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Abstract

Vacancy defects affect the optical properties of semiconductors in many ways. The defects
form deep energy levels in the band gap acting either as a charge carrier recombination or
generation centres. This is seen as absorption of light. In this thesis, the vacancy defects in
diamond and aluminium nitride (AIN) and their influence on the optical properties have been
studied using positron annihilation spectroscopy. A new method, optical transient positron
spectroscopy, was developed for this purpose.

Alarge fraction of the purest natural diamonds have a smoky brown tint. The brown colour
can be removed in high pressure, high temperature (HPHT) treatments. The positron
measurements presented in this thesis show that brown natural diamond contains a large
concentration of clusters of 40-60 missing atoms. Optical wavelength photons excite electrons
to the vacancy clusters, which causes the visible absorption and the smoky-brown colour of the
diamond. Further, it was detected that vacancy cluster concentration decreases in correlation
with the removal of the brown colour during the HPHT treatments. The decay of the excitation
after switching off the illumination is very slow, taking several minutes. By combining flux-
dependent measurements with the decay rates of the photoexcitation effects, the optical cross
section of the clusters causing the brown colouration can be determined and the vacancy
cluster concentration estimated self-consistently.

Vacancy defects were studied in single-crystal bulk AIN substrates. Al vacancy-related
positron signals (lifetime, Doppler broadending) are identified and the vacancy charge state
was confirmed to be negative. By combining coincidence-Doppler broadening measurements
with ab-initio theoretical calculations it is shown that in-grown Al vacancies are present as
complexes with oxygen impurities, while high-energy particle irradiation produces
predominantly isolate Al vacancies. Optical absorption measurements show that the latter
cause absorption at ultraviolet wavelengths, important from the point of view of employing AIN
as substrate material for opto-electronic devices.
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Tiivistelma

Vakanssivirheet vaikuttavat puolijohteiden ominaisuuksiin monin tavoin. Yksi vakanssien
huomattavammista vaikutuksista on niiden aiheuttamat muutokset puolijohteen optisiin
ominaisuuksiin. Vakanssivirheet muodostavat puolijohteen kiellettyyn energiavaliin tiloja,
jotka voivat toimia absorptio- tai rekombinaatiokeskuksina. Paljaalle silmaélle timé& nakyy esim.
véirin muutoksena verrattuna virheettdméén kiteeseen. Téssé vaitoskirjassa on tutkittu
vakanssivirheiti timantissa ja alumiininitridissé (AIN) ja etenkin virheiden vaikutusta aineen
optisiin ominaisuuksiin.

Suurimmalla osalla puhtaimmista luonnontimanteista on ruskeahko virinsavy. Varista
pééstdin eroon kasittelemaélld timantteja suuressa paineessa jalampotilassa (ns. HPHT-
késittely). Tadssé vaitoskirjassa esitetyt positronimittaukset ovat paljastaneet, ettd ruskeat
timantit sisaltdvat suuren konsentraation n. 40-60 puuttuvan atomin vakanssiklustereita.
Valaisemalla néytteitd havaittiin positronin elinajan kasvavan. Tdmaé viittaa siihen, etta
elektroneja virittyy klustereihin, aiheuttaen timanttien ruskeahkon varin. Lisdksi havaittiin,
ettd HPHT-késittelyn jalkeen vakanssiklusterikosentraatio pienenee korrelaatiossa ruskean
virin poistumisen kanssa. Valaisun jalkeen positronin elinaika pysyy koholla hyvin pitkéén,
useita minuutteja. Ilmion tarkempaab tutkimiseen kehitettiin laitteisto vakanssiin
virittyneiden elektronien rekombinaationopeuden mittaamisen. Yhdistdmaélla tieto
valaisuefektin vuoriippuvuudesta ja elektronien rekombinaationopeudesta, saatiin maariteltya
ruskean véirin aiheuttavien vakanssiklustereiden absorptiovuorovaikutusala ja tatd kautta
lopulta defektien konsentraatio niytteissa.

Viitostutkimuksessa mitattiin erilliskiteistd AIN:id. Mittauksissa identifioitiin
alumiinivakanssi, seké saatiin viitteitd alumiinivakanssin negatiivisesta varaustilasta.
Mittaamalla AIN-naytteitd koinsidenssi-Dopplerilla ja vertailemalla tuloksia teoreettisiin
laskuihin havaittiin, ettd AIN-erilliskiteissa Al-vakanssit ovat kompleksoituneet happiatomien
kanssa. Optiset mittaukset paljastivat, ettd erilliset Al-vakanssit aiheuttavat absorptiota
ultraviolettiaallonpituuksilla.
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1. Introduction

The semiconducting materials studied in this thesis, AIN and diamond, are two
of the most extreme in many of their properties. Both are composed of small,
strongly bonded atoms, which results in a wide band gap and very stable struc-
tural properties [1]. However, the high cohesion energy of both means that
the synthesis is very difficult and resulting materials contain many crystallo-
graphic defects. This is naturally a fertile ground for the characterization of
the defects!

Diamond is a group IV elemental semiconductor [2]. It has an indirect band
gap, like its relatives in the group IV: Si and Ge. In contrast, AIN is a direct
band gap semiconductor as the other III-nitrides, making it an attractive choice
for optoelectronic applications [3]. The band gap of diamond, 5.5 eV, is much
wider than that of Si and Ge, as shown in figure 2.1. The band gap of AIN is
even wider at 6.2 eV, much more than those of InN and GaN.

Even though there are many similarities between diamond and AIN, the fun-
damental difference between a direct and an indirect band gap makes their po-
tential applications quite different. Diamond is a promising material for high
power and high frequency power electronics due to its high carrier mobility and
excellent thermal and mechanical stability. However, the high price of diamond
single crystals and the lack of a natural oxide means that it is not going to
replace silicon in mainstream consumer applications. Additionally, efficient n-
type doping is a challenge yet to be overcome [4]. Potential applications of AIN-
based optoelectronics include far-UV semiconductor lasers and light emitting
diodes (LEDs) either as pure AIN or as a compound with other nitrides. Emis-
sion of 210 nm radiation using AIN LEDs has already been reported, albeit
with a very low efficiency [5]. Additionally, AIN is a very promising substrate
material for other nitrides, where its good thermal conductivity can be taken
advantage of.

In this thesis, vacancies in AIN and diamond are studied, especially from
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the viewpoint of their optical properties. Diamond has for long attracted peo-
ple by its mechanical hardness, rarity in nature, and especially its sparkle.
The sparkle originates from diamond’s high index of refraction, n = 2.42 [6].
However, a big portion of natural diamond crystals exhibit a smoky-brown tint,
making them less attractive and thus less valuable as gemstones. The identi-
fication of the origin of the brown colour has been lacking, despite being exten-
sively studied. Natural diamond is also an interesting material from the point
of view of positron annihilation spectroscopy, as the decay of the optical charge
transfer process is slow and the lifetime component related to the optical effect
can easily be extracted from the positron lifetime spectrum. A new positron
measurement technique has been developed in order to study the optical effect
in detail. In the case of AIN, the in-grown and irradiation induced vacancy
defects are identified. Further, the influence of different vacancy types to the
ultraviolet (UV) transparency of AIN substrates is studied.

Positron measurements provide information about the vacancy structure, con-
centration, and charge state [7, 8, 9, 10]. Both positron lifetime spectroscopy
and Doppler broadening spectroscopy have been employed in this thesis. Fur-
thermore, the combination of experimental measurements and ab-initio theo-
retical calculations has been used to obtain information on the chemical sur-
rounding of the vacancy [11]. The optical properties of vacancies can be studied
by illuminating the sample in situ during the positron measurements.

In Publ. I the origin of the brown colour in natural type Ila (high purity di-
amond with less than 10'® cm™ nitrogen present) is studied. We show that
the brown colour is related to vacancy clusters of roughly 40-60 missing atoms
causing a positron lifetime component of 400 ps. The vacancy clusters disap-
pear during high pressure high temperature (HPHT) treatment, as is evident
from the disappearance of the 400 ps component in stages during the anneal.
This is in correlation with the reduction of brown colour (optical absorption),
suggesting that the clusters dissociate when the brown colour is lost.

The optical properties of the vacancy clusters in natural diamond are fur-
ther studied in Publs. II and III with optical transient positron spectroscopy.
We have developed a setup where a light pulse is injected into the sample and
the decay of the optical effect is measured with positron lifetime spectroscopy.
Combining the transient measurements with steady state illumination mea-
surements we obtain an estimate of the optical cross section of the vacancy
clusters. Further, the decay of the optical effect provides information on the
recombination dynamics of the system. The results obtained with the transient

positron measurements are compared to transient photoconductivity, yielding
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similar recombination rates.

Finally, in Publs. IV and V, Al vacancies in physical vapour transport (PVT)
grown AIN single crystals are studied. Negative Al vacancies are identified in
Publ. IV with positron lifetime spectroscopy. Additionally, a high concentration
of negative ions is detected. In Publ. V it is determined that the in-grown neg-
ative Al vacancies are decorated by oxygen atoms. The identification is done by
combining coincidence Doppler broadening spectroscopy with ab-initio calcula-

tions. Further, isolated Al vacancies are identified in proton irradiated AIN.
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2. Wide band-gap semiconductors,
defects and optical properties

The forbidden energy (or the band gap) of a semiconductor is the energy sep-
arating the valence and conduction bands, i.e., a gap where there are no elec-
tronic states. The band gap is the energy required to free an electron from
the bond to become a mobile charge carrier. An electron can be excited, e.g.,
thermally or optically to become mobile. The importance of semiconductors in
technological applications is based on the fact that the charge carrier density
can be controlled by adding impurity atoms to the material and creating addi-
tional electronic states in the band gap, called doping.

The value of the band gap tends to correlate with the lattice constant, because
small atoms typically have a stronger Coulombic attraction between electrons
and the ion core. This is the case with diamond with its 5.5 eV gap. In AIN the
band gap is even larger, 6.2 eV, due to nearly ionic bonds. The band gap ver-
sus the lattice parameter in different III-nitride and group-IV semiconductors
is plotted in figure 2.1. The strong atomic bonds result in the high mechani-
cal and thermal stability of both diamond and AIN. For example the thermal
conductivity [12] and radiation hardness [13] are very high.

