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Abstract

Within the last decade, zinc oxide has become the second most published semicon-

ductor right after Si. The popularity of ZnO is explained by its optical and electrical

properties. It is highly desired for optoelectronic applications, lasers and white-light

LEDs, and as a transparent conducting oxide, it is suitable for a wide range of screen,

display and window applications. However, its applicability is hindered by the lack of p-

type conductivity which partly arises from our inability to understand ZnO’s intriguing

defect interactions.

This thesis is dedicated to nano engineering of ZnO by ion implantation. That

includes studying intrinsic-, extrinsic- and ion-implantation induced defects and their

interactions. We begin by defining the model system as hydrothermally (HT) grown

ZnO. HT growth is a scalable way to produce ZnO, but with a large Li-contamination

(2 − 5 × 1017 cm−3). With a combined use of positron annihilation spectroscopy and

secondary ion mass spectrometry we have been able to identify positron annihilation

signature of Li in substitutional Zn-site. We have shown that the majority of Li in HT

ZnO reside in the acceptor configuration on the substitutional Zn-site, rendering HT

ZnO highly resistive. Li was also shown to be the reason behind the positron annihi-

lation lifetime discrepancies in the literature, measured in ZnO grown with different

methods.

Knowing that Li resides on Zn-site, we were able to push it to interstitial site by

implanting Zn. In fact, a several μm wide Li-depletion region appears behind the Zn-

implantation peak after annealing, which coincides with low resistive region observed

by scanning spreading resistance microscopy. However, Ne/Ar implantations create

only minor redistribution of Li with increasing resistivity at the implantation peak.

Interestingly, O-implantation created a build-up of Li at the implantation peak with

a large increase in resistivity. Therefore, the depletion of Li was attributed to Zn-

interstitials diffusing into the bulk and pushing Li out of the Zn-site.

Using the Li as a tracer element, we were able to determine the localization of
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vi Abstract

implanted impurities in the ZnO-lattice. Zn-sublattice elements (Na, K, Al, Cd and

B) showed clear Li depletion regions while inert elements did not. In addition, N

was shown to exhibit similar features with both O-implantation and inert element

implantations. Therefore, it was concluded that it is possible to distinguish between

Zn and O-sublattice elements, and furthermore, this method shows depletion of Li in P-

and Sb-implanted samples, which is in accordance with the present day understanding

of the localization of these elements.

Implantation of Na, belonging to the group-I with Li, was studied in the same

HT ZnO environment. As a diffusing element that substitutes Zn, Na exhibits an

interaction with Li, kicking Li out from the Zn-site. This results in similar depletion of

Li as with Zn interstitials. In addition, Na was shown not to have similar signature in

positron annihilation spectroscopy as Li, in accordance with the larger size of the Na

ion. The presence of Na was also shown to reduce the concentration of open-volume

defects upon post-implant anneals.

The diffusion of Na was shown to be trap-limited, where substitutional Li acts as

the main trap with a contribution from Zn-vacancies. Activation energy of 2.4 eV and

a high prefactor (D0 ∼ 104 cm2/s) was extracted for the diffusion of Na, suggesting

that the diffusion process is limited by the release of Na from the implantation peak.
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Chapter 1

Introduction

1.1 Motivation and background

Thinking back a few decades, the sheer amount of electronics found in a present

day household is overwhelming. The number of phones, computers, tablets, TVs, Blu-

ray players, game consoles, etc. is astonishing. In addition to consumer electronics,

everything is nowadays ”smart” or automated to make our lives more convenient. Of

course, these are the visible parts of our energy consumption, but the biggest energy

consumer is the industry which fulfils our material needs. With all of this, we can

realize that the energy consumption has been increasing tremendously over the last

decades. This has created a pressure to develop ’green solutions’ by finding ways to

produce energy with less stress on the environment and designing devices that consume

less power. The studies in this field are almost as wide ranged as imagination, varying

from researching novel materials for alternative power sources to redesigning electronics

to reduce the power consumption.

