading to permanent failure of the laser chip. Lasers op-
erated at higher powers are commonly more prone to failures due to high optical power
density and high operating temperatures, shortening the laser’s lifetime.

COD is ultimately caused by absorption in the semiconductor structure of the laser or at
its resonator. An ideal mirror of a semiconductor laser does not absorb at all. However,
semiconductors oxidize quickly and these oxides can generate unwanted surface states
near the laser mirrors. At high operating powers these oxides or other impurities absorb
some of the light emitted by the laser as well as cause non-radiative recombination, re-
sulting in local heating and eventually the failure of the laser device due to COD.

Semiconductor laser facets, which form the optical resonator of the laser, require specific
reflectivities for the laser to perform optimally. Because of this laser facets are almost
always coated to achieve desired reflectivities. One technique these coatings can be de-
posited with is called ion beam sputtering (IBS). It involves an ion source where ions are
generated and then accelerated towards a material target. These accelerated ions then
knock atoms off of the material target that form a layer on the devices to be coated. This
technique provides a controllable method of depositing thin films.

An important benefit of ion beam sputtering, introduced in chapter 4, is that the film can
altered by a secondary ion source. Effects on the use of secondary assist source was sys-
tematically studied as early as 1963 by Donald Mattox and his coworkers [2]. This sec-
ondary ion source can be used to affect properties of the film during deposition or to clean
the semiconductor laser facet prior to coating. When the cleaning is done in a controllable
manner using ions of the right energy, oxides and other surface impurities can be removed
without harming the semiconductor structure underneath increasing the laser’s threshold
for COD.

The process of cleaning and coating semiconductor lasers has to happen without interme-
diate removal of the devices from vacuum. This is because exposure to ambient air and
the oxygen in it causes the surface to reoxidize. Reoxidation happens to some degree
during the coating process as well as oxygen is present as sputtering atoms from the ion
source or as a background gas. This is because dielectric mirrors are often compounds of
oxygen. This problem can be alleviated through an introduction of a passivation layer.
This layer is a thin and inert layer whose purpose is to prevent further reaction of the
semiconductor material, thus passivating it.

Effectiveness of cleaning and passivation treatments prior to coating can be evaluated by
measuring the COD levels of given devices. It is important to note that COD levels have



a certain amount of randomness in them, requiring a statistical approach. This is because
even the slightest contamination in critical location or local defects in the semiconductor
structure can cause the COD to happen at different optical power on seemingly identical
chips. The laser chips are visually inspected to guarantee that the tested chips are of ade-
quate quality.

The aim of this thesis is to find out suitable parameters for an IBS coater assist source to
determine the effect of ion source coil power and positive voltage to etching speed and to
have an initial parametrization to use the assist source. Different cleaning and passivation
treatments can then be tested prior to coating for laser diodes. Then the laser devices of
sufficient quality from each coating are tested under pulsed operation to determine the
effect of cleaning and passivation treatments to the COD threshold.

This thesis consists of six chapters. In chapter 2 the basics of semiconductors, lasing and
related physical phenomena are explained. Also important semiconductor devices are in-
troduced. Optical thin films such as anti-reflective and high reflective coatings and their
properties are addressed in chapter 3. Chapter 4 focuses on thin film deposition method
IBS and possibilities it can add to the coating procedure such as different cleaning and
passivation treatments. In this chapter is also explained COD as a phenomenon and sem-
iconductor laser diode life time. Lastly, chapter 5 is reserved for results and analysis, and
chapter 6 is for conclusions.



2. SEMICONDUCTOR LASERS

2.1 Semiconductors

Semiconductors have revolutionized the world. One event that could be considered to
have started the revolution was when Michael Faraday found out that the resistance of
silver sulfide decreased with the increase of temperature [3]. This sparked interest to this
new kind of material and lead to discovery of more of semiconductor properties such as
rectification, photoconductivity and photovoltaic effect [4].

Semiconductors are materials that consist of a crystalline structure. This means that the
same fundamental building block is repeated to form the structure [S]. This building block
is a cube and it’s called a unit cell. The size of this cube is determined as lattice constant
and it is the length of the cube’s side. The simplest lattice structure is called simple cubic,
which has a center of an atom in every corner of the lattice cube. More complex variations
of this are the body-centered cubic and the face-centered cubic which have atoms in center
of the cube or the faces of the cube, respectively. Important lattices in the field of semi-
conductor lasers are diamond lattice in silicon and zinc-blende in GaAs and InP [6]. Ele-
mental semiconductors often have a diamond lattice structure and compound semicon-
ductors generally have zinc-blende lattice [5].

Semiconductors used in industry are often doped to achieve the desired electrical proper-
ties. Doping means that impurities, atoms of a different material, are introduced to the
lattice. The undoped semiconductor is called an intrinsic semiconductor, while the semi-
conductor that is used for doping is called a dopant. For doping to have a purpose, the
dopant has to be of a different group in the periodic table of elements. This way the dopant
will have a different number of valence electrons and thus add either excess electrons or
holes. Holes are slots where an electron could reside, to the lattice. Whether electrons or
holes, negative or positive charge carriers, are doped into the semiconductor, the result
will be n-type or p-type extrinsic semiconductor, respectively [5]. A dopant that adds
excess electrons to the lattice is called a donor and a dopant that adds holes is called an
acceptor.

The reason semiconductors show unique electrical behavior can be seen in the energy
band. To first understand the meaning of the electric bands and how they can be affected
by doping, one must first understand an important concept called Fermi energy. Fermi
energy is the energy of the highest manned state in a system occupied by fermions at a
temperature of absolute zero [5]. Fermi energy is given as
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where h is Planck’s constant, m is the mass of a particle and n,, is the electron density. It
is important to remember that this holds true only for particles called fermions, such as
electrons, which behave in a way that a state can only be empty or occupied by a single
particle. Consequently, Fermi energy is dependent on the electron density of the material
and thus tailorable with doping.

Metals are highly conductive as they have a valence band and a conduction band close to
each other or even overlapping. This means that there are always electrons and holes
available to freely move and conduct electricity. In an intrinsic semiconductor thus energy
gap between conduction and valence band, consequently called the band gap, is still rel-
atively small. This allows some electrons to thermally excite to the conduction band and
conduct electricity. On the other hand, in an insulator the band gap is large enough to
prevent the excitation of electrons to the conduction band under normal circumstances.
The band gap itself has no occupiable states and is not an allowed state for an electron.
These band structures are demonstrated in Fig. 2.
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Figure 2.  Energy bands of an insulator, semiconductor and conductor. The dark red
region in the energy bands of conductor represents the overlap of bands.

The energy bands demonstrated above are not truly continuous allowed values for all the
electrons in a system but a simplified demonstration. In reality, each electron with a dif-
ferent orbital location has a limited number of discrete allowed states [7]. Transitions
between these states require energy if the transition is made to a state of higher energy
than the original. In contrast, energy is released when a transition is made to state of a
lower energy. These transitions between states are tied to absorption or emission of pho-
ton or phonon. The energy bands are also located in a wavenumber space, which repre-



sents the momentum of charge carriers. If a transition happens within the same wave-
number, only photon is emitted or absorbed. However, if the transition between states
involves a shift in wavenumber as well, absorption or emission of a phonon is required
for the transition. Band gap within the same wavenumber is called a direct bandgap while
a band gap between different wavenumbers is called an indirect band gap.

2.2 Semiconductor junctions

To take full advantage of semiconductor properties and build the devices modern elec-
tronics rely on, semiconductor materials need to be arranged in a specific way. When the
p and n doped materials are allowed to contact, the remarkable p-n junction is formed.
This junction and its significance was ironically found in 1940 in an attempt to produce
pure silicon Russell Ohl [8].

A p-n junction consists of three regions: positively doped p-side, negatively doped n-side
and a depletion region in between. Majority carriers in p-side are holes while in the n-
side they are electrons. Depletion region forms when the differently doped sides are
placed in contact as the excess electrons from the n-side try to move to the p-side to
balance out the electrical potential. Some of these electrons are able to diffuse to the p-
side to fill a hole and form a negative ion leaving a positive ion behind to the n-side. [8]
Width of the depletion region is dependent on the level of doping and is very often asym-
metric [9]. Forming of the depletion region is demonstrated in Fig. 3.

p-type n-type
semiconductor semiconductor
region region

e electron

The combining of
electrons and holes
depletes the holes
in the p-region and

u hole

@ negative ion
~ from filled hole

the electrons in the @ positive ion
n-regioin near the from removed
junction. electron
depletion
region

Figure 3.  Depletion region forms to the junction of two differently doped semiconduc-
tor materials as they are brought to contact [10].

p-n junction is a diode [11]. This means that it has the capability of permitting current
flow in one direction and blocking it in the other. Current flow is possible when the junc-
tion is biased in such a way that the p-side is connected to a higher voltage in comparison
to the n-side. This condition is called a forward bias. In forward bias both sides’ majority
carriers will move towards the depletion region, narrowing it. If the p-side is connected



to a lower voltage than the n-side, the junction is reversely biased. The current flow is
prevented from the n-side to the p-side in reverse bias as the majority carriers on both
sides are pulled away from the depletion region, widening it and increasing its insulating
capabilities [11].

