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1. Introduction

The first light emitting diode (LED) was created by Russian Oleg Losev in

1927 [1]. However, this invention did not become well known for many years.

In 1955 R. Braunstein observed infrared radiation from certain semiconductor

materials, e.g., gallium arsenide and indium phosphide [2]. The first useful

LED emitting red light was developed in 1962 by N. Holonyak, who is con-

sidered to be the father of the modern LED [3]. The first highly efficient blue

LED was made by S. Nakamura from indium gallium nitride in 1994.

Nowadays, LEDs and laser diodes (LD) are a group of optoelectronic com-

ponents utilized in numerous applications. They are used in energy efficient

lightning, optical communications, industrial processes and measurement de-

vices, just to mention a few examples [4–8]. Depending on the application,

different emission wavelengths (i.e., light colors) are needed. The realizations

require different kinds of semiconductor materials with different electrical and

optical properties.

Gallium nitride (GaN) is probably the most commonly used material in the

field of blue and ultraviolet (UV) light emitting devices [9–11]. The possibility

to tune the emission wavelength of GaN-based alloys, InGaN for example, also

allows fabrication of green light emitting devices and solar cells [12–15]. GaN

has numerous advantageous properties. It is a chemically and mechanically

hard material which allows it to endure rough environments [16, 17]. It can

withstand high current densities and temperatures, which allows high speed

and high power operations [18–20]. It is considered to be radiation resistant,

making it suitable for, e.g., space applications [12, 21].

In semiconductor fabrication and characterization, low energy electron beam

irradiation (LEEBI) based methods are very common. These include, e.g.,

electron beam induced current (EBIC), scanning electron microscopy (SEM),
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electron beam lithography (EBL) and cathodoluminescence (CL). Other elec-

tron beam (e-beam) based methods are, e.g., transmission electron microscopy

(TEM) and high-energy EBL. The small wavelength of electrons allows much

better spatial resolution than conventional UV-light based lithography, hence

allowing to image and fabricate smaller structures.

Originally in this work, EBL was used to fabricate nano-scale silver stripes on

top of GaN/InGaN/GaN near-surface quantum wells (QWs). The goal was to

fabricate a patterning that would significantly enhance light extraction from

GaN-based structures. However, when luminescence was measured from a

spot that had been EBL-patterned, but not metalized, the luminescence had

actually decreased compared to the surrounding areas. This effect was not

expected since EBL was thought to be non-destructive and GaN should be

relatively resistant to radiation in general.

In this work, effects of LEEBI on InGaN/GaN QWs and epitaxial GaN-films

are studied. It has been shown that LEEBI can cause severe damage to the

optical properties in both systems. A mechanism proposed to be responsible

for this optical degradation is activation of point defects, namely in-grown

gallium vacancies (VGa), in the GaN lattice. Furthermore, the activation

mechanism is suggested to be related to removal of hydrogen from the vacancy

sites. The results on the fabricated silver nano-gratings on top of InGaN QWs

are also presented.

A short introduction to gallium nitride based materials is given in chapter

2, focusing mainly on optical transition mechanisms. Interaction of electron

beam radiation with gallium nitride material is discussed in the third chapter

in more detail. The fourth chapter describes the fabrication and characteriza-

tion methods and equipment used in this work. The fifth chapter is dedicated

to the main results and discussion of the LEEBI induced degradation. Chapter

six describes the extraction enhancement gained using the silver nano-gratings

on top of the InGaN QW. Finally a short summary is given in chapter seven.

The publications are attached in the end of the thesis.
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2. Gallium Nitride Semiconductor

Gallium nitride (GaN) is a III-V group binary compound material that has

several advantages in certain fields of semiconductor applications. The main

properties of GaN are briefly described in this chapter.

2.1 Fundamental Properties

The functionality of a crystalline semiconductor arises from the organized

lattice structure; the atoms form a continuous periodic system with a certain

composition. Atoms are connected to each other forming a unit cell which

then repeats throughout the whole body. The atoms in the unit cell can

be positioned in different ways resulting in different lattice types and hence

different semiconductor properties in each case [22].

From the possible lattice types of gallium nitride, wurtzite is the most com-

monly utilized one in optoelectronics. In wurtzite GaN, the atoms are tetra-

hedrally bonded to their neighbors, as illustrated in figure 2.1a. Wurtzite GaN

is a direct band gap material (see figure 2.1b). Using a direct band gap ma-

terial allows fabrication of more efficient light emitting devices, compared to

materials with an indirect band gap.

Moreover, GaN is a mechanically and chemically hard material. It also has a

high heat capacity and thermal conductivity [23–25] making it suitable for high

power and high frequency applications. GaN can withstand ionizing radiation

better that many other semiconductor materials, making it a good option for,

e.g., space and solar cell use [12, 26, 27].

Optical and electrical properties of GaN can be changed via doping to turn

the material into p- or n-type semiconductor. This is a necessary feature

in semiconductor device fabrication. Magnesium is virtually the only useful
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(a) (b)

Figure 2.1. a) Illustration of wurtzite GaN lattice. Ga atoms are represented as blue balls
and N atoms as red balls. The top plane is parallel to the 0001 (c-plane)
direction. b) Illustration of a semiconductor energy band structure with a
direct band gap. Bands for holes with different effective masses (heavy, light
and split-off) are also shown.

dopant to form p-type GaN [28, 29]. Silicon is most commonly used as the n-

type dopant [30, 31]. Chemical compounds accommodating the dopant atoms

can be introduced to the GaN growth environment to form p- and n-doping.

Doping of GaN is discussed more in section 2.7.

GaN has also other interesting properties. A negative electron affinity can

be obtained and used in high brightness photocathodes [32, 33]. Transferred-

electron effect (Gunn effect) can be utilized in microwave devices [34]. Py-

roelectricity and piezoelectricity are useful in, e.g., sensor applications [35–

37, 34].

Free standing GaN is troublesome to obtain directly. Aside from, e.g., am-

monothermal method, GaN is grown epitaxially on a foreign substrate mate-

rial. The substrate is placed in a growth environment with necessary source

materials, temperature and pressure. When the conditions are favorable, GaN

begins to crystallize on the template, inheriting the crystalline structure of the

template material. However, the substrate and GaN typically have different

lattice parameters resulting in tensions in the grown film, which again results

in defects when the tensions forcefully relax. Furthermore, a large amount

of stress rises from the thermal expansion differences (between substrate and

grown layer) during the sample cool down. The most commonly used meth-

ods for epitaxial growth of GaN include metal-organic vapor phase epitaxy

(MOVPE), molecular beam epitaxy (MBE) and hydride vapor phase epitaxy

(HVPE). Typical substrate materials are sapphire (Al2O3) and silicon carbide

(SiC).
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2.2 Semiconductor Properties

It follows from the Schrödinger equation [38–40], that perfectly crystalline

solid material, due to its periodical lattice structure, will have an electron band

structure: the discrete energy levels of electrons bound to atoms broaden to

form (virtually) continuous bands of allowed energies. The bands are separated

by band gaps [41].

From the band structure, two possible cases arise. Firstly, an allowed energy

band is completely filled with electrons, but the next band is completely empty

(at 0 K). Secondly, the highest band containing electrons is partially filled.

Electrons belonging to a completely filled band cannot carry any current, since

electrons (being fermions) can only move to an unoccupied state. Hence, in

a totally filled band, there is no net flow of charge. Therefore, materials

belonging to the first group, are insulators or semiconductors and materials

in the second group are conductors (metals). The band that is filled with

electrons (in 0 K) is called the valence band and the empty band above it is

called the conduction band. At 0 K, the conductivity of a semiconductor or

insulator is zero [41].

The conduction band being empty and the valance band being full only ap-

plies in absolute zero for perfect semiconductor. At higher temperatures, some

electrons are excited to the conduction band. As a result, there are some unoc-

cupied states in the valence band and some occupied states in the conduction

band. An unoccupied state in the valence band is called a hole. In an ap-

plied electric field holes move to the opposite direction compared to electrons.