This thesis is dedicated to the basic research of a novel semiconducting material,

zinc oxide (ZnO), which falls into two of the aforementioned categories; it is a novel

material for (opto)electronics and material for alternative power sources. However, it

might be somewhat inaccurate to call ZnO a novel material. After all, it has been

1



2 Chapter 1: Introduction

known for centuries and is widely used, for example, in medical industry due to its

non-toxity for humans. Due to ZnO’s optical properties, it has also been widely used

in sun blocking products and paints. However, it has been only since 20th century,

when the semiconducting properties of ZnO became interesting, and only since the

beginning of 21st century, when it became a popular topic in research. Nowadays,

ZnO is the second most studied (published) semiconductor after silicon.

ZnO has a band gap of ∼ 3.4 eV, which means that it is transparent in the visible

light range. Therefore, it is a transparent conducting oxide (TCO) and has a wide

range of applications. For example, in solar cells it can be used as a transparent front

electrode, allowing charge carrier collection without metal contacts, and therefore,

reducing the shadowing caused by the metal electrodes. It can also be used in multi-

junction solar cells as one of the active junctions. However, this is currently limited by

the challenges in producing p-type ZnO.

The band gap of ZnO is also direct, meaning that electron excitations and band-

to-band recombinations can occur without the assistance from phonons. This means

higher efficiency in light emission, and combined with the high exciton binding energy

(60 meV), even room temperature (RT) lasing is possible. Therefore, it is a very

interesting material for optoelectronic applications, white-light sources (LED), UV-

sources and -detectors, and laser applications. In addition, ZnO has shown some

remarkable lattice dynamics, and therefore, it is a very radiation hard material, opening

up possibilities for use in space technology.

This thesis concentrates on a few key issues in ZnO; intrinsic defect interactions,

intrinsic-extrinsic defect interactions, and extrinsic-extrinsic defect interactions. The

main extrinsic defect focus is on the group-I elements, Li and Na, which have been

considered as possible p-type dopants. The goal of this thesis is to bring understanding

to the defect interactions behind the compensation of p-type in Li and Na doped ZnO.

Most of the experiments have been performed on hydrothermally grown (HT) ZnO,

which is one of the most scalable way to produce ZnO. However, it suffers from a high
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Li contamination from the growth process.

1.2 Properties of ZnO

ZnO crystallizes in hexagonal wurtzite structure, shown in Figure 1.1, under normal

pressure and temperature. It consists of Zn2+ and O2− sublattices where each Zn atom

is connected to four O atoms in tetrahedral coordinates, and vice versa, with the lattice

parameters of a = 3.2495 Å and c = 5.2069 Å for the unit cell. [1] This structure results

in polarization of the lattice along the c-axis and (0001) surface is Zn terminated and

(0001̄) is O terminated. The different surfaces have different chemical and physical

properties, and different electronic structure. Due to the lack of centrosymmetry arising

from the crystal structure, ZnO is pietzoelectric. ZnO can also crystalize in zinc-

blende structure but only on top of cubic substrate, whereas rocksalt structure is only

metastable phase forming in high pressure. [1, 2]

The semiconducting ZnO has a direct band gap of 3.37 eV at room temperature

(RT) [3] and exciton binding energy of 60 meV. [1, 4] The band gap can be tuned by

alloying ZnO with MgO [5] or CdO [6] to be larger or smaller, respectively. As several

other wide band gap materials, ZnO also suffers from asymmetrical doping [7, 8],

and therefore, as grown ZnO has a tendency to exhibit n-type conduction, even as

nominally un-doped. Regarding p-type doping, this is problematic since the initial

electron concentration needs to be overcome before reaching the p-type.