Current flow in a p-n junction is a sum of two different currents: drift and diffusion cur-
rent. Drift current is caused by the electric field in the depletion region and results in a
current flow from n-side to p-side. Diffusion current is caused by a concentration differ-
ence in charge carriers. This causes, as the name suggests, diffusion of charge carriers
from one side to another. Diffusion current can flow in both directions but is also affected
by depletion region width [12]. The current-voltage graph of a p-n junction is shown in
Fig. 4. Current flow in reverse bias is mainly caused by drift current and in forward bias
the dominating current is diffusion current. In reverse bias the negative current is almost
a constant until the breakdown region as the amount of minority carriers entering the
depletion region is relatively unaffected by the bias voltage [5].
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Figure 4.  I-V characteristics of a real semiconductor diode (p-n junction). Voltage
axis is not to scale and breakdown can take hundreds of volts to occur. [13]

A p-n junction’s ability to block current under reverse bias has its limits. When exposed
to a high enough reverse bias the junction starts to let current through. Breakdown of the
junction can happen in two different methods. Either by Zener breakdown or avalanche
breakdown. Zener breakdown occurs in highly doped p-n junctions in which the depletion
region is narrow and has a relatively strong electric field [14]. Zener breakdown happens
when an external electric field in the junction is strong enough to start tunneling charge
carriers through the depletion region [15]. In contrast to the Zener breakdown, avalanche



breakdown tends to occur in junctions with low levels of doping, resulting in a wide de-
pletion region and weak electric field. Avalanche breakdown occurs when the external
electric field becomes so strong that the electrons moving through the depletion region
have enough kinetic energy to create new electron-hole pairs by crashing to the lattice.
This starts a multiplicative effect which results in a sudden rise in current [16]. Avalanche
breakdown is often witnessed at higher voltages than Zener breakdown. It is important to
note that these phenomena do not actually break the p-n junction irreversibly, as the name
might imply, as long as the current moving through is kept low enough [11].

Semiconductor can also be bonded to metal forming a Schottky barrier. They are used to
build mostly similar devices as p-n diodes with a non-linear I-V response. These devices,
called Schottky barrier diodes, are capable of having faster response times as the opera-
tion relies on a single type of charge carrier. [5] When a Schottky barrier is formed by p-
type semiconductor, the charge carrier type is holes and the forward bias is applied by
applying the positive voltage to the p-side semiconductor. For an n-type semiconductor
the carrier is electrons and forward bias is applied by contacting the negative voltage to
the n-type semiconductor. In Schottky barrier between the metal and the semiconductor
forms a depletion region acting as a barrier. Operation of the junction is similar to p-n
junction, the barrier is preventing any major current flow under negative bias but breaking
down when under large negative bias. The size of Schottky barrier is dependent on the
semiconductor-metal combination. [5] Not every combination of metal and semiconduc-
tor form this barrier, or it is too small, resulting in an ohmic contact without rectifying
properties.

2.3 Optoelectronic devices

Semiconductor devices for electrical purposes have become very popular due to multiple
reasons. First of all they are relatively cheap to manufacture. Secondly they are very flex-
ible components. Semiconductors can be manipulated and tuned through external mag-
netic or electric fields, adjusting the level of doping and by exposure to heat or light.
Lastly, semiconductors miniaturized many existing devices and made possible a whole
range of new electronic devices such as transistors.

Simple p-n junction can be used to build a myriad of devices including but not limited to
different diodes, solar cells and photodetectors. Some devices consist of multiple p-n
junctions such as transistors. In the scope of this thesis some important devices in terms
of physical principles are inspected. Semiconductor rectifier diode and Schottky barrier
diode are assessed in the previous chapter as they are closely connected to the fundamen-
tal operation of the junction.



Light-emitting diode (LED) can generate light over 15 times more efficiently than a con-
ventional light bulb [17]. LED is essentially a p-n junction formed of direct band semi-
conductor. This means that minimum allowed energy of the conduction band and maxi-
mum allowed energy of the valence band are located on the same wavenumber. This re-
sults in majority of charge carrier recombination happening in a radiative manner in con-
trast to typical diodes where the bandgap is indirect and recombination results in heating.
In a forward biased LED the charge carriers passing the depletion region can combine,
which is essentially a relaxation of an excited state, leading to an emission of a photon.
Energy of the emitted photons is directly the energy gap between the two states involved
in the transition. Efficiency of an LED is naturally tied to probability of the recombination
process in addition to the probability of the radiative recombination. Probability of re-
combination can be increased through introduction of Quantum Wells (QW) that trap the
charge carriers in depletion region, promoting recombination. [5]

Some semiconductor devices work in a similar manner to one another but have multiple
purposes. For example solar cells and photodetectors work because of the same phenom-
enon but are optimized for different purposes. Both devices rely on absorbing light to
generate charge carriers. These charge carriers are created when a photon of a higher
energy than the bandgap in the depletion region excites an electron creating an electron
hole pair. Modern solar cells can do this with an efficiency over 40% [18]. Because of the
built in voltage in depletion region the electron is then moved to the n-side while holes
move in to the p-side. This increases the voltage over the junction resulting in a current.
[19, 20] In solar cells this effect is harnessed to create energy and consequently it is de-
sirable for the cell to absorb at a high probability in a wide range of the electromagnetic
spectrum to convert light to electrical energy as effectively as possible. In photodetectors
this is not as important as the desired properties are often along the lines of sensitivity,
low noise, response time and linear dependence of signal compared to light intensity [21].
In contrast to photodetectors, solar cells are often build as large as possible to gather light
from a large area.

Some diodes serve a unique purpose in a region where one would not at first expect, in
the diode breakdown region. Zener diode is operated on reverse bias and can be used to
regulate a voltage source providing stability against changes in load of a circuit. Other
uses include limiting, also called clipping, which can be used to protect a circuit from
high voltages or to shape the voltage signal of an alternating current source. Zener diode
is often connected in parallel to the electric component to be regulated or protected. [22]
If a voltage transient that exceeds the Zener breakdown voltage is experienced by the
circuit, the Zener diode switches to conducting mode and protects the parallel component
from the high current. The threshold for breakdown can be tailored by changing the
amount of doping in the semiconductor junction sides. Higher concentrations of dopants
result in lower breakdown voltages and vice versa as explained in Chapter 2.2.
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Bipolar junction transistor (BJT) is the first three-terminal electrical component [5]. Tran-
sistor is a multi-junction component often consisting of three terminals. They are used in
circuits to control or amplify current through two terminals by applying a current in the
third terminal. Based on the operating principle transistors can be categorized in two main
categories: BJTs and field-effect transistors (FET). The latter is also called unipolar tran-
sistors. In FETs the conductivity of the device is controlled by an electric field. In BJTs
the operation uses both charge carriers while FETs use only a single type of a carrier. A
Nobel Prize was awarded to William Bradford Shockley, John Bardeen and Walter
Houser Brattain for their work in the field of semiconductors and transistors [23].
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2.4 Semiconductor lasers

Laser is an acronym for “light amplification by stimulated emission of radiation”. Even
though the first laser was produced in 1960, the physical possibility for such a device was
recognized by Albert Einstein as early as 1917 [21, 22]. After the first practical concept,
the advancements in the field of lasers became more rapid. Different kinds of lasers, such
as fiber, gas, and semiconductor, were demonstrated in 1960s. The first gallium arsenide
semi-conductor laser, a laser diode operating in the near-infrared, was demonstrated in
1962 by Robert Hall [1].

Laser was not an invention that was motivated by finding a solution to a certain problem.
In fact, at the time of its invention, people have attributed laser as a “solution looking for
a problem” [26]. Nowadays lasers have a major foothold in multiple fields with laser
markets being over 12 billion dollars in size in 2017 [27]. Lasers are widely used in con-
sumer electronics, communications, industry, medicine, research and military.

All laser operation relies on stimulated emission. Stimulated emission is a phenomenon
where a photon near an atom with an excited electron stimulates the electron to transition
to a lower state of energy. For the transition to occur, there has to be a possible transition
for the electron that is close to the energy of the incident photon. This stimulated transition
emits a photon with the same energy, phase and direction of propagation as the incident
photon. Stimulated emission is demonstrated in Fig. 5. The material that stimulated emis-
sion occurs in a laser is called gain medium and lasers are often categorized by it.