Thus, a hole behaves as a positive charge. When an electron is missing from

the valence band and is occupying a state in the conduction band, current can

flow [41].

At finite temperatures, there always exists some energy in the system (e.g.,

thermal energy kBT ) which can excite electrons from the valence band to

the conduction band, hence leaving a hole in the valence band. The creation

of electron-hole pairs is the key for semiconductor usage in optical devices.

In photon irradiation, photons with sufficient energy are absorbed and their

energy is transferred to valence band electrons, which are then excited to the

conduction band. The necessary energy minimum is the width of the band

gap. In indirect band gap materials, an additional source of momentum (e.g.,

a phonon) is necessary due to the rule of momentum conservation [22].
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The process reverse to the electron-hole pair excitation is called recombination.

An electron in the conduction band minimum recombining with a hole in the

valence band maximum is typically denoted as band-edge (BE) recombination.

The excess energy is released in radiative or non-radiative manner. In non-

radiative recombination the excess energy is usually dissipated as phonons,

i.e., as heat. In radiative recombination, the excess energy is transferred to a

photon with an energy most often equal or close to the band gap energy. For

example, in photoluminescence (see section 4.2) the excitation - recombination

process is employed to gain information about the band structure [22]. The

absorption and recombination process is illustrated in figure 2.2.

Figure 2.2. Illustration of electron-hole generation by photon absorption and recombina-
tion induced photon emission.

In optoelectronic devices, such as LEDs or LDs, free electrons and holes can be

injected from a current source by an applied bias voltage. The injected carriers

can then recombine emitting photons (or phonons). The emitted radiation is

characteristic to the used materials and structures. A part of the electrons

and holes can pass through the system without recombining, which lowers the

efficiency of the optical emission [22].

In efficient optoelectronic devices, carrier confinement is necessary. The free

charge carriers should be bound to the actively emitting region of the structure,

so that the major part of the recombination happens within the desired energy

regime and without the carriers flowing past the active region. For this reason,

heterojunction structures are normally used. These can be fabricated, e.g., by

using alloys such as InxGa(1−x)N and AlxGa(1−x)N. The band gap width is

tunable by varying the alloy percentage x. This allows a potential well area

to be made for carrier confinement. The tunable band gap width also makes

fabrication of different emission wavelength devices possible. A commonly

used structure for blue- and UV-emitting device is a multiple quantum well
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(MQW) stack of InGaN and GaN sandwiched between p- and n-GaN junction.

The electrically injected free carriers diffuse to the junction area where they

are confined to the QWs (as illustrated in figure 2.3.). The allowed electron

states in the QWs are well defined, resulting in a slightly sharper emission

spectrum with higher efficiency of the device [39].

Figure 2.3. Illustration of photon emission in InGaN/GaN MQW stack structure. Also
unwanted emission from a defect in the GaN band gap is illustrated.

Another benefit of the heterostructure arises from negligible reabsorption of

emitted light. When the band gap of the surrounding material is equal to the

band gap of the active region, the emitted photons have a significant proba-

bility to be reabsorbed before leaving the material. This limits the efficiency

of the device. In heterostructures, the potential well area emits photons with

energy smaller than the band gap of the surrounding areas. Hence, these

photons leaving the active region are not easily reabsorbed.

2.3 Defects in Crystals

In the perfect case, the semiconductor lattice is infinitely continuous and pure

resulting in an ideal energy band structure. However, in practice the lat-

tice will always include unintentional defects and, obviously, terminating sur-

faces. Defects are caused either by a deformed lattice (e.g., dislocations, figure

2.4b,f,g) or by contamination (impurities, figure 2.4e,h). The defects break the

continuous lattice and can form unwanted energy states inside the forbidden

band gap [42–44]. Furthermore, some unintentional defects can act as donors

or acceptors introducing free carriers [42, 45–48]. Thus, defects can cause

unintentional emission wavelengths, non-radiative recombination, unexpected

electrical properties and efficiency variations [49, 50]. This is illustrated in
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figure 2.5.

Most III-V group semiconductor devices are epitaxially grown. In an epitaxial

process, the grown material inherits the crystalline structure of the underlying

template. However, for GaN there are no perfect (foreign) template materials,

i.e., the template and the grown film have a (often relatively large) mismatch

between their lattice constants. This mismatch leads to tensions in the lattice,

that are relaxed by deformation. The deformation can extend along the ma-

terial resulting in a ribbon-like dislocation. For GaN the dislocations are an

important defect type causing non-radiative recombination in optoelectronic

devices [51].

Figure 2.4. Illustration of possible lattice defects: a) interstitial impurity atom, b)edge
dislocation, c) self interstitial atom, d) vacancy, e) precipitate of impurity
atoms, f) vacancy type dislocation loop, g) interstitial dislocation loop and h)
substitutional impurity atom.

Due to the high lattice mismatch between GaN and used growth templates,

different ways to reduce the interface tensions in epitaxial GaN layers have

been developed [52–55]. The main themes are buffer layers, growth conditions

and surface patterning. The best results have reduced the amount of dislo-

cations down to 106 cm−2 in epitaxial GaN grown on foreign substrates [56].

Sapphire and silicon carbide substrates are commonly used in GaN epitaxy

[57, 58]. Sapphire is relatively cheap but has a lattice mismatch of up to

22.7% depending on the crystal orientation [59].

More localized defects (point defects) are also often formed during epitaxial

growth. For example, an atom can be missing from its designated position in

the lattice (see figure 2.4d), generating a local discontinuity, called a vacancy
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[45, 46, 60]. Further clustering of the point defects is also possible forming

larger complexes [61]. A high concentration of point defects, or vacancies, can

lead to poor optical performance [62]. Point defects (and dislocations) can be

also introduced to the material after the growth via high-energy irradiation,

which can remove, e.g., a Ga atom from lattice site to interstitial site [63, 64].

Figure 2.5. Illustration of recombination of the electrons and holes via a defect state inside
the forbidden energy gap.

2.4 Vacancies

The two vacancy types for GaN are obviously gallium vacancy (VGa) and ni-

trogen vacancy (VN ) [65]. VN is a quite typical native defect in GaN, acting

as a donor, which can be seen as appearance of slight n-type conductivity in

undoped GaN [45, 66]. VGa forms a deep acceptor state and has been associ-

ated with yellow luminescence (YL) in n-doped GaN [47, 46, 67–69]. However,

some results are not in full agreement with this (see, e.g., Publication V or Ref.

67). VN is energetically more favorable in p-GaN than in n-GaN [45]. This is

because the formation probabilities for vacancy defects depend on the Fermi-

level position. Anyway, nitrogen vacancy is energetically more favorable over

the whoe band gap compared to gallium vacancy [45]. The growth conditions

affect the vacancy formation probability as well [45]. For example, nitrogen

rich growth conditions favor formation of VGa. The vacancy formation en-

ergy (and formation probability) in general is dependent on the Fermi-level.

Positron annihilation spectroscopy (PAS) measurements have indeed revealed

much higher VGa concentration in n-GaN than in p-GaN [70, 67]. Thus, gal-

lium vacancies are most likely present in important concentrations in MOVPE

grown i- and n-GaN.
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High energy electron beam induced VGa can be annealed out at temperatures

above 500 - 600 K, with estimated migration energy of 1.5 eV. However, in-

grown VGa in as-grown GaN has been observed to be stable up to 1300 -

1500 K temperatures. This has been associated with formation of complexes,

possibly VGa - O [71]. Thus, it is likely that there is an important amount of

VGa complexes in as-grown GaN n- and i-GaN.

2.5 Hydrogen-related complexes

Hydrogen is predicted to exist in GaN as H+ and H−. H0 is unstable [72–74].

The migration barrier for H− is large, 3.4 eV, but much smaller for H+, 0.7

eV [72]. Solubility of H to n-GaN is much smaller than to p-GaN [74]. Due

to its mobility, it is likely that hydrogen forms stable complexes in GaN when

energetically favorable. Since hydrogen is present in large concentrations in

typical epitaxial growth environments, e.g., MOVPE, HVPE and ammonia-

MBE, it is reasonable to expect hydrogen-defect complexes in GaN grown with

these methods.