Defects break the periodicity of a semiconductor material, introducing dis-
crete energy levels in the band gap. Such defects include impurity atoms, dis-
locations, interstitials, vacancies, stacking faults, and precipitates. The defects
affect the electrical and optical properties of (opto)electronic devices by trap-
ping charge carriers, absorbing photons, and degrading the luminescence prop-
erties, etc. Additionally the mechanical and thermal properties of semiconduc-
tors suffer from the presence of the defects. The knowledge of identities and
concentrations of vacancy defects are important in understanding the material

properties.
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Diamond

Band gap (eV)
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Figure 2.1. Lattice constant versus the forbidden energy gap in IIl-nitrides and IV-
semiconductors [1]. The optical (visible) part of the electromagnetic spectrum
ranges roughly from 1.8 to 3.1 eV.

2.1 Diamond

Diamond is composed of tetrahedrally bonded carbon atoms. The diamond lat-
tice structure is illustrated in figure 2.2. Diamond has a density of 3.52 g/cm?,
a lattice constant of @ = 3.57 A and an indirect band gap of 5.5 eV [6, 1]. Car-
bon is present in nature and can be synthesised in several allotropes. This is
due to the fact that the four valence electrons of carbon can form several bond
types. Of all the allotropes, diamond is the most valued one. Many properties
of diamond are very extreme, for example the hardness and the index of re-
fraction. Diamond is additionally very rare in nature. In the diamond lattice
one of the atomic s-orbitals and three p-orbitals are hybridised to sp3-orbitals,
resulting in four very stable covalent bonds that are oriented at angle of 109,5°
with respect to each other. The most abundant allotrope of carbon, however,
is graphite, which consists of sp? hybridised sheets of carbon. It is interest-
ing to compare the properties of graphite to those of diamond. Graphite sheets
are only weakly bound to each other by the van der Waals interaction, which
means that graphite is one of the softest solid state materials. It is also a good
conductor due to the fact that one of the p orbitals is free to form 7 bonds with
neighbouring C atoms and thus to conduct electricity.

The use of diamond in industry has been limited to mechanical applications,
for example drilling or cutting, while the lack of high quality synthetic mate-
rial with controlled n- and p-type doping has hindered the use in electronics.
Only very recently has the quality of synthetic diamonds begun to approach
the standards required for electronic applications [14, 15]. However, there are
still several hurdles before the realization of industrial-scale diamond-based

electronics.
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Figure 2.2. Illustration of the diamond lattice.

2.1.1 Defects in diamond

There are several types of defects present in diamond. In the case of natural
diamond, this is partially due to the fact that natural diamond originates from
the mantle of the earth, thus very often being plastically deformed and con-
taining several impurities [6]. On the other hand, synthetic chemical vapour
deposited (CVD) diamond suffers less often from defects originating from plas-
tic deformation. However, vacancy type defects are more commonplace in CVD
diamond. In the following, the most common defect types in natural and syn-
thetic diamond are described and their influence on the optical properties of
diamond are discussed. Some of the defects occur naturally, while others are
irradiation-induced.

Nitrogen is the most abundant impurity in diamond. Nitrogen can appear in
very high concentrations, approaching 2500 atomic ppm (close to 1% of the di-
amond mass) [16]. Nitrogen can appear individually or as aggregates, and can
form complexes with vacancies. The activation energy of nitrogen is so high
that it has no practical importance as a n-type dopant in diamond electronics:
for example, for a single substitutional nitrogen, E, = 1.7 eV below the conduc-
tion band edge [17].

Diamond classification is based on whether the sample shows light absorp-
tion features related to nitrogen. Type I has a high concentration of nitrogen
that causes absorption, whereas type II is lean on nitrogen with no nitrogen
related absorption features present. Nitrogen-related centers are discussed in
detail in, e.g., Refs. [18, 19]. Some of the typical defects and their positions in
the gap are shown in figure 2.3. In type I natural diamond the most common

nitrogen-related defect is the A aggregate, consisting of two substitutional N
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Figure 2.3. Band gap of diamond, with energy levels of different naturally occurring or
irradiation-induced defect levels shown. The structure is shown on the righthand
side of the defect level. A label is shown in parenthesis. The energy level values
refer to the distance from the conduction band edge, expect for Bg the distance is
relative to valence band edge. The exact energy level of the B-centre is unknown.

atoms next to each other. The A aggregate causes absorption in the infrared
(IR) and UV regions. The B centre most likely consists of a vacancy decorated
by four nitrogen atoms [20]. Also the B centre causes absorption in the IR and
UV regions. Some of the defects that absorb visible light include the C cen-
tre and the N3 centre. The C centre consists of a single substitutional N atom
acting as a deep donor at 1.7 eV, absorbing light in the blue part of the visible
spectrum. This results in a yellow colour. The N3 centre consists of a vacancy
surrounded by three N atoms. The defect has been identified using electron
paramagnetic resonance (EPR) experiments [21]. The N3 centre also causes
yellowish colour. Of the non-nitrogen related naturally occurring impurities,
boron is the most important. Boron is an acceptor with an energy level 0.37 eV
above the valence band edge [22], meaning that it can be thermally ionized at
room temperature to some degree. Boron-doped p-type diamond is blue.

One of the defects in diamond that has gained considerable interest recently
is the vacancy-nitrogen pair, the N-V centre. The N-V centre occurs in two
charge states, [N-V1° and [N-V]~. The importance of the [N-V]~ lies in its pos-
sible utilisation as a qubit in quantum computing. [N-V] features total spin
S =1, meaning that the magnetic spin number is mg = 0,+1. The long coher-
ence time [23] and the possibility to manipulate and read the quantum state
via EPR or optical spectroscopy makes it a potential qubit candidate [24]. This
centre can occur naturally in diamond or it can be produced artificially by N*-
implantation [25] or, in nitrogen-containing diamond, by irradiation and subse-
quent annealing.

A big portion of natural diamonds have undergone plastic deformation that
gives rise to extended defects. One of the features occurring together with the

extended defects is the brown colour of natural type IIa diamond. Examples of
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Figure 2.4. Examples of natural brown and transparent diamonds. Figure courtesy of Diamond
Trading Company.

brown and transparent type Ila natural diamonds are shown in figure 2.4. The
brown colour is caused by a featureless absorption ramp beginning at 2.0 eV
(600 nm) (example of this is shown in figure 4.3). However, the origin of brown
colouration in natural type IIa diamond (high purity, less than 10'® cm™3 of
nitrogen or other impurities present) has evaded identification for long [26].
Recent advances in high temperature, high pressure treatments have brought
new insight to the brown diamond problem [27, 28]. The brown colour gradually
disappears during HPHT treatment when the temperature and pressure exceed
2000°C and 70 Mbar, respectively, suggesting that also the defects causing the
colouration should disappear.

The continuous absorption suggests that there is a continuum of states in the
band gap, making it improbable that the defect in question would be a sim-
ple point defect. It is known that the brown colour is related to the plastic
deformation of the diamond crystal, since every brown natural type Ila dia-
mond has undergone plastic deformation [29]. However, not all the plastically
deformed diamonds are brown. Earlier it was thought that the brown colour
is caused by dislocations. However, according to calculations, the density of
optically active dislocations present in diamond is too low to cause the coloura-
tion [30]. Further, the density of optically active dislocations is not affected by
HPHT treatment [31]. The first hints of the influence of the vacancy clusters on
the brown colour were provided by positron annihilation measurements [32].
The measurements showed a large concentration of vacancy clusters present
in brown type Ila diamond. The concentration of clusters reduced drastically

during HPHT treatment in correlation with the reduction of the brown colour.
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In addition, transmission electron microscopy (TEM) and electron energy loss
spectroscopy (EELS) measurements [33, 34, 35, 36] have provided evidence of a
correlation between the brown colour and vacancy clusters. Additionally, theory
[37, 38, 39, 40, 41] suggests that large vacancy clusters in diamond are stable

and can cause the brown colouration.

2.2 Aluminium nitride

AIN is thermodynamically stable in hexagonal wurtzite phase. AIN has a den-
sity of 3.26 g/em?®, a lattice constant of a = 3.11 A (ratio of lattice constants
¢/a=1.63), a thermal conductivity 285 W ecm™'K~!, and a direct band gap of 6.2
eV [1]. As previously mentioned, the extreme mechanical, thermal, and elec-
tronic properties of AIN are results of the very tightly packed crystal structure
with short bond lengths.

Being a member of the III-nitride family, AIN is a promising candidate for
deep UV optoelectronic device. However, the doping of AIN has proven to be
difficult. AIN can be alloyed with other nitrides in order to tailor the active
wavelength of the optoelectronic device from infrared to ultraviolet regions. Ad-
ditionally, AIN is an attractive choice as a substrate material for III-nitrides
due to its good thermal conductivity and high electrical resistivity. Growth of
thin film and bulk AIN has recently taken strides forward but still the material
contains impurities and has less than ideal structural quality and optical prop-
erties. Problems related to vacancies include the compensation of intentional
doping, absorption of the UV light [42] and the decrease of thermal conductivity
[43]. The latter two play a role especially in the use of AIN as a substrate.

Lattice mismatch between the substrate and the active layer of an optoelec-
tronic devices causes unwanted defects. In order to realise the full potential of
III-nitride based optoelectronic devices, lattice matched substrates have to be
developed. These can be either true bulk crystals or very thick heteroepitaxial
layers that can be separated from the substrate. Physical vapour deposition
(PVT) has emerged as a promising candidate for synthesising bulk crystals
[44, 45, 46, 47]. Large substrates can be grown with relative ease compared
to GaN and especially InN [48, 49]. This is due to the fact that the equilibrium
Ny pressure at the growth temperature is much lower in the case of AIN com-
pared to other nitrides[50], enabling the use of sublimation methods [51], for
example.

The sublimation growth of AIN is based on a sublimating a powder AIN source

at a high temperature [52]. The precursor gases Al and Ng react on the sur-
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face of the seed (preferably a native AIN seed), forming single crystal AIN. The
growth is driven by a temperature difference between the seed and the source.
Vapour-phase Al is highly volatile at the growth temperatures in the proximity
of 2500 K, requiring a high-purity seed and inert crucible walls. Despite the
best of efforts, high concentrations of impurities, most notably O and C, are
incorporated in the AIN single crystals. O and C are highly unwanted as they
can hinder the control of electrical and optical properties, and cause additional

crystallographic defects, such as vacancies.