Electron in
excited state
o E,

E,
—
W \ UWN’M
Ephoton = hv El

Incident photon Ephoton = hv = E; — E;

Stimulated
emission

Ey

Figure 5.  In stimulated emission the energy of the incident photon has to match the
energy difference between the states involved in transition. [28]

In laser gain region sufficient ratio between the excited and non-excited particles is re-
quired for laser operation. A key threshold is the so-called population inversion which
occurs when a bigger portion of the particles are in an excited state. Population inversion
is also the point where the amplification for an incident flux of photons is larger than the
absorption. Providing energy for the gain material, also called pumping, to achieve the
population inversion is essentially the power consumption of the laser. For semiconductor
lasers this is done either optically or electrically.
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Laser operation also requires an optical resonator. This is because the photon flux in the
gain medium, and consequently in the laser output, cannot achieve relevant powers if all
the photons were to leave the laser immediately. Instead, an optical resonator surrounds
the gain medium, providing a portion of the photons back to the gain medium so that
further amplification can occur. Optical resonators can, for example, be comprised of
naturally reflecting fiber ends, cleaved semiconductor facets or external mirrors. It is very
typical for one end of the resonator to have as high reflectivity as possible and the other
to have a lower reflectivity as it determines the output direction of the laser. Crude sche-
matic of a laser is demonstrated in Fig. 6.

Highly Partially
reflective reflective
mirror mirror
. . Laser
Electrical or optical power source T

i 3 3 1

Laser gain medium

Optical resonator

Figure 6.  Schematic of a laser with all the fundamentally essential parts: laser gain
medium, power source and an optical resonator.

Semiconductor laser uses a semiconductor heterostructure as the gain medium. By choos-
ing the composition of the direct band gap semiconductor materials that form the hetero-
junctions carefully the emission wavelength can be tailored to a wide range of possibili-
ties. Semiconductor laser structures are grown on wafers using high precision techniques
that are capable of producing layers one nanometer thick such as MBE [29] and MOCVD.
III-V semiconductor compositions are most commonly used, and their respective lattice
constants and emission wavelengths are demonstrated in Fig. 7. An important aspect of
producing laser structures with an epitaxial method is that the lattice constant of the layers
have to be similar enough that the grown layer can follow the previous lattice structure.
If the difference in lattice constants is too high, relaxation of the crystalline structure oc-
curs and the properties of the structure change. The amount of strain in the layer structure
can be used to affect, for example, the band structure resulting in a difference in output
wavelength of the laser [30].
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Figure 7. Type III-V semiconductor material compositions, their emission wave-
lengths and lattice constants [31].

Majority of semiconductor lasers are laser diodes [32]. Most of the laser diodes in high
power applications emit light in parallel with the wafer surface and are thus called edge-
emitting lasers [33]. The fundamental structure of a laser diode is a p-i-n junction, where
an intrinsic semiconductor layer is located in the middle of a p-n junction [34]. The struc-
ture bears great resemblance to an LED. As light is not confined in any way in a simple
p-i-n junction and population inversion is harder to achieve for a larger volume, this struc-
ture is highly inefficient.

Nowadays a structure called separate confinement heterostructure (SCH) with QWs are
widely used. In SCH lasers the charge carriers and the optical field are confined sepa-
rately. It uses a QW to trap the charge carriers in a very thin region making recombination
efficient and layers of lower index materials to keep the light confined to a certain region.
These lower index layers are also called waveguides. Threshold current density for laser
operation in a quantum well laser diode

a; + (ZLLC) In (ﬁ)
NowlowY

Jtn = NowJr exp ) ()

where Njy, is number of quantum wells, /7 is the transparency current, ; is the losses in
cavity, L. is the length of the laser cavity, R; and R, are the reflectivities of the end
mirrors, Iy 1s the confinement factor per quantum well and vy is the gain coefficient [35].
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Vertical-cavity laser diodes are lasers which emit light perpendicular to the wafer surface.
These are called vertical-cavity surface-emitting lasers (VCSEL). It uses a structure of
multiple QWs and confinement layers in the middle of two distributed Bragg reflectors
(DBR). The DBRs act as mirrors and provide the optical resonator in vertical direction.
VCSELSs have the benefit of a symmetrical beam profile in contrast to edge-emitting laser
diodes. One of their main uses is as transmitters for optical fiber communications [36].

Distributed feedback (DFB) laser is a type of laser that uses a grating along the active
region as an optical resonator. They are stable components and the grating is very wave-
length selective [37]. This results in a narrow output spectrum. Light in the grating reflects
through Bragg reflection. Output wavelength of these lasers can often be tuned by chang-
ing the temperature of the laser as it changes the period of the grating.

Vertical external-cavity surface-emitting lasers (VECSELSs) are similar to VCSELs but
they do not have two DBRs in the structure. Instead, the semiconductor chip is only the
other end of the optical resonator, meaning the semiconductor chip has an active region
on top of a DBR, and rest of the cavity is external. Dielectric mirrors are often used as
external mirrors. VECSELSs can reach high output powers as the mode spot size on the
gain chip can be designed large and the spot can be pumped accurately using optical
pumping. Excessive heating is often a limiting factor in VECSELs and diamond
heatspreaders are used to conduct the heat also to the side of propagation [38]. They are
also relatively modifiable as external components can be integrated to the free-space op-
tical cavity. On the other hand, they take a lot of space and are difficult to produce relia-
bly.
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3. OPTICAL THIN FILMS

3.1 Fundamental properties

Optical thin film is a layer structure consisting of one or more layers. For the film to be
considered thin, its thickness must be smaller than the coherence length of the light it is
designed to interact with. Earliest days of modern thin film history dates back to Robert
Boyle and Robert Hooke who noticed thin films displaying colors. Isaac Newton later
associated these colors with layer thicknesses and explained the phenomenon called New-
ton’s rings. Advances in theory of light and its wavelike nature has led to much better
understanding in the field of thin films [39].

Desired characteristics for an optical thin film often include at least the following: high
transparency, uniform refractive index and good physical and chemical stability [40]. Ab-
sorption of light by a thin film would not only lead to faulted performance but also rapid
degradation of the film. Accurate and uniform refractive indices as well as thicknesses of
the layers lead to accurate predictions on the thin film operation. Thin film structures are
used mostly on the external surfaces of components and thus it is crucial that the film is
as resistant as possible to deterioration by physical damage and chemical effects such as
that of water vapor.

Special attention has to be paid on the compressive and tensive stresses of the materials
when multiple layers are present in the thin film structure. Multiple layers with the same
expressed stress can lead to the thin film adapting some other form than planar. In the
case of compressive stress it leads to buckling while in the case of tensive stress the sur-
face concaves [41]. Ideally multilayer structures are deposited with subsequent layers al-
tering in the direction of stress as this compensates the stress resulting in high physical
stability.

The underlying phenomenon behind thin films and their effect to light waves is interfer-
ence. If two identical light waves that are on opposite phases interfere with each other,
destructive interference occurs resulting in the light waves cancelling one another. How-
ever, if the light waves are in the same phase, amplitude of the light wave is doubled. At
any given phase the amplitudes of interfering light waves can be summed to calculate the
sum wave. When light hits an interface of two materials, a part of the light is reflected
and the rest is transmitted. At normal incidence the reflectivity can be presented as

R = (n1 - n2>2, 3)

n, +n,




16

where n;and n, are the refractive indices of the materials. When light is at an interface
travelling to an optically denser medium, also known as a material with higher refractive
index, the part of the light that is reflected experiences a phase shift of . Through tailor-
ing these reflections and the phase of light through thickness of the film, transmission and
reflectance can be controlled.

Light experiences distance differently depending on the refractive index of the medium
that light is propagating in. This has to be accounted for when calculating the phase of
the light wave after a certain distance of propagation. Thickness of a thin film as light
experiences it is called optical thickness. It is the physical thickness times the refractive
index of the film. One has also to be mindful of that refractive index is dependent on the
wavelength of the light. This phenomenon is called dispersion.

3.2 Anti-reflective coatings

Anti-reflective (AR) coatings are used to reduce the reflection from a surface. In many
applications, including eye glasses, they are used to reduce the reflection of an air-glass
interface. Even though the reflection of an air-glass interface is only a few percent in size,
it is still noticeable by human eye and causes complex multi-lens systems to be futile
without proper AR coatings. As shown in Eq. 3 the surface reflection gets larger as the
difference between refractive indices of materials increases. This makes AR coatings an
important part of semiconductor surfaces which typically have high refractive indices.

The simplest AR coating is a single layer. The layer must be a quarter of the wavelength
in optical thickness. This causes the waves reflecting from the interfaces to have exactly
opposite phases and thus interfering with one another destructively. For optimal perfor-
mance the reflected waves should be equal in amplitude. This can be achieved, as shown
by Eq. 3, with a film with a refractive index of

ng = \/nyny, 4)

where n,and n, are the refractive indices of the propagation media. This results in virtu-
ally perfect transmission for a single wavelength. This is a serious limitation for single
layer AR coatings as refractive index of a material is not a parameter that can be altered
freely.