Hydrogen is expected to be strongly bonded to native defects where dangling

nitrogen bonds exist [75]. This is indeed the case with gallium vacancies.

Hydrogen can be bound to VGa as VGa-H, VGa-2H, VGa-3H and VGa-4H [76,

75]. The hydrogenated vacancies have lower formation energies than isolated

VGa. Thus, these complexes are likely important in GaN. In p-GaN, hydrogen

passivates the dominant acceptor Mg [77]. The formed Mg-H complex needs

to be dissociated via post-treatment to obtain p-type conductivity.

2.6 Other complexes

For GaN, vacancy complexes such as, e.g., VGa - CN , VGa - (1-4)H, VN - Mg

and VGa - VN , have been found [63]. These can contribute to different kinds

of phenomena in GaN and related materials.

Related to the gallium vacancy, the VGa - O is interesting since it has a

smaller formation energy than VGa alone. Thus, complex formation between

Ga vacancies and substitutional oxygen donors is a likely process in GaN [78].

Divacancies, VGa - VN , have much higher formation energy and are less likely

[68]. VGa - O have also been associated with YL of GaN [68]. To completely
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remove all oxygen contamination from epitaxial growth environment is vir-

tually impossible, which explains the frequent oxygen related observations in

GaN.

Another interesting complex is VGa - C. It has also been associated with the

YL of GaN [79]. Obviously carbon is always present in MOVPE, where the

metallic precursors are organic.

2.7 Doping

To be able to fabricate electronic devices, p- and n-type doping are needed.

For GaN there are a few possible impurities that can be used in practical

devices.

N-doping of GaN with silicon is quite straightforward. It can be easily achieved,

e.g., in MOVPE by introducing silane (SiH4) to the growth environment. The

dopant is active after growth and n-GaN resistivity is relatively low. Also oxy-

gen can be used to obtain n-type conductivity in GaN, although Si is much

more commonly used.

Obtaining p-type conductivity in GaN is more complicated. Mg is the only

dopant that has been successfully used. Even so, as mentioned in section

2.5, Mg forms complexes with hydrogen leading to dopant passivation. This

again leads to very high resistivity values. Thus, for Mg doped GaN, post-

growth activation is necessary. Nowadays this is done by annealing the sample

after the growth inside the reactor. However, post-treatment with LEEBI was

formerly employed [80]. Thermal or LEEBI-activation significantly decreases

the resistivity by breaking the Mg-H bond and activating the dopant.

Intrinsic (undoped) GaN has been observed to have a slightly n-type conduc-

tivity. This has been attributed to the VN defects [42], as mentioned in section

2.4. Also impurities (e.g., carbon) can play a role in unintended doping. Fur-

thermore, different kinds of defect complexes can act as donors or acceptors

[81].
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3. Electron Beam - Gallium Nitride

Interaction

This chapter describes the interaction between an e-beam and gallium nitride

material.

3.1 Electron Energy Deposition

When an electron penetrates into a material, it can experience elastic or inelas-

tic scattering when colliding with other particles. If the total kinetic energy

of the atom-electron system is reduced in the collision, then the scattering

is inelastic. (A part of the kinetic energy can be transfered to a photon, for

example.) Otherwise it is elastic. In any case, momentum and energy are al-

ways conserved [82]. Scattered electron changes its trajectory and continues to

traverse in the material as long as it still has kinetic energy left. The electron

can scatter back to the direction if came from, and even escape the material.

This backscattering can be utilized, for example, in SEM [83].

Inelastic scattering of electrons in the material can create so called secondary

electrons, when the collision transfers sufficient energy from the primary elec-

tron to a bound electron to free it. The freed secondary electrons can again

travel in the material experiencing collisions and hence freeing other electrons,

resulting in an electron cascade. Thus, the secondary electrons contribute

strongly to the energy spreading profile in the material.

Scattered electrons and secondary electrons can travel in any direction. There-

fore, the area affected by electrons is much larger that just the beam spot size.

For example, in EBL this creates the so called proximity effect, which means

that the lines drawn by the e-beam will often be wider than intended. The

scattering processes are illustrated in figure 3.1. A Monte Carlo simulation

of an e-beam with 5 keV kinetic energy entering GaN from vacuum is shown
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in figure 3.2. The simulation shows very clearly a path of an electron experi-

encing multiple collisions in the material. Also, some backscattered electrons,

entering back to the vacuum, are visible.

As the electrons with sufficient kinetic energies can excite other electrons from

atomic electron cores to higher energy levels, electrons can also recombine

with the created empty states. The excess energy is then released, often as a

photon. The emitted photon energy spectrum (typically in the X-ray range)

is characteristic to the atomic electron core structure. This phenomenon is

utilized, e.g., in so called energy-dispersive X-ray spectroscopy (EDX) [84].

Figure 3.1. Illustration of electron scattering in material. Elastic, inelastic and backscat-
tering are presented. The inelastic scattering creating both a secondary elec-
tron and a photon is presented.

Furthermore, the excess energy freed in the inelastic electron scattering can

excite electrons from the valence band to the conduction band, thus creating

electron-hole pairs. When the pairs recombine, the excess energy is emitted as

photons, which have a spectrum corresponding to the material band structure,

as discussed in section 2.2. This phenomenon is utilized in cathodolumines-

cence, described further in section 4.3.

Moreover, since electrons are charged particles, a dense e-beam can cause a

local charged area in the material. Depending on the material conductivity

and grounding, the total accumulated charge can be substantial. For example,

sapphire and p-GaN are poor conductors, and are hence charged easily by the

e-beam. This is easily demonstrated in SEM, when an electric field produced

by the charging effects distorts the obtained image.
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Figure 3.2. Monte Carlo 2D simulation of an electron beam with 5 keV energy and 2 nm
radius, penetrating into GaN [85, 86]. The thick blue line in the vacuum center
is the incoming beam and thin lines in the vacuum area are backscattered
electrons. The number of displayed trajectories is 200.

3.2 Electron Beam Penetration

Calculations were performed to obtain the e-beam energy dissipation profile

as it penetrates into the GaN lattice. This was done by using the cubic poly-

nomial estimation of the Bethe-Bloch formula [87] describing the penetration

profile [Publication II]. The Bethe-Bloch equation in cubic polynomial ap-

proximation form reads

dE

dx
= fE

RG
(α0 + α1y + α2y2 + α3y3), (3.1)

where RG = kE1.75ρ−1 is the so called Grün range, k = 45.7, ρ is the material

density and f = 16.5 is the normalization coefficient. The parameters αn were

obtained from literature. From the results shown in figure 3.3, it can be seen

that the energy dissipation with smaller energies happens sharply near the

surface, but for higher energies the curve is broader and shifts deeper [87, 88].

Thus, the charge concentration in the material (charge per volume unit) is

locally higher when the e-beam kinetic energy is small. For example, defect

migration can be induced by electrostatic forces [62]. Therefore, it is possible

that higher charge concentration could have an effect on the properties of GaN

even if the kinetic energy of the beam is small. This is indeed true in, e.g.,

Mg-doped GaN, where LEEBI has been used to activate the Mg-dopants, as
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Figure 3.3. Energy dissipation curve for electrons in GaN. The curve for the lowest kinetic
energy is clearly higher and located closer to the surface than those for larger
kinetic energies [Publication I].

mentioned in section 2.7.

3.3 High Energy Electron Beam

The interaction of an e-beam and gallium nitride can be roughly divided in

two parts: e-beam kinetic energies lower and higher than the minimum Frenkel

pair formation energy. These energies are 150 keV for N-vacancy and 500 keV

for Ga-vacancy, i.e., a minimum of 150 keV of energy is needed to displace a

nitrogen atom from the GaN lattice and a minimum of 500 keV is needed to

displace a gallium atom. These energies can be obtained using the McKinley-

Feshbach formula [89] with displacement threshold energies of 22 eV and 25

eV for Ga and N atoms in GaN, respectively [90, 66]. Thus, electron beam

is considered to have high (kinetic) energy if it can create N- or Ga-vacancies

(break the corresponding atomic bonds) and low (kinetic) energy if it cannot.