2.2.1 Defects in AIN

Most of the research on the defects in AIN has been conducted using photo-
or catholuminescence [53, 54, 55] or ab-initio calculations [56, 57, 58, 59, 60].
There exist a few reports employing positron annihilation [61, 62]. The ex-
perimental research of the defects in AIN is generally hampered by the rather
poor crystalline quality of the sample material, caused by the efficient incorpo-
ration of impurities such as O. Thus, it is no surprise that catholuminescence
(CL) and photoluminescence (PL) reports show a very prominent DX emission,
most probably related to O and Si impurities [54, 55]. Considering vacancy
type defects, based on experiments and theoretical calculations, it is generally
accepted that the energy level of the N vacancy is at 5.87 eV above the valence
band edge, rather close to the conduction band edge (the band gap is 6.13 eV)
[53, 56, 58]. The exact energy level of the Al vacancy has not been established,
but calculations suggests that it is in the region of 2.0-2.5 [58, 59]. The work on
the Al vacancy in AIN presented in this thesis provides new information on the

structure and energy levels of V4; in AIN.

2.3 Optical properties and carrier dynamics of point defects

Point defects have a big influence on the optical properties of semiconductors,
being able to act as recombination and generation centres. If a semiconductor
sample is illuminated with sub-band gap light, charge carriers can be excited
to defect states in the band gap. This results in optical absorption and possi-
bly photo-conductivity [63]. The excitation and trapping of charge carriers to
vacancies, i.e. charge-transfer processes, can be studied using positron anni-
hilation spectroscopy, as positron trapping is sensitive to the charge state of a
defect.

Non-equilibrium excess charge carriers can be generated, for example, by op-
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Figure 2.5. Different absorption and recombination mechanisms in semiconductors: (a) intrin-
sic and (b) extrinsic absorption, (c) band-to-band recombination, (d) trap-assisted
recombination and (e) recombination from a trap.

tical absorption or by carrier injection [64, 65, 66]. A schematic presentation of
different absorption and recombination processes is given in figure 2.5. Absorp-
tion and recombination processes involving electrons are discussed here, how-
ever, similar concepts apply also for holes. In absorption an electron is excited
to a higher lying energy level, leaving behind a hole. In intrinsic absorption (a)
an electron is excited to the valence band, whereas in extrinsic absorption (b)
an electron is excited to a defect level in the band gap. By neglecting reflection,

the intensity of photon flux can be written as
I =1Iyexp(—ax), 2.1)

where I is the original intensity, a is the absorption coefficient, and x the dis-
tance traveled by the photon in the medium. In the case of extrinsic absorption,
a can be written in the form a = 435N 4, Where 04p5 is the absorption cross sec-
tion of the defect and N, the density of the defects causing the absorption.
After absorption the electron lives in non-equilibrium in the conduction band
or in a defect state until recombining with a hole. The recombination can be a
direct band-to-band recombination (c) or trap-assisted (d), also called Shockey-
Read-Hall, recombination. In indirect band gap semiconductors a direct recom-
bination requires an involvement of a phonon, thus it is rather slow. In the case
of direct band gap semiconductors the recombination is usually direct. Direct
recombination is most often radiative, i.e., a photon is emitted, whereas trap-
assisted recombination is often non-radiative, and the energy is dissipated as
lattice vibrations. If an electron is trapped to a defect, the recombination can

be modelled as a hole capture (e). The capture rate of holes is given by

g=0,m)pNy, (2.2)

12



Wide band-gap semiconductors, defects and optical properties

where g, is the capture cross section, (vy,) is the thermal velocity of holes, p
is the hole concentration and N is the density defects that have trapped an
electron. There are several other physical mechanisms of recombination, e.g.,
cascade capture [67] and Auger capture [68].
Generally the time dependence of carrier generation-recombination process
for electrons can be written as
dn n
- G- p (2.3)
where n is the density of excited electrons, G the generation rate per unit time
and 7 the time constant of recombination. The model assumes, that the transi-
tion rate back to the ground is constant. After switching on the generation, a
steady state is eventually achieved. In the steady state (% =0), the density of
excited electrons is constant n = Gr. When the excitation is switched off (G=0),

the time dependence of the electron density follows the relation

n =ngexp(—t/1), (2.4)

where ng is the electron density in the steady state. The excitation and recom-
bination processes can be either direct between the bands or may involve one
or more defect levels in the band gap. Similar equations hold for transitions
involving holes.

When optical methods are used to study charge transfer processes involv-
ing vacancies, the concentrations vacancies in different charge states can be
treated instead of electron or hole densities. In analogy to equation 2.3, the

time dependence of vacancy concentration can be written as

dlv~]

T TapsPIVO1- gV, (2.5)

where [V9] and [V "] are the concentrations of a particular vacancy-type defect
in neutral and negative charge states, respectively, ¢ is the photon flux, 7,5, the
optical absorption cross section, and g transition rate back to the ground state
(g =7 1). The concentration of vacancies can be written as [Vgark] =[VO+[V-]

Thus, the fraction of negative vacancies in steady state can be solved as

V-] _ ¢
[Vzgark] ¢+g/0abs

The decay rate g can be studied by switching off the illumination. Based

(2.6)

on equation 2.2 the decay rate of electrons, i.e., the hole capture rate, can be

written as
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g=0,(y)plV7I. @7

When the equilibrium hole concentration is high compared to the photogener-
ated hole concentration, decay rate g is simply constant. If it is assumed that
there are no thermal holes present and that each electron excitation leaves
a hole to the valence band, the hole concentration and the negative vacancy
concentration are equal. The time dependence of the negative vacancy concen-
tration can then be written as

div~] _

— =0 wplV; 12, (2.8)
which can be solved for the negative vacancy concentration as
Vi1

V71 = W-

(2.9)

Here [V, ]is the concentration of negative vacancies in the steady state.

2.4 Semiconductor characterisation techniques

The methods that can be used to characterise vacancy-type defects in semicon-
ductors can be divided into three classes: optical methods, electrical methods,
and other methods, for example positron annihilation or electron paramagnetic
resonance (EPR). Optical charaterisation techniques include, for example opti-
cal absorption spectroscopy, ellipsometry, and luminescence methods. Typical
electrical methods include, e.g., deep level transient spectroscopy (DLTS) and
Hall effect measurement. Naturally, different methods can be used to comple-
ment each other. For example, DLTS can be used to estimate charge carrier
trap concentrations very efficiently, but the structure of the defects can not be
resolved. In contrast EPR and positron measurements can provide information
about the structure. All these methods can be used to obtain information about
the optical properties of defects, either directly or indirectly. EPR, positron
measurements, and many of the electrical methods can be combined with op-
tical illumination to study the effect of light on defects. In the following some
of the characterisation techniques are presented. Positron annihilation spec-
troscopy will be presented in detail in the next section.

On of the simplest of the characterisation techniques, in principle at least,
is optical absorption spectroscopy. In absorption spectroscopy, monochromatic
light is directed on a sample and the intensity of the light that is not absorbed is
measured. Absorption spectroscopy can be used to obtain the concentration of

the absorbing defects very conveniently if the absorption cross section is known.
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Especially shallow defects are very efficiently detected [64]. When absorption
is measured as a function of photon energy, the transition between two energy
levels will result in an absorption peak and possibly a vibrational side band.
Several defects in diamond are detected in this way.

Luminescence methods are based on the emission of photons due to recom-
bination [69]. The initial generation of electron-hole pairs can be achieved
optically (photoluminescence (PL)), by an electron beam (catholuminescence
(CL)) or thermally (thermoluminescence (TL)). Luminescence methods are most
suitable for studying shallow defects, as radiative recombination is required
in order to detect the defect. Luminescence methods are also very sensitive;
in favourable conditions even single luminescent centres can be detected [70].
However, obtaining the defect concentrations is more difficult. Luminescence
properties are important in optoelectronic use; the intensity of excitonic emis-
sion (the emission of the bound state of an electron and a hole) is proportional
to the optical quality at least when it comes to LEDs. Excitonic emission can
occur due to recombination of free excitons (FE), or bound excitons (BE), or re-
combination through a donor-acceptor pair (D-A). Of these processes, the FE
emission has the shortest wavelength and the D-A emission the longest.

Light can be used to manipulate the charge state of vacancies in order to
obtain information about optical processes. Examples of this approach include
optical EPR and optical DLTS (ODLTS). EPR measurements are based on the
fact that unpaired electrons (in a vacancy, ion, or molecule, for example) absorb
microwave radiation in a magnetic field when the energy corresponds to the
Zeeman splitting of the electron levels. The fact that only unpaired electrons
are detected makes EPR a very specific method. Illumination can be used to
manipulate the charge state of a vacancy, making the defect either visible or
invisible in EPR. However, EPR is limited to studying not too conductive bulk
crystals, and defect concentrations are difficult to estimate. DLTS, in turn, is
one of the most commonly used semiconductor charaterisation techniques [71].
In DLTS, charge carrier traps in the depletion region of a semiconductor are
filled by a voltage pulse. After the pulse, thermal emission of charge carriers
from the traps is detected by measuring capacitance. DLTS measurements are
performed as a function of temperature. Different defects are detected via their
activation energies. DLTS provides information on the concentration and on
the carrier capture cross section of the defect. DLTS is a very sensitive, but
very conductive or very insulating materials cannot be studied. DLTS requires
efficient carrier injection. Thus conventional DLTS cannot be applied in the

study of wide-bandgap semiconductors. However, electron-hole pairs can be
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generated using optical excitation [72].
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3. Positron annihilation spectroscopy

Positron annihilation can be used to study vacancy defects in semiconductors. It
can provide information about the size, charge state, concentration, and chem-
ical surrounding of vacancy defects. The method is based on the fact that the
positron is the antiparticle of the electron and it will annihilate in matter. A
positron will be driven to a negative or a neutral vacancy due to the Coulombic
force caused by the ion cores. The positron lifetime and the energy distribu-
tion of annihilation radiation provides information about the annihilation site.
The decreased electron density in a vacancy increases the positron lifetime and

narrows the energy distribution of annihilation radiation.

3.1 Positrons in solids; diffusion and trapping

The life of a positron in matter can be divided to a few distinct phases: (i)
implantation and fast thermalisation, (ii) thermal diffusion in the lattice, (iii)
possible trapping to a lattice defect and (iv) annihilation either in a free state
in the lattice or as bound to a defect. Positrons can be obtained from ¥ active
isotopes or from pair production [7]. The most common isotope used in positron
annihilation studies is 22Na, an isotope of sodium with a half-life of 2.6 years.
In the 8" decay a proton of the nucleus is converted into a neutron, resulting
in an emission of a positron and a neutrino. The resulting 2?Ne is in an excited
state that decays in some picoseconds, and a 1.27 MeV gamma quantum is
emitted. The emitted positrons have a continuous spectrum of kinetic energy
up to 540 keV, meaning that the positrons originating from 22Na probe the bulk
of a sample. In order to study thin films and near-surface regions, positrons
have to be first monochromated and then accelerated to a well defined energy.
This can be achieved with a slow positron beam.