AR coating can also consist of two or more layers. These designs are used when wider
wavelength range of high transmission is required or some special behavior is required
on multiple different wavelengths. Multilayer AR coatings are not so heavily limited by
the refractive indices of the coating materials in contrast to single layer AR coatings that
can only result in very high transmissions when the refractive index of the thin film is in
a very narrow range depending on the substrate. For example, single layer AR is not an
efficient solution for glass substrate with a refractive index of 1.52. This is because the



17

lowest refractive index material suitable for thin films has a refractive index of 1.38 while
the optimal refractive index according to Eq. 4 would be 1.23, given that the incident
medium is air. [39] Multilayer AR coatings are much more complicating to calculate and
underlying method of operation can change from quarter wave thick layers to layers with
some other thickness [42]. Computer programs are widely used to refine these coatings
but often require a well-chosen initial structure to find a good solution [41]. Demonstra-
tion of different AR coatings is shown in Fig. 8.

10 T T T T T
8 | -
1 layer SiO, coating
6 -
Reflectivity
(%) 1 layer TiO, coating
4 -
1 layer Al,O, coating
2L .
«—2 layer SiO, and TiO, coating
4 layer SiO, and TiO, coating—=
O 1 1 1 X
600 700 800 900 1000

Wavelength (nm)

Figure 8.  Different AR coatings on air-silicon interface. Refractive indices at 800 nm
wavelength for Si0>, TiO>, ALOs3 and Si are 1.48, 2.34, 1.66 and 3.69 respectively. Single
layer AR coatings of these materials cannot be used to achieve low reflectivity. According
to Eq. 4 the zero reflectivity AR coating could be achieved with refractive index of roughly
1.92 and since the refractive index of Al2O3 is nearest to this, it forms the best single layer
AR. Two-layer AR can be used to achieve virtually zero reflectivity. Note how four-layer
AR does not improve the target specific transmission but can be used to widen the width
of low reflectivity region significantly.

3.3 High reflective coatings

History of high reflective (HR) coatings date back to the ancient times where polished
metal surfaces were used as mirrors [43]. Even in the present these general mirrors have
their purpose, only the production method is different. Metal mirrors are produced now-
adays by evaporating a metal thin film to a substrate. For example, both silver and gold
reflect infrared (IR) light near perfectly. Reflectivity of aluminium, silver and gold can
be seen in Fig. 9.



18

100

80 A
=
8 60 -
=
o
0
D
= 40 -
7]
a0
A -
0 1
200 nm 500 nm 1 pm 2 um 5 pm

Wavelength

Figure 9.  Reflectivity of aluminium (Al), silver (Ag) and gold (Au). [44]

Metal mirrors come with a few inherent flaws making them unsuitable for a variety of
applications. Almost all metal mirrors, excluding gold, oxidise easily altering their reflec-
tive properties. This makes them unsuitable for precise applications at least without a
protective coating. As metal mirrors are filled with free electrons, they absorb much of
the light that they do not reflect. Usage of a metal mirror as an end mirror of a laser would
quickly lead to a destruction of the mirror as the absorption results in heat production
[41].

Dielectric materials are once again a good solution to provide high reflectivity with very
little absorption. Even though the reflection at a single interface is not large due to limited
refractive index of the materials, with the use of a periodical structure and constructive
interference very high reflectivities can be achieved. These distributed Bragg reflectors
(DBR) consist of quarter wave thick low and high index pairs. Every added pair of layers
enhance the reflectivity but is essentially limited by physical stability of the layer struc-
ture. Naturally the reflection is also higher the more material pairs refractive index form-
ing the DBR differs from one another.

DBRs produce the highest reflectivity when the stack is started and finished with the
material that has the highest contrast in refractive index compared to adjacent media. For
a structure of an even number of pairs, such as DBR structure between semiconductor
and air, low index layer is facing the semiconductor while high index layer is facing air
at the end of the stack.
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The reflectance of a DBR can be derived from matrix formalism. Matrix formalism is a
way to treat individual layers and their surfaces in a thin film system as matrices whose
effect to the wave function of incident light can be calculated by solving the product of
the matrices. The wave function at the outer surface can be written as a product of the
transfer matrix M and the wave function at the substrate surface:

AO] — [Mll MlZ] [AS] (5)
Bol  IMz1 My || Bg)
Effect of interfaces and the propagation media itself to the wave function can be written

by different matrices. Propagation inside an individual layer is represented by a propaga-
tion matrix

_ ei‘i’l 0
Pl_[o e-i‘i’z]' ©)

where [ is an imaginary unit and @; is the phase shift. It can be given as

= zmlTl(A)dl cos(6)), (7
where A is the wavelength of the light, n; (1) is the wavelength dependent refractive index
of the layer, d; is the physical thickness of the layer and 6, is the angle of incidence for
the light. Light waves behave differently at the interfaces depending on their polarization.
If the electric field is parallel to the plane of incidence, the plane which is formed by the
light before and after interacting with the interface, the polarization is called transverse
magnetic (TM) polarization. Similarly, if the electric field is perpendicular to the plane
of incidence, the polarization is called transverse electric (TE) polarization. [41] TM po-
larization is also called p-polarization while TE polarization is also called s-polarization.
Behaviour at the interface can be given by following matrices for p-polarization

cos(6;) cos(O
D[p = [ ( ) _glll):l (8)
and for s-polarization
1 1
Dis—s = [nl cos(6,) —-m C05(91)]' ©)

Using the propagation and interface matrices the transfer matrix M can be written for an
arbitrary number of layers, including the outer medium and substrate, as following
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N
M =D} (1_[ DlPlDﬂ) Dy, (10)

=1

where D, , and D, ¢ is the interface matrix for outer medium and substrate respectively. It
is important to note that simply the layer matrix is used when entering the layer opposite
to when exiting the layer. For exiting the layer, the inverse of layer matrix is used.

Now let’s consider a DBR on top of a semiconductor laser diode facet. In this case the
interface that the DBR is on is air-semiconductor. The DBR is deposited so that first layer
grown on the semiconductor is a layer of low refractive index and the stack ends in a layer
of high refractive index. Incident angle in the case for edge-emitting laser diode can be
considered perpendicular and we can assume dispersion to be insignificant. DBR layers
are quarter wavelength of optical thickness, thus the physical thickness of DBR layers for
wavelength A can be written as

d =—. 11
ey (11
By inserting this to the Eq. 7 and further calculating the propagation matrix for DBR from
Eq. 6, we get

_Ji 0

Pose =y | (12)

As we considered the incident angle 6, to be 90°, the interface matrices D;,_, and D
simplify to form

1 1

b= [nl —nl]' (13)

As the DBR for air-semiconductor interface is formed of N amount of low and high index

pairs and according to Eq. 10, we can write the layer matrix as
_ _ _\N
M = Dl,o1 (Dl,HPDBRDl,I-}Dl,LPDBRDl,Ll) Dy, (14)

where D, ,, D, i, D, and D, ; are interface matrices for outer surface, high index layer,
low index layer and substrate media respectively. These can be formed by inserting the
layers corresponding refractive index to Eq. 13. After some inverting and multiplication
of matrices we end up with a result
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where n;, ny, n, and ny are the refractive indices of the low index film, high index film,
outer medium and substrate respectively.

Reflectivity of the DBR structure can be calculated using the components of transfer ma-
trix M as following

2
May

R =
Mll

: (16)

After some relatively straightforward mathematical operating we obtain a result

(2N) 2
R= E(n_ﬂ)(z”)+1 ) (17)
n, \n;

which can be used to calculate the maximum reflectivity of a DBR stack consisting of N
pairs of low index and high index pairs for layer materials, substrate and outer medium
of arbitrary refractive indices. Reflectance of TiO> and SiO, DBR stack with an even
number of pairs and silicon as substrate is shown in Fig. 10. The more layers are in the
DBR structure, the sharper featured the shape becomes. Periodic sidebands are also typi-
cal for DBRs.
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Figure 10. Reflectivity of a DBR structure formed of 85.6 nm thick TiO> and 134.9 nm
thick SiO- on silicon with 1, 3, 4, 5 and 10 pairs for wavelength of 800 nm. Refractive
indices for TiO>, SiO; and silicon are 2.34, 1.48 and 3.69 respectively. Plain air-semi-
conductor interface is noted as N=0 in the figure.

Dielectric mirrors, when compared to metallic mirrors, have only a small region of high
reflectivity. Width of the high reflecting region can be increased through increasing the
number of layer pairs or by selecting larger contrast material. However, this leads to lower
reflectance in specific wavelengths, in contrast to traditional DBR, and physical instabil-
ity due to thickness of the structure. The size of the high reflecting region of a traditional
DBR from the centre wavelength A, to edge of the region A can denoted as

Ag = Earcsin (nH _ nL) (18)
g T nH + nL ’
where
Ao
= 19
g=- (19)

As can be seen the width of the high reflection region is a function of only the refractive
indices of the layer materials [39]. When the difference between refractive indices in-
creases the region widens.