For example, TEM is a common tool utilizing electrons with kinetic energies

above 100 keV. As the name suggests, the electrons are transmitted through

the sample, experiencing absorption and scattering. The penetrated electrons

can then be collected and analyzed to gain a very high resolution image (down

to atomic scale) of the sample [91].

E-beams with high kinetic energies (e.g., 2 MeV) have been used in defect

studies for controllable defect formation. This way a sufficient amount of cer-

tain defects can be formed for extensive studies on their properties. Similarly,

ions can be used to generate defects in the GaN lattice [92, 93].
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3.4 Low Energy Electron Beam

In this work, the e-beam energies are well below the Frenkel-pair formation

energy (i.e., low energy e-beam) and therefore are insufficient to cause direct

damage to the GaN lattice. However, the electrons can be absorbed to the

material or they can scatter. The absorbed energy can either excite charge

carriers or be manifested as heat. Low energy e-beam can hence be used in

imaging (e.g. in SEM) or in lithography (e.g. in EBL). Furthermore, the flux

of electrons will, of course, create a local area with negative charge. It is also

possible for LEEBI to break weaker bonds (such as Mg-H) inside GaN (see

section 2.7).

In this work, the e-beam has been characterized by its kinetic energy and the

irradiation dose. The irradiation dose is defined as charge per area unit, ab-

sorbed by the material. Typical parameter range used in EBL is 5 - 30 keV for

the kinetic energy and 0 - 200 μC/cm2 for the irradiation dose. Within these

parameters, the material heating should be negligible, as stated in Publication

I.
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4. Methods and Equipment

In this chapter, the fabrication and characterization methods used in this work

are explained. The most important setups are discussed in more detail.

4.1 Metal-Organic Vapor Phase Epitaxy

Metal-organic vapor phase epitaxy (MOVPE) is a widely used epitaxial method

to grow relatively good quality GaN (and other semiconductor) films and (het-

ero)structures [41, 94]. The metallic elements are introduced into the growth

environment as metallo-organic compounds which then pyrolyze and release

the metal atoms for growth. Nitrogen is usually introduced as ammonia (NH3).

The carrier gas can be either hydrogen or nitrogen. The temperature of the

growth reactor is varied depending on the material and typically pressure of

approximately 100 Torr is used. The released species react on the substrate

surface, inheriting the lattice structure of the template, forming a crystalline

film. The principle of the MOVPE method is shown in figure 4.1a and the

chemical process is illustrated in figure 4.1b. With introduction of other ele-

ments, alloys like InGaN or AlGaN can be also grown. MOVPE has proven

to be an effective tool in GaN-based light emitting device manufacturing.

The samples used in this study were grown on c-plane sapphire substrates by

MOVPE. Ammonia (NH3), trimethylindium (TMIn), and trimethylgallium

(TMGa) were used as the N, In and Ga sources, respectively. First a 3-μm-

thick undoped GaN buffer layer was grown on sapphire with the well-known

two-step growth method [95]. For the GaN-film samples, a 3-micron-thick

GaN layer was grown after the buffer layer. To grow the InGaN/GaN QW

samples, a 3-nm-thick InGaN QW (emitting at 470 nm) was then grown on

the GaN layer at 750 ◦C with an indium fraction of 12%. The QW was then

covered by a GaN capping layer having a thickness of 10-40 nm.
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(a)

(b)

Figure 4.1. a) Illustration of a typical MOVPE system. b) Schematic of the MOVPE
growth process.

4.2 Photoluminescence

In photoluminescence, light emission induced by electron-hole pair excitation

by incident photons (discussed in section 2.2) is utilized. Typically, an intense

laser beam is focused on the sample to create electron-hole pairs. When these

electrons and holes recombine, the resulting photons are then collected and

directed to a photo-sensitive detector. A filter can be used to select certain

parts of interest from the spectrum or block unnecessary frequencies. The

spectrum of the emitted photons is measured, giving information on the energy

band structure of the material. PL measurement is non-destructive and a

simple way to get information from the sample.

In this work, the PL spectra of the designated sample areas were measured

at room temperature (RT) before and after the e-beam exposure using a
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monochromatic He-Cd UV-laser (λ = 325 nm, I ≈ 80 W/cm2) as an excitation

source. The penetration depth of the laser beam into GaN is approximately

100 nm. The setup consisted of the excitation laser, a focusing lens (focal

length ≈ 35 mm), a semi-transparent mirror, an optical fiber and a detector

(Ocean Optics USB2000), shown in figure 4.2. The laser beam is focused on

the sample, where it excites electron-hole pairs, which then recombine emit-

ting light. The light is focused and directed to an optical fiber which leads

the light to the detector. The detector used in this work can detect emission

wavelengths between 200-1100 nm, with an accuracy of approximately 1 nm.

The spectrum can then be recorded by a computer to store, analyze and dis-

play the data. The total PL intensity can be obtained by integrating the total

area of the peak.

Figure 4.2. Schematic image of the PL setup used in this work. The red line represents
the excitation laser beam and the yellow area represents the light emitted by
the sample.

By measuring a reference point along with the treated points before and af-

ter LEEBI, the measured intensity of the irradiated points can be normalized

using the reference PL. Hence, the contribution of possible fluctuations in the

measurement setup can be effectively filtered out. The normalized PL intensi-

ties can then be compared between different samples with good accuracy. Of

course, the original optical qualities and properties of the samples need to be

approximately the same for the comparisons to be relevant.
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4.3 Cathodoluminescence

In cathodoluminescence, an e-beam is directed to the material, e.g., a semicon-

ductor, under study. The impact of electrons with sufficient energy can trigger

excitation - recombination processes of electron-hole pairs, which causes the

sample to emit photons with certain spectrum, as discussed in section 2.2.

Hence, CL is similar to PL (see section 4.2), with the exception that the

electron-hole pair excitation is triggered by electrons instead of photons.

Due to the electron penetration profile into a material (see section 3.2), it is

possible to obtain CL from different depths in the sample by varying the e-

beam kinetic energy (i.e., the acceleration voltage). This feature can be used

for depth profiling. However, self-absorption of the material (i.e., emitted

photon is absorbed before it can escape) should also be taken into account

since it alters the measured depth profile. Furthermore, due to scattering, CL

is obtained from an area larger than the beam cross section.

In this work, the CL acceleration voltage was varied from 5 to 25 kV, the

probe current was kept constant at 25 nA and the measurements were per-

formed at room temperature. Obviously, CL is a method utilizing LEEBI,

hence contributing to possible e-beam induced effects. However, in this work

the luminescence did not change during CL measurement due to low total

irradiation dose [Publication V].

4.4 Positron Annihilation Spectroscopy

Shortly described, in positron annihilation spectroscopy, positrons (anti-electrons)

are accelerated and directed towards the specimen [96]. When a positron pen-

etrates into the material, it can be trapped by certain kinds of defects in the

lattice. This is because a suitable defect introduces a potential well for the

positron to localize. After a time, positron-electron annihilation occurs and

two gamma(γ)-photons are emitted (photon peak energy is roughly at 511

keV) to opposite directions. From the γ-radiation, the type and concentra-

tion of the possible defects can be determined. The measurements are based

on positron lifetime in the material and the shape of the spectrum of the

γ-photons created in the annihilation process.

The positrons are typically generated using a radioactive source such as 22Na.
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The emitted positrons have a wide kinetic energy spectrum with mean energies

of hundreds of keV. Fast positrons can be directly used to probe bulk materials

due to larger penetration depth. To study thin films, positrons need to be

slowed down, typically to a few eV. This is done by using a moderator device

composed of materials that have negative positron affinity (e.g., most metals)

[97, 98]. The slowed positrons can then be controlled with an acceleration

voltage to get specific kinetic energies. Since the positron penetration profile

(average penetration depth) is dependent on the positron kinetic energy, it

is then possible to obtain measurement results as function of depth. The

positron penetration profile is very similar to the electron penetration profile

when both particles have the same kinetic energy, as can be seen in section

5.4 [Publication III].