The native n-type conductivity has been widely studied, however, unanimous agree-

ment of the causing defect is not yet achieved. Several studies have suggested extrinsic

defects like Al, Ga, In, and H [10, 11, 12, 13] but none of these impurities are alone

present at sufficiently high concentrations in ZnO crystals grown with different meth-

ods. Other studies suggest intrinsic defects [14, 15, 16], however, they have been

claimed to have too high formation energies or too deep levels in the gap to be able

to account for the conductivity. [17, 18, 9] The situation is further complicated by the
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Figure 1.1: The hexagonal wurtzite structure of ZnO. The blue (small) spheres repre-
sent oxygen atoms and the gray (large) spheres represent zinc atoms. [9]

inability of density functional theory (DFT) to predict the band gap of ZnO correctly,

causing uncertainty in the prediction of energy levels. [9]

Intentional n-type doping in ZnO is well established and can be done by doping

with Al, In or Ga. [19] On the other hand, p-type doping has proven to be difficult to

achieve. The energy levels introduced by the dopants are deep, the solubility of the

dopants is low, or the acceptors are compensated/passivated. From possible p-type

dopants, Li and Na are strongly self-compensating [20, 21], whereas group-V elements

have low solubility on the O site. In fact, the observed acceptor activity in group-

V doped samples has recently been shown to arise from antisite-vacancy complexes

instead of the substitutional acceptors. [22, 23, 24] Some succesful reports of p-type

ZnO has been published [23, 25, 26], but usually the conduction is unstable converting

to n-type after a period of time or under illumination [27], or the quality is bad with

low mobilities and high resistivities, which is evident in the lack of ZnO homojunction

devices.

In the cases above, the strong tendency of ZnO lattice to maintain certain equilib-

rium is tetrimental, but there are situations where it can be beneficial; ZnO is known

for its radiation hardness. [28, 29] The doses required to render ZnO high resistive are

two orders of magnitude larger than for example in GaN [30], and amorphization of
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ZnO is extremely difficult. [29] Low temperature in-situ irradiation studies show several

annealing stages below room temperature and the first annealing stage occurs already

at 65− 119 K, believed to be caused by the annihilation of Zn-related Frenkel defects.

Oxygen related defect signal was observed to be stable up to 400 ◦C. [31, 32]

1.3 Defects in Semiconductors

Semiconducting crystals tend to have low concentration of defects, but even small

concentrations can have a large impact on the electrical properties. Despite the usual

negative association with the word defect, in semiconductors they can be beneficial

and are used to modify electrical properties, i.e., for doping. The general definition

of defects can be divided into four types; point-, extended-, area- and volume-defects.

From these, point defects are the main interest in this thesis and they include vacancies,

interstitials and extrinsic atoms (e.g. dopants) in the crystal. A vacancy defect is an

atom missing from the lattice site and an atom between the lattice sites is an interstitial

defect. If the interstitial atom is originating from a nearby lattice site, i.e., leaving a

vacancy behind, the defect is called Frenkel defect. Even though it might seem logical,

the equilibrium concentration of vacancies and interstitials are not equal and several

different sources and sinks are present for these defects. The dopants are foreign atoms

in the lattice, usually on substitutional site, but can also be on interstitial site. In

binary compounds, also Schottky and antisite defects are possible, in which Schottky

defects contain vacancy from both sublattice with opposite charge states, and antisites

are atoms substituting the wrong sublattice.

At non-zero temperatures, the crystal will have defects and the concentration is

defined by formation energy (Eform) of the defect. Neglecting defect interactions, in

thermodynamic equilibrium, the defect concentration is given by an Arrhenius function:

N = NA exp(−
Eform

kbT
), (1.1)
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Figure 1.2: Formation energies for intrinsic defects in ZnO under Zn-rich and O-rich
conditions, calculated using DFT-LDA. The transition between charge states are indi-
cated by the kinks in the curves. [9]

where N is the defect concentration, NA is the possible sites for the defect, kb is the

Boltzmann constant and T is the absolute temperature of the system. For substi-

tutional defects and vacancies, NA is the atomic density of the crystal, whereas for

interstitial defects NA is dependent on geometry of the crystal and configuration of the

defect.