Some applications require even more specialized filters such as edge or notch filters. Edge
filters are designed to reflect or transmit light of shorter wavelength and do the opposite
for longer wavelength. In case the shorter wavelength is blocked, the filter is called a long
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pass filter and in case of the opposite the filter is called short pass filter. Notch filters are
designed to attenuate a certain wavelength range while letting through the others. Its
counterpart, band-pass filter, does the opposite transmitting only a certain wavelength
range.

3.4 Adhesion and abrasion

Optical thin film structures are prone to physical and environmental threats. Even some-
thing as little as a light touch of a finger on surface of the film can lead to impaired per-
formance as contaminants attach to the surface. Under normal operating conditions the
failure of a coating can be attributed to the film detaching from the surface or abrasion
such as scratching on the coating. Most common environmental threat is arguably humid-
ity which tends to soften up the coating making it more sensitive to abrasion.

Testing different aspects of mechanical stability of a thin film is not always simple. Ad-
ministering a physical force that stays the same across measurements is challenging. The
measurements are also of such nature that they can often only be applied once. Absolute
limits of mechanical stability and hardness are not often sought for, but the coatings are
tested against a set of predetermined requirements in a pass or fail manner.

Adhesion between the film and substrate can be measured by so called tape test. By know-
ing the peel adhesion rating of the tape, one can test if the adhesion of the film is greater
of lower than the one of the tape. It is crucial to the consistency of the experiment that the
tape is pulled off the surface smoothly and always at the same angle. Thickness of the
tape should not be changed as increase in thickness results in a slightly less harsh inter-
action with the film [39]. Popular tape for adhesion tests is 3M 650 Scotch Cellophane
tape that is for example used in an American military standard MIL-F-48616 [45]. Extra
attention should be paid to the cleanliness of the coated surfaces as contamination can
result in a drastic reduction in adhesion. This can also be caused by crystalline defects in
the substrate.

Abrasion resistance of the film can be tested using a test instrument that applies a constant
force to the surface. Depending on the severity of the test either specific cloth or rubber
eraser is used. The test instrument is dragged multiple times over the film with a constant
force applied. The instrument should be held as upright as possible and moved with a
constant speed. After the abrasion the film is cleaned and the scratches caused to the film
are to be counted and measured. Once again, this measurement does not exactly quantize
the robustness of the film but gives an understanding of how much abrasion the coating
can handle before it is considered unusable. It is also important to note that the observed
hardness of the film is not only to be a function of the material and evaporation parameters
but thickness of the film [39].



24

Depending on the application the coating may be exposed to certain environmental threats
such as humidity, vibration and rapid temperature variations or extremities. Effects of
environmental harm caused to the thin film range from failure of adhesion to corroding
or dissolving the film. A rather universal test, also in accord with MIL-F-48616, is to
expose the film to a high humidity and a temperature of 50 °C for 24 hours and perform
a standard abrasion test within an hour [35,42].



25

4. ION BEAM SPUTTERING

4.1 Basic properties

Ion beam sputtering (IBS) is a method of depositing thin films by bombarding a target
material with an ion beam. If these ions have enough energy, they can dislodge atoms
from the target material. This is called sputtering. The ejected particles then propagate
away from the target resulting in a controlled method of thin film deposition. A high-end
IBS machine consists of vacuum pump, material targets, two ion sources, optical moni-
toring system and various gas lines. Second ion source is not required but its absence
limits possibilities of deposition methods. Picture of IBS chamber is shown in Fig. 11.

Figure 11.  Coating chamber of the IBS made by Cutting Edge Coatings used in this
thesis. Optical monitoring beam as well as cryo pump are located under the cryo shutter
and the optical detector is located above the chamber roof.

The clear majority of modern optical coatings are produced in a vacuum. More specifi-
cally, around one millionth of atmospheric pressure. Vacuum conditions contribute to the
controllability of the process mainly by two methods. Firstly, it increases the mean free
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path of the particles which allows more particles to reach their desired location preferably
without losing energy along the way in collisions [46]. Secondly, low pressure allows the
maintaining of a controlled gas combination in the chamber which is required to deposit
certain films with high reproducibility. Cryo pumps are often used because of their quick
pump times. Industrial machines are often equipped with a load lock chamber to prevent
the venting and pumping of the whole chamber.

Ion source is a device that generates ions and accelerates them. In the case of the primary
source the ions are directed towards the material targets to sputter while in the assist
source the ions are sent straight to the device to be coated. The assist source can be used
for example to clean the device prior to coating or to alter the properties of deposited
material through introducing energetic ions to deposition surface. The latter is called ion
assisted deposition (IAD).

In practice, ion source requires four components to operate: a chamber for plasma gener-
ation, a method to bring in material for ion generation, power to ionize the material and
an electric field to accelerate the generated ions out of the source [47]. Kaufman ion
sources are often utilized in tasks that require a high current density ion flow with a low
individual ion energy as their multi-aperture ion optics are able to meet these requirements
[46, 47].

Gridded radio frequency (RF) ion sources generate plasma using a coil encircling the
plasma generation chamber. The rapid alternating current generates sudden and strong
changes in the magnetic field, inductively generating the plasma. [50] At the output of
the ion source are three grids with tunable voltages. The ions move to the accelerating
grid due to pressure difference and are shot out of the ion gun by the electric field between
the grids. By alternating the power input of the coil, the voltages of the grids as well as
the flow of input gas, the ion beam shape, current density and ion energy can be con-
trolled. Schematic of an ion gun and its electrical configuration is shown in Fig. 12.
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Figure 12. Schematic of a gridded radio frequency ion source and its electrical con-
figuration. Grids are not in the model picture and would be inserted on top of the ion
source [51].

After accelerated ions leave the ion source, they are neutralized. This is done by a neu-
tralizer which is essentially an electron source. Neutralizing the ion beam protects any
electrically sensitive components during the coating and is required when depositing di-
electric materials because of harmful surface charging effects [52].

Similar radio frequency technology can be used to produce an electron source as well as
an electron gun. The key difference is that in a neutralizer the ions are collected inside
the discharge chamber while the electrons are attracted to the output. The number of elec-
trons produced in certain amount of time is proportional to the power of the coil. Graphic
illustration of a neutralizer can be seen in Fig. 13.
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Figure 13. Cross section illustration of a radio frequency electron source. It provides
electrons to neutralize the ion beams from the ion sources.

Sputtering gases are brought to the ion sources and neutralizer individually through flow
controllable gas lines. Primary ion source uses noble gases such as argon that do not react
with the target material if the desired coating consists of only the target material. It is also
possible to grow silica films, for example, by using a silicon target and sputtering it with
oxygen ions. It is also possible to influence the characteristics of the deposited material
by introducing a background gas to the deposition chamber. In contrast to the primary
source, the assist source can be used for variety of purposes such as cleaning. This results
in a benefit for linking multiple gases to the assist source.

The targets that the primary source ion beam is launched at are attached to a movable
holder. The number of targets vary depending on the intended use of the machine. The
targets should be large enough that most of the ions from the ion source hit only the
desired target. Even though sputtering the adjacent material limits the usable area on the
target, having two or more targets next to one another has its merits. For example, two
targets next to each other facilitate the deposition of graded index films which can be
utilized in special applications [53].

Samples are inserted to a rotating substrate or sample holder. Height of the holder is an
important parameter regarding the deposition speed and uniformity and thus should be
adjustable through the operating software. The holder also rotates to achieve better film
uniformity as well as permitting optical monitoring of the deposition.

Material targets erode under the effects of a high energy ion beam, as the premise of
sputtering suggests. The region of the material target that is exposed to the center of the
ion beam wears off the quickest. Also, the surface of the targets exposed to the ion beam
tends to roughen, forming somewhat irregular surface. These cause the deposition rate to
vary over the lifetime of the material target. This change as well as other changes can be
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accounted for by calibrating the materials before deposition. The need for calibration can
be avoided by implementing a monitoring method such as an acoustical resonator or an
optical monitoring system to observe the deposition of a film in real time.

Optical monitoring systems operate by comparing a signal beam that has passed through
a glass monitoring piece to a light beam that has not been altered. This can be achieved
by rotating the sample holder, which has two holes in it. In other one of the holes is a
glass monitoring piece and the other is left empty as a reference. The detector then anal-
yses the wavelength dependent transmission levels to calculate the amount of material
deposited on the monitoring glass piece. Refractive indices of the deposited materials are
given as a function of wavelength to the system beforehand.