Positron lifetime spectroscopy and Doppler broadening are the most commonly

used measurements when utilizing positron annihilation. A positron entering

a defect free crystal has an average lifetime, typical of the material, before

annihilating with an electron. Furthermore, depending on the momentum

of the electron, the annihilation produces a certain shape of the radiation

spectrum. However, if there is a defect present in the crystal, the positron

wave function can be localized, effectively trapping the positron. [98] When the

positron gets trapped, the average lifetime before annihilation is altered. Also,

annihilating electrons in the defect have different momentum values compared

to electrons in a perfect lattice [98]. These changes produce lifetime and

Doppler broadening values of the gamma spectrum typical for the defect.

In this work, the trapping of positrons at vacancy defects was observed as the

narrowing of the Doppler-broadened 511 keV annihilation line, recorded with

a Ge-detector. Typically, the shape change is characterized with two lineshape

parameters, which can be obtained by comparing two different regimes of the

perfect lattice spectrum and the defect altered spectrum. The parameters are

usually denoted S and W, determined as fractions of positrons annihilating

with low (|pL| < 0.4 atomic units) and high momentum electrons (1.5 atomic

units < |pL| < 3.9 atomic units), respectively [99]. pL is the longitudinal

momentum component of the electron-positron pair in the direction of the

511 keV annihilation photon emission. The difference can then be defined as

the area between the curves at the peak (S) and the tail (W), as shown in

figure 4.3a. From S and W parameters, the type and the concentration of the

point defect can usually be determined [81, 67].
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(a) (b)

Figure 4.3. a) Illustration of obtaining the S and W parameters from the PAS measuremet.
b) A simple schematic image of a typical PAS measurement setup. Typical
moderator transmission is only 0.001% of (slow) positrons.

4.5 Scanning Electron Microscopy and Electron Beam

Lithography

The resolution of conventional microscopes has a fundamental limit near the

wavelength of the used light. Therefore, to study nano-scale specimens with

radiation, a shorter wavelength is required. Scanning electron microscopy uti-

lizes a well focused low energy e-beam accelerated towards the sample surface.

The beam is scattered from the sample and received by a detector (see figure

4.4). From the position of the beam and from the intensity of backscattered

electrons, an image can be constructed. SEM is capable to obtain a resolu-

tion of just a few nanometers, depending mostly on the beam focus spot size.

Furthermore, the e-beam can be utilized, e.g., in electron beam lithography,

to create nano-scale patterns on the sample. In this work, EBL was used for

patterning of silver nano-gratings on InGaN QW sample surface. Since the

e-beam can be focused to a spot of only few nanometers, the resolution of the

drawn pattern can be very high.

In EBL mode, the e-beam draws a pre-defined pattern on a certain position.

In SEM mode, a large area of the surface is irradiated by rapidly sweeping

the focused beam on the surface and the back-scattered electrons are used to

determine the surface structure. There are no differences in the beam itself,

only in the sweep pattern. Therefore, SEM can be used to irradiate large areas

of the sample without the need for defined patterns.

The key parameters in (any) LEEBI application are the acceleration voltage

(and corresponding electron kinetic energy), the beam current, the exposure
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Figure 4.4. Illustration of a SEM setup. Additionally an x-ray detector is presented illus-
trating an EDX setup.

time and the exposed surface area. Typically, acceleration voltages of 20 - 50

keV are used. The surface area of an irradiated spot equals approximately the

beam cross section. The electron scattering and secondary electrons spread

the actual irradiated area to some degree. The beam spot size hence roughly

defines the minimum line width of the pattern together with the used resist

material. The necessary current and exposure time are together defined as

the exposure dose given as D = t × I/A, where t is the exposure time, I

is the incident beam current and A is the irradiated area. Typically the

resist material is chemically altered when a high enough dose is applied. For

example, for 100-nm-thick (poly)methyl methacrylate (PMMA), the needed

dose is around 100 μAs/cm2.

In this work, the samples were exposed to an e-beam using a Zeiss Supra 40

SEM. The LEEBI exposure was performed by rapidly sweeping the e-beam

on a specific area of the sample surface (SEM mode). The e-beam energy was

varied between 5 and 20 keV and the dose in the range of 0−508 μC/cm2

(0−3×1015 cm−2) by controlling the exposure time and the beam current.

For the EBL patterned samples, the e-beam energy was 20 keV and the dose

typically 70−120 μC/cm2 depending on the line width. The e-beam spot

size was approximately 2 nm in diameter and the corresponding momentary
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current density was 0−100 kA/cm2.
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5. Low Energy Electron Beam

Irradiation Effects on GaN

In this chapter, the main results of this work regarding the LEEBI effects on

GaN are presented and discussed.

5.1 InGaN/GaN QW Degradation

The origins of our investigation to the LEEBI induced optical degradation

are in fabrication of silver nano-grating patterns. The goal was to gain an

increase in light extraction from a QW structure, utilizing plasmonic coupling

to more efficiently inject the generated photons to air. (This is presented in

more detail in chapter 6.) The patterns were made using a SEM/EBL tool de-

scribed in section 4.5. For this reason, silver nano-gratings were fabricated on

samples with near surface InGaN/GaN QW (λ = 475 nm) capped with 10-40

nm of GaN. PL intensity increase was indeed successfully found as shown in

Publication VI. However, while conducting the PL measurements, an unex-

pected reduction in luminescence intensity was observed on the sample area

exposed to LEEBI but left without metal. This discovery yielded the need to

gain more insight on how the LEEBI might affect the luminescence of GaN-

based samples, since any reduction in the emission efficiency would decrease

the enhancement factor.

The samples used for the original extraction enhancement trials were first

considered to be sensitive to the e-beam due to the InGaN active layer near

the surface. Due to the degraded PL intensity, it was reasonable to assume that

the QW had been damaged. Thus, samples with different QW depths (i.e.,

capping layer thickness) were fabricated to study both dose and penetration

dependence of the LEEBI induced damage. The samples were exposed to

different LEEBI doses (charge / surface area unit) and kinetic energies.
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(a)

(b)

Figure 5.1. a) Example of damaged (full line) and undamaged (dashed line) InGaN SQW
spectra. The capping layer thickness (d) was 20 nm. b) InGaN SQW normal-
ized PL intensity as a function of 20 keV e-beam irradiation dose [Publication
I].

As shown in figure 5.1, the PL intensity experiences a dramatic drop after

LEEBI [Publication I]. The reduction of PL as a function of the exposure

dose appears to have an exponential dependence. However, the exponential

fit in the picture is mainly meant as a guide for the eye. It can also be seen

from figure 5.1b, that the increasing dose realized by either increasing exposure

time or beam current produces the same effect.

Interestingly, as shown in figure 5.2, the PL degradation is larger for smaller

e-beam kinetic energies. This was surprising, since it was originally assumed
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that the kinetic energy is responsible for the damage. The damage to the PL

is much more severe using, e.g., 5 keV kinetic energy instead of 10 keV, and

the difference between 10 keV and 15 keV induced damage is smaller. This can

be explained with the e-beam energy dissipation profile shown in figure 3.3.

With smaller kinetic energy, the beam dissipates in a much smaller volume,

thus affecting it more intensely.

Figure 5.2. InGaN QW PL intensity as a function of the e-beam kinetic energy for three
different capping layer thicknesses [Publication I].