The Eform is the total energy required to create the defect. In the simplest case of

a vacancy, Eform consists of the cost of removing the atom from lattice site and adding

it into a reservoir which can be interstitial site or some reference chemical potential.

For creation of substitutional dopant, removal of a lattice atom is required in addition

to an extrinsic atom which needs to be added to the site from a chemical potential.

The formation of a charged defect requires also capture/release of electron(s) into/from

a reservoir. This requires/releases energy equal to the energy of the highest level of

the reservoir, called Fermi level (EF). Therefore, formation energy is dependent on

EF, and a defect can have different charge states with different EF position. However,

the situation in real crystals is not necessarily so straightforward, since defect-defect

interactions do occur, especially in presence of charged and mobile defects.
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The formation energies can be calculated and Figure 1.2 shows formation energies

for intrinsic defects in ZnO calculated by Janotti et al. [9] using density functional

theory (DFT) with local density approximation (LDA). The theoretical predictions

are not to be taken as absolute values, but rather as guidelines, since knowing the

chemical potential of the experimental system is difficult and there are inaccuracies

and approximations in the calculations. A more detailed explanation on calculating

defect formation energies using DFT is given in Ref. [33]

1.3.1 Li and Na in ZnO

Lithium (Li) has been regarded as a possible p-type dopant in the substitutional zinc

site (LiZn), [20] even though results indicate that the acceptor level might be slightly

too deep to be an efficient dopant. [34, 35, 36] In addition, the amphoteric behavior of

Li is expected to result in self-compensation of the LiZn by interstitial Li (LiI). [20, 21]

LiZn/LiI ratio is defined by electro-chemical potential of the material, and thus results

in pinning of Fermi level in the middle of the band gap. [20, 21] In fact, formation

energy calculations with DFT predicts that neutral LiZn-LiI -complex may dominate

instead of the compensation of isolated LiZn by isolated LiI defects. [20, 21] In addition,

LiZn can be passivated by H forming neutral OH-LiZn -complexes. [21, 37, 38, 39]

Electrically active complexes with H, such as LiZn-H-LiZn, have also been suggested

based on photoluminesence (PL) measurements in Li-doped [34] and H-doped [40]

samples acting as an acceptor.

The self-compensation of Li is readily assisted by the diffusivity of Li. Computa-

tional studies suggest that LiI is mobile at low temperatures with activation energy in

the 0.66 − 0.82 eV range, however, LiZn diffusion was suggested to be dependent on

intrinsic defect concentration. [41]

HT ZnO contains 1 − 5 × 1017 cm−3 of Li, as a residual impurity from the growth.

Typically, as-grown HT ZnO has a high resistivity, which then decreases when the

Li concentration is reduced, consistent with Li residing mainly in the acceptor con-
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figuration, LiZn. [42, 43] Electron paramagnetic resonance measurements also show Li

residing on the zinc site in Li-rich samples. [44]

Na is expected to behave similarily to Li with similar defect complexes, energy

levels and diffusion properties. However, the exact defect complex formations can

vary slightly, such as NaZn-HABO,⊥ has the lowest energy in contrast to LiZn-HBCO,‖

(or LiZn-HBCO,⊥). [21] The larger ion size of Na causes a compressive strain, instead

of Li’s tensile, which also explains the minor configuration-, and stability differences.

Diffusion of Na is expected to be via the same mechanisms, but slightly slower and

with higher activation energy.

1.3.2 Intrinsic defects and hydrogen in ZnO

Being a binary compound, the possible intrinsic defects in ZnO are self-interstitials

of Zn (ZnI) and O (OI), vacancies in Zn (VZn) and O (VO) sublattices, and antisite

defects, OZn and ZnO. [9] Despite large interest, the role of intrinsic defects is unclear,

especially in relation with the native n-type conductivity.