4.2 Facet cleaning

Semiconductors are prone to surface oxidation when exposed to ambient air. These native
oxides affect the performance of a semiconductor laser negatively. Semiconductor mate-
rials containing aluminum can form an oxide layer 5 A thick as fast as in 10 min [54]. It
is important to note that the oxidation time of edge-emitting laser starts only when they
are cleaved from the wafer. The optical resonator is not in contact with external gases
until a part of the wafer, which from the laser components are made from, is cleaved to
smaller pieces which exposes the laser facets. However, the initial oxidation process of a
semiconductor surface is almost instantaneous and the whole cycle of producing semi-
conductor lasers should be performed in a vacuum if oxidation were to be avoided. This
is highly impractical as it would require performing of multiple high precision process
steps without exposing the devices to room air.

The oxide compounds formed on semiconductor surfaces can be cleaned in an IBS using
the assist ion source. The oxides, as well as any other contamination, are harmful as they
increase the density of surface states on the semiconductor surface resulting in increased
absorption and heating [55]. The principle operation of cleaning is essentially sputtering;
ions are fired from the assist source until the oxide layer is removed. One advantage for
this type of cleaning treatment is that as a certain thickness of surface material is physi-
cally removed, organic contamination and some smaller particles like dust are also re-
moved in the process. As the cleaning is done in a vacuum, adsorbed gases are also re-
moved [2].

The ions that are used for facet cleaning should be of much lower energy than the ions
used for target sputtering. Higher ion energies than 550 eV are generally avoided [56] as
they can cause damage to the semiconductor structure by breaking bonds or implementing
into the crystalline structure. Too high ion energies can also cause surface contaminants
to penetrate the crystalline structure or cause mixing of layers in the semiconductor.
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Lower boundary of ion energy is limited either by the operating parameters of the ion
source or a too low current density bombardment ions [52].

Energy of an individual ion and current density of the ion beam can be altered by tuning
the operating parameters of the assist ion source. Voltages between the accelerating grids
affect directly to the energy that the ion is accelerated to. Power at the coil that generates
the ions as well as the gas flow to the ion generating chamber determines the number of
ions leaving the chamber. Grid voltages also affect the shape of the ion beam. Shape of
the beam and the number of ions generated ultimately determine the current density of
the ion beam. To achieve a smooth cleaning of the facet preferably high current density,
meaning high amounts of ions per second, of low individual energy are used.

The chemical composition of ion beam can be changed by introducing a different gas
combination to the assist ion source. Heavier and inert gases such as argon clean the facet
mostly physically while lighter and more reactive gases like nitrogen and hydrogen have
also a chemical effect. Effects of the reactive gases depend on the material they react
with. For example, forming different hydrides and nitrides to the surface. Reactions vary
also as a function of ion energy as a low energy particles react less with the material.

Exposure time is an important variable of the cleaning process. Because thickness of the
oxide layer varies as a function of oxidation time and the composition of the semiconduc-
tor structure, cleaning treatment duration can be hard to optimize. Ideally the so-called
“cleave to coat -time” of semiconductor lasers should be constant with variation only in
the order of minutes. Then the treatment time can be matched with each used semicon-
ductor composition. The fact that the native oxides formed by semiconductors tend to be
harder than the semiconductor itself increase the importance of time as excessive etching
of the semiconductor does not benefit the device.

For facet cleaning to influence the surface, reoxidation should be avoided. Evidently, the
cleaned surface should not be exposed to ambient air before the coating process is com-
plete or the oxidation will repeat. However, oxides are widely used as materials for thin
film coatings for semiconductors. This means that during coating oxygen is present in the
coating chamber. Depending on the method, reoxidation during coating can occur be-
cause of the small background pressure of oxygen in the chamber or if oxygen is used as
operating gas for the primary ion source.

It is possible to avoid reoxidation of the surface by depositing a very thin passivation
layer. The layer should be thin enough to not influence the interface optically but thick
enough to prevent oxygen from passing through. Silane and silicon nitride are widely
used passivation layers with semiconductor devices such as transistors and solar cells
[56-58]. Some degree of passivation can also be achieved by using gases such as nitrogen
and hydrogen in the cleaning treatment because they react with the surface to form com-
pounds that cannot be oxidized.
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4.3 Catastrophic optical damage

Catastrophic optical damage (COD) or catastrophic optical mirror damage (COMD) is an
irreversible damage caused by higher power density than the laser structure or facets can
withstand. COD is an abrupt phenomenon that renders the laser device unusable. COD
can occur inside the semiconductor structure or in the laser facets. However, the AR facet
is much more susceptible to COD [60] as this is where the laser output is and thus trans-
mits higher powers than the HR facet.

COD occurs because of some impurity or defect that absorbs light and generates heat in
the structure. This means that somewhere in the structure there is an energy state with
small enough bandgap to absorb light. As the defect or impurity absorbs light, it heats up
further reducing the bandgap energy and causing the material to absorb even more light.
Thus the process is accelerated by a positive feedback loop that ends to temperature rising
over some critical point and occurrence of COD. [61]

COD threshold and the effect of coating to it is best tested under pulsed laser operation.
This is because short optical pulses with a low duty cycle minimize the heating of the
laser component, giving it time to cool down between optical pulses. COD occurs at lower
optical power if the laser is operated at a high temperature. Usage of short enough current
pulses for the laser diode greatly reduces the variation in thermal conductivity of individ-
ual devices stemming from the process of attaching semiconductor laser chips to sub-
mounts. Pulse length of 2 us has been reported for diode laser COD testing [60]. Shorter
pulses can also be used but pulse sources that generate very short pulses cannot generally
reach high currents and vice versa.

Prior to COD testing the devices must be mounted to a submount. The submount contains
at least 2 pads from which the other is connected to the positive pins and the other to
negative pins. The submount pads are connected to one another by bonding wires from
on top of the laser device to the other pad closing the electric circuit. The mounting and
input of current must be done so that the device is positively biased. Thermally and elec-
trically conductive glue is used to hold the laser chip tightly in place. Laser chips are
generally mounted p-side, the side of active layers, against the submount. This is because
the semiconductor substrate, n-side, is not a good heat conductor and most of the heat is
generated at the p-side. However, COD tests can be done with p-side up mounted devices
assuming that the pulse length is short enough and the duty cycle small enough, giving
the device time to release the heat between pulses.

Ideally COD test is performed in a single measurement as the devices wear out during
operation [62]. It is also highly important that the ramping up of current is done similarly
as with the other devices. This can be done by operating the pulse source from a computer.
Consistent step size when increasing current and stabilization time, the time how long
one measurement point is measured for, can be given to the program.
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Measurement of laser power during testing can be approached in multiple ways. One op-
tion is to use standard power meter, preferably integrating sphere for high accuracy. As
the power shown by the power meter is the average power at the power head, the peak
power of pulses can be calculated when the duty cycle is known. Peak power measured
this way is prone to error as the optical pulse is never a true tophat pulse due to limited
speed of the components, effects of impedance in the conducting wires and rise times of
the current pulse source. Other method involves a high speed photodetector. This way the
power can be measured from the pulse when the power is at its highest. Measuring spec-
tral data in tandem with the power is beneficial as heating of the component can be ap-
proximated from the changes in laser emission wavelength.

CODs that occur on the AR facets are visible with a microscope. The damage can vary
from a miniscule black dot to a black burnt line as wide as the emitter itself with craterlike
damage embedded in the line. As mentioned before, the AR facet is must susceptible to
COD and thus the damage can often be analyzed visually. AR facet should be examined
before testing of the device as well in case the chip has somehow damaged or contami-
nated during the mounting process. The same examination can also be done on the p-side,
if the devices are mounted p-side up, to make sure that the laser chip has not damaged
during the mounting. This way CODs that occurred for other reasons can be screened out
of results as the device failure did not occur because of the optical coating or the semi-
conductor structure. Demonstration of a line type COD is shown in Fig. 14.

Figure 14. Typical COD on a semiconductor laser facet. The laser facet is blue and the
brown area is background. The COD is the black lines and dots near the upper edge of
facet.
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4.4 Semiconductor laser diode life time

The failure modes of semiconductor laser diodes are summarized in three different cate-
gories according to S. L. Yallen et. al. in publication “Reliability of GaAs-Based Semi-
conductor Diode Lasers: 0.6-1.1 um” [63]. At operating powers of 50 to 100 % of average
COD threshold the laser degradation is mainly due to optical power density at the facets.
The amount of optical power density at the laser facets correlates with the speed of deg-
radation. At regions of low optical power, the main degradation shifts point defect gener-
ation, which is believed to be caused by current. The third failure mechanism is independ-
ent of optical power and is caused by changes in the active region of the laser, often
witnessed as dark line defects.

Continuous operation at high optical power densities causes facet degradation. One con-
tributor in this degradation is the diffusion of oxygen from the facet coatings. Rate of
facet degradation is also increased by presence of moisture [64]. This happens unusually
fast in semiconductor compositions containing aluminum, which oxidizes easily. [62]
This kind of facet degradation is usually associated with COD as the main failure method.
Diffusion at the laser facets increases absorption eventually lowering the threshold for
COD until it occurs.