Moreover, as shown in figure 5.2, the PL degradation was observed to be

smaller with a thicker capping layer, meaning that thicker capping layer should

protect the QW better. It was observed, some time after Publication I was

released, that this is not in perfect agreement with the calculated energy dis-

sipation profile in GaN (see section 3.2). The curve for, e.g., 5 keV beam in

figure 3.3 predicts the maximum energy dissipation to the depth of approxi-

mately 50 nm. Therefore, e-beam penetration to InGaN/GaN QW structure

was simulated using the Casino simulation program [85, 86]. The results are

shown in figure 5.3. It can be seen that the absorbed energy has a maximum

very close to the first quantum well (QW 1) and then decreases rapidly be-

fore the next QW position. The simulation was also done on pure GaN film

without the QWs, which showed that the thin InGaN layer effect to the en-

ergy profile is negligible. Thus, the simulation data is in very good agreement

with the results in figure 5.2. This also suggests, that the parameters for the

Bethe-Bloch cubic approximation calculations might need to be corrected to

produce a sharper peak closer to the surface. Nevertheless, the calculated

curves in figure 3.3 are a good approximation to the nature of the degradation

as a function of the beam kinetic energy.
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Figure 5.3. Simulated absorbed energy of an of electron beam (radius 2 nm, kinetic energy
5 keV) in GaN with three embedded InGaN QWs. The wells are 3 nm thick
and located at the depth of 10, 20 and 40 nm for QW 1, QW 2 and QW 3,
respectively. The maximum energy is located at the depth of QW 1. The result
is the same with or without the QWs.

Hydrocarbon contamination, induced by LEEBI, has been reported earlier on

sample surfaces [100]. Hence it was deemed possible that the contamination

might cause some PL degradation, even if the observed smaller degradation

with thicker capping layer already did not support this. To be sure, InGaN

samples were fabricated and irradiated heavily with an e-beam. The resulting

contamination was indeed visible in SEM as dark lines. The dark lines were

easily removed with acid treatmets (3:1 H2SO4:H2O2 and 1:3 HNO3:HCl).

However, the PL, observed to be degraded from the prior LEEBI, was not

recovered [Publication II]. Thus, the hydrocarbon contamination was excluded

as a source of reduced luminescence.

To investigate the dependence between the In fraction and the degradation,

QW samples with two different In content were fabricated. GaN / InxGa1−xN

/ GaN near-surface samples with x = 0, x = 0.12 and x = 0.20 were grown.

Obviously, x = 0 case is identical to GaN film with no QW. The samples were

exposed to 10 keV LEEBI with varying doses. The results are shown in figure

5.4. It can be seen, that the PL intensity degradation for both QW samples

is almost identical. This points to a conclusion that optical degradation of

the QW is not dependent on the indium fraction. However, the band-edge

emission intensity of the GaN film degraded slightly more than those of the

QW. Thus, more careful investigation of pure GaN films was started.
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Figure 5.4. InxGa1−xN QW PL intensity as a function of LEEBI dose for x = 0, x = 0.12
and x = 0.20 indium fractions. Inset gives a closer view of the 0 - 100 μC/cm2

region. Improved image of [Publication II].

If the optical degradation of the QW luminescence was related to changes in

the In content or distribution, or to dislocation glide (which have both been

reported in case of transmission electron microscopy (TEM) using higher e-

beam energies [101, 102]), then some change should also be noticed in the peak

position and/or FWHM of the PL spectra. In fluctuations and dislocations

both change the QW band properties. However, this was shown not to be

the case: both peak position and FWHM were observed to remain unaltered

(within the measurement resolution < 1 nm) after the LEEBI even with a

dramatic damage to the PL intensity. Thus, changes in the QW indium com-

position and dislocation density became an unlikely candidate for the damage

mechanism.

5.2 MOVPE GaN PL Degradation

The next logical assumption for the damage mechanism involves the inves-

tigation of the barrier material surrounding the QW, namely undoped GaN.

Thus, the same LEEBI experiments were performed on MOVPE-grown GaN

films as previously for the InGaN/GaN QW.

The results show (figure 5.5) that the BE luminescence of MOVPE grown

GaN is degraded, when exposed to LEEBI. This was surprising in the sense

that GaN is usually considered to be highly resistant to radiation. The kinetic

energy of the e-beam should not be sufficient to break any chemical bonds of
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Figure 5.5. PL intensity as a function of irradiation dose for GaN samples irradiated with
5 - 15 keV energies. The higher impact of smaller kinetic energy is clearly
observable [Publication III].

the GaN lattice. The degradation as a function of the exposure dose shows

the same exponential behavior as in the case of the InGaN/GaN QW sample.

Furthermore, the degradation as a function of the kinetic energy also behaves

as in the case of the QWs: the lower kinetic energy induces more damage.

Also, as in the QW samples, the peak position and FWHM of the band-edge

luminescence spectra (see figure 5.6) remained unaltered, even when measured

in 20 K with a highly accurate (Δλ = 0.1 nm) monochromator.

Figure 5.6. The normalized PL spectra of an irradiated GaN sample, measured in 20 K,
showing that the FWHM and the peak position remain unaltered [Publication
II]. Free exciton (354.75 nm) and bound exciton (355.30 nm) peaks can be
distinguished.
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Figure 5.7. CL spectra for three different exposure doses. The CL intensity axis is logarith-
mic. The coincidental YL and BL degradations are clearly visible [Publication
V].

5.3 MOVPE GaN CL Degradation

To support the PL measurements, cathodoluminescence was used to verify the

LEEBI induced degradation [Publication V]. The samples were first irradiated

with the LEEBI tool and then measured with the CL equipment. In this case,

the CL probe irradiation dose was too small to cause further degradation to the

samples, as indicated in Publication V. Luminescence intensity degradation

was (figure 5.7), in good agreement with the PL measurements. As seen in

figure 5.8, the largest amount of damage is observed with 5 kV CL acceleration

voltage. This is to be expected since CL energy closer to 5 kV probes the

volume affected by the 5 keV LEEBI more accurately. The CL spectra (figure

5.7) also show, that the yellow and blue band (BL) luminescence degrade

as a function of LEEBI dose. This indicates, that the involved degradation

mechanism produces non-radiative recombination centers to the material.

In fact, degradation of GaN-based optical devices, such as laser diodes, operat-

ing under high current densities, has been reported in the past [103, 104]. The

degradation mechanism in these devices, just as in the samples used in this

work, could involve generation of non-radiative recombination paths. These

paths are mainly linked to defects in the semiconductor lattice. Thus, inves-

tigation of possible defect generation during LEEBI was initiated.
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Figure 5.8. CL band-edge luminescence intensity as a function the CL acceleration voltage
for three different exposure doses (0, 40 and 160 μC/cm2) made by 5 keV
LEEBI. The larger measured degradation with smaller acceleration voltage is
clearly observable [Publication V].

5.4 Point Defect Appearance

At this stage of the investigations, it was known that the PL degradation was

due to changes in the GaN films in general, and that there was probably a

non-radiative recombination mechanism present after LEEBI. Hence, it was

reasonable to try to find defects in the lattice, appearing after the irradiation,

that could be the cause of the damage. Since newly generated dislocations were

already ruled improbable (see section 5.3), positron annihilation spectroscopy

was used to find out the possible changes in the point defect concentrations

in the samples. Point defects as the source for non-radiative recombination

has been proposed before [105]. Since positrons have basically the same depth

profile in GaN as electrons (see figure 5.9), they effectively scan the same

volume that has been exposed to the e-beam.

The measurement showed (figure 5.10) a clear increase in the PAS S parameter

(explained in section 4.4) with increasing LEEBI dose. The S parameter is

known to be related to the amount of point defects in the material [81]. Fur-

thermore, it can be clearly seen that the increasing S parameter and decreasing

PL intensity have a high anti-correlation to each other. Thus, it was shown

that the detected point defect concentration of GaN increases under LEEBI.

In figure 5.10, the S parameter saturates to a value of approximately 0.4485,

which corresponds to point defect concentration of about 2 × 1017 cm−3 [99].
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Figure 5.9. Energy dissipation curves of electrons and positrons in GaN. The depth profile
is observed to be very similar [Publication III].

For reference, the point defect concentration on non-irradiated sample area is

below the PAS RT detection limit of about 1 × 1016 cm−3, typical for MOVPE

GaN [70].

Figure 5.10. PAS S parameter and the PL intensity as a function of the LEEBI dose. A
clear anti-correlation can be seen [Publication IV].