An implanted positron loses its kinetic energy very rapidly in a few picosec-

onds via ionisation, electron-hole excitation, and phonon emission. The time re-
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quired for a positron to thermalise is negligible compared to the typical positron
lifetime of 100-300 ps. A thermal positron diffuses in the material until it either
annihilates in a free state or gets trapped to a lattice defect. Defects that can
trap a positron include negative and neutral vacancies and negative ions. The
trapping rate to a defect, i.e., the transition rate from a free state to a bound

state is defined as

K =Upcp, 3.1

where pp is the trapping coefficient, and cp is the concentration of the defect.
The trapping coefficient depends on the size, charge state, and ionic structure
of the defect. For neutral monovacancies the trapping coefficient is typically

0% 571 whereas negative vacancies have trap-

in the range of pyo = 1014 -1
ping rates in the range of uy- = 10® =106 s~1 at room temperature [73, 74].
The trapping coefficient to negative vacancies is temperature sensitive, having
T-12 dependence [75].

There are two distinct phases in positron trapping: the diffusion to the defect
and the subsequent quantum-mechanical transition from the free Bloch state
to a localised bound state. If the defect concentration is small and the size of the
defect is large, the time required for the positron to diffuse to the defect limits
the trapping rate, i.e., trapping is diffusion limited. This is relevant for large
clusters of vacancies and, e.g., dislocations. In the case of higher defect concen-
tration, the trapping is limited by the quantum-mechanical transition rate to
a bound state at the defect, i.e. the trapping is transition limited. If the trap-
ping to a defect is transition limited, measurement as a function of temperature
provides information about the charge state. Neutral defects show no tempera-
ture dependence, whereas trapping to negative defects increases strongly at low
temperatures. Usually, neutral monovacancies can be detected if their concen-
tration is at least 10'® em™2, and negative vacancies when the concentration
is 1015 ¢cm™3 or more. Vacancy clusters can be detected in somewhat smaller
concentrations, since they trap positrons more efficiently than monovacancies.
In addition, positrons can get trapped at negative ions, e.g, impurities, intersti-
tials, antisites. The Coulomb attraction of negative ions produces shallow levels
where positrons can be trapped. The binding energy for positrons in such de-
fects is typically in the range of 10-100 meV, much lower than the typical value
of around 1 eV for vacancies. Phonon-assisted escape from the shallow states,
also called Rydberg states, occurs at temperatures above 50 K, and in some
cases (depending on the binding energy) full detrapping requires temperatures

as high as 800 K. When the escape rate is high, positrons do not annihilate
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bound to negative ions anymore. The escape rate for a positron from a Rydberg

state can be written as

2nm  kgT

E
- -=th) 3.2)

3/2
)7 exp( gl

ORy = URy(

where g, = yRoT’l/ 2 is the positron trapping coefficient from the delocalized
state to a Rydberg state, 7, the positron effective mass, and E; g, the binding
energy to a Rydberg state.

Negative vacancies can also form shallow Rydberg states, which enhance the
trapping rate at low temperatures. In this case the trapping is a two-step pro-
cess [76], where a shallow Rydberg state acts as a precursor for the final tran-

sition to the bound state. In this case, the trapping coefficient is given by

MRy

pv(T) = )3/2

(3.3)

b
14 MRy (m+kBT e—Eory/ksT

NrNe: \ 2702
where ug, = ,uRoT’l/ 2 is the positron trapping coefficient from the delocalized
state to a Rydberg state, and N; is the atomic density of the sample material.

In the case of a small concentration of extended defects, such as vacancy clus-
ters or dislocations, the trapping can be diffusion limited. This is the case when
the distance between the defects is of the same order as the diffusion length
L. The trapping coefficient for spherical, homogeneously distributed vacancy

clusters is then given by [9]

w=4nrgD.,, (3.4)
where r; is the radius of the vacancy cluster, and the positron diffusion coeffi-
cient D, o« T2 below 500 K. The temperature dependence is due to scattering
off longitudal acoustic phonons. If neither diffusion nor transition limited trap-
ping dominates, the inverse of the total trapping coefficient can be written as

1 1 1
+

HUD - Hdiff ,Utmns.

(3.5)

3.2 Kinetic equations

The time-dependent behaviour of positrons in the crystal lattice can be modeled

using the kinetic equations [9]

dnp N N
- —-(AB+) xpj)np+ ) O6pjnpj, (3.6)
t = =
DDy ins— (s + ) 3.7)
di =XpjnB DjtODjIND;, .
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where A is the annihilation rate, x is the trapping rate to a defect, dp; is the
detrapping rate, and the subscripts B and D refer to the delocalised state and
to a defect j, respectivily. In the kinetic equations it is assumed that (i) at time
t = 0 the positron is in the delocalized state, (ii) the trapping rate is proportional
to the defect concentration, and (iii) the positron can escape from some of the

traps. Assumption (i) results in the boundary conditions
np(0)=1,np;(0)=0. (3.8)

From the kinetic equations the probability that the positron has not annihilated
at time ¢ can be written as
N N+1
n@®=np@®)+ Y npjt)= ) Iexp(-A;t), 3.9
j=1 i=1
where A; is the decay constant and I; is the corresponding relative intensity.
The largest A; corresponds to annihilations in the delocalised state in the lattice
combined with the transition rate to the bound states at defects. The other

values of A; correspond to the values of Ap; directly.

Based on equation 3.9, the experimental positron lifetime spectrum can be

written as N1
dn(t i

- Z( ) = 3" I;Asexp(—Ast). (3.10)
t O

The inverse of the decay constant is the characteristic positron lifetime in the
state i, 7; = 1/A;, called the positron lifetime component. The annihilation frac-

tion 7); is the probability for the positron to annihilate in the state j. Thus,

o0
T]B=f dt)anB(t)=/13ng, (3.11)
0

and

T]Dj:fo dt/lenDj(t)Z/lpjn;)j, (3.12)

where n} = Jdtni(t). The time-integrated probabilities can be solved from

equations (3.6-3.7) and with the boundary conditions (3.8)

(/lB+ZKj)nE+Z(3jnzj—1:0, (3.13)

anz—(/lpj+5j)n5j=0. (3.14)

The annihilation fractions are solved from equations (3.13 - 3.14), i.e.,

A
B = L, (3.15)
€

- K
| Kpj_
AB+Yj 1% o7
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KDj

(L+epj)+(Ap+ Ly 1)

NDj s (3.16)

where ep; =0pj/Ap; is the positron detrapping ratio from the trap j.

Starting from the kinetic equations 3.6 and 3.7, the trapping rates can be
estimated from the experimental data in certain cases. When there is one defect
type present and no detrapping occurs, using boundary conditions n;(0) =1 and

np(0) = 0 the trapping rate can be solved as

i Tave —TB

K= .
TBTD — Tave

(3.17)

When there are two types of defects present, the trapping rate can be solved
only in some special cases. If it is assumed that the positrons annihilate in
three different states, of which the two shorter components are mixed (i.e., they
cannot be separated from the experimental spectrum) and the longest compo-

nent is experimentally well separated, the trapping rates can be written as [9]

_ Tl,exp(AB - IZ,exp/lDZ) - Il,exp

K1 , (3.18)
TD1—Tlexp
and
I
Ko = =22 (A — Aps +K1). (3.19)
lexp

This is the situation when there are at the same time vacancies, and bigger
vacancy clusters and part of the positrons annihilate in the delocalised state.

If the trapping rate to the defects is much faster than the positron annihila-
tion in the bulk, i.e., 12 >> Ap — Ap1,2, positron trapping is in saturation. No
free positrons are detected and the sensitivity to defect concentration is lost.
However, then the relative trapping rate can still be estimated as

ke Io

. 3.20
o L (3.20)

3.2.1 Experimental and theoretical techniques

Experimental positron techniques include positron lifetime spectroscopy and
the methods based on measuring the energy of the annihilation radiation, such
as Doppler broadening spectroscopy. The same trapping kinetics are valid for
both of these methods. The measurable parameter, be it the average positron
lifetime 74, or the Doppler broadening parameters S or W, is the weighted sum

over all positron states

A=npAp+} npjAp;. (8.21)
J
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Positron lifetime measurement

The positron lifetime can be measured by detecting the time difference between
the start signal and one of the two 511 keV annihilation photons. In the case
of a 22Na source the start signal is provided by the 1.27 MeV photon emitted
nearly simultaneously with the positron. The lifetime events are stored into a
histogram, called the lifetime spectrum. An ideal lifetime spectrum is of the
form of equation 3.10. In practice, the ideal spectrum is convoluted with the
Gaussian timing resolution of the measurement setup. Typically the full width
at half maximum (FWHM) of the setup is of the order of 250 ps. The lifetime
components corresponding to different annihilation states can be fitted to the
spectrum. Fitting is unambiguous if the different lifetime components are well

separated, i.e., 71/T2 > 1.5. The average positron lifetime is then defined as

Tave :IBTB+ZIDiTDi~ (3.22)

13

Usually, the maximum number of components that can be fitted is three. The
average lifetime can always be estimated, as it is the centre of the mass of the
lifetime spectrum

Tave:f dtn(t):ZIiri. (3.23)
0 i

Doppler broadening measurements

Positron studies of thin films require slowing down the fast positrons to thermal
energies. Hence, the start signal used in lifetime experiments is lost and the
positron lifetime cannot be measured. However, the energy of the annihilation
radiation is sensitive to the annihilation site and provides information about
the vacancy content. High-purity Ge detectors, with typical energy resolutions
in the range of 1.3-1.5 keV (FWHM) at 511 keV, are used. The momentum of
distribution of electrons results in a broadening of the 511 keV annihilation
line. The momentum of a thermal positrons is negligible and does not con-
tribute to the Doppler broadening. The Doppler shift (to the first order) is then
given by the equation

1
AE = ECPL, (3.24)

where c is the speed of the light and py is the lateral momentum component of
the annihilating electron. In practice the experimental Doppler spectrum can

be written, assuming that there is only a single defect type present, as

Pmeas = (1—=nv)pB +nv PV, (3.25)
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where peqs is the measured spectrum, pp the spectrum of a defect free lattice,
and py the vacancy specific spectrum.

Background in the high-momentum region can be strongly reduced by us-
ing two Ge-detectors in the coincidence mode, i.e., by requiring that both of
the 511 keV annihilation photons are detected. The reduction of the peak-to-
background ratio drastically improves the measurement accuracy in the high-
momentum region, providing more information on the type of electrons annihi-
lating. This enables the identification of the chemical surrounding of the anni-
hilation site, as the high-electron-momentum region is characteristic to the out-
ermost core electron shells of the atom [77]. This is extremely practical as the
electron momentum distribution of different vacancy-impurity structures can
be calculated theoretically [11], making direct comparison between experiment
and theory possible. The coincidence-Doppler-broadening spectra are usually
normalised to the defect-free lattice. These ratio curves show visually the char-

acteristic features typical of decorating atoms.

Positron annihilation parameters theoretically
The positron annihilation parameters can be calculated theoretically starting
from the one-particle Schrodinger equation for the positron ground state (W ., E )

2
—j—mvzmun Ve, .(r)=E Y, (r), (3.26)

where V(r) = Veoui(r) + Veorr(r). The first term is the Coulombic potential and
the second term is the electron-positron correlation. The theoretical positron

lifetime can then be calculated as
1
= nrie f dr¥., (") 2n@r)yln)], 3.27)

where ro is the classical radius of the electron, ¢ the speed of light, n(r) is
the electron density and y[n] the enhancement factor of the electron density at
the positron [10]. Based on equation 3.27 it can be understood that for large
positron lifetimes the overlap between the electron and the positron must be
small in all three dimensions. This means that line and planar defects have
small positron lifetimes even though the total open volume of the defects might
be very large.

Similarly, the calculated theoretical momentum distribution of the annihila-
tion radiation can be compared to the experimental Doppler-broadening data.
The theoretical momentum distribution of the annihilation radiation is written
as

2
f dre Py (ryyi(r)| | (3.28)

__niroc )
p(p)=—; ;%
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where V is the normalisation volume. The calculation of the annihilation mo-
mentum distribution requires the knowledge of occupied electron wave func-

tions y_(r).

3.3 Studying the optical properties of vacancies using positron
spectroscopy

3.3.1 A setup for positron measurements with optical illumination

In this thesis, a setup for measuring time-dependent optical properties of va-
cancies has been developed. The setup is based on high-power LEDs with quick
switch-on times. The LEDs are controlled by a metal-oxide semiconductor field
effect transistor (MOSFET). A schematic presentation of the setup is shown
in figure 3.2. The LEDs are driven by 1.5 A maximum forward current. The
high power of the LEDs, approaching 10 W, means that heat has to be dissi-
pated. Therefore LEDs are mounted on copper holders, which can be addition-
ally cooled by a fan. The transistor and a 10 Q resistor are mounted on a heat
sink. The measurement is controlled by a National Instruments Fieldpoint I/O
module, a pulse generator, or a direct-voltage source. The MOSFET transistor,
for example Phillips BLF244, can be controlled using voltages in the range of
0-10 V.

Figure 3.1. Part of the experimental setup used in optical positron measurements. The MOS-
FET is mounted on the black heat sink. The LEDs are mounted on the copper
holders.
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Figure 3.2. A schematic presentation of the setup.

The setup can be used to study photoinduced charge transfer processes of
the vacancies. Measurements have been conducted in slots after a light pulse,
as shown in figure 3.3. After a sufficient number of slots, high enough num-
ber that the optical effect has decayed, the loop is started all over. A typical
measurement in the work presented in this thesis has 30 x 10 s slots and the
measurements are looped at least 1000 times. The measurement is controlled
by a National Instruments Labview-based program, which controls both the il-
lumination (using Fieldpoint) and the collection of the annihilation events. A

lifetime spectrum is obtained for each time slot.

10 s Light pulse Measurement intervals

5s 15s 25s 35s
Time after light pulse

Figure 3.3. Positron lifetime spectrum is measured in slots after the light pulse. The measure-
ments are repeated several hundred times in order to obtain sufficient number of
annihilations.

3.3.2 Analysing the influence of optical excitation on the positron
lifetime

As explained in section 2.3, optical illumination can be used to manipulate
the charge state of a vacancy. There exist several reports exits on combining
positron measurements with optical excitation [78, 79, 80, 81, 82]. The change
of the charge state is detected as a change in the trapping rate. By varying
the incident photon energy, the density of states induced by the defects can
be studied. The measurements are comparable to the optical absorption mea-

surements, as optical absorption is also proportional to the density of states.
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Figure 3.4. Illustration of the effect of photon excitation to the positron trapping in diamond.
Below the ionisation level the defect is in neutral charge state and the trapping
coefficient is 0. Above that the defect is negative and the trapping coefficient is y~.

However, it should be noted that in the case of positron measurements it is the
ratio g/o4ps, given by equation 2.6, that is actually measured. Thus, the effect
seen by positrons depends not only on the absorption cross section g,ps, but
also on the decay rate g of the photoexcitation. If the decay is very rapid, the
population of electrons in vacancies is small even with large absorption cross
sections.

The effect of illumination can be studied by estimating the trapping rate (or
the relative trapping rate) corresponding to the optically active defect. If the
defect is neutral in the dark and negative under illumination, the trapping rate

to the optically active defect k2 can be written as

V1), [V71 _
=l1- + , (3.29)
KZ ( [V(gark])K [V(gark]K

where [V "] 1is the concentration of negative vacancies, [Vg

1 the concentration
ark

of vacancies in the dark, x° the trapping rate to a neutral vacancy, and x~
the trapping rate to a negative vacancy. This is illustrated in figure 3.4. The

fraction of vacancies in a negative charge state can be solved as

[V~7] _ KQ—KO
0 T o= 40"
[Vdark] K K

(3.30)

In practice, estimating the absolute trapping rate is not always necessary,
as only the relative change of the trapping rate can be of interest. It will be
shown in chapter 5 that in the case of natural diamond, the trapping rate to
the defect causing the shorter lifetime component is not optically active, i.e., k1
is constant under illumination. Thus, during flux- and time-dependent mea-
surements, the sum Ag — Apg + k1 of equation 3.19 is constant and the fraction

of negative clusters can be written as
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_ _ 0
[Z] _ Iy/I - (Iy/1y) (3.31)
[Vdar

W T2/ =T/ 1)
where (Io/11)° and (Is/I1)~ are the ratios of experimental intensities for neutral

and negative clusters, respectively.
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4. Identifying the origin of brown colour
in natural type lla diamond

In this chapter the origin of brown colour in type ITa diamond is studied. Positron
lifetime measurements show that there are vacancy clusters present in the
brown diamond samples. Further, the vacancy clusters show optical activity
when illuminated with sub-band gap monocromatic light. In order to obtain
direct evidence on the influence of the vacancy clusters to the brown colour in
type Ila diamond, a systematic study of the vacancy cluster concentration and
optical absorption at different stages of HPHT anneal has been conducted. The
brown diamond was originally 1.3 cm?® in size. The diamond has been heat
treated in four different stages, at temperatures 1860, 2080, 2300 and 2500 °C.
After each annealing stage, a pair of roughly 5x5x0.5 mm?® sample pieces were
cut for positron and optical absorption measurements. During the annealing,
the optical absorption of the samples gradually decreases. The samples are

completely transparent after the last annealing stage.

4.1 Positron lifetime in brown and colourless type lla diamond

Positron lifetime spectra for the brown samples and naturally colourless sam-
ples are shown in figure 4.1. The average lifetime of the brown sample is much
longer than in the transparent sample, and the lifetime further increases when
the sample is illuminated. The fitted average lifetimes and lifetime compo-

nents, including corresponding intensities, are presented in table 4.1.

Table 4.1. Positron lifetime results at 20 K in the dark and with 3.0 eV illumination for the
brown diamond and the HPHT treated (originally brown) colourless diamond.

Sample Tave (PS)  T1(ps) 712 (ps) Iy (%)
Brown 164 125 405 12.2
HPHT colourless 122 118 340 2.5
Brown, 3.0 eV illumination 227 132 421 33.2
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Figure 4.1. Experimental lifetime spectra for the transparent HPHT treated diamond sample
and the brown diamond in the dark and with 3.0 eV photexcitation.

The measured average positron lifetimes are longer than that reported for
annihilation in the diamond lattice, 100 ps [83]. This suggests that all the
samples contain open-volume defects. The shortest fitted lifetime component is
of the order of 110-120 ps in both the brown and the colourless diamonds. The
reported positron lifetime in a diamond monovacancy is 145 ps [84, 85]. In the
brown diamond there is additional second lifetime component of 420 + 20 ps.
The intensity of the 420 ps component further increases when the sample is

illuminated with 3.0 eV light, as is clearly seen in figure 4.1.

4.2 Theoretical calculations

In order to identify the defects corresponding to the lifetime components theo-
retical calculations have been performed using the MIKADoppler program [86].
The positron lifetimes have been estimated for a defect free lattice, for disloca-
tions of different types, for vacancies, and for vacancy clusters of size of up
to 100 missing atoms. The positron lifetime the in diamond lattice given by
MIKADoppler is 90 ps, 10 ps less than the reported experimental value for the
defect free bulk. This is expected, since employed approximations tend to un-
derestimate lifetimes. The theoretical positron lifetimes in different types of
defects are listed in table 4.2.

An ideal monovacancy (no inward or outward relaxation) results in a positron
lifetime of 96 ps, only 6 ps higher than the value in the defect-free diamond
lattice. However, relaxing the nearest C atoms outward by 5 % results in a
positron lifetime of 116 ps, and by relaxing the atoms further outward by 10

% results in a lifetime as high as 146 ps. Thus it can be concluded that in
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Table 4.2. Theoretical (uncorrected) positron lifetimes for small open volume defects.

Defect type Theoretical positron lifetime (ps)
Defect free lattice 90
Ideal monovacancy 96

Monovacancy with 5 % relaxation 116
Monovacancy with 10 % relaxation 146
Glide dislocation 96

Shuffle dislocation 129

order to obtain the reported positron lifetime of 145 ps for the monovacancy, the
vacancy has to be relaxed outward by 5-10 %. Different dislocation structures
[87] yield positron lifetimes comparable to those of monovacancies. Especially
shuffle type dislocations contain a large open volume, resulting in a positron
lifetime of 129 ps, whereas glide dislocations give a shorter lifetime of 96 ps.
Due to the fact that the dislocation structures and monovacancies result in
similar lifetime components, it is not possible to say whether the detected short
lifetime component 7; = 115 — 132 ps corresponds to positrons annihilating in
dislocations or in monovacancies. However, the open volume of the defects in
question must be comparable to that of the monovacancy.

Positron lifetimes for very large vacancy clusters have also been calculated.
The sensitivity of the positron lifetime to the size of the vacancy cluster is very
weak for lifetimes around 400 ps due to the fact that free positron lifetimes sat-
urate at 500 ps. The number of missing atoms can be determined to the order of
around 10 atoms. The calculated positron lifetime as a function of the number
of missing atoms in the cluster is shown in figure 4.2. The structures for the
smaller clusters (less than 20 missing atoms) were provided by L. Hounsome
[88]. The atoms were removed in such an order that the number of dangling
bonds was minimised. Larger clusters were obtained by removing atoms ac-
cording to their proximity to the centre of the cluster. The relaxation of the
cluster was omitted, since for large open volumes the effect of relaxation is neg-
ligible. Based on the calculations it can be concluded that the positron lifetime
of 420 + 20 ps corresponds to 40-60 missing atoms. The exact shapes of the va-
cancy clusters cannot be evaluated based on the positron measurements alone,
but it is clear that it has to be a real three-dimensional open volume. There

exists some evidence that the clusters could be spherical [35, 39, 40].
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Figure 4.2. Theoretical positron lifetimes in vacancy clusters as a function of the number of

missing atoms.
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Figure 4.3. Average positron lifetime (left scale) for a brown, HPHT treated transparent and
naturally transparent diamond as a function of photon energy. The absorption coef-
ficient for brown and HPHT treated is shown on the right scale.

4.3 Effect of the photoexcitation on the positron lifetime

Positron lifetime has been measured under photoexcitation at 20 K with pho-
ton energies of 0.7-3.0 eV. The results are shown in figure 4.3. In brown di-
amond the average lifetimes increases monotonously with increasing photon
energies. The absorption coefficient start to increase at similar energies. Re-
sults of HPHT colourless and naturally colourless samples have been plotted
for comparison. There is some illumination effect present in the HPHT treated
sample, suggesting that some optically active vacancy clusters persist after the
anneal. The naturally colourless sample does not show any illumination effect.
The lifetime component 77 is constant in all the samples through the whole
energy range. Tg is also constant. It is interesting to note that in the brown
diamond the average positron lifetime slightly decreases with photon energies
of 1.0-1.7 eV, compared to the situation in the dark.

The intensity of the lifetime component 79 = 420 + 20 ps behaves in a similar
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Figure 4.4. Optical absoprtion, average positron lifetime, lifetime component 79, and corre-

sponding intensity as a function of photon energy.

manner as the average lifetime (not shown). It is clear that the increase of the
average lifetime is due to increased trapping at the vacancy clusters. The most
obvious reason for the enhanced trapping to the vacancy clusters is that the
trapping coefficient corresponding to the vacancy clusters increases due to the

negative charging of the cluster.

4.4 Effect of HTHP treatment on the vacancy content

The influence of HPHT treatments on the loss of optical absorption has been
studied in detail with type Ila diamond plates cut from a one large diamond
sample and isochronally (1 h) heat treated at 1860, 2080, 2300 and 2500°C.
The positron lifetime and the optical absorption results are plotted in figure
4.4,

The broadband absorption decreases gradually during the treatment. In the
first annealing stage at 1860°C the absorption is unaffected. At 2080°C the
absorption has decreased considerably to roughly half of its original value. Fi-
nally, at and above 2300°C the absorption is close to that of the originally colour-
less samples. Also the positron lifetime decreases in a similar manner. By com-

paring the intensity of the second lifetime component to the optical absorption,
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Figure 4.5. Relative cluster concentration and integrated absorption as a function of HPHT
temperature.

the correlation is evident during all the HTHP stages: the higher the annihi-
lation intensity at the vacancy clusters, the stronger the absorption at visible
wavelengths. The shorter lifetime component (not shown) is constant between
120-125 ps in all the samples irrespective of the anneal stage or optical excita-
tion.

In the HPHT treated samples the second lifetime component 72 gradually
decreases to close to 250 ps as the treatment progresses. The value of 7o further
decreases close to 230 ps when the samples are illuminated with photons of
energy of the order of 1.0 eV. This suggests that the optical effect at 1.0-1.5 eV
might be due to intermediate-sized defects with positron lifetime in the region
of 200-250 ps. However, these defects do not seem to contribute to the optical
absorption because the absorption is minimal below 2.0 eV.

The correlation between optical absorption and the vacancy cluster concen-
tration can be studied in more detail by comparing the integrated optical ab-
sorption and the relative vacancy cluster concentration. The optical absorption
has been integrated between energies 2.0-3.0 eV. The trapping rate to the va-
cancy clusters can be estimated using equation 3.19. However, the value of k1 is
constant through all the anneal stages when the samples are in the dark. Thus,
the trapping rate to the vacancy clusters can be written as kg = Io/I1 x C, where
C is a constant. The vacancy cluster concentration, relative to the unannealed
sample, can be calculated as c¢,q;= Kg"”e“led/xg"“””w”d. The relative cluster
concentration and the integrated absorption are shown in figure 4.5. The figure
shows a strong correlation between the removal of the brown colour and the
decrease of the vacancy cluster concentration.

In summary, the origin of brown colour in natural type Ila diamond can be

attributed to vacancy clusters of 40-60 missing atoms, resulting in a positron
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lifetime of 420 + 20 ps. The evidence of this is twofold: (i) the positron trapping
to the vacancy clusters shows a strong correlation with optical absorption as
a function of photon energy, and (ii) the vacancy clusters disappear during the
HPHT treatment in correlation with the removal of the brown colour. The opti-
cal effect is likely due to the negative charging of the vacancy clusters, resulting
in the absorption of photons. When diamond is HPHT treated the clusters dis-

sociate and the brown colour disappears.
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5. Microscopic nature of the
illumination effects in natural type lla
diamond

The nature of the charge transfer processes related to the photoexcitation of
vacancy clusters in brown type Ila natural diamond has been studied using the
transient illumination setup presented in section 3.3. The easily separated 400
ps lifetime component of the optically active vacancy cluster and the slow decay
of the effect makes diamond an ideal starting point for developing the setup
and models before studying more subtle effects. By combining the transient
measurements with flux-dependent steady-state measurements, the optical ab-
sorption cross section and subsequently the vacancy cluster concentration can
be estimated. The illumination model presented in section 2.3 suggests that
free holes should be generated in photoexctitation. Photoconductivity measure-
ments have been conducted in order to verify this.

Positron lifetime measurements have been conducted under photoexcitation
in transient and steady-state modes in the temperature range of 45-300 K. The
illumination is provided by LEDs at near-UV, blue, and green wavelengths.
Specifications of the LEDs are shown in table 5.1. At 3.1 eV, the 700 mW ra-

diant power corresponds to a photon flux of roughly 2 x 1018e¢m™2s~! on the

sample, with the geometry used. This is considerably higher than 104cm=2s71

that was previously obtained using a halogen lamp.
Table 5.1. The specifications of the high-power LEDs used in the study.

Colour Wavelength (nm) Photon energy (eV) Radiant power (mW)

Near-UV 400 3.1 700
Blue 465 2.7 970
Green 525 2.4 340
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Figure 5.1. Average positron lifetime as a function of photon flux and the corresponding fraction
of negative clusters estimated using equation 2.6. The measurement temperature
and the photon energies are indicated.

5.1 Flux dependence of photoexcitation

The average positron lifetime measured as a function of photon flux is plot-
ted in the left panel of figure 5.1. The measurements have been conducted at
200 or 300 K, since at lower temperatures the positron trapping approaches
saturation. The average lifetime starts to increase with photon fluxes above
103ecm 2571 and saturates at fluxes above 108ecm™2s™!. The effect is essen-
tially the same for energies of 3.1, 2.7 and 2.4 eV, although the photon flux
emitted by the 2.4 eV LED does not seem to be high enough to cause satu-
ration. The average lifetime increases because more vacancy clusters become
negatively charged with increasing photon flux. The negative clusters have a
higher trapping coefficient than the neutral ones, attracting positrons more ef-
ficiently. The saturation of the average lifetime can be attributed to the fact
that all the vacancy clusters are in a negative charge state. However, the exact
charge state of the clusters cannot be estimated, as the sensitivity between dif-
ferent negative charge states is much smaller than the difference between the
neutral and negative charge states [10].

The fraction of negative vacancy clusters has been estimated using equation
3.31 and it is shown on the right panel of figure 5.1. The fits shown in the
figure are based on equation 2.6. The fitted values of g/o are shown in table
5.2. The fit matches the experimental data well. It should be noted that based
on the flux-dependent measurements, the fitting parameter g/o is constant as
a function of the flux, suggesting that the parameter g is also constant as a

function of the photon flux.
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Figure 5.3. Average positron lifetime as a function of time during and after a 3.1 eV light pulse
with a photon flux of 2x10*6e¢m=2s~1. A positron lifetime spectrum has been col-

lected for each 1 s measurement point. After switching on the illumination, the
average lifetime increases rapidly. The decay of the photoexcitation effect is much

slower.

5.2 Transient effects

In order to obtain the value of the optical absorption cross section o435, the de-

cay rate g has to be determined. This can be done by studying the decay of the

photoexcitation effect, using the setup presented in section 3.3. The positron

lifetime has been measured in slots after switching off the illumination. A life-

time spectrum was collected for each measurement slot. At the photon energy

3.1 eV the measurement slot length was 10 s, while at 2.7 and 2.4 eV, 3 s slots

were used, because the decay of the photoexcitation effect was more rapid. An

example of the time evolution of the lifetime spectrum is shown in figure 5.2.

The average positron lifetime during the illumination cycle is plotted in figure
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Figure 5.4. Fraction of negative clusters as a function of time after switching the illumination
off. The measurement temperature is indicated. The fits are based on equation 2.9.
The fluxes on the samples were 2x 1016em 2571 at 3.1 eV, 4x 1016em 2571 at 2.7eV
and 2x1016cm=2s71 at 2.4 eV. Further, a smaller flux of 4x 104em 2571 was used,
yielding similar results for g at 3.1 eV.

5.3. Time slots of 0.5 s were used. At time -10 s the illumination is switched
on. The onset of the illumination effect is very rapid, as at -9.5 s the average
lifetime is close to the eventual saturation value. When the illumination is
switched off, the average positron lifetime starts to decay. The complete decay
of the photoexcitation effect takes several minutes. In the case of the 3.1 eV
illumination, the cycle was 300 s long after switching off the light. Even after
300 s the average positron lifetime is 10 ps above the value in the dark. The
onset of the illumination effect can be analysed based on equation 2.6 and the
decay rate g can be estimated. However, the analytical solution of the equation
is complicated, and the rapid onset of the illumination effect means that there
are only a few experimental data points. Thus estimating g based on the decay
of the photoexcitation is a simpler procedure.

When studying the decay of the photoexcitation effect, the fraction of negative
clusters can be estimated with equation 3.30. The decay of the fraction of the
negative vacancy clusters is shown in figure 5.4. The fits are based on equa-
tion 2.9, and the fitted values of g are shown in table 5.2. The fits match the
experimental data very well, especially considering the small number of fitting
parameters. Interestingly the decay is much slower at 3.1 eV than at 2.7 and
2.4 eV.

The photoexcitation model presented in section 2.3 assumes that free holes
are generated from the valence band at the same rate as negative vacancies.
In order to verify this, the decay of photoconductivity was measured. The mea-
surements were conducted using the van der Pauw method [64] at photon ener-

gies 3.1 eV and 2.7 eV. The photoconductivity data is shown in figure 5.5. The
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Figure 5.5. The decay of photoconductivity after a light pulse. The measurements were con-
ducted at room temperature.

fits are based on the same model as in the positron measurements, i.e., using
equation 2.9. During the first 100 ms the decay of the photocurrent is very
rapid (not shown) but after that the decay behaviour is very similar to that ob-
tained using positron measurements. This suggests that both the positron and
the photoconductivity effects originate from the same processes.

The intensity of the illumination flux does not affect the decay rate g in the
time-dependent measurements. This is interesting, since based on equation 2.7
the decay rate should decrease as the fraction of negative clusters decreases
in the steady state. The flux-dependent steady-state measurements also sug-
gest that g is constant. A possible explanation for this could be that the hole
capture cross section is inversely proportional to the negative vacancy clus-
ter concentration. Another possibility is that the hole concentration does not
increase proportionally to the negative cluster concentration. However, the
exact origin of the effect cannot be analysed based on these measurements
alone. It should be noted that, e.g., a stretched exponential [89, 90] of the form
[V7]= [VO’]exp(—(gt)“), where 0 < a < 1, can be used to fit the experimental
data. However, the stretched exponential assumes one fitting parameter more
than our model, and the fit is not better than the one given by the original
model.

The optical absorption cross section 0,35 can be estimated since the values
of g/ogps and g are known. The values at different measurement points are
listed in table 5.2. The vacancy concentration can also be estimated with the
equation @ = 0qps[V]. The absorption coefficient is a is 0.7 ecm™! at 3.1 eV
for the unannealed diamond, yielding a vacancy cluster concentration of [V]=

4x10%Bcm3.
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Table 5.2. Fit parameters and resulting optical cross sections listed for different wavelengths
and temperatures.

Wavelenght  g/o (10%ecm™2s71) g (1/s)  0qps (10718cm?)

2.4eV,300K 2.87 0.148 50

2.7eV,200K 2.19 0.125 100
3.1eV,300 K 0.188 0.0317 160
3.1eV,200 K 0.241 0.0354 150
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Figure 5.6. Average positron lifetime, lifetime components and intensity of the longest compo-
nent, under 3.1 eV photoexcitation and in the dark.

5.3 Temperature dependence and trapping to vacancy clusters

The positron lifetime in brown diamond was measured as a function of tempera-
ture in order to obtain more information on the trapping processes of positrons
to the defects. The measurements were conducted under 3.1 eV illumination
and in the dark. The average lifetime, the lifetime components, and the in-
tensity of the second component are shown in figure 5.6. The increase of the
average lifetime due to the illumination is colossal, especially at low temper-
atures. When the measurement temperature increases, the average lifetime
decreases, but even at 300 K it is about 50 ps above the value in the dark.

The illumination flux was high, 2 x 10%6em2571

, resulting in the saturation
of the positron lifetime effect. When the sample is illuminated with a smaller
flux (not shown), the qualitative shape of the average lifetime curve does not
change, but the values shift downwards. In the dark the effect of temperature
on the lifetime was considerably smaller.

Based on the experimental data it is clear that the intensity of the longest

lifetime component governs the behaviour of the average lifetime, since the
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Figure 5.7. Trapping rates as a function of temperature.

illumination does not affect the values of the lifetime components. It could be
argued that the decrease of average lifetime at higher temperatures could due
to (i) decrease of the trapping coefficient or (ii) the increase of the decay rate
g of the photoexcitation effect. However, the decay rate of the photoexcitation
effect varies very little as a function of temperature. Interestingly, the rate is
slightly higher at low temperature. The decay rates g vary from 0.06 s™! at
45 K to 0.03 s~ at 300 K. This implies that the fraction of negative clusters
given by equation 2.6 is in the region 0.98-0.99 through the whole temperature
range when the photon flux is high 2 x 1016¢cm™2s~1. Thereby the variation of
decay rate g as a function of temperature has a negligible effect on the positron
lifetime parameters. It can be concluded that the effect seen as a function of
measurement temperature is due to the decrease of the trapping coefficient
with increasing temperature.

The temperature dependence is similar to that observed in gallium arsenide
(GaAs) under illumination [76]. There positrons are attracted to shallow Rydberg-
like states of negative vacancies. Positron trapping can be analysed in detail
by estimating the trapping rates using equations 3.18 and 3.19. The estimated
trapping rates in the dark and under illumination are shown in figure 5.7. The
trapping rate x; under illumination is not shown because the trapping seems
to approach saturation at low temperatures below 200 K. The value of k9 under
illumination has hence been estimated using «; in the dark. In the dark 3 is
constant as a function of temperature, implying that the defect is in the neutral
charge state and the trapping is transition limited. x; shows a small tempera-
ture dependence, i.e., k1 = T~%3. This behaviour could originate from the fact
that if neither the diffusion nor transition limited trapping dominates, and the
total trapping rate is a superposition of these two, as given by equation 3.5.

The trapping rate xg in figure 5.7 is fitted by assuming that the trapping rate
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to vacancy clusters is a sum k2 = kv gy +xy, Where kv g, is the trapping rate to
Rydberg-like states and xy the trapping rate to the ground state of a negative
vacancy. The trapping coefficient to Rydberg states is given by equation 3.3.
It can be concluded that based on the temperature dependence of the positron
trapping rate to the vacancy clusters, the clusters are neutral in the dark. The
presence of Rydberg-like precursor states is a clear indication that the clusters
become negatively charged under illumination.

In summary, application of the optical transient positron lifetime technique
has been demonstrated. The method has been applied to brown natural dia-
mond. Using transient and steady-state optical measurements, the value of the
optical absorption cross section of vacancy clusters in brown diamond has been
obtained. The measurements as a function of temperature show that clusters

become negatively charged under illumination.
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6. Identifying V4; related defects in
single-crystal AIN

In this chapter AIN single crystals have been studied in order to identify the
nature of the cation vacancies and their decoration. Negative Al vacancies are
present in the PVT AIN crystals. By combining coincidence-Doppler broadening
measurements with ab-initio theoretical calculations it is shown that in-grown
Al vacancies are complexed with O impurities, while proton irradiation pro-
duces mainly isolated Al vacancies. Finally, the optical absorption has been

used to study the UV wavelength absorption caused by the vacancies.

6.1 Identification of negative Al vacancy

Several AIN bulk crystals, grown using PVT method, have been studied. The
samples contain large concentrations of impurities, mostly O and C, which can
potentially behave as shallow traps for positrons [91]. The positron lifetime re-
sults are shown in figure 6.1. The second lifetime component is shown when the
decomposition of the spectrum is possible. At room temperature, the average
lifetimes are in the region of 158-165 ps. The average lifetime for each sample
is constant as a function of temperature below 300 K. Above 300 K the average
lifetime starts increasing. The increase is due to detrapping of positrons from
negative ions, as has been reported, e.g., in the case of GaN [92]. However, the
increase of the average lifetime starts at rather high temperatures and still con-
tinues at 600 K, suggesting that the negative ions are at least doubly negative
[93].

At high temperatures, above 500 K, a second lifetime component of 210 + 5
ps can be fitted to the lifetime spectrum. The difference of the 210 ps lifetime
component and that of the defect-free AIN lattice, estimated based on the 74,
at low temperature is 55 + 15 ps. The difference is close to 60, which is the the-
oretically calculated difference between the AIN lattice and the Al vacancy. In

comparison, the lifetime difference between the AIN lattice and the N vacancy

45



Identifying V4; related defects in single-crystal AIN

FT T T T T T T
240 —
220 Va + .
200 =
180 i | l l l l |
T T T T T T *
2172 — @ N-crystals 40163 Ly
Y F m 30154 w4 1
Elesl A 40125 LTS
& | v 30081 LI A
E 164 M ' ' 1-“:?**
= — L]
2 " 4 Y
2L oahagtaetTs Ty ! %‘H 1
| 4 ¢t -
%160 1~ g+ by dhad gy by
o - -
< 1“**7*”***”*7*” I I I

0 100 200 300 400 500 600
Measurement temperature (K)

Figure 6.1. Average positron lifetime as a function of temperature in as grown AIN substrates.

is only 5 ps, suggesting that the 210 ps component corresponds to Al vacancies.
Further, most of the calculations on AIN suggest that the N vacancy is in a
positive charge state and thus is not able to trap positrons at all.

A better estimate of the positron lifetime in the AIN lattice can be obtained by
selecting the second lifetime component as a constant 210 ps. At high tempera-
tures the detrapping from the negative ions is rapid and the shorter component
is given by 71 = (Ap +xy)~!. At low temperatures, the trapping fraction ny
to the vacancy defects nearly vanishes and the value of 7; approaches that of
the positron lifetime in the delocalized state 7p. At 20 K, 71=155 +1 ps and
Tave=158, suggesting that the positron lifetime in the AIN lattice is between

these two values, i.e., 7g = 157 ps + 1 ps.

6.2 Al vacancy-impurity complexes

Coincidence Doppler broadening has been used to identify in-grown and irra-
diation induced defects and their decoration in PVT grown AIN single crystals.
The samples include an as-grown sample and a sample that has been irradiated
with 9 MeV protons to a dose of 1 x 1016cm~2. Positron lifetime measurements
were performed as a function of temperature in order to estimate the trapping
fraction at Al vacancies. The trapping fractions were used to extract the va-
cancy specific Doppler spectrum. This was compared to ab-initio calculations

in order to identify the in-grown and irradiation induced defect types. Further,
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Figure 6.2. Average positron lifetime as a function of temperature in as grown and in irradiated
AIN substrates.

transmission measurements in the visible and UV wavelengths were performed
to identify the absorption peaks of different defect types.

The as-grown and irradiated samples were measured with positron lifetime
spectroscopy in order to estimate the trapping fraction to vacancies and to esti-
mate the increase in vacancy concentration due to the irradiation. The average
positron lifetimes of the as-grown and irradiated samples are shown in figure
6.2. As previously explained, the increase of temperature increases the ther-
mal escape of positrons from negative ions, increasing the annihilation signal
from the vacancies. The average positron lifetime increases to 190 ps at 600 K
compared to 181 ps in the as-grown case, indicating that vacancies have been
generated.

The temperature dependent behaviour of the average lifetime has been anal-
ysed based on the kinetic trapping model for positrons. The Al vacancy and
the negative ion concentrations can be obtained from the behaviour of the av-
erage lifetime as a function of temperature by taking into the account the
thermal escape of positrons from the Rydberg states of the negative ions us-
ing equation 3.2. The annihilation fraction for vacancies is given by ny =
1<V/('rl";1 +«xv) and the trapping coefficient used for negative vacancies and ions
wy =3 x 1015 x (%)m. By combining these with equations 3.2 and 3.15-3.22
the average positron lifetime shown in figure 6.2 can be fitted.

The fit agrees with the experimental data very well for the as grown sample

and for the irradiated sample up to the temperature of 400 K. It is possible that
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clustering of vacancy defects takes place above 400 K in the irradiated sample,
resulting in a more complex behaviour of the average lifetime. For the as-grown
sample, the Al vacancy concentration has been estimated as 1 x 108¢m™2 and
the negative ion concentration as 1 x 101°cm™3. The corresponding values for
the irradiated sample are 4 x 1018¢m™3 and 3 x 10°cm ™3, respectively. The
binding energy to the shallow traps is determined to be E;,=140 meV + 5 meV
in both cases, suggesting that the negative ions are at least doubly negative
[93].

Coincidence Doppler broadening measurements were performed in order to
identify the decoration of the Al vacancy. The samples were measured at ele-
vated temperatures in order to extract the vacancy-specific Doppler spectrum.
The as-grown sample was measured at 600 K in order to minimise the num-
ber of positrons annihilating bound to negative ions, whereas the irradiated
sample had to be measured at 400 K in order to avoid the recovery of the
irradiation-induced vacancies. Based on equation 3.22, the average lifetime
can be written as 74, = (1 —7ny)7p +nvTy. The trapping fraction can be solved
as 1y = (Tgpe — TB)/(tv —7B). The fraction of positrons annihilating in the Al
vacancies is estimated to be 43 % for the as grown sample and 27 % for the
irradiated sample at the measurement temperature. The annihilation fraction
is used to extract the vacancy-specific Doppler spectrum. The experimental
Doppler spectrum is given by equation 3.25, i.e. it as a weighted sum of con-
tributions from a defect-free lattice and a vacancy or vacancies. By calculating
the spectrum relative to the AIN lattice, the vacancy-specific spectrum can be
written as Ry = (R +nv — 1)/ny, where Ry = pmeas/0B-

Figure 6.3 shows the experimental ratios (relative to the AIN lattice) for the
as-grown and the irradiated samples in the upper panel. The theoretical in-
tensity ratios of different vacancy configurations are shown in the lower panel.
The experimental spectra have been normalised relative to the AIN crystal with
the lowest measured average lifetime (7,,. = 75). Experimental data of the as-
grown samples matches the calculated Al-vacancy-O-atom-complex (V4; —Op)
very well, especially at around 1.5 a.u. Adding more O atoms increases the
height of the shoulder at 1.5 a.u. further (not shown), suggesting that there is
only a single O atom neighbouring the Al vacancy. The other of the calculated
configurations, i.e., Al vacancy-N vacancy pair (V4; — V), Al-vacancy-hydrogen
pair (V4; — H) and the isolated Al vacancy (Vy4;) result in a lower shoulder at
1.5 a.u. This suggests that in the as-grown samples the Al vacancy always
neighbours an O atom. The increased shoulder caused by O atoms seem to be

typical of III-nitrides in general: a similar shoulder is detected in the case of
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GaN [94] and InN [95]. In the case of the irradiation induced vacancies, the
experimental curve clearly does not correspond to V4; — O but it is not possi-
ble to distinguish which one of the curves V4; — Vi, Va; — H, and V4; result in
the best correspondence to the experimental data. However, it can be expected
that isolated Al vacancies are generated during the irradiation. Also N vacan-
cies are generated, but most probably those are not generated next to the Al
vacancies with the high energy (9.5 MeV) protons. Individual N vacancies are
not detected with positrons due to their positive charge state [8]. Hence, the
vacancies detected in the irradiated AIN sample are identified as isolated Al
vacancies.

The coincidence Doppler measurements strongly suggests that the in-grown
Al vacancies are decorated by O atoms. The O concentration given by gas dis-
charge mass spectroscopy (GDMS) is less than 108 em™2 [91], which is com-
parable to the Al vacancy concentration of 1018 ¢cm™3 estimated by positron
lifetime spectroscopy. Thus, most, if not all, O atoms are decorated by Al vacan-
cies. Therefore the key in decreasing the vacancy content in AIN is to limit the
O concentration.

The optical transparency of the AIN is critical when it is employed as sub-
strates in optoelectronic devices. Absorption measurements were performed at
wavelengths 800-260 nm in order to study the influence of vacancies on the
optical transparency. The transmission coefficient and the uncorrected optical
absorption (reflectance not taken into account) are plotted in figure 6.4. Fea-
tures of the irradiated sample’s spectrum include a decrease of the absorption

at 2.5-3.1 eV, an absorption peak at 3.4 eV, and possibly an increase of the ab-
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sorption at energies higher than 4.0 eV. The decrease of absorption at 2.5-3.1
eV is attributed to the movement of the Fermi level, possibly changing the occu-
pation of some unknown defect levels, possibly that of the V4; — On. However,
the exact identification of the defect level is not possible based on these mea-
surements alone. The absorption peak at 3.4 eV is clearly due to a transition
between two bound states. The Al and N vacancies are predicted to have energy
levels energy levels in the range of 2.0-2.5 eV [58, 59] and at 5.9 eV [53] above
the valence band edge, respectively. Therefore the absorption peak at 3.4 could
be a charge transfer process between the Al and N vacancies. Both V4; and Vy
are certainly generated during the irradiation.

In conclusion, the as-grown AIN contains Al vacancies with V,; — O being
the dominant form. The in-grown Al vacancy concentration is 3 x 10® cm™3.
The Al vacancies generated by proton irradiation are isolated. The absorption
measurements suggest that Al vacancies cause optical absorption in the UV

region.
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7. Summary

In this thesis, vacancy-type defects and their influence on the optical proper-
ties of diamond and AIN were studied. In Publ. I the origin of brown colour in
high-purity natural diamond was analysed. The brown colour is caused by an
absorption ramp starting at 2.0 eV. The absorption is not caused by impurities,
since type Ila diamond contains only a small concentration of them. The brown
colour is gradually lost during HPHT treatment, suggesting that the defects
causing the colour dissociate. Positron measurements show that the untreated
brown diamond contains vacancy clusters with a 400 ps positron lifetime com-
ponent, corresponding to 40-60 missing atoms. Further, a lifetime component
with open volume roughly that of a monovacancy was detected. The component
is probably related to dislocations. Positron lifetime measurements show that
the vacancy clusters are optically active. The vacancy clusters charge nega-
tively when they are illuminated with visible light. During HPHT treatment
the vacancy clusters dissociate in correlation with the reduction of brown colour.
It can be concluded that the brown colour in natural high-purity diamond is
caused by vacancy clusters, giving a 400 ps positron lifetime component.

A new method, optical transient positron spectroscopy, was developed in or-
der to study the optical properties of vacancies. The method was applied to
natural diamond in order to obtain information about the microscopic nature
of the charge-transfer processes behind the brown colouration. The work has
been reported in Publs. II and III. Natural diamond shows a colossal increase
of average positron lifetime due to the 400 ps component, enabling us to con-
centrate on the optical effect. The transient optical method provides informa-
tion on the time scales of the charge transfer processes related to the vacancy
clusters. By combining flux-dependent measurements with the decay rates
of the photoexcitation effects, the optical absorption cross section of the clus-
ters causing the brown colouration can be determined and the vacancy clus-

ter concentration estimated self-consistently. The optical absorption cross sec-
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tion is 04ps=150x10"18cm? at 3.1 eV and the vacancy cluster concentration of
the measured sample is 4 x 1018cm ™. It is worth noting that this is the first
time that the defect concentration has been estimated using positron lifetime
spectroscopy self-consistently without assumed knowledge of the trapping co-
efficient. The diamond samples also exhibit photoconductivity. The transient
behaviour of photoconductivity is very similar to that seen with positron ex-
periments. Even though the exact origin of photoconductivity can not be pin-
pointed, the similar time constant suggests that vacancy clusters give rise to
photoconductivity.

In Publs. IV and V, Al vacancies in PVT grown AIN are studied. Positron life-
time measurements show that Al vacancies are present in the samples, along
with a high concentration of negative ions (possibly related to the C or O atoms).
The temperature-dependent behaviour of the positron lifetime suggests thats
Al vacancies are in a negative charge state. The chemical surrounding of the
Al vacancies was studied using coincidence Doppler broadening spectroscopy.
PVT-grown AIN was measured as-grown and after proton irradiation with a
dose of 1 x 108e¢m~2. The experimental coincidence Doppler ratio curves were
compared to theoretical ones obtained from ab-initio calculations. The theoret-
ical curves were calculated for different impurity atoms and defect configura-
tions. The measurements clearly show that Al vacancies in as-grown samples
are decorated by O atoms, suggesting that most, if not all, O atoms have neigh-
bouring Al vacancies. It is likely that O atoms stabilise mobile Al vacancies
during PVT growth. Hence, reducing the O content is the key to improving
the quality of AIN crystals. Coincidence Doppler measurements indicate that
proton irradiation generates isolated Al vacancies. Absorption measurements
show that after the irradiation there is an additional absorption peak at 3.4 eV.
The absorption peak can be attributed to a charge-transfer transition between
Al and N vacancies. The results show that Al vacancies can cause absorption

at UV wavelengths.
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