From the intrinsic donor-type defects, ZnI has the shallowest donor level. According

to theoretical predictions, the transition levels of ZnI are above the conduction band

minimum, acting always as a shallow donor. [9] Experimentally, ionization energies

below 51 meV for Zn-related defects have been observed. [15, 16, 45] However, assigning

these ionization energies to ZnI is difficult since the formation energy of ZnI is calculated

to be very high under n-type condition, and the migration barrier was calculated to be

low. [9] The lowest migration barrier was calculated for kick-out mechanism, 0.57 eV,

consistent with measured 0.55 eV [45], and therefore, it is expected to be mobile below

room temperature. The formation energy decreases rapidly towards p-type conditions,

thus, ZnI is a likely candidate for compensation of p-type ZnO. [9]

Even though VO has lower formation energy than ZnI under n-type conditions,

its donor level is predicted to be deep in the band gap, ∼ 1 eV below conduction

band edge. However, predictions of the level positions have large variations, depending
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on the method used to compensate the narrow band gap predicted by local density

approximation (LDA) and generalized gradient approximation (GGA). [9, 17, 46, 47,

48] Most of the VO observations comes from electron paramagnetic resonance (EPR)

studies, but there have also been some discrepancies in defect identifications. [49, 50, 51]

The migration barriers for V0
O and V2+

O were calculated to be 2.4 eV and 1.7 eV,

respectively. [9]

As mentioned earlier, VZn is an acceptor in ZnO and has been observed previously

in n-type ZnO by positron annihilation spectroscopy (PAS). [52, 53] The transition

levels of VZn has been calculated to be ε(0/−) = 0.18 eV and ε(−/2−) = 0.87 eV

above the valence band edge, and therefore, shallow enough to excite holes even at

RT. [9] The formation energy is low enough under n-type conditions to explain the

observations [9, 52, 53], but under p-type conditions the formation energy is too high

to produce a significant concentration. [9] The migration barrier for V2−
Zn (prevailing

under n-type) was calculated to be 1.4 eV and occurs by neighbouring atom moving

into the vacant site. [9]

According to calculations, OI can exist in two configurations: electrically inac-

tive O0
I (split) under semi-insulating and p-type condition, and O2−

I (octahedral) under

n-type conditions with a deep acceptor level. [9] The formation energies for both con-

figurations are high, and therefore, OI is not expected to exist in high concentrations.

The migration barriers were calculated to be 0.9 eV and 1.1 eV for O0
I (split) and

O2−
I (octahedral), respectively. [9] Formation energies for antisite defects are calculated

to be very high and are not expected to be in any significant concentrations under

equilibrium. However, those interested are encouraged to read Ref. [9] and references

therein.

In contrast to other semiconductors, H behaves only as a donor in ZnO [12, 13, 54,

55], and is readily available. However, the reported H concentrations are not always

high [43], and low thermal stability has been observed. [56, 57, 58, 59] In addition to

compensating acceptor dopants, H can form complexes with defects and is expected to
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passivate VZn. [60, 61] In HT ZnO, it has also been shown to passivate LiZn (OH-LiZn)

and the complex has been thought to be stable up to 1200 ◦C. [60, 62, 63] However,

recent IR studies show that the OH-LiZn signal disappears already after annealing at

650 ◦C when the sample is cooled down rapidly, suggesting that the observed stability

up to 1200 ◦C is arising from dissociation and reformation of the complex. [64] Moreover,

H substituting the O site has been suggested [13, 65, 66], as has also the ”hidden

hydrogen” (H2), undetectable by IR. [67, 68] A more complete review on hydrogen in

ZnO can be found from Ref. [69].

1.4 Diffusion

At any temperature atoms have non-zero energy, in the form of lattice vibrations.

With high enough energy, i.e., temperature, the atoms are able to move and the move-

ment can be described as random walk. In equilibrium, the movement of a large body

of atoms will average out and no net movement can be observed. However, a net flux

appears (JA) when a concentration-, or chemical potential gradient is introduced and

can be described by Fick’s first law:

JA = −DA
∂CA

∂x
, (1.2)

where CA is the concentration of diffusing atoms and DA is the diffusion coefficient,

which expresses the amount of atoms diffusing through an unit area in an unit of time.

The diffusion process is such that the atoms are conserved, and therefore, the

concentration change at location x is the flux and Equation 1.2 leads to Fick’s second

law

∂CA

∂t
=

∂

∂x
(−JA) =

∂

∂x
(DA

∂CA

∂x
). (1.3)

Analytical solution to the Fick’s second law can be found only in a few specific cases,

but numerically the Equation 1.3 can be solved for any diffusion profile.
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In this thesis, the diffusion profiles exhibit characters of trap-limited diffusion. [70]

This means, that the impurities are not allowed to diffuse freely, but are trapped

by some other defects to form immobile complexes. Therefore, the impurity concen-

tration is now divided into diffusing and immobile (trapped) concentration, and the

Equation 1.3 becomes two coupled differential equations

∂CA

∂t
= D

∂2CA

∂x2
−

∂CAB

∂t
∂CAB

∂t
= KCACB − νCAB

CB = CBtot − CAB

K = 4πRDA

(1.4)

where CA, CB, CBtot and CAB are the impurity-, available trap-, total trap- and occu-

pied trap concentrations, respectively. K and ν are the trapping rate and dissociation

rate for the traps, respectively. The R is capture radius of the trap, and for charged

defects, the Coulomb attraction needs to be larger than thermal energy and can be

estimated for opposite singly charged defects

e2

4πεR
= kbT, (1.5)

where, ε is the dielectric constant, kb is Boltzmann constant, e is the elementary charge

and T is absolute temperature. Typically, R ranges from a few lattice constants to a

few nanometers.

In addition to the trap limitation, in some cases the solid solubility of the impurity

becomes a limiting factor by limiting the amount of impurities free to migrate. [71]

This can be taken into account by introducing a solubility limitation

C =
SS CA

SS + CA
, (1.6)

where C is the impurity concentration free to migrate and SS is the limited solid

solubility. However, applying this limitation means that the solid solubility needs to

be known or otherwise it has to be fitted.



12 Chapter 1: Introduction

The diffusion coefficient at different temperatures can be obtained by fitting impu-

rity profiles measured after annealing by solving the Fick’s second law with numerical

methods. Similar to formation of defects, the diffusion is temperature dependent and

can be described by Arrhenius function

DA = D0exp(−
Ea

kbT
), (1.7)

where Ea is the activation energy for the diffusion and contains all temperature de-

pendent factors related to formation of the diffusing defect and moving it through the

lattice. D0 is the prefactor for the diffusion containing all temperature independent

factors and is typically in the 10−4 − 1 cm2/s -range.

Similarily, the dissociation rate of the trap complex is Arrhenius type of function

ν = ν0exp(−
Ed

kbT
), (1.8)

where Ed is the dissociation energy of the trap complex and ν0 is the attempt frequency.

ν0 can be approximated to be the charasteristic lattice vibrational frequency, typically

∼ 1013 s−1.

These parameters are of importance when identifying the diffusion mechanisms

and predicting dopant profiles in device manufacturing. Especially, the ultrashallow

junctions in modern transistors require extremely good understanding of the diffusion

mechanism.



Chapter 2

Experimental techniques

Reaching a solid scientific conclusion often requires a combination of complemen-

tary experimental methods and interpretation of the data obtained by each method.

Therefore, in-depth understanding of the experimental methods is essential. In this

thesis, ion implantation and heat treatments have been used to introduce defects and

modify the properties of ZnO. The defect evolutions have been monitored with sec-

ondary ion mass spectrometry (SIMS), which has been the most used characterization

method. It provides valuable information on chemical composition of the samples. As

complementary characterization methods for SIMS, positron annihilation spectroscopy

(PAS) and scanning spreading resistance microscopy (SSRM) have been used. PAS is

sensitive to open volume defects and their chemical surroundings, while SSRM provides

information on variations in local carrier concentration.

2.1 Ion implantation

Studying and manufacturing semiconductors and semiconductor devices, requires

introduction of accurately controlled amounts of impurities/defects into the mate-

rial. [72] This can be achieved by ion implantation, which is nowadays an essential

part in research and commercial production of semiconductor devices. The benefits of

13
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Figure 2.1: The basic principle of ion implantation. When the incident ion enters the
target material, it will collide with atoms and create disorder by displacing host atoms.

ion implantation are accurate control over doses in which dopants can be introduced,

areal selectivity (with the help of masks), and controllable dopant depth profiles. Dis-

advantages include high amount of irradiation induced defects by the implantation

process, and the need of heat treatments after implantations to activate the dopants

and restore the lattice.

Figure 2.1 illustrates the basic working principle of ion implantation. The dopants

are accelerated as ions to an energy corresponding to a desired ion penetration depth,

called projected range (Rp), typically within few microns from the surface (most of the

implantations in this thesis have Rp ∼ 200 nm). The chosen energy depends on the

mass of the implanted ion and the target material. The accelerated ions are directed

towards the target, in which they lose their energy in ionizing and elastic collisions until

they come to a full stop. The final dopant profile after monoenergetic implantation is

a Gaussian-like profile, with the peak concentration at the Rp, but the final shape of

the profile is dependent on the implantation parameters.

After the ion enters into the target, it loses energy. At higher ion energies (ve-

locities), the energy loss is dominated by inelastic collisions between the incident ion

and the electrons in the target material, i.e., electronic stopping. While slowing down,
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the electronic stopping decreases and at low ion energies (velocities) the energy loss

is dominated by elastic collisions between the incident ion and atoms in the target

material, i.e., nuclear stopping. The defect generation is dominated by the nuclear

stopping causing displacement of the target atoms, and therefore, the majority of the

defects are localized around Rp. The displaced atoms (primary-knock-on-atoms, PKA)

can have sufficient energy to knock-out secondary atoms, which in turn can have suf-

ficient energy to knock-out other atoms and so forth. The damage cascade following

an implanted ion is called an individual ion cascade, and varies as a function of several

different parameters, such as ion mass and energy. [72]

The implantation induced defects, such as self-interstitials and vacancies, behaves

differently depending on the implanted ion and target material. For example, ZnO

has shown some rare dynamic behavior of the lattice, where annealing of irradia-

tion/radiation induced defects begins already well below RT. [32, 53, 73] All this is

material dependent and very important while trying to produce semiconductor de-

vices, especially defect evolution during heat treatments, which are an inevitable part

of device manufacturing.

The expected dopant and defect profiles can be predicted, and in this thesis, a

simulation program called SRIM is used. SRIM performs a Monte-Carlo simulation

of interactions between the incident ion and target material. [74] The target material

is defined by user by inserting matrix elements as an input and defining density and

displacement energies for the matrix elements. However, there is no crystal structure

involved and each ion enters into a ’virgin’ material. In addition, defect interactions are

not accounted for, therefore, the defect concentration is typically overestimated. With

correct parameters, SRIM is shown to predict Rp of the implantation accurately. This

allows adjusting implantations of different elements to produce similar dopant and/or

defect profiles, which is beneficial while studying implantation of different elements.

For ZnO, density of 5.6 g/cm3 and displacement energies of 30 and 52 eV for Zn and

O, respectively, have been used in this study. [75]



16 Chapter 2: Experimental techniques

2.2 Heat treatments

As mentioned in Section 2.1, after ion implantation the dopants need to be activated

and the created disorder of the lattice needs to be healed. This is usually done by heat

treatments (anneals). The elevated temperatures give atoms sufficient thermal energy

to overcome barriers between different positions in the lattice, and therefore, results

to migration of atoms and annihilation of the defects. The heat treatment drives the

whole system usually towards the lowest energy with the limitation of the amount of

thermal energy available. A typical post-implantation anneal is performed at temper-

atures ranging from 400 to 1000 ◦C, depending on the goal of the anneal. Annealing

implanted ZnO at temperatures ≤ 600 ◦C results normally to clustering up of defects,

while annealing > 600 ◦C results to decreasing amount of defects with increasing tem-

perature. [76, 77, 78, 79, 80] However, the defect evolution during annealing depends

strongly on the implantation and the type of defects.

In some cases, a heat treatment before ion implantation is necessary. This is called

pre-annealing and is typical when using HT ZnO and a low Li content is preferred. [42]

In this thesis we have used pre-annealing at 1500 ◦C for an hour in air ambient, which

reduces the Li-concentration down to 1015 cm−3 range. [42] However, annealing in such

a high temperature reduces the quality of the surface and polishing of the surface is

required to restore the surface quality and to remove Li build-up on the surface before

the implantation. The polishing is performed with diamond particles (5− 0.25 μm) on

a rotating, suspended nylon pad. The whole process with the annealing and polishing

is called pre-treatment. Unfortunately, the polishing causes subsurface damage, which

then agglomorates and progresses deeper into the sample during anneals. These defects

are stable up to 1100 ◦C. [81, 82]
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2.3 Secondary ion mass spectrometry

A typical impurity concentration in semiconductors is in the ppm-range or below.

To detect such a low impurity concentrations, secondary ion mass spectrometry (SIMS)

is applied. SIMS is based on a process called sputtering, which is essentially ion

implantation with low incident ion energies, so that instead of penetrating deep in to the

sample, the ion causes collision cascades within the few topmost atomic layers, resulting

in ejection of target atoms and ions from the surface, i.e., sputtering. [83] The beam

of ions (primary beam) is continuously rastered over an area (50 − 500 μm2), creating

a crater, and therefore, SIMS is counted as a destructive method. SIMS has three

operation modes; ion imaging, depth profiling and mass spectrometry. In ion imaging,

the beam position is varied laterally and the sputtered ions are measured, therefore, an

image of a structure on the surface can be obtained. In depth profiling, the sputtering

is continued deeper into the sample and the ejecting ions are measured, resulting in

impurity concentration profiles as a function of depth. Mass spectrometry separates

the different mass-to-charge ratios, and thus, different elements can be identified.

There are two major types of SIMS-instruments; sector magnet and time of flight

(TOF). TOF-SIMS separates the ions by the time it takes for the ion to reach the

detector, and hence, the primary beam is pulsed instead of continuous. In this thesis,

sector magnet SIMS has been used and the working principle, shown in Figure 2.2,

is explained below and can be found in Ref. [84] in more detail. TOF-SIMS is not

as sensitive to charging as sector magnet SIMS due to the pulsed beam and it has

a better spatial resolution. Therefore, TOF-SIMS is often used in high resistive or

insulating materials and for ion imaging. Sector magnet SIMS has a better sensitivity,

mass resolution and is more suitable for depth profiling due to the continuous primary

beam.

Cs and O ions are usually used in the primary beam as primary ions, depending

on the measured elements. The energy of the primary ions is high enough to break
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Figure 2.2: The basic principle of secondary ion mass spectrometry. The primary
ions do not penetrate the sample, but cause ejection of host atoms/ions. These ions
are gathered and different mass-to-charge ratios are filtered with electrostatic sector
analyzer and magnetic sector analyzer.

the bonds in the target material. However, formation of molecules above the surface

is possible due to a high concentration of ionized and non-ionized atoms. The choice

of primary ions affects ionized to non-ionized atom ratio, increasing the sensitivity of

SIMS with increasing ratio. The ionized atoms and molecules are collected from the

central region of the crater with electric field.

The collected ions (secondary ions) are accelerated to a specific energy and directed

to electrostatic sector analyser (ESA) which is practically two charged plates creating

an electric field (E0) in between. The plates are curved with radius re, and therefore,

only ions with the same curvature path will pass, acting as an energy filter. After

ESA, the ions pass through a magnetic sector analyser (MSA), which is similar to

ESA, except, instead of the electric field, MSA has a magnetic field (B) perpendicular

to the ion trajectory and a