5.5 In-Grown Gallium Vacancies

The PAS measurement data gives further information about the nature of the

defects in the material. By plotting both W and S parameter, it is possible

to identify different kinds of point defects [81, 67]. The results clearly show

(figure 5.11), that with increasing LEEBI dose, the PAS result evolves along
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the line typical for VGa. Furthermore, the gallium vacancies can be also ob-

served to have the signature of an in-grown vacancy, rather than one created

by high energy e-beam irradiation after growth [70, 67]. The difference is dis-

tinguishable most probably because of the impurities present in the in-grown

vacancies. However, when VGa is created by radiation after the growth, it

is pure with no impurity atoms present. The positron lifetime and system

momentum are usually measurably altered when the vacancy is complexed or

clustered.

Figure 5.11. PAS S parameter and W parameter plot. The dark line serves as an indicator
to point the vacancy type. The inset shows the S parameter as a function of
the PL intensity degradation [Publication III].

Judging from the previous, the gallium vacancies observed here must be cre-

ated during growth in the MOVPE reactor. Thus, the assumption of (ideal)

GaN having good radiation resistance is valid, but some sensitivity can arise

from certain kinds of in-grown defects. As discussed in Publication III, since

the GaN PL intensity is degraded with the increase in the observed concentra-

tion of VGa, it can be concluded that these gallium vacancies are invisible to

the PAS measurement before LEEBI, i.e., VGa have been passivated by some

mechanism.
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5.6 Hydrogen Passivated Gallium Vacancies

The best candidate to explain the passivation of the gallium vacancy prior

to LEEBI seems to be hydrogen. It is likely in MOVPE GaN that the VGa

are complexed with H-atoms (VGa − (1-4)H) [81]. However, 1H- and 2H-

complexes are visible to PAS and the 4H-complex is unstable. Furthermore,

3H-complexes have been shown to be neutral through the band gap and to

be invisible to PAS [75]. The removal energy of hydrogen from VGa − 3H

is Fermi-level dependent but in the range of 1 eV. Moreover, as mentioned

in section 5.5, the signature of in-grown VGa in PAS S - W plot is probably

due to impurities associated with the vacancy. For these reasons, we propose

that MOVPE grown GaN contains a significant amount of in-grown VGa, that

are passivated by 3H-hydrogen complex, and can be activated by LEEBI. The

situation seems to be similar to the activation of Mg dopants with e-beam

irradiation (see section 2.7).

Our results do not directly support the literature claims, that VGa would

be responsible for the GaN YL. This is due to the CL spectra (see section

5.3) where the YL and BL degrade along with the band-edge luminescence.

However, the YL has also been attributed with different defects, e.g., VGa -

O, VGa - C and VN . In general, the relation between VGa and YL (and BL)

is not clear. [106, 62]

5.7 Recovery by Thermal Annealing

If hydrogen passivation is the reason for the in-grown VGa to be undetectable

prior to the LEEBI, it is reasonable to see if sample annealing could be used

to re-passivate the vacancies. Both VGa and H are known to be mobile in

elevated temperatures (see secs. 2.5 and 2.4). Thus, 500 ◦ C annealing up to

52 h was performed on samples irradiated with a 5 keV e-beam with doses of

0 - 180 μC/cm2.

The results of the annealing experiment are shown in figure 5.12. It can be

seen that the PL intensity indeed recovers partially after relatively short time

(< 60 sec) of annealing. However, longer annealing did not recover the PL

to the original state, but the recovery saturation was very fast. From highly

degraded sample (20% of the original PL) the recovery was approximately to

50% of the original PL intensity.
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Figure 5.12. Recovery of the PL intensity by annealing at 500 ◦ C. The inset shows the nor-
malized PL values as a function of annealing time (LEEBI dose 180 μC/cm2)
[Publication IV]. The value of each measurement point has been normalized
to that of the untreated sample, sometimes causing the value to exceed unity.

The possible contribution of the annealing ambient to the recovery of the PL

intensity was also studied. Two samples were first irradiated with 5 keV e-

beam to create significant amount of PL intensity degradation and then one

sample was annealed in H2 and other in N2. As can be seen from figure 5.13,

the annealing ambient (H2 or N2) did not have significant effect on the PL

recovery.

Figure 5.13. PL intensity as a function of e-beam exposure dose for two GaN samples: first
irradiated with 5 keV e-beam (solid lines) and then annealed 500 ◦ C 30 min
in H2 and N2 (dashed lines) [Publication IV]. The value of each measurement
point has been normalized to that of the untreated sample, sometimes causing
the value to exceed unity.

The current assumption is that due to relatively poor solubility of H to GaN
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(see section 2.5), the hydrogen ambient cannot contribute to the re-passivation

of VGa. However, the hydrogen already present in GaN can migrate (back)

to the VGa sites. Of course, part of the hydrogen might diffuse out of the

sample or otherwise be unreachable by the vacancies, thus explaining why the

recovery is not total.

5.8 Comparison of H2 and N2 Carrier Gases

The sources of hydrogen, especially in MOVPE grown GaN can be many.

Ammonia breaks down in the reactor freeing nitrogen for the growth process.

As a result, also hydrogen is generated. Furthermore, the metal precursors

trimethylindium and trimethylgallium contain hydrogen and trace amounts

of, e.g., water and other contamination sources can be present. Finally, H2 is

often used as a carrier gas for the precursors.

The contribution of the carrier gas as a hydrogen source is straightforward

to investigate: two i-GaN samples were grown, one with H2 and one with N2

carrier gas. LEEBI exposure was performed on them with similar parameters:

5 keV energy and approximately 0 - 200 μC/cm2 dose. The PL intensity was

measured from both samples. The results are seen in figure 5.14.

Figure 5.14. Recovery of the PL intensity by annealing at 500 ◦ C. The inset shows the
normalized PL values as a function of annealing time [Publication IV]. The
value of each measurement point has been normalized to that of the untreated
sample, sometimes causing the value to exceed unity.

It can be clearly seen that the two curves are very similar. No clear difference

is present in the PL degradation. This strongly indicates that the carrier gas

does not have any significant impact on the formation of the VGa - H (or
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other possible) complexes that contribute to the optical degradation. Since

the measured vacancy concentration is low compared to concentrations of Ga

and N, and since hydrogen is quite mobile in GaN (especially at high temper-

atures), even a small amount of H could passivate the gallium vacancies quite

efficiently.
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6. Enhancement of Luminescence by

Nano-Gratings

This chapter describes the results of the study of GaN/InGaN/GaN near-

surface QW luminescence enhancement using silver nano-gratings.

6.1 Motivation

A modern GaN-based light emitting device can achieve very high internal ef-

ficiency, well above 50% [107, 108]. (This means that inside the device, more

than 50% of the recombinations of the injected carriers emit light.) Unfortu-

nately, there are factors limiting the total external efficiency of these devices.

In GaN-based light emitting devices, the total internal reflection is the main

extraction limiting factor. Due to the large difference between the refractive

indices of air (n ≈ 1) and GaN (n ≈ 2.3), only less than 4% of light created

in the device active region can escape through a flat surface (assuming the

possible extraction from the sides is not included) and the rest is lost. This is

illustrated in figure 6.1. For this reason, solutions for enhancing the extraction

efficiency of these devices are needed.

The most commonly used method to improve extraction is the epoxy encap-

sulation. The flat LED surface is covered with a dome of transparent material

with refractive index higher than air (e.g., n = 1.50). This increases the crit-

ical angle, thus increasing the extraction. The best materials can yield up

to 4-fold enhancement. Unfortunately, at the moment this is the maximum

achievable enhancement using practical epoxy materials.

The layers of the light emitting device structure act as waveguides for light,

i.e., the (trapped) light propagates in the material [109, 110]. The propagating

modes present in the layers depend on the layer dimensions and material

properties. One approach to enhance the extraction efficiency is to scatter
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Figure 6.1. Illustration of light extraction from a LED structure with planar surface. Only
light emitted below the critical angle can escape, seriously limiting the device
efficiency.

these waveguide modes using surface roughening. In practice, this can be done,

e.g., by growing on a patterned substrate or with post-growth treatment such

as etching [111–113]. Up to 3-fold improvement can be achieved in extraction.

However, engraving of the GaN surface is often difficult due to chemical and

mechanical hardness. It can also require expensive lithography.

Plasmonic coupling has been used to enhance light extraction up to 5-fold

[114]. Thus, this technique is potentially very effective. The problem is that

the light emitting region must be very close to the plasmonic metal interface

due to the fast exponential decay of the plasmon wave in the direction per-

pendicular to the surface. This creates great difficulties especially in creating

electrically pumped devices, since the metal too close to the active region will

disturb the normal operation of the device. Hence, it is not possible to find a

suitable distance between the grating and the active region in the conventional

LED design.

6.2 Grating Structure

The plasmonic coupling effect has yielded very large enhancement of the light

extraction in literature. Thus, the goal in this work was to create a periodic

metal structure capable of first capturing photons from the device active region

to plasmonic modes, and then re-emitting the them as photons outside the

structure. As mentioned before, the active region (the QW) must be very

close to the metallic interface. For this reason, near-surface InGaN QW (λ

= 475 nm) samples were grown ( using MOVPE), having only 20-nm-thick
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GaN capping layer on top of the QW. According to calculations, this distance

should be sufficient for the plasmonic coupling. The excitation of this kind of

structure can be effectively done with a laser beam from behind the device.

Silver was selected as the interface material since it is good conductor of plas-

monic waves and electron beam sputtering and EBL patterning of Ag is rel-

atively easy. A schematic of the structure is shown in figure 6.2a and a SEM

image of a real fabricated silver nano-pattern is show in figure 6.2b. Based on

early calculations, the metal thickness of 35 nm was selected and the periodic-

ity between 200 and 250 nm (i.e., the gap between silver lines is constant 100

nm and the silver stripe width varies between 100 and 150 nm). The largest

challenge in the fabrication of the silver grating is created by the relatively

poor conductivity of the GaN surface. The surface charging of the resist poly-

mer and GaN is large since the injected electrons cannot escape very quickly.

The charging generates electric fields that can interrupt the direct path of the

e-beam, distorting the drawn image. This problem was circumvented by using

smaller beam current and larger exposure time and high enough acceleration

voltage.

(a) (b)

Figure 6.2. a) Schematic of the fabricated silver nano-grating structure on top of
GaN/InGaN/GaN QW [Publication VI]. b) SEM image of a fabricated sil-
ver grating. The scale bar corresponds to 2 μm.

In addition to the silver grating, part of the samples were coated with a thin

polyvinyl alcohol (PVA) layer. This changes the plasmonic and waveguide

behavior of the structure. Thus, the samples with and without the PVA layer

can be compared and the possible differences analyzed.
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6.3 Luminescence Enhancement

As can be seen from figure 6.3c and d, the measured luminescence is signifi-

cantly enhanced with silver grating and PVA on top of the QW. The measured

total PL intensity has increased to approximately 2.8-fold, compared to a flat

surface emitter. Especially, the TE polarized extraction is enhanced (figure

6.3c). There is no extraction enhancement with the PMMA grating (figure

6.3a) and only very small enhancement with the silver grating having no PVA

layer on top (figure 6.3b).

The smaller enhancement of the TM mode light was slightly surprising since

the plasmon related waves should be TM polarized. Using simulations together

with angle resolved PL measurements and reflectometry measurements, it was

found out that the improvement in the extraction was actually not caused by

plasmonic coupling. The silver grating was seen to be able to diffract light out

from the guided modes of light propagating in the GaN and PVA layers, in

the same manner as in structures with roughened surface. The details of the

measurements and simulations can be found in Publication VI. The smaller

enhancement of the TM mode could then probably be explained with the

larges losses related to the plasmonic waves that are created but not emitting

the light out. The need for the PVA layer to gain any significant enhancement

is related to the creation of a waveguide on top of the grating. The metal

needs to be buried between two waveguides to have high enough strength of

the optical field at the grating interface.

It can be concluded that a silver nano-grating buried in PVA can significantly

increase the light extraction from a GaN-based light emitting device. The en-

hancement is based on diffraction of waveguide modes from the device layers in

a similar manner to the surface roughening technique. Further optimization of

the structure can probably yield a significantly higher extraction enhancement.

The LEEBI induced GaN optical degradation (discussed in chapter 5), is most

likely also present in these devices. Thus, optimizing the EBL process with

regard to the degradation (e.g., utilizing higher bean kinetic energy, smaller

exposure dose or protective layers), or substituting EBL with another lithog-

raphy process, should further improve the excitation. However, the current

3-fold enhancement is already at the same level with the conventional surface

roughening and epoxy encapsulation. Furthermore, the structure could be

further optimized to utilize the plasmon related enhancement.
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Figure 6.3. Spectra of the patterned and reference samples with: a) PMMA polymer pat-
tern, TE-polarization b) silver nano-grating, TE-polarization c) silver nano-
grating and PVA layer, TE-polarization d) silver nano-grating and PVA layer,
TM-polarization [Publication VI].
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7. Summary

In this thesis, the influence of LEEBI on GaN and InGaN has been studied.

The results clearly show optical degradation of the materials, namely reduction

in BE emission intensity, after sufficient LEEBI exposure. The damage to the

optical quality has been shown to be as high as 85% in the studied parameter

range. The mechanism of the degradation is suggested to involve activation

of point defects in the GaN lattice. These point defects have been identified

as in-grown VGa, that can act as unwanted recombination sites for the charge

carriers. The activation mechanism has been hypothesized to involve a LEEBI

induced removal of hydrogen from VGa − 3H complexes, that are likely present

in MOVPE-grown GaN. Degradation of GaN-based optical devices, operating

under high current densities, has been widely reported [103, 104]. Since the

VGa activation involves high beam current density induced by LEEBI, it is

also plausible that the same mechanism is present in degradation of GaN-

based optical devices during high current density operation.

In the future, samples grown with different methods than MOVPE will be

studied. Especially, using plasma-assisted MBE, GaN can be grown without

any hydrogen present (aside from possible contamination). This way it might

be possible to gain more insight into the vacancy passivation mechanism. The

formation of the in-grown VGa (in MOVPE) might be avoidable with opti-

mized growth conditions, hence reducing the LEEBI sensitivity of GaN-based

components. Furthermore, the effect of a high charge injected by a current

source will be studied. If any PL intensity degradation can be found and linked

to the vacancy activation it would confirm the similarities of the degradation

of both e-beam irradiated and electrically injected GaN. Moreover, there are

several factors affecting the formation of gallium vacancies, which could all be

studied, such as the lattice orientation and the Fermi level. There are also

measurement techniques (e.g., deep-level transient spectroscopy (DLTS), Hall
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effect and EBIC) that can be used to reveal details of irradiated GaN. For

example, DLTS might be particularly useful in determining the energy level of

the activated vacancies. Also, more detailed studies on possible contributions

from other kinds of defects and vacancy complexes will be carried out.

Despite the degrading action caused by LEEBI during EBL, silver nano-

patterned grating on top of a GaN/InGaN/GaN near-surface QW structure

still exhibited amplification of extraction efficiency. The best results were ob-

tained using a silver stripe pattern buried in PVA. Up to 2.8-fold increase in

PL intensity was obtained compared to a non-patterned sample. Thus, this

technique shows great promise to increase the efficiency of (GaN-based) light

emitting devices.

Further improvement of the nano-grating technique should be straightforward

with optimized layer thicknesses, grating periods and cover materials. Espe-

cially, if the LEEBI induced degradation can be reduced, higher light extrac-

tion is to be expected. This could be achieved, e.g., with higher acceleration

voltage in EBL, or by using substitutive lithography technique such as laser in-

terference lithography or nano-imprint lithography. Extraction enhancement

using plasmonic coupling should be achievable with optimized grating period

or the plasmonic coupling can even be disregarded and the optimization done

only for the waveguide mode diffraction.

Moreover, studies on novel structures possibly allowing efficient electrical pump-

ing of the near-surface quantum well LEDs has begun. The technique is based

on carrier diffusion and can allow new kinds of ways to realize electrical excita-

tion in problematic configurations such as nanowires and plasmonic structures.
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