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1. Introduction

When it comes to the semiconductor material with the broadest range

of applications, silicon has held the ground since the development of the

semiconductor transistor in the 1940’s [1]. The popularity of Si stems

from its abundance in nature and its ability to form an insulating oxide

layer on the surface. The semiconductor is used in applications such as

transistors, diodes, integrated circuits and solar cells. However, silicon is

not a suitable material for applications related to light-emitting devices.

Due to the indirect band gap of Si, a phonon process is required for a tran-

sition from the valence band edge (VBE) to that to the conduction band

edge (CBE) to occur. This type of band structure makes photon emission

unlikely as well as inefficient.

Semiconductors with direct, tunable band gaps, like Ga-based III-V com-

pounds, are well suited for applications in optoelectrical devices. The com-

pounds can be alloyed with other elements from group III or V vastly in-

creasing their range of applications. For example, by varying the In con-

centration in InxGa1−xN layers used in modern blue and green LEDs, the

band gap of the alloy can be tuned all the way from the near-ultraviolet

to the near-infrared region [2]. Alloying GaN with N, As or Bi decreases

the 3.4 eV binary gap making the alloys promising for photoanode appli-

cations where a narrow band gap is desirable to ensure optimal solar light

absorption [3–5].

Manufacturing novel Ga-based III-V compounds is not a straightfor-

ward process and the properties predicted by theory may in practice be

left unfulfilled. In order to grown thin layers or ternary alloys, epitaxial

growth methods are used. The growth is performed at non-equilibrium

conditions and is controlled by the kinetic and thermal energies of the
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adatoms on the surface of the substrate. Such conditions often lead to

higher defect concentrations or to a polycrystalline structure of the film.

A growth temperature approximately 600 ◦C lower than that of equilib-

rium growth is e.g. needed in order to incorporate Bi into GaN [6]. Post-

growth treatments provide a way to improve or change the properties of

the semiconductor. Annealing GaAs at temperatures over 300 ◦C above

the growth temperature leads to properties such as ultrashort carrier life-

times [7] and high resistivity [8].

When a certain material or alloy has successfully been grown, the prop-

erties of the compound and its response to different post-growth treat-

ments are typically studied. Structural, mechanical, electrical as well

as optical measurements can be performed for this purpose. In relation

to these, studies on the defects in the material are typically also carried

out. Entropy ensures that point defects are present in the semiconductor,

and a concentration as low as one point defect per one million atoms is

enough to change the properties of the material. Point defects can also

compensate doping added to a material. For semiconductor materials to

be interesting for the electronics industry, controlled p- and n-type doping

need to be achieved. It is therefore important to study not only the prop-

erties of Ga-based III-V compounds and how different growth conditions

and post-growth treatments affect these materials, but also the point de-

fects present in the material.

In this thesis, electrical and optical properties of binary and ternary

Ga-based III-V compounds are studied using both experimental and the-

oretical approaches. Point defects in GaSb and its alloys, and their effect

on the electrical behavior of the material is one of the main topic of this

thesis. Another area of focus is the properties of GaN1−xSbx and their

respond to post-growth annealing. For studying point defects, positron

annihilation spectroscopy was employed. The method is a powerful tool

for studying open-volume defects and negatively charged antisites in solid

state matter and can provide information on the defect type, charge, con-

centration and chemical environment. Single crystal materials are best

suited for positron studies. For studying polycrystalline and amorphous

alloys like low temperature grown GaN1−xSbx, absorption measurements

along with resistivity and charge carrier measurements are employed in

this thesis.

10
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Native defects in epitaxial GaSb are studied in Publ. I using Doppler

broadening positron measurements and ab initio calculations. We find

that compared to Czochralski-grown (CZ) GaSb, the ratio of Ga vacancies

to Ga antisites is higher in the epitaxial films. The Ga vacancy might

therefore play a more significant role in the p-type conductivity of the un-

doped material. Adding a Bi flux and varying the growth temperature is

also found to affect the Ga vacancy concentrations in the films. In Publ. II,

we further study defects in GaSb by proton irradiating the material and

performing ex situ and in situ positron lifetime measurements with an

increasing annealing temperature. Irradiation produces both types of na-

tive defects. At a temperature of approximately 150 K, the Sb vacancy

becomes unstable undergoing a transition resulting in a Ga antisite and

a Ga vacancy thereby increasing the acceptor-type defect concentration

in GaSb. The activation energy for the annealing of the Sb vacancy is

determined to be 0.6 eV±0.1 eV.

Publications III and IV study ternary alloys of GaSb. A large increase

in the hole density is measured for both GaNxSb1−x (x = 0–2.3%) and

GaSb1−xBix (x = 0–5.0%) compared to that of binary GaSb. The reason

for the increased concentration of negatively charged defects is investi-

gated using positron measurements and theoretical calculations of the

momentum distributions of positron-electron pairs annihilating in differ-

ent defects structures. Similar to epitaxial GaSb, the ratio between the

Ga vacancy and the Ga antisite concentration is found to be higher in

the epitaxial ternary alloys compared to CZ-GaSb. Both N and Bi are

found to have an effect on the defects present in the material. The large

increase in the hole density is partially attributed to the decrease of the

band gap reported when Sb is substituted by dilute contents of N or Bi.

The modification of the band structure can have an effect on the position

of the Fermi level relative to the ionization levels and therefore lead to an

increase in the fraction of negatively charged acceptor-type defects. The

interplay of the growth conditions with the N or Bi content also affects

the defect concentrations.

The effect of adding Sb to GaN is studied in Publ. V and Publ. VI. In

Publ. V, the conducted absorption measurements show the band gap to

decrease with increasing Sb content. In order to estimated the position of

the valence and conduction band edges on an absolute scale, a modified
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version of the band anticrossing (BAC) model is developed. The model is

found to better reproduce the experimental band gaps. The results indi-

cate that alloys with Sb contents up to 20% corresponding to band gaps as

low as 1.3 eV are promising candidates to be used as the anode material

for photoelectrochemical (PEC) applications. The electrical properties of

the GaN1−xSbx alloys are studied by thermopower and Hall effect mea-

surements in Publ. VI. Alloys with x ≥ 0.06 are found to exhibit p-type

conductivity. Rapid thermal annealing (RTA) of the alloys increases the

hole content while decreasing the resistivity. For films with higher Sb con-

tents, hole concentrations of 1019 cm−3 are measured after RTA at 600 ◦C

which is a significant improvement to the low-1018 cm−3 of Mg-doped p-

type GaN. The p-type behavior is attributed to the large upward shift of

the valence band edge as a result of Sb incorporation.
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2. Ga-based III-V compounds and their
properties

2.1 Gallium antimonide

Gallium antimonide (GaSb) is a III-V compound semiconductor consist-

ing of gallium, a metallic element with the atomic number 31, and of

the larger semi-metal antimony with the atomic number 51. GaSb has

a zinc blende structure with eight atoms in the unit cell, the primitive cell

consists of two atoms, one of each element. Similarly to other III-V com-

pounds, the chemical bonding between the atoms in GaSb is a mixture of

covalent and ionic bonding. The lattice parameter of GaSb is 6.096 Å at

300 K [9,10].

GaSb has a narrow, direct band gap of 0.726 eV at 300 K. At the Γ point,

the spin-orbit splitting of the valence bands is larger than the actual band

gap. Due to the low effective mass for the electrons (0.044m0, where m0

is the free electron mass), the electron mobility of GaSb is relatively high.

The light and heavy hole bands lie in close proximity to each other en-

abling intervalley and intravalley scattering [9].

During the last few decades, GaSb has attracted interest due to its prop-

erties suitable for applications in optolelectronic and high speed electronic

devices. High frequency devices [11], high efficiency thermophotovoltaic

(TPV) cells [12] and laser diodes [13] are a few examples utilizing the

direct, narrow band gap and high electron mobility of GaSb. The com-

pound is also a basic material for a range of lattice parameter matched

III-V compounds with band gaps in the range of 0.3–1.6 eV thus covering

a spectral range of 0.8–4.3 μm.
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2.1.1 Defects in GaSb

Undoped, GaSb is unintentionally p-type regardless of growth method [9].

The hole concentration varies in the range 1016–1017 cm−3 depending on

growth conditions. The cause of the residual hole concentration was under

discussion for some time and has been studied both experimentally and

theoretically (see e.g. Refs. [14–24]). By performing ab initio calculations

within the density function teory (DFT) framework [19], the energetics

of different native defects in GaSb was studied. The formation energy

of the Ga antisite was estimated to be considerably low and the p-type

conductivity was therefore attributed to the antisite defect.

Positron annihilation spectroscopy was employed to study the defects

and the cause of the p-type conductivity in GaSb [16–18, 20–22, 24]. Two

different Ga-vacancy-related defects with different microstructures were

characterized from positron lifetime spectroscopy on electron-irradiated

liquid encapsulated CZ-GaSb [16, 17]. In the same reports, an acceptor

believed to be responsible for the p-type conductivity in GaSb was identi-

fied from photoluminescence and temperature dependant Hall measure-

ments. The defect was suspected to not be related to the Ga vacancy. Ga

antisites were suggested as a possible explanation for the p-type behavior

in GaSb.