Point defects in the semiconductor structure are essentially dislocations in the crystal lat-
tice. As well as reports of generation of point defects because of operating current [63],
they are also generated by mechanical stress and reside in the lattice even before operation
due to growth errors in the lattice. If the point defect spreads along the crystal plane, it
can be called a dark line defect. Dark line defects have been reported to produce chemical
changes in the material also [65]. These type of defects and degradation are often associ-
ated with increases in the threshold current density of the laser as well as decreased effi-
ciency.

Other degrading factors include diffusion from the electrodes of the device and solders
that are used in mounting the device. Diffusion of metals can cause paths of lower re-
sistance which in turn leads to uneven current distribution in the device. The increased
local current density lowers efficiency and promotes further generation of defects. Device
degradation following these phenomena is often very rapid. [64]

Testing of life times of laser diodes requires a statistical approach. Often the minimal
number of devices tested to produce reliable data is in the order of hundreds. Laser de-
vices in testing can be operated either by constant current density in which case the output
power will decrease over time or by maintaining a certain output power which means the
input current must be increased over time [66]. Either way, the device is operated in con-
trolled temperature with constant output power or input current. The output power of the
laser is recorded in certain intervals to notice degradation or failure of the device.
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Depending on the purpose of the laser, its operating conditions might be very low optical
output powers and can lead to device life time test of continuous operation as long as 3
years [67]. Because of this it is sometimes desirable to simulate harsher conditions for the
laser. This is especially useful in situations where the main failure modes of the devices
are dependent on the operating temperature and thus can be thermally accelerated [64].
Measuring life time with increased operating current and optical output power does not
often produce relevant results as these conditions are easily prevented in normal opera-
tion.
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5. RESULTS AND ANALYSIS

5.1 Parametrization of the assist source

The goal for first part of measurements was to parametrize the assist source of the ion
beam sputter. The parameters that were to be varied were the power of the RF coil of the
assist source as well as the positive voltage. The initial plan to do this was to use glass
monitor pieces with 56 nm of TiO2 and 493 nm of Al>O3 coated on top of them. This kind
of coating was used to see distinguishable features in the transmission spectrum measured
by the optical monitoring system of the coater. By inserting a pre-coated monitor piece
to the coater, it can be exposed to the assist source and the optical monitoring system can
be used to solve the remaining coating on the monitor piece and thus etching speed of the
assist source. The benefit of this kind of testing is that multiple parameter combinations
can be tested in one run without venting the coating chamber.

Usage of glass monitor pieces to determine the etching speed of certain set of parameters
had a significant problem. During long measurement runs the assist source sputtered ma-
terial from the roof of the coating chamber to the backside of the glass monitoring piece.
The material that was sputtered to the backside was not transparent and led to dramatic
decrease in the transmission levels. As the changes in the thickness of the Al>O3 layer on
the monitor pieces must be of the order of tens of nanometers that the changes in the
spectrum can be accurately analyzed, this lead to the fact that only few parameters could
be tested before the overall transmission drops enough to make the data impossible to
analyze.

The problem of backside coating lead to an understanding that the vertical position of the
substrate holder, shown in Fig. 11, was not optimal for the use of the assist source. Back-
side coating is only significant when a large portion of the ion beam misses the substrate
holder and hits the roof of the chamber instead. The method for optimizing the vertical
position of the substrate was also decided to be different. This was because the position
of the substrate holder was decided to be optimized not only as a function of the intensity
of the ion beam in a specific spot of the holder but also as a function of the uniformity
around the same spot. 90 mm long slabs of silicon were coated with roughly 100 nm of
AlOs. Various positionss were tested for the substrate holder. The assist source was op-
erated with 140 W power at the RF coil, further on referenced as RF power, 1000 V pos-
itive voltage, 800 V negative voltage and operating gases were 10 sccm of argon and 10
sccm of hydrogen. Ellipsometer was used to measure the thickness of Al>O3 before and
after the exposure to determine the amount of etched material. Visibility of the ion beam
made it possible to roughly place the substrate holder at the right position. Results of
etching on various positions are showed in Fig. 15.
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Figure 15. Etching patterns of the assist source at various positions of substrate
holder. At initial position of —183 mm very little of the beam hit the substrate holder at
all.

Adjustment of the substrate holder position to =75 mm had a tremendous effect on the
effectiveness of assist source in terms of etching speed and yielded an even enough etch-
ing pattern. Position —40 mm resulted in faster etching over the whole region but was not
as uniform. =70 mm was also a potential position but =75 mm had slightly better uni-
formity near the location 75 mm, where the samples are placed.

Assist source parametrization in terms of RF power and positive voltage was also done
using the same method as in position optimization. Some combinations of parameters
voltages resulted in unstable operation of the assist source. This often happened when
positive voltage was lowered significantly but RF power was kept high. The effect of this
was that the beam did not focus properly. To some degree the problem could be fixed by
turning the assist source on with more stable parameters and only then changing the pa-
rameters to desired values. Etching patterns of various parameter combinations are plotted
in Fig. 16. All the parameter combinations shown in Fig. 16 resulted in stable and properly
focused beam.
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Figure 16. Etching patterns of the assist source for various combinations of RF power
and positive voltage. Etching time for every combination was 5 min, negative voltage
800 V and operating gases were 10 sccm of argon and 10 sccm of hydrogen. For param-
eters 60 W, 600V the amount etched changed only 2.6 nm between 60 mm and 90 mm,
resulting in good uniformity. Sample height of —75 mm was used.

As can be expected, independently lowering either the positive voltage or RF power gen-
erally results in a lower etching rate. However, the position for the most etching seems to
vary heavily depending on the positive voltage and RF power used. In some cases like
lowering the positive voltage from 1000 V to 800 V with 140 W RF power leads to deeper
etching near the center of the substrate holder. If the etching pattern is to be kept uniform,
the RF power and positive voltage need to be lowered in tandem. RF power of 60 W and
positive voltage of 600 V were chosen for cleaning treatment as it resulted in good uni-
formity as well as lowest etching speed.

Assist source was also tested with operating gases of 10 sccm of nitrogen and 10 sccm of
hydrogen. Parameter combinations 60 W, 600 V and 80 W, 700 V were tested as before
using only different gas combination. Results compared to respective parameters with
argon and hydrogen gas combination can be seen in Fig. 17. The change in operating
gases caused the etching speed to drop significantly. The result is expected as replacing
the heavy argon atoms with lighter nitrogen lowers the etching capabilities of the ion
beam.
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Figure 17. Comparison of etching profiles for two different gas combinations. Replace-
ment of argon with hydrogen results in a significantly lower etching rate and good uni-

formity.

Parametrization was done for deposition parameters of silicon nitride using IAD. Primary
source was operated with 115 W RF power, 1500 V positive voltage, 1200 V negative
voltage and 8 sccm of argon. Position of the substrate holder was —75 mm. RF power and
positive voltage was again varied for the assist source to find parameters that implement
enough nitrogen into the deposited silicon but does not etch faster than silicon is depos-
ited.

RF power of 150 W, 420 V positive voltage, 800 V negative voltage and 20 sccm of
nitrogen were used to produce silicon nitride. The quality and thickness of the deposited
silicon nitride varied depending on the position at the substrate holder. Refractive index
of the silicon nitride varied between 1.929 and 1.968 between distances of 65 mm and
85 mm from center of the substrate holder. Similarly the thickness of the silicon nitride
film varied 65.1 nm to 75.1 nm. At the position of 75 mm, the deposition rate for silicon
nitride was 3.81 nm/s with the refractive index of 1.953.
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5.2 Testing of surface treatments

Parametrization of the assist source was used perform treatments to semiconductor diode
lasers. The standard treatment was designed so that 1.5 nm oxide layer could be removed
with the cleaning treatment and a passivating 10 nm thick layer of silicon nitride is de-
posited on top of the cleaned surface. Argon and hydrogen were used as working gases
for the standard cleaning treatment. Longer cleaning times as well as a design with a
silicon passivation layer, cleaning treatment with nitrogen and hydrogen as working gases
and tantalum AR coating was also tested. Both AR and HR facets were treated unless
otherwise stated. Design of DBR mirror for HR facet remained constant. 4-pair DBR
structure of silicon oxide and titanium oxide pairs was used with the first low index layer
being an aluminum oxide layer. AR coating design was a standard aluminum oxide one
layer AR in all other designs except when the tantalum AR was used. All the devices were
2 mm long with 100 um emitter width. Table 1 shows the operating parameters for both
primary and assist source treatments done.
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The treated chips were mounted to submounts and tested with a COD setup. The setup
included a pulse driver that could produce 2 ps pulses with a 1 % duty cycle. Increase of
power was done by a program that increased the current automatically after stabilization
time of 2 s. Power was measured using an integrating sphere. It is important to note that
the pulse is not a perfect tophat shape and the peak power is a calculated estimate from
average measured power and duty cycle. Spectral data was gathered also during measure-
ment. COD levels for laser chips with various treatments are shown in Fig. 18.
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Figure 18. Average COD levels for laser chips with various treatments. Description
and parameters used for each treatment can be found in Table 1. One non-treated and
one chip from treatment C did not experience COD.

Applying the standard cleaning and passivation treatment lowered the average COD level
by almost 20 %. Even worse COD threshold was observed when only the 1 minute clean-
ing treatment was applied. When the cleaning treatment length was increased to 5 and
10 minutes the COD threshold increased slightly. The design with silicon passivation,
cleaning with nitrogen and hydrogen and tantalum AR coating resulted in drastically low-
ered COD thresholds. 2 chips, one non-treated and one with 10 minute argon and hydro-
gen cleaning, did not experience COD during the measurement.

According to the results there are problems with both the cleaning treatment and silicon
nitride passivation. One possible explanation for the weakened performance of the de-
vices that were cleaned for 1 minute is that all of the harmful oxides were not removed
during the cleaning treatment. As the facet suffers some mechanical damage during the
cleaning treatment it is possible that 1 minute of cleaning only roughens up the surface
without implementing the actual benefits of the cleaning. 5 minutes of cleaning resulted
in the best COD threshold. 10 minutes of cleaning caused visible height differences to be
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seen in the AR facet as the different materials in epilayers etch at different rates. This
irregularity at the laser facet is likely to lower the COD threshold.

The AR facets of the devices were photographed with a microscope before and after test-
ing. This was done to screen out failures such as contamination or physical damage suf-
fered by the AR coating. Vast majority of samples showed clear black lines and dots at
the emitter, indicating optically caused damage at the AR coating or at its immediate
proximity.

General effect of the applied treatments was that COD level of the devices decreases.
Also, when compared to a commercial coating the overall COD threshold of the samples,
including the reference sample that was only coated, is notably lower. This is a clear
indicator that other parts of the coating process are also factors that lower the COD thresh-
old.

5.3 Effect of primary source deposition parameters

Comparison of the deposition rates for materials used in coatings showed that the IBS
coater used in this thesis deposits the layers faster than other coaters. This indicated that
the main reason for previously seen lowered COD thresholds could be caused due to too
high parameters of the primary source. Different positive voltages and RF powers were
tested specifically for depositing aluminum oxide layer. This is because the first layer of
both designs are aluminum oxide. It was also supposed that the parameters for growing
other layers of the DBR did not matter as much as the first aluminum oxide layer is thick
enough to prevent ion implementation and other harmful effects. The deposition rate of
aluminum oxide was changed so that both the RF power and positive voltage of the pri-
mary source were multiplied with a certain number, called parameter factor. Original
positive voltage and RF power in the recipe were 1800 V and 145 W respectively. Devices
were from the same structure as the devices in Fig. 18. COD thresholds for not cleaned
or passivated devices with aluminum oxide layers coated with different parameter factors
are showed in Fig. 19.
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Figure 19. COD thresholds for laser chips with varied parameter factors for aluminum
oxide deposition. Different pulse setup was used for chips in the right part of the figure
as 0.70 parameter factor chips did not experience COD when operated with the 30 A
pulse setup. Average COD thresholds are demonstrated in the left y-axis as the reed col-
umns while the deposition rate for each parameter factor is shown as the black dot and
the corresponding values are on the right y-axis.

Changing the deposition rate of aluminum oxide had a formidable effect on the device
COD threshold. Deposition rate of 0.054 nm/s obtained with the power factor 0.56 caused
the average COD threshold of the devices to drop to 9.84 W. Similarly, using the original
parameters, the average COD threshold of the devices is only 13.2 W. Usage of parameter
factor of 0.70 resulting in 0.084 nm/s deposition rate caused majority of the devices to be
robust enough to survive the maximum output of the pulse driver setup resulting in
demonstrated average COD threshold of at least 20 W. This improvement is so large that
it is very likely that the earlier demonstrated passivation layers cause similar damage to
laser facets if their deposition parameters are not corrected.

Parameter factors of 0.63, 0.70 and 0.80 were further tested with more powerful pulse
driver, resulting in COD thresholds of 26.9 W, 24.6 W and 25.1 W. The best parameter
factor was 0.63 while 0.7 yielded the lowest average. The RF power and positive voltage
for 0.63 parameter factor are 91 W and 1134 V respectively. The slightly weaker perfor-
mance of the chips coated with 0.70 parameter factor is likely explained due the fact that
the chips were already once tested in the first part of the measurements. The first layer of
the DBR structure at HR facet for 0.70 chips was not deposited with the corrected param-
eters which may have affected the result also. However, it is likely that if the HR side
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deposition rate affected the COD threshold, it would lower the COD threshold signifi-
cantly rather than by a miniscule amount. It is imperative to note that the pulse shape and
other factors change when different pulse setup is used. This means that comparative
analysis can only be done between CODs measured with the same setup and absolute
differences in COD thresholds cannot be derived between setups.

Too low deposition rates are known to cause high concentration of impurities in coatings.
This is because some amount of impurities are always present in the coating chamber and
if the deposition rate is lowered enough, more impurities have time to implement in the
coating. On the other hand, too high a deposition rating causes the quality of the deposited
material to decrease. This is known to happen by layers indicating increased stress as well
as uneven deposition of the material, resulting in imperfections inside the layers making
the layer more porous. These known phenomena are likely to affect the quality of the
aluminum oxide layer enough to contribute to the differences in COD thresholds.

Ion implementation during sputtering affects the device negatively. As too energetic ions
hit the target material, also the coating material sputtered from the target will have high
energy. This causes damage to the crystal structure and can also be used to explain the
lowered COD threshold of the samples coated with high parameter factor. When the pa-
rameter factor is lowered, and the energy of the ions decrease below the energy that is
required to detach an atom for the target, the sputtering atom can bounce from the material
target’s surface without losing much energy as it cannot break the chemical bonds at the
target. These ions can reach the laser facet with high energy and cause damage to the
semiconductor lattice.

5.4 Future possibilities

Optimization of aluminum oxide sputtering parameters improved the COD threshold of
the laser diodes tremendously. Similar optimization could be done to other materials,
namely tantalum oxide as it is used in AR coatings. It is also of interest to test what causes
the improvement in the coating COD threshold when the parameters are optimized. This
could be tested by independently lowering the RF power and positive voltage. Testing
this could yield insight to if ion implementation to the semiconductor, stress properties of
the thin films or perhaps something else is causing the lower COD thresholds of the coated
device.

The primary source parameters for passivation treatments should also be optimized. This
if wrong parameters, namely too high ion energy, is causing the tendency for low COD
thresholds, it will also happen during evaporation of passivation layers which involve
sputtering. A natural continuum would then be the testing of a new set of assist source
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treatments for devices with the already optimized primary source parameters. It is rea-
sonable to assume that the cleaning and passivation treatments would have a different
effect had the primary source parameters been more optimal.

Some tracks of different type of treatments could be tested out. For example, the nitrogen-
based cleaning treatments, which could clean and passivate at the same time, were not
extensively tested. It might be beneficial to also lower the cleaning treatment RF powers
and positive voltages to experiment with even gentler treatments. Also, different pas-
sivation treatments such as silane compounds were left untested. The vast amount of pos-
sible different treatments result in a myriad of treatment combinations that have to be
tested if one wants to optimize the surface treatment of semiconductor diode laser.



46

6. CONCLUSIONS

Assist source was successfully parametrized for steady operation uniform etching at rates
as low as 1 nm/min. Parameters for silicon nitride deposition using IAD were also found.
Laser devices treated with different treatment combinations resulted in average COD
thresholds between 7.0 and 14.0 W. The applied cleaning and passivation treatments had
a negative influence on laser COD threshold excluding the 5 and 10 minute argon based
cleaning treatments, which increased the COD threshold by 9 % and 1 % respectively.
Average COD threshold of the non-treated reference devices was 13.2 W. Taking into
account the margins of error originating from mainly the pulse setup, this level of effect
does not indicate importance of the cleaning. Effect of the cleaning and passivation treat-
ments are inconclusive as the initial deposition parameters for aluminum oxide were the
root cause of the low COD thresholds.

Tuning the deposition parameters of aluminum oxide in AR coating and in the first layer
of DBR layer structure at HR had a significant effect on device COD threshold. When the
sputtering of aluminum was done either with too high or too low ion energy, the COD
threshold decreases. Significant improvement in COD threshold was measured when pa-
rameter factors 0.63, 0.70 and 0.80 were used. Highest average COD threshold of 26.9 W
was measured when 0.63 parameter factor was used. RF power and positive voltage for
0.63 corresponds to 91 W and 1134 V, respectively. Usage of 0.63 parameter factor re-
sulted in at least 50 % increase in average COD threshold in measured laser devices.
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