Temperature dependent positron lifetime and coincident Doppler broad-

ening measurements on CZ-grown undoped, p-type GaSb and Te-doped,

n-type GaSb were carried out in Ref. [24]. The results showed that the

main defect responsible for the acceptor-type behavior in bulk GaSb is the

Ga antisite. Both Ga vacancy and Ga antisite defects were shown to be

abundantly present in the sample, however the Ga antisite concentration

was in both p- and n-type GaSb an order of magnitude higher than that

of the Ga vacancy. The defect concentrations in the material were esti-

mated to [GaSb] ≈ 1017 cm−3 and [VGa] ≈ 1016 cm−3. Also, the results

showed that negative Ga antisite defects compete with the Ga vacancies

in trapping positrons well above room temperature (RT).

Diffusion experiments in GaSb revealed another interesting feature re-

garding the native defects in the material [25, 26]. Self-diffusion experi-
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ments on GaSb heterostructures near the melting point showed that the

Ga atom diffuses three orders of magnitude faster than the Sb atom [25].

The unusual behavior was attributed the concentration of native point de-

fects. Ga and Sb diffuse through their own sublattices independently of

each other. In Ga-rich conditions, the Ga vacancies (VGa) are assumed to

form through the transition

GaGa + VSb → VGa +GaSb, (2.1)

where GaGa denotes a Ga atom on its own lattice site, VSb an Sb vacancy

and GaSb a Ga antisite. Ga atoms are thereby enabled to diffuse through

the Ga vacancy while the Sb diffusion is suppressed.

In Sb-rich conditions, low concentrations of Sb antisites (SbGa) are formed;

Sbi + VGa → SbGa. (2.2)

The supply of Ga vacancies at the surfaces still enables Ga diffusion. Once

the vacancy comes into contact with an Sb interstitial (Sbi), an Sb antisite

is formed resulting in a low Sb diffusion.

Efforts to control and decrease the p-type conductivity in GaSb have

also been made. By growing GaSb from Sb-rich melts, the residual hole

concentration was shown to decrease from the usually reported value of

1017 cm−3 to 1016 cm−3 [27]. A lowered p-type conductivity was also re-

ported in Ref. [28] as a result of a lowered growth temperature for liquid-

phase-epitaxy-grown GaSb from Sb-rich solutions. Similar results were

achieved by lowering the growth temperature or the Sb/Ga flux for GaSb

layers grown by molecular beam epitaxy (MBE) [29]. Increased growth

temperatures were suggested to increase the evaporation of Sb atoms

which in turn would lead to an increase in Sb lattice sites available for

Ga atoms. In another study [30], p-type GaSb was annealed in an Sb

ambience at temperatures of 550–600 ◦C for 100 h leading to a 5–15% de-

crease in the hole concentration. The thermal annealing carried out for

an extensive time was suggested to anneal out acceptor-type defects.

2.2 Gallium nitride

Gallium nitride (GaN) is a III-V compound and a wide band gap semi-

conductor. It has a wurtzite structure with four atoms in the primitive
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cell and lattice parameters of a = 3.18 Å and c = 5.16 Å at 300 K [31].

Due to the direct band gap of GaN, it is suitable for optoelectrical appli-

cations and is a well-established material for applications in blue light-

emitting diodes (LEDs) as well as UV-emitting laser diodes (LDs) [32].

GaN is also utilized in power electronics like high-electro-mobility tran-

sistors (HEMTs) [33].

GaN is natively n-type, and achieving p-type doping has been somewhat

challenging. Highly resistive Mg-doped GaN grown by metal-organic chem-

ical vapor deposition (MOCVD) was shown to become p-type when ir-

radiated with a low-energy electron beam [34]. Thermal annealing at

700 ◦C in a N2 ambient was later reported to turn Mg-doped, GaN-layers

p-type [35]. To date, the highest reported values for the hole concentration

of Mg-doped GaN layers are in the range 1017 to low-1018 cm−3 [36, 37].

The limiting factors regarding the carrier concentration are suggested to

be the high ionization energy of Mg in GaN and the self-compensation by

native defects [38–40]. Also, pyramidal inversion domains created in GaN

for high Mg contents have been proposed to cause saturation of the hole

concentration [41,42].

2.3 Ga-based III-V alloys

The band gap as well as the lattice parameter can be tuned by alloying

semiconductors with dilute concentrations of a suitable element thereby

vastly increasing the range of uses of a material. In the case of Ga-based

III-V compounds, adding N, As, Bi or Sb to the binary compound enables

band gap engineering in the range 0.7–3.4 eV corresponding to wave-

lengths of 0.36–1.8 μm (see e.g. Refs. [4, 5, 43–47]). The band gap and

lattice constant for some of these alloys are schematically illustrated in

Fig. 2.1 [48]. The band gaps are based on k · p calculations with up to

10% N and Bi in Ref. [49], dashed lines are added to guide to the eye. By

adding higher concentrations of Bi to GaSb, the band gap can further be

decreased below 0.7 eV. However, the band gap of GaBi is experimentally

not known since the material has never been synthesized. Calculations
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predict GaBi to have a negative band gap [50].

Figure 2.1. Band gaps and corresponding lattice constants of III-V semiconductors and
their alloys [48].

Alloying GaSb with N leads to large band gap reductions. For GaNxSb1−x

with 1% N, a band gap reduction of 0.3 keV was reported, corresponding

to a 40 % decrease of the GaSb band gap [45, 51–53]. The 2–5 μm spec-

tral range of the alloy makes GaNxSb1−x a suitable candidate for mid-

infrared applications. The quaternary alloy Ga1−yInyNxSb1−x can in turn

be lattice matched to GaSb having a range of applications such as long

wavelength infrared sources [54].

For GaN1−xSbx, similar large reductions in band gap has been reported.

Adding 3% Sb to GaN decreases the band gap by 1.2 keV corresponding

to a 35 % decrease of the GaN band gap [5]. Due to the extremely high

mismatch of both size and electronegativity between N and Sb, low growth

temperatures are required in order to incorporate Sb contens beyond the

very dilute limit. GaN is typically grown by MBE at temperatures of 700–

800 ◦C. By growing layers at temperatures of 400 ◦C and below, films with

Sb contents up to 66% could be syntetizised [5,55–57].

The high mechanical hardness and chemical stability as well as the

band gap tunability of GaN1−xSbx has made the alloy an interesting ma-

terial for photoelectrochemical (PEC) cells for solar water dissociation.

Two key requirements in terms of the electronic band structure have to
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be fulfilled for a semiconductor material to be suitable for such applica-

tions. Firstly, the band gap has to be small enough to absorb a significant

portion of the solar spectrum, and secondly the band edges have to strad-

dle the redox potentials with the CBE located above the hydrogen reduc-

tion and the VBE below the water oxidation potential [58]. Initial studies

showed GaN1−xSbx to be a promising material for PEC applications with

Sb contents up to 10% [5].

While III-V-N compounds have been studied for quite a while, III-V-Bi

alloys have only recently attracted more interest. The band gap reduction

of these alloys is smaller than that of the dilute nitrides [4, 43, 44, 46].

For GaSb1−xBix, a band gap reduction of ∼30–36 meV/% Bi has been re-

ported [47,59,60]. However, the large spin-orbit split of the alloys [61,62]

opens up possibilities in reducing loss processes related to Auger recom-

binations and intervalence band absorption. Also, compared to alloying

III-V compounds with N, the electron mobility of dilute-Bi alloys is only

slightly reduced [63].

2.3.1 Band gap models for ternary alloys

Beside the ternary compounds discussed above, band gap reductions have

been reported for other III-V alloys (see e.g. Refs [46, 55, 64]) as well as

for II-VI alloys (see e.g. Refs. [65,66]). In order to explain such changes in

the band structure, both empirical and theoretical models have been used.

One such empirical model is the BAC (band anticrossing) model [67]. In

the BAC model, the restructuring of the conduction or the valence band is

a result of an anticrossing interaction between a highly localized state of

the substitutional atoms and the extended states of the host semiconduc-

tor matrix. The model can be employed for estimating the valence and the

conduction band on an absolute scale, i.e., relative to the vacuum level.

The decreased band gap of the dilute-Sb GaN has been explained based

on the BAC model [5, 56]. Sb is proposed to form a localized level above

the VBE, and the interaction of the Sb-derived band with the conduction

band leads to an upwards shift of the VBE and the reported decrease

in the band gap. The band gap reduction of GaSb1−xBix is explained in a

similar manner by a localized Bi state interacting with the VBE. Based on

the BAC model, the measured band gap reduction of the dilute-Bi alloys

18



Ga-based III-V compounds and their properties

of ∼36 meV/%Bi was estimated to consist of 26 meV/%Bi lowering of the

CBE and an upwards shift of 10 meV/%Bi of the VBE [47].

Other methods for describing band gaps of alloys are based on the empir-

ical pseudo-potential method [68]. In this scheme, the Schrödinger equa-

tion is solved non-self consistently using pseudo-potentials adjusted so

that they reproduce the experimental bulk band gaps. From this method,

it was concluded that the location of the CBE in GaAs1−xNx and GaP1−xNx

is determined based on the interaction between the N-induced localized

clusters and the perturbed host states [69].

Ab initio calculations within the DFT framework have also been per-

formed for determining the band structure and for gaining a better under-

standing of how the substitutional element affects the band structure of

ternary alloys [60,70,71]. The drawback of such calculations is that they

can be very time consuming. In order to experimentally reproduce mea-

sured band gaps, simpler approximations of the exchange and correlation

interaction like the local-density approximation (LDA) or the generalized

gradient approximations (GGA) are often not suitable since these tend to

over-estime the band gap reduction. Typically, hybrid functionals have to

be employed in which a component of DFT part is substituted by the exact

exchange energy calculated from Hartree–Fock theory. Such calculations

have had success in both reproducing experimental results as well as pro-

viding a deeper understanding on the band structures of alloys (see e.g.

Refs. [72–74]).

Based on the BAC model, the band gap reduction of GaSb1−xNx was sug-

gested to be caused by N-induced states lying near to the conduction band

CBE [51, 75]. DFT calculations showed that nitrogen indeed form a well

localized state above the CBE that is related to the bonding of N to the

surrounding Ga atoms. However, the calculations found that clustering

of N atoms leads to a less rapid decrease in the band gap than predicted

by the BAC model, which was in line with experimentally determined

gaps [74].
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3. Positron annihilation spectroscopy

Positron annihilation spectroscopy (PAS) is a versatile tool for studying

point defects in solids. The methods is especially suitable for studying

narrow band gap semiconductors like GaSb due to its selective sensi-

tivity to open-volume defects and negative ions and the insensitivity to

conductivity and band gap width. Positrons can get trapped and anni-

hilate at neutral and negatively charged open-volume defects due to the

locally reduced Coulomb repulsion. Negative ions can also trap positrons

in hydrogen-like Rydberg states. Measuring the positron lifetime and the

Doppler broadening of the 511 keV annihilation line can provide infor-

mation on the defect type, charge and concentration as well as its chem-

ical surrounding in the material. By performing ab initio calculations

using the DFT framework, the momentum-distribution and lifetime of

positrons annihilating in different defect structures can be calculated and

compared to measured results thereby providing more information on the

defects in studied material. For a thorough review on positrons and the

method employing the interaction between the antiparticle and solids, see

Refs. [76,77].

3.1 Positrons in solids

When positrons emitted from a radioactive source penetrate the crys-

talline solid, the antiparticles are rapidly thermalized. The stopping pro-

file of energetic positrons with a continuous energy distribution is de-
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scribed by [78]:

P (x) = α exp[−αx], α = 16
ρ[g/cm3]

E1.4
max[MeV]

cm−1 (3.1)

where ρ is the density of the material. For positrons emitted from a 22Na

source used for the measurements presented in this thesis, the maximum

energy is Emax = 0.54 MeV. The mean penetration depth of positrons in

e.g. GaSb is 30 μm.

For studying layers with thicknesses in the nanometer range, monoen-

ergetic, slow positrons are typically used. The stopping profile of such

positrons can be described by a Makhovian profile [79]:

P (x) =
d

dx
exp[−(x/x0)

2]. (3.2)

The mean stopping depth is

x = x0 = AEn[keV ], (3.3)

where

A ≈ 4

ρ
μg/cm2, n ≈ 1.6. (3.4)

After thermalizing, the behavior of the positrons is that of free charged

particles in a crystalline solid and diffusion theory can be used for de-

scribing their transport. The diffusion coefficient of the positron given by

semiclassical random walk theory is [80]:

D+ =
1

3
vthl+, (3.5)

where vth denotes the thermal velocity and l+ the mean free path of the

positron. The mean free path can be calculated when the diffusion co-

efficient is known. The characteristic diffusion length depends on the

positron lifetime τ ;

L+ =
√
D+τ . (3.6)

In semiconductors for which the typical diffusion coefficient is 1–2 cm2/s

at room temperature, the diffusion length of positrons are approximately

200 nm.

During diffusion, the positrons can get trapped by defects before annihi-

lating with the electrons of the material. In a perfect lattice, the positron

wave function is delocalized in a Bloch state meaning that the potential

the positron experiences has the same periodicity as the crystal. Due to

22



Positron annihilation spectroscopy

its positive charge, the positron is repelled by the positive nuclei and the

wave function will therefore reach its maximum at the interstitial space

between the lattice sites. If open volume defects such as neutral or neg-

ative vacancies are present in the material, the absence of a positive nu-

cleus acting as a a potential well can trap the positron. The positrons can

also be localized at hydrogen-like Rydberg states around negative ions.

The positron trapping rate κ into a defect is proportional to the concen-

tration of the specific defect and to the trapping coefficient [81]:

κD =
μD[D]

Na
. (3.7)

Na denotes the atomic density of the material. The trapping coefficient de-

pends on both the host material as well as on the defect [82]. For neutral

vacancies, the trapping coefficient is μD ≈ 1015 s−1 and temperature in-

dependent. For negatively charged vacancies and antisites, the trapping

coefficient is a factor of two higher than that for neutral vacancies at RT

and displays a T−1/2 temperature dependence. The Coloumb repulsion of

positively charged vacancies prevents positrons from trapping into such

defects.

3.2 Doppler broadening spectroscopy

Whether in a trapped state or delocalized in the lattice, the positron will

annihilate with an electron of the material emitting two photons. A three-

photon process is also possible but highly unlikely. The thermal positron

has negligible momentum, however the momentum of the electron results

in a Doppler shift of 511 keV annihilation line;

�Eγ =
1

2
cpL, (3.8)

where pL is the longitudinal momentum component of the annihilating

electron-positron pair in the direction of the annihilation photon emis-

sion. The shape of the annihilation line is given by the one-dimensional

momentum distribution of the annihilation radiation

L(Eγ) ∝
∫ ∫

dpxdpyρ(p), pz =
2

c
(Eγ −m0c

2), (3.9)
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Figure 3.1. The background reduced Doppler broadening spectrum of undoped GaSb.
The windows of the lineshape parameters S and W are sketched.

convoluted with the resolution function of the detector.

In order to qualitatively study the Doppler broadening spectrum and

compare spectra of different samples with each other, two lineshape pa-

rameters are usually defined. The S parameter is defined as the frac-

tion of annihilation events in the central, low momentum region of the

peak mainly reflecting positrons annihilating with low momentum va-

lence electrons. The W parameter is defined in a similar manner as the

fraction of events in the high momentum region mainly stemming from

annihilations with core electrons. In Figure 3.1, the windows of the pa-

rameters around the annihilation peak are sketched. The S and W pa-

rameter windows were set to |p| < 0.4 a.u. and to 1.6 a.u. < |p| < 4.0 a.u,

respectively, for the results presented in this work. For positrons trapped

at vacancies, the overlap with core electron is reduced causing the Doppler

broadening spectrum to narrow compared to that of a defect-free bulk.

This is usually seen as an increase in the S parameter and a decrease in

the W parameter.

For materials with more than one positron annihilation state, e.g. ma-

terials with an epitaxial layer on a substrate, the lineshape parameters

become superpositions of the different annihilation states i weighted by
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the fractions of positrons annihilating at that certain state ηDi;

S =

k∑
i=1

ηDiSDi + (1−
k∑

i=1

ηDi)SB, (3.10a)

W =
k∑

i=1

ηDiWDi + (1−
k∑

i=1

ηDi)WB. (3.10b)

The subindex B denotes the bulk state.

By plotting the measured results in the S-W plane, the different anni-

hilation states can be studied. If ,e.g., two annihilation states are present,

the measured results are expected to lie on a straight line between the

characteristic (S,W ) values for these two states. The slope of the line is

characteristic for the specific annihilation state and independent of the

positron trapping fraction.

3.3 Slow positron beams

A monoenergetic variable energy slow positron beam can be used for study-

ing defects in epitaxial layers. The energetic positrons emitted from a

source, in this work 22Na, are moderated by a thin tungsten foil. Tung-

sten has a positive positron work function, enabling thermalized positrons

to be emitted from the surface of the moderator. Only a small fraction of

the positrons is moderated, the remaining fast positrons are discarded

with the aid of magnetic and electric fields. The beam of slow positrons

can then be accelerated to the desired energy, typically in the range of

0.5-35 keV.

The photons emitted in the positron-electron annihilation are measured

using a HPGe (high-purity germanium) detector. For the conventional

Doppler broadening measurements presented in this thesis, the energy

resolution of the detector was approximately 1.15 keV at 511 keV. In order

to improve the measured peak-to-background ratio and thereby achieve

a higher statistical accuracy of the high-momentum region, coincidence

Doppler broadening measurements were also be carried out. For detect-

ing both annihilation photons, the slow positron beam equipped with a

HPGe-detector with resolution 1.25 keV at 511 keV was gated by the sig-
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nal from another detector. Temperature dependent measurements of the

Doppler broadening were enabled by a sample holder in thermal contact

with a closed cycle He cryostat and resistive heating.

3.4 Positron lifetime spectroscopy

By measuring the time difference between the 1.27 keV photon emitted

simultaneously with the positron from the 22Na source, and the annihila-

tion photon of 511 keV, the lifetime of the positron in the studied material

can be determined. The mean positron annihilation rate λ and therefore

the lifetime τ is proportional to the overlap of electron and positron den-

sities:

λ =
1

τ
= πr20c

∫
dr|ψ+(r)|2n(r)γ[n(r)], (3.11)

where r0 is the classical electron radius, c the velocity of light, n(r) the

electron density and γ[n] the enhancement factor of the electron density at

the positron. There are various interpolation formulae for γ[n−, n+] based

on many-body calculations. The electron–positron correlation leading to

the enhancement is different in metals, semiconductors and insulators.

The measured lifetime spectrum is analyzed as the sum of exponentially

decaying components convoluted with the Gaussian resolution function of

the setup:

n(t) =
∑
i

Iiexp(−t/τi) (3.12)

where τi correspond to different lifetime components with different inten-

sities Ii in the spectrum. The center of mass of the measured spectrum

coincides with the average positron lifetime τave calculated as an average

over the different lifetimes weighted with the corresponding intensities.

The τave can also be described as the lifetimes of the positron annihilat-

ing in the bulk and at different defect states i weighted with fraction of

positrons ηi annihilating in the corresponding states:

τave = ηBτB +
∑
i

ηiτi. (3.13)

The subindex B indicates the bulk state. A measured lifetime spectrum

along with a fitted lifetime are illustrated in Fig. 3.2.
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Figure 3.2. A lifetime spectrum of irradiated GaSb measured at RT. A fitted lifetime com-
ponent corresponding to τave = 260 ps is also shown in the figure.

An increase in the average positron lifetime above that in a defect-free

bulk is a sign of a locally decreased electron density and therefore an in-

creased open volume. By fitting a suitable model with a fixed number of

lifetime components to the measured data, it is possible to identify differ-

ent positron traps as well as their respective concentration in the studied

material.

The positron trapping rate into a certain defect can be described us-

ing the characteristic positron lifetimes of the defect τD and that of the

defect-free host material τB. The trapping rate can be derived from the

kinetic trapping model and in the case that one defect is dominating the

positron trapping and no detrapping from the defect occurs, the trapping

rate is [83]:

κD =
τave − τB
τD − τave

1

τB
(3.14)

where τave denotes the average positron lifetime in the material. Different

trapping models and the corresponding trapping rates for materials with

more than one trapping state can be found in Ref. [83]. When the trap-

ping fractions to different states κi are know, the fraction ηD of positrons

annihilating as trapped at a defect D can in turn be estimated [83]:

ηD =
κD

τ−1B +
∑

i κi
. (3.15)
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3.5 Fast positron setups

A configuration of two identical pieces of the studied sample sandwiched

between the positron source is typically used for performing lifetime mea-

surements involving fast positrons. A 20 μCi 22NaCl source wrapped in Al

foil was used for the results presented in this thesis. The sample-source

sandwich was mounted on a copper sample holder in thermal contact with

a closed cycle He cryostat, in between two detectors consisting of a fast

scintillator and a photomultiplier tube. The fast-fast coincidence system

had a Gaussian timing resolution of 260 ps (FWHM). Digital positron life-

time setups were used for all lifetime measurements presented in this

work. In a digital setup, the detector output pulses are digitalized. Tim-

ing and pulse shaping is done by a computer software. Prior to analysis,

the positron annihilation in the source, in the Al foil and as positronium

are subtracted from the lifetime data. The source corrections are typically

determined using a suitable reference with a know positron lifetime.

For the work presented in Publ. II, a lifetime spectrometer equipped

with a He cryostat and resistive heating was installed to the beamline

of a tandem Van der Graaff accelerator [84]. Such a setup enabled mea-

surements of the studied material irradiated at 35 K and subsequently

annealed while performing in situ positron measurements.

3.6 Momentum distribution calculations

Using the DFT framework, the momentum distributions of the electron-

positron pair annihilating in different structures can be calculated. In

order to take into account the interaction between the positron and the

electron in the solid, a two-component DFT is applied. The positron is

assumed not to affect the average electron density n−(r) of the system

and the zero-positron density limits (n+ → 0) of the enhancement and

electron-positron correlation energy functionals are used. Such an ap-
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proach can be justified by considering positron with a finite density local-

ized at a defect, and its screening cloud of electrons as a neutral quasi-

particle which does not affect the surrounding average electron density.

The local-density approximation (LDA) for electron-electron exchange and

correlation is used. The thermal positron in the ground state can be de-

scribed by the single–particle Schrödinger equation:

−1

2
∇2ψ(r) + V+(r)ψ+(r) = Eψ+(r). (3.16)

The single particle wave function of the positron can then be solved in the

potential

V+(r) = −
∫

dr′
n−(r′)
|r− r′| − Vext(r) + Vcorr(r); (3.17)

where the first term is the Hartree potential due to the electrons, Vcorr(r)

is the local density approximation for the electron-positron correlation po-

tential at the limit n+ → 0 and Vext(r) is the external potential caused by

the nuclei.

The momentum distribution of the annihilating electron-positron pairs

can be calculated using the state-dependent enhancement scheme [85], in

which a constant electron-state-dependent enhancement factor γj is used.

The momentum density ρ(p) is then

ρ(p) = πr2ec
∑
j

γj

∣∣∣∣
∫

dre−ip·rψ+(r)ψj(r)

∣∣∣∣
2

; (3.18)

where the summation runs over occupied Kohn–Sham orbitals ψj(r) for

the electrons, ψ+(r) is the positron state solved in Eq. (3.17), re is the

classical radius of the electron and c is the speed of light. The state de-

pendant enhancement factor γj is the ratio

γj =
λj(BN−LDA)

λIPM
j

(3.19)

of the annihilation rates λj of states j according to the Boronski-Nieminen

LDA (BN-LDA) and the independent particle model (IPM). The annihila-

tion rates can be calculated as

λ
(BN−LDA)
j = πr2ec

∫
drn+(r)n

j
−(r)γ(n−(r)), (3.20a)

λ
(IPM)
j = πr2ec

∫
drn+(r)nj(r), (3.20b)

where γ(n−(r)) denotes the enhancement factor for a positron in a ho-

mogeneous electron gas with density n−(r). The positron lifetime can be
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derived from Equation 3.20b since it is defined as the inverse of the anni-

hilation rate

λ =
1

τ
= πr2ec

∫
drn+(r)n−(rγ(nj(r)). (3.21)

In the calculations presented in this work, the plane-wave code VASP [85,

86] employing the projector augmented-wave (PAW) method [87] is used.

The PAW implementation and the momentum-density calculations are

based on the VASP code. The positron is treated using the MIKA/Doppler

package [88]. The calculated defect structures were relaxed taking into

account the forces exerted on the ions by the localized positron. The cal-

culated spectra were then convoluted with the resolution of the Doppler

measurements.

3.7 Other semiconductor characterization methods

Besides positron annihilation spectroscopy, methods for studying the struc-

tural, electronic and optical properties of the semiconductor materials are

also employed in this work. Below, the methods are briefly discussed.

For studying structural properties of semiconductors, transmission elec-

tron microscopy is a useful tool [89]. By transmitting a beam of electrons

through an thin slice of the studied sample, an image of the cross-section

of the material is formed. The resolution of the TEM is in the order of

Ångströms. In this thesis, TEM scans are used for studying the homo-

geneity of the Sb distribution in the GaSbxN1−x layers.

X-ray diffraction (XRD) provides another methods for structural stud-

ies [90]. Using XRD, the lattice parameter and the size of possible grains

in the host matrix can e.g. be evaluated. The method is based on the con-

structive interference of x-ray waves scattered from the planes of the lat-

tice and has a depth sensitivity from a few micrometers to a few hundred

micrometers. XRD patterns are obtained for the annealed GaSbxN1−x

layers for studying thermally induced changes in the lattice.

Rutherford backscattering spectrometry (RBS) combined with ion chan-

neling is a conventional methods for determining the composition as well

as the crystallinity of the material [91]. The method is also sensitive to
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antisite defects. By letting a beam of α particles scatter from the stud-

ied samples and measuring the intensity as well as the energy of the

backscattered particles, structural information of the studied sample is

obtained. The method is used extensively in this thesis for determin-

ing the composition of alloys as well as for studying possible structural

changes caused by irradiating GaSb.

Hall-effect and van der Pauw measurements are used for studying the

electronic properties of GaSbxN1−x layers. The van der Pauw method em-

ploys a four-point probe geometry for measuring the resistivity and the

Hall coefficient [92]. Combining this measurement with Hall effect mea-

surements where an electric field is applied perpendicular to a magnetic

field across the studied sample, the majority carrier concentration and

their mobility can be determined [93].

Optical measurements provide information on the band structure of

semiconductors [94]. By measuring the transmission and reflectance of

a material, the absorption coefficient can be determined when the thick-

ness of the studied sample is known. Since the absorption coefficient

of a semiconductor is proportional to the joint density of states between

valence- and conduction-type bands, the band gap can e.g. be extracted

from the measurements. The method is used for studying the band gap of

the GaSbxN1−x layers.
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4. Native defects in GaSb

This chapter deals with studies regarding native defects in GaSb and the

effect of growth conditions and post-growth treatments on the defect con-

centrations. The point defect balance of acceptor-type defects in epitaxial

GaSb is studied in Publ. I. The stability of native vacancies in undoped

GaSb is studied in Publ. II by irradiated the material with high-energy

protons.

4.1 Defects in epitaxial GaSb

The studied 200 nm thick GaSb:Bi epitaxial layers were MBE-grown at

varying temperatures and Bi fluxes in the ranges 330–390 ◦C and 1–

20×10−8 Torr, respectively [95]. The layers were grown on undoped (100)

GaSb substrates. Typically, GaSb is MBE-grown at temperatures in the

range of ∼500–600 ◦C [9]. The somewhat lower growth temperatures were

chosen in order to incorporate Bi. However, the residual Bi concentration

in the epitaxial layers is very low, RBS measurements showed the concen-

trations to be 0–0.1 %.

In Fig. 4.1, ratio curves from coincidence Doppler broadening measure-

ments using a positron implantation energy of 5 keV are shown. The

data is scaled to undoped, p-type, CZ-GaSb measured in Ref. [24]. For

a thorough discussion on the choise of referense, see Publ. III. The in-

set illustrates the computed momentum distributions of electron-positron

pairs annihilating in the Ga vacancy and the Sb vacancy scaled to that of

the defect-free GaSb lattice. The experimental result obtained for one of

the samples is also shown.

The ratio curves of the MBE-grown epitaxial layers clearly differ from
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Figure 4.1. Ratio curves of the intensity from coincidence Doppler measurements. The
data is scaled to p-type, CZ-GaSb indicated by the dashed line [24]. The inset
shows the calculated momentum distribution ratio curves for the VGa and VSb

defects compared to a measured result.

that of the CZ-GaSb used as a reference. The data show that the concen-

trations of positron trapping defect are different in the materials grown

by the two different methods. As mentioned previously, the main positron

trapping defect in CZ-GaSb is the Ga antisite. For the epitaxial layers,

another positron trapping defect seem to be present in the material af-

fecting the measured signal. Besides the Ga antisite, the two smallest,

native, positron trapping defects that can be present in the material is the

Ga and the Sb vacancy. From the inset in the figure, it can be concluded

that the calculated momentum distribution of the Ga vacancy scaled to

the defect-free lattice agrees better with the measured results compared

to that of the Sb vacancy. A larger fraction of positrons are trapped by Ga

vacancies in the thin films compared to in CZ-GaSb.

In Fig. 4.2, the measured W (S) plot is shown for the GaSb:Bi epitaxial

layers. The inset shows the S parameter as a function of positron implan-

tation energy. The highest S parameter at energies of 5 keV, when most

of the signal is coming from the epitaxial layer, corresponds to sample #1

grown without Bi. This is also seen in the coincidence Doppler data as

the highest intensity at low momentum corresponds to sample #1. For
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the layers grown under a Bi flux, the S parameter values are lower. A

decrease in the S parameter is typically a sign of a reduced fraction of

positrons annihilating at vacancy defects. This could either be due to a

reduced Ga vacancy concentration or an increase in positrons trapping

into negatively charged Ga antisites present in undoped GaSb. However,

if the decreased trapping into Ga vacancies would be due to an increase

in Ga antisites, the ratio curves are expected to have an appearance more

similar to that of the reference.

The characteristic (S,W ) points for the three annihilation states; the

surface, the epitaxial layer and the substrate, are shown in Fig. 4.2. The

annihilation state of the epitaxial layer constitutes a turning point when

moving along the data points from the surface state to the substrate state.

The sharper the turning point in the S–W plane, the shorter is positron

diffusion length and the stronger is the positron trapping [96]. The turn-

ing point is fairly blunt for the sample denoted #4. For sample #1 grown

without Bi, the turning point is quite sharp providing additional evidence

that the fraction of positrons trapping into Ga vacancies in the layer

grown without a Bi flux is higher compared that that of the other sam-

ples.

From the results it can be concluded that the ratio between the Ga va-

cancy and the Ga antisite concentration is different for GaSb grown by

different methods. The Ga antisite was found to be the main positron

trapping defect and cause of the p-type behavior in CZ-GaSb, however

the Ga vacancies seem to play a more important role in epitaxially grown

GaSb. Adding a Bi flux during growth and increasing the growth temper-

ature leads to a decrease in positrons trapping into Ga vacancies which

is found to be due to a decreased Ga vacancy concentration. This is sug-

gested to be due to the added Bi behaving as a surfactant during growth

thereby reducing the Ga vacancy concentration.

35



Native defects in GaSb

���� ���� ���� ���� ����

�����

�����

����	

�����

� � 
� 
�

����

����

����

����

��������

�������

�
��
�
��
�
�
��
�

��


����

����

����

����

���

�

�����������

���������������

�
��
�
��
�
�
��
�

������� ������ ����� �� ��!��"#�$%

Figure 4.2. W (S) plot for the GaSb:Bi epitaxial layers. The characteristic states are in-
dicated. The arrows indicate increasing positron implantation energy. The
inset shows the measured S parameter as a function of positron implanta-
tion energy. Typical error bars of the data points are shown in the top right
corners.

4.2 Instability of native defects in GaSb

For the purpose of the study, undoped, p-type CZ-GaSb ([GaSb] ≈ 1017 cm−3

and [VGa] ≈ 1016 cm−3) studied in Ref. [24] was irradiated with 10 MeV

protons. Positron lifetime measurements were performed ex situ on GaSb

samples irradiated at RT with fluences in the range 5×1012−1×1015 cm−2.

Based on these measurements, two fluences of 1×1014 and 7×1014 cm−2

were used for irradiating samples at 35 K and subsequently thermally

annealing these while performing in situ positron measurements. The

annealing was done for 30 min from 35 K to RT with steps of 20 K and

with measurements performed at 35 K between the annealing steps.

Figure 4.3 shows the results of the ex situ RT measurements of τave as a

function of fluence. As can be seen in the figure, fluences of 5×1013 cm−2

or higher are needed for a detectable change to be observed in the life-

time data. Further increasing the fluence increases the τave compared to

that of the as-grown material. The in situ measurements of τave as a func-

tion of annealing temperature are shown in the inset of Fig. 4.3. Clearly

longer values on τave is measured both before and after annealing in the
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Figure 4.3. The measured τave as a function of fluence at RT. The calculated τave based
on the suggested VSb transition (black dotted line) and based only on Ga-
related defects (gray dashed line) are also illustrated, respectively. The latter
model saturates at high fluences to 285 ps corresponding the positron lifetime
in VGa. The inset shows the τave as a function of annealing temperature
measured at 35 K. The dashed curve is the fit to the data measured for the
sample irradiated with high fluence.

irradiated samples compared to that of the as-grown GaSb. Upon anneal-

ing, τave in the sample irradiated with the fluence of 7×1014 cm−2 (here-

after called high fluence) remains constant up to temperatures of approxi-

mately 150 K. Above this temperature τave abruptly decreases. Annealing

does not seem to affect τave in the sample irradiated with the fluence of

1×1014 cm−2 (hereafter called low fluence).

The range of the fluences used for the irradiations primarly produces

vacancies and intersitials in the lattice [84, 97], a statement that is sup-

ported by the channeling results illustrated in Publ. II showing unaltered

crystallinity of the irradiated material. For low temperature irradiation,

the magnitude of the high and low fluences used is of the same order and

only a quantitative difference in the point defect production is therefore

expected. For the detectable decrease in τave to emerge when the fluence

is increased, the concentration of the defects in question and the associ-

ated positron trapping rate κ have to overcome that of the pre-existing

acceptor-type defects and of the other defects produced in the irradia-

tion. The production rate of the defect responsible for the abrupt drop
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should therefore be higher than that of the other defects. Using the dis-

placement cross section σ as described in Ref. [98], the production rates

of the primary defects in GaSb can be estimated. By averaging σ in the

range 1-–10 MeV and using the displacement energies for Ga and Sb from

Ref. [99], the production rates are calculated as 930 cm−1 and 670 cm−1 for

Sb and Ga vacancies, respectively. Given the reasoning presented above,

the estimated production rates imply that both Ga and Sb vacancies are

observed at low temperature however that the Sb vacancies disappear at

temperatures above 150 K.

The above presented hypotesis can be tested by estimating the positron

annihilation fractions at vacancy defects produced by irradiation. The

fraction ηD of positrons annihilating as trapped at a defect can be esti-

mated using Eqs. (3.7) and (3.15) taking into account that Sb vacancies

are assumed to be neutral whereas a large fraction of the Ga vacancies is

negatively charged [19,24]. The positron annihilation fractions for the Sb

and Ga vacancy are estimated to be ∼6% and ∼33% in the low fluence case

and ∼16% and ∼66% in the high fluence case, respectively. Any change oc-

curring to the large concentration of Ga vacancies in the low fluence case

should be easily detectable in the measurement, however the fraction of

positrons annihilating as trapped at Sb vacancies is low enough for their

possible recovery at 150 K not to be visible. In the high fluence case, the

the fraction of positrons annihilating as trapped at Sb vacancies is clearly

higher than in the low fluence case and therefore it is viable to explain

the annealing temperature dependence in the positron lifetime with the

disappearance of Sb vacancies.

The average positron lifetime can be estmimated in the irradiated sam-

ples by making the two following asumptions; the effect seen in the data at

150 K is the suggested transition [25]: GaGa+VSb → VGa+GaSb and the VSb

does not disappear by any other mechanism. Using the Eqs. (3.7), (3.14)

and (3.15) and the estimated lifetimes τB = τA = 245 ps and τVGa
= 285 ps

in the bulk, Ga antisite and Ga vacancy [24], the τave can be calculated as

a function of fluence as shown in Fig. 4.3 (black dotted line). For compar-

ison, the average positron lifetime is also estimated based on positrons

annihilating at pre-existing defects and in Ga vacancies created by irra-

diation and shown (gray dashed line) in the same figure. The average

positron lifetime is clearly overestimated by the latter mentioned model
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as it does not take into account the transition of the Sb vacancy further

increasing the concentration of acceptor-type defects at higher fluences.

The activation energy for the transition of the Sb vacancy to acceptor-

type defects can be fitted to the measured τave as a function of annealing

temperature as in Ref. [100] for the sample irradiated with the high flu-

ence. The isochronal annealing process can be described as [98]:

[D]i+1 = [D]∞ + ([D]i − [D]∞) exp[−νt exp[−EA/kBTi]] (4.1)

where i denotes the annealing step, the temperature range is T0 = 35 K

and Ti+1 = (50+10i) K, t = 1800 s is the annealing time, ν = 1013 s−1 is the

frequency factor assumed to be constant, and [D]∞ is the decreased defect

concentration due to the annealing. The fit based on Eq. (4.1) is shown

in the inset Fig 4.3 and gives the activation energy EA = 0.6 eV ± 0.1 eV.

The value is comparable to the migration energy of 0.32 eV for the highly

unstable Si vacancy in p-type Si [101].

From the results, it can be concluded that the Sb vacancy in GaSb be-

comes unstable at temperatures above 150 K and undergoes a transition

resulting in a Ga antisite and Ga vacancy. Measurements of τave at 35 K

and at RT for as-grown GaSb and for the high fluence sample were con-

ducted and are illustrated in Publ. II. These measurements act as a addi-

tional piece of evidence of the transition of the Sb vacancy to acceptor-type

defects, as they indicate that both the Ga vacancy and Ga antisite concen-

trations have increased in the sample. Due to the instability of the Sb

vacancy, the acceptor-type defect concentration in p-type GaSb is there-

fore further increased as a result of irradiation.
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5. Ternary alloys of GaSb

Results concerning defects in ternary alloys of GaSb are presented in this

chapter. The mechanism behind the large increase in the hole density

when the group V anion is substituted with either N or Bi are studied in

Publ. III and in Publ. IV, respectively.

5.1 Increased hole concentration of GaNxSb1−x

The studied samples consisted of two sets of GaNxSb1−x layers grown by

plasma assisted MBE on semi-insulating GaAs (001) and pseudomorphi-

cally on GaSb (001) substrates. The layers were grown at temperatures of

320–440 ◦C with N contents in the range of 0.18–2.32% [54,102,103]. Hall

effect measurements were performed on the samples grown on a GaAs

substrate and the results are shown in Fig. 5.1. As seen in the figure,

adding a very dilute concentration of N increases the hole concentration

by over one order of magnitude.

The measured S parameter of the GaNxSb1−x epitaxial layers (figure

shown in Publ. III) decreases with increasing N content. The samples

without nitrogen has the highest S parameter. In the W (S)-plot for the

GaNxSb1−x layers shown in Publ. III, the measured (S, W ) values form a

blunt triangle when moving from the surface state towards the substrate

state indicating that the fraction of positrons trapping to vacancy-type

defects is not as high as for the GaSb:Bi layers and that positron trapping

into one type of defect is not in saturation [96].

Coincidence Doppler broadening ratio curves for the GaNxSb1−x lay-
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Figure 5.1. Hole densities and mobilities from RT Hall measurements plotted against
the N content for the GaNxSb1−x layers on GaAs.

ers are illustrated in Fig. 5.2. Positron implantation energies of 2.5 and

10 keV were used for probing the epitaxial layer grown on GaSb and on

GaAs, respectively. The measured data have been scaled to the spectrum

of p-type CZ-GaSb [24]. Clearly, the measured dilute-N layers differ from

the CZ-GaSb reference. The ratio curves have a somewhat similar appear-

ance as that of the GaSb:Bi layer indicating the presence of Ga-vacancy-

type defects. As for the GaSb:Bi layers, the ratio of the Ga-vacancy-type to

the Ga antisite defect concentration seem to be higher for the GaNxSb1−x

layers than that of the CZ-GaSb. The intensity in the peak at ∼1.2 a.u in-

creases and the intensity at low momenta is decreased, corresponding to

the decrease in the S parameter, with increasing N content in the layers.

The results of momentum-distribution calculations of different open-

volume structures are illustrated in Fig. 5.3. The data are scaled to the

calculated defect-free GaSb lattice. The insets in Figs. 5.3(a) and 5.3(b)

show the calculated positron lifetimes τ in the structures. The calcula-

tions show that a larger open-volume defect correspond to a higher τ , a

result which is expected since the electron density is reduced in the defect.

However, the intensity at low momentum corresponding to the S parame-

ter does not correlate with the size of the open-volume. For the structures

consisting of N-decorated Ga vacancies, a reduced intensity at low mo-

menta is seen as the number of N atoms, and therefore the open-volume

of the complex, increases. The calculations show that the chemical envi-
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Figure 5.2. Ratio curves of the intensity from coincidence Doppler measurements of the
GaNxSb1−x layers grown on (a) a GaAs and (b) a GaSb substrate. The data
are scaled to CZ-GaSb [24]. The ratio curve of the GaSb epitaxial layer grown
without a Bi flux studied in Publ. I is also shown (GaSb no Bi). The dashed
line indicates the reference.

ronment can have a profound effect on the S parameter. This, together

with the fact that different charge states of the defect have shown to lead

to a somewhat different S parameter due to the relaxation of the neigh-

boring atoms [104], needs to be considered.

As in the case of the GaSb:Bi layers, the ratio curve of the calculated

Sb-vacancy-related defects are found to differ more from the measured

results compared to the results calculated for the Ga-vacancy-related de-

fects. This is also in line with the irradiation studies showing that the Sb

vacancy is not stable in binary GaSb. The structure of the ratio curves

consisting of the N-decorated Ga-vacancy complexes are also somewhat

similar to the measured results. The decrease in the intensity at low mo-

menta and increase in the peak intensity at ∼1.2 a.u. with increasing N

content agree rather well with the measured results.

Using the calculated total energies for the structures in the binary and

ternary compounds, the relative binding energies for neutral complexes

consisting of a Ga vacancy and N atoms on the Sb lattice site can be es-
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Figure 5.3. Ratio curves of calculated Doppler spectra for open-volume (a) intrinsic de-
fects and (b) N-related defects. The calculated positron lifetimes τ in the
different structures are indicated in the tables. The dashed line indicates the
defect-free lattice used as a reference.

timated. The relative binding energy is estimated to be −0.21 eV and

−0.60 eV for one and two N atoms neighboring the Ga vacancy, respec-

tively. Therefore the binding energy for a second N atom bound to the

VGa −NSb complex is −0.39 eV indicating that nitrogen bound to a Ga va-

cancy might be energetically favorable compared to separated neutral Ga

vacancies and N antisites in GaNxSb1−x.

From the measured data, it can be concluded that both Ga-vacancy-

and Ga antisite defects are present in considerable concentrations in the

GaNxSb1−x layers. The coincidence Doppler data shows that Ga-vacancy-

type defects are present in the material and according to the ab initio

calculations, the vacancies could be decorated with one or more nitrogen

atoms. The decrease at low momenta and increase in the intensity peak at

1.2 a.u. with increasing N content might be related to either N atoms dec-

orating the Ga vacancies or a change in the charge state of the vacancies.

The large hole concentration along with the fact that positron trapping

into Ga-vacancy-type defects is not in saturation is evidence that nega-

tive Ga antistes are also present in the material acting as positron traps
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and contributing to the hole concentration. The ratio of Ga-vacancy-type

defects to Ga antisites is found, as for the GaSb:Bi epitaxial layers, to be

higher compared to CZ-GaSb.

Based on both the electrical and positron data, the measured increase in

the p-type conductivity with increased N content for the GaNxSb1−x layers

is proposed to be related to a larger fraction of the acceptor-type defects in

the material becoming negatively charged. Similar types of positron trap-

ping defects exist in both sets of samples, lattice mismatches do therefore

not play a significant role in neither the positron trapping nor in the in-

creased p-type conductivity. When nitrogen is added to binary GaSb, the

conduction band edge shifts closer the valence band. The change in the

band structure could also have an effect on the position of the ionization

levels of the defects in relation to the Fermi level. A slight change in the

distance between the Fermi level and the ionization levels has, due to the

steepness of the Fermi-Dirac distribution, a large impact on the fraction of

negativity charged defects. Therefore, as the ionization levels shift closer

to the valence band, a larger fraction of the acceptor-type defects becomes

negatively charged and the p-type conductivity increases. In addition to

the changed band structure, the growth conditions and thereby the N con-

tent can affect the total amount of acceptor-type defects.

5.2 Effect of the growth conditions on defects in GaSb1−xBi1−x

The studied samples consisted of two series of MBE-grown GaSb1−xBix
epitaxial layers on undoped GaSb (001) substrates. One of the series was

grown with a fixed growth rate of 1.0 μmh−1 and a temperature of 275 ◦C,

but with the Bi flux varied between samples (hereafter denoted Bi-flux se-

ries). For the second series (hereafter denoted as the growth-temperature

series), the growth temperature was varied 250–350 ◦C while the other

two parameters were kept constant at 0.4 μmh−1 and 3.3×10−8 mbar for

the growth rate and Bi flux, respectively. [47, 105]. A reference series of

four GaSb layers grown at temperatures between 250–400 ◦C at a fixed

growth rate was also studied.

Figure 5.4 shows the measured hole density as a function of Bi content

for the GaSb1−xBix layers. The average value calculated for the GaSb
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Figure 5.4. Measured hole density as a function of Bi content for the studied epitaxial
layers. An average value for the GaSb layers is also shown as well as the
hole density for CZ-GaSb [24]. The inset shows the hole density as a function
of growth temperature for the films.

layers is also shown as well as the hole density of CZ-GaSb [24]. The

hole densities of the GaSb1−xBix layers are higher than those of these

binary GaSb samples and increase almost monotonously with Bi content

for both series. In the inset, the hole density of the layers is shown as

a function of growth temperature. The hole density for the GaSb1−xBix
layers decrease as the growth temperature increases. Some dependence

of the hole density on the Bi flux is also detected. For the GaSb layers,

is a slightly increasing trend with growth temperature can be seen in the

measured hole densities.

The S parameters for the GaSb1−xBix layers, shown in Publ. IV, mostly

depend on the Bi content in the epitaxial layers. The S parameter mea-

sured at energies 3–10 keV, when the signal mostly consists of positrons

annihilating in the epitaxial layer, is similar for samples with similar Bi

contents. The two samples with 5% Bi grown at different temperatures

have, for example, very similar S parameter values. For samples with Bi

contents in the range of 0.7-–3.6%, the S parameter increases as the Bi

content in the layers increases. However, the S parameter values of the

samples with highest Bi contents of 5% are similar to these of the lowest

Bi content layers. An unambiguous relationship between the hole density
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Figure 5.5. Measured ratio curves for two epitaxial layers from each GaSb1−xBix series.
The samples are scaled to CZ-GaSb measured in Ref. [24] indicated as the
dashed line.

and the S parameter cannot be found. The S parameter curves for the

GaSb layers grown at different temperatures, not shown here, are very

similar. Thus, the concentrations of positron trapping defects in the GaSb

layers do not seem to be affected by the growth temperature.

Figure 5.5 shows the measured ratio curves from the Doppler broaden-

ing experiments performed with a positron implantation energy of 4 keV.

As can be seen in the figure, the measured data for the GaSb1−xBix layers

differ from the CZ-GaSb reference. For the two layers with the highest

and lowest Bi contents, the ratio curves have somewhat similar intensi-

ties as to the reference. The ratio curves of the layers with 2.8 % and 3.6 %

Bi displays a clear shoulder at 1.2 a.u. and a valley at high momenta, and

are clearly different compared to the reference.

The momentum distribution of the positron-electron pair annihilation

in different native vacancy defect are compared to the measured data as

the increase in the S parameter of the GaSb1−xBix layers indicate an in-

creased trapping of positrons to open-volume defects. As in the cases of

the previously studied GaSb:Bi and GaSb1−xNx epitaxial layers, the ratio

curve of the calculated VGa resembles more the measured results com-

pared to that of the VSb. As the calculated ratio curve of the VGa-BiSb
complex (shown in Publ. IV) have a very similar intensity as to the VGa,

the presence of such complexes cannot be excluded.

The electrical and positron data of the GaSb1−xBix layers indicate the
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presence of another acceptor-type defect, besides Ga-vacancy-type defects,

in the layers. If Ga-vacancy-type defects would be the sole defects con-

tributing to the hole density, the measured signal should be dominated

by positrons annihilating in the vacancy defects for the layers with the

highest hole densities [76]. Also, the data for the high-Bi layer consisting

of the high hole density, the low S parameter and ratio curve similar to

the CZ-GaSb point towards a negative acceptor-type defect without open

volume being present in the layers. The negative Ga antisite fits this de-

scription, and is therefore found to be present in the studied GaSb1−xBix
layers and contribute to the hole density.

The growth kinetics as well as the Bi content is concluded to affect both

the total concentration of acceptor-type defects as well as the ratio of

vacancy to antisite defects. GaSb1−xBix layers grown at a higher tem-

peratures are found to have lower hole density corresponding to a lower

concentration of negatively charged defects. Since a similar relationship

was not observed for the GaSb layers, it is concluded that the interplay

between Bi content, the growth rate and temperature ultimately deter-

mines the defect concentrations. Also, a part of the explanation to the

large increase in the hole density might lie in a shift in the Fermi level

with respect to the ionization level of the defects. This in turns is due to

decrease in the band gap as a results adding Bi to the binary material.

A linear relationship between the positron data and the hole density

is lacking indicating that although higher Bi content layers have higher

hole densities, the proportion of the two types of acceptor-type defects

contributing to the hole density is not constant. The intensity of the ra-

tio curve is more similar for some of the GaSb1−xBix layers to that of the

CZ-GaSb used as a reference, indicating that the Ga antisite is the domi-

nating defect. The proportion of Ga vacancies to Ga antisites is higher in

the layers for which the ratio curve differ from that of the CZ-GaSb. The

concentration of the two different defects are therefore seemingly sensi-

tive to the growth parameters and the Bi contents in the layers. However,

the exact relationship between the different growth parameters, the Bi

content and the concentrations of the two different acceptor-type defects

cannot be concluded based on the data.

48



6. Band structure and conductivity of
GaN1−xSbx

In this chapter the optical and electronic of GaN1−xSbx are studied. In

Publ. V, the band structure of GaN1−xSbx is investigated by performing

absorption measurements and developing a modified BAC model for es-

timating the band offsets of the alloys. The charge carrier properties of

as-grown and annealed GaN1−xSbx are studied in Publ. VI.

6.1 Band structure of GaN1−xSbx alloys

The studied GaN1−xSbx films were synthesized by growing a multilayer

structure with a number of alternating layers of GaN and GaSb using

MBE at a constant temperature of 325 ◦C. An intermixing of the lay-

ers produced alloys with thicknesses of 150–300 nm and Sb compositions

up to x = 0.42. The films were synthesized on polished sapphire sub-

strates [106].

The optical properties of the films were studied by optical transmission

and reflection in the spectral range of 250–2500 nm using a Perkin Elmer

Lambda 950 Spectrophotometer. Figure 6.1 illustrates the measured ab-

sorption spectra for five of the eight GaN1−xSbx thin films with compo-

sitions in the range x = 0–42. The absorption edge shifts towards lower

energies as the Sb content of the layers is increased, indicating a decrease

in the band gap.

GaN1−xSbx has been proposed to suitable for PEC (photoelectrochem-

ical) applications for solar water dissociation. In order to study if the

material could be used in such applications, a modified BAC (band an-

ticrossing) model is proposed for determining the location of the valence

and conduction band relative to the vacuum level. Originally, the BAC
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Figure 6.1. The measured (circles) and fitted (dashed lines) absorption coefficients using
the modified BAC model for five of the GaN1−xSbx thin films.

model was developed for compounds with very dilute amounts of a substi-

tutional element. However, the model is not suitable for alloys with larger

contents of the subsitutional element as it significantly overestimates the

band gap reduction in the mid-composition range. To correct the deficien-

cies of the original BAC model, the modified model assumes that the band

structure of the host crystal is given by the virtual crystal approximation

allowing the BAC interactions to be treated as perturbations. The valence

and conduction matrix band edges are in this modified approach described

as the linear interpolation between the end point compounds,

EV(x, k = 0) = (1− x)EV,GaN − xEV,GaSb (6.1a)

EC(x, k = 0) = (1− x)EC,GaN − xEC,GaSb, (6.1b)

where EV,GaN and EV,GaSb denotes the VBE and EC,GaN and EC,GaSb of the

CBE of GaN and GaSb, respectively.

The lattice site potential for the GaN1−xSbx alloy is given by the average

potential

Vvc(x) = (1− x)VN + xVSb, (6.2)

where VN and VSb are the potentials of the lattice sites occupied by N and

Sb atoms, respectively. In this approximation the coupling parameter for
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Figure 6.2. Fitted band gap for the GaN1−xSbx films compared to earlier studied GaNSb
films [5,51]. The band gap over the whole composition range using the mod-
ified BAC model (solid lines) is compared that of the original model (dashed
line) studied Ref. [5]. The inset shows the VBE and CBE over the whole
composition range using both the modified BAC model (solid lines) and the
original BAC model (dashed line). The dotted lines in the inset indicates the
Redox levels for ph = 2.

the N atom substituting a virtual crystal site is given by the matrix

CN(x) = 〈f | VN(1− x) + VSb(x)− VN | f〉 = xCN0 , (6.3)

where 〈f | is the Bloch wavefunction obtained in the virtual crystal ap-

proximation and 〈f | VSb(x)−VN | f〉 is the coupling constant in the dilute

N limit, also denoted CN0 . The coupling constant for the BAC interaction

between the valence band and the localized Sb level can in a similar man-

ner be shown to be CSb(x) = (1− x)CSb0 . The coupling constants in the Sb

composition limits is denoted by CSb0 .

The optical absorption coefficient is proportional to the joint optical den-

sity of states and the dipole matrix element between initial and final

states [107]. Using the BAC model, the joint density of states can be deter-

mined as the sum of each transition between the sub-bands of the valence

and conduction band. The measured results for the absorption coefficient

can thereby by fitted as illustrated by the dashed lines in Fig. 6.1.

From the fitting, the valence and conduction band edges are obtained

over the whole composition range as shown in Fig. 6.2. For comparison,
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the band gap calculated by the original model studied in Ref. [5] is also

shown together with band gaps from previous studies of GaN1−xSbx [5]

and of dilute–N GaSb [51]. As can be seen in the figure, the modified

model provides a better fit to the experimentally determined gaps. The

inset in Fig. 6.2 illustrates the positions of the CBE and the VBE pre-

dicted by the two models. The band edges of GaN1−xSbx are predicted by

the modified BAC model to straddle the water redox potentials for alloys

with x up to 0.2 and with the gap as low as 1.3 eV. Therefore, it can be

concluded that the GaNSb alloy is a promising candidate for PEC appli-

cations with Sb compositions up to 20%.

6.2 p-type behavior of annealed GaN1−xSbx alloys

The studied samples of Publ. VI consisted of the previously mentioned lay-

ers grown by the multilayer intermixing method and a second set of two

GaN1−xSbx films grown by conventional MBE at a temperature of 400 ◦C.

TEM measurements performed on selected samples of the first set [106]

showed that GaN grown without Sb is polycrystalline. For the films with

x = 0.18 and 0.42, the TEM data showed an amorphous matrix with small

crystalline grains. Some Sb segregation could be seen for the film with

x = 0.42. XRD measurement shown in Publ. VI were also performed on

the as-grown samples. The results were fond to be in line with the TEM

results indicated an amorphous structure for the samples.

Rapid thermal annealing was performed on the GaN1−xSbx films using

a sealed ULVAC MILA 3000 RTA furnace. The annealing temperature

ranged from 450 to 750 ◦C. The cumulative annealing was performed un-

der an atmospheric pressure N2 ambient for 30 s. Resistivity and Seebeck

coefficient measurements were performed on the RTA GaN1−xSbx films

(results shown in Publ. VI). For all measured samples with Sb contents in

the range 6–56%, the thermopower is positive indicating p-type conductiv-

ity. The annealing results show a decreasing resistivity with a decreasing

Seebeck coefficient for the films. At an annealing temperature of 600 ◦C,

the resistivity of the films converges towards similar values between 0.2
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Figure 6.3. The measured hole concentration for RTA GaN1−xSbx films. The inset shows
the corresponding hole mobility of the alloys.

and 2 Ωcm.

Hall effect measurements of the RTA GaN1−xSbx films are presented in

Fig 6.3. The carrier concentration and mobility could not be determined

for samples with the lowest Sb contents and for some of the samples grown

the by the multilayer intermixing method, measurements could only be

carried out after annealing at 500 and 550 ◦C, respectively. The p-type

conductivity of the GaN1−xSbx thin films is conformed by the positive sign

of the Hall coefficient. The hole concentration of ∼2 × 1018 cm−3 measured

for as-grown layers with high Sb contents is already comparable to the

highest reported values on the hole concentration for Mg-doped, p-type

GaN films [36, 37]. The hole concentration is further increases by the

annealing, however the mobility remains almost unchanged.

Based on the modified BAC model, the p-type conductivity can be ex-

plained by consireding the changes in the band structure of the GaNSb

layers. The inset in Fig. 6.4 shows the calculated density of states (DOS)

of GaN1−xSbx for x = 0, 0.05 and 0.3 using the model. An additional band

with a large DOS well above the VBE of GaN is produced when N is sub-

stituted with Sb. The band gap is clearly reduced as the Sb-derived band

constitutes the new VBE, which in turn affects the charge carriers in the
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Figure 6.4. Calculated 1). Fermi level of experimental samples annealed at 650 ◦C based
on the hole concentration at RT measured by Hall effect, and the BAC model;
2). Theoretical intrinsic Fermi level of GaN1−xSbx relative to the CBE, and
VBE and EFS of the alloy. The inset shows the calculated DOS of GaN1−xSbx

with an Sb content of (a) 0%, (b) 5%, and (c) 30%.

material. According to the amphoteric defect model [108,109], the nature

of the dominant native defects and the doping behavior of semiconductor

materials are determined by the location of the band edges relative to the

common energy reference, the Fermi level stabilization energy (EFS), lo-

cated at 4.9 eV below the vacuum level [110]. Semiconductors typically

exhibit n-type (p-type) behavior if a large density of conduction (valence)

band states are closer to the EFS.

Figure 6.4 shows the calculated intrinsic Fermi level (EF,int) in undoped

GaN1−xSbx at RT as a function of composition. Due to the low location of

the EF,int in relation to the EFS, donor-like defects have a low formation

energy and are dominating in GaN causing the n-type conductivity. How-

ever, adding dilute amounts of Sb moves EF,int close to EFS indicating that

GaN1−xSbx alloys with x > 0.05 have no clear preference for either n- or

p-type behavior. The type of conductivity could be affected by the growth

or the cooling of the non-stoichiometric material.

In conclusion, p-type conductivity is reported for undoped,GaN1−xSbx

alloys. By RTA of the thin films, hole concentrations higher than 1019

cm−3 can be reached. This opens up interesting possibilities for applica-

54



Band structure and conductivity of GaN1−xSbx

tions. In Fig. 6.4, the Fermi level of samples annealed at 650 ◦C calculated

based on the RT hole concentration determined from the Hall effect mea-

surements is also shown. The estimated Fermi level lies very close to the

VBE of the alloys meaning that GaN1−xSbx alloys have a narrow partially

occupied band lying 6 eV below the vacuum level. Such a band structure

brings e.g. up a prospect of using GaN1−xSbx alloys as hole emitters or

energy selective contacts in photovoltaic devices.
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7. Summary

In this thesis, the properties of Ga-based III-V semiconductors and their

alloys have been studied. The materials are interesting for applications in

optoelectrical devices in a broad spectral range. In Publ. I, defects in epi-

taxial GaSb:Bi layers were investigated and compared to earlier studies

of CZ-GaSb. The epitaxially grown material was found to have a higher

ratio of Ga vacancy defects to Ga antisites compared to that of the CZ-

GaSb. For CZ-GaSb, the p-type conductivity is mainly caused by Ga an-

tisites whereas the Ga vacancy was concluded to play a more significant

role in the electrical behavior of epitaxial GaSb. The Bi flux added dur-

ing the growth of the thin films was suggested to act as a surfactant and

together with an increased growth temperature, decrease the Ga vacancy

concentration of the material.

Native defects in GaSb were further studied in Publ. II by irradiating

undoped, p-type, CZ-GaSb. Irradiation at a low temperature produces

both native vacancies, however the Sb vacancy was shown to become un-

stable at temperatures of ∼150 K and undergo a transition resulting in

a Ga vacancy and a Ga antisite. Post-irradiated samples measured at

RT showed an increased concentration of both Ga vacancies and Ga an-

tisites. The activation energy of the Sb vacancy was determined to be

0.6 eV±0.1 eV.

Ternary alloys of GaSb were studied in Publ. III and Publ. IV. Substi-

tuting the group V element Sb with either N or Bi was shown to lead to a

large increase in the hole density. For both alloys, the increased hole den-

sity was suggested to be related to the reported change in the band struc-

ture affecting the fraction of negatively charged acceptor-type defects. As

for the binary GaSb epitaxial layers, the ratio of the concentrations of the
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Ga-vacancy-type defects to Ga antisites was found to generally be higher

for the ternary epitaxial layers than for CZ-GaSb. Significant concentra-

tions of both acceptor-type defects were found to be present in the ternary

films. The N or Bi content, and thereby the growth parameters needed

for incorporating the elements, was found to affect the total amount and

charge state a of acceptor-type defects.

The optical and electrical properties of GaNxSb1−x with Sb contents in

the range 0-0.56% were studied in Publs. V and VI. In Publ. V, the optical

data showed a decrease in the band gap with increasing Sb content. For

describing the band offsets for the alloy over the whole composition range,

a modified BAC model was proposed. The model was shown to better

reproduce the measured band gap. Also, the band edges were estimated

by the modified model to straddle the water redox potentials for alloys

with x up to 0.2 and with the gap as low as 1.3 eV. This makes GaNxSb1−x

a promising candidate for photoelectrochemical applications.

In Publ. VI, the undoped GaNxSb1−x films were shown to exhibit p-type

conductivity. For layers with high Sb contents, the hole concentration was

found to be high (low-1018 cm−3) for the as-grown material and further

increase by rapid thermal annealing of the films at temperatures > 400 ◦C

to values greater than 1019 cm−3. The p-type behavior was attributed

to the large upward shift of the valence band edge as a result of the Sb

incorporation.

In conclusion, the optoelectrocal properties of the Ga-based III-V semi-

conductors studied in this thesis were shown to be sensitive to the crystal-

lization conditions as well as to the post-growth treatments. The electrical

and optical properties can be modified by alloying the materials, however

it was shown that both the band gap and the defect concentrations are

very sensitive to even low concentrations of the substitutional element.

Further studies on these alloys could involve doping of the materials, as

this may open up new possibilities for applications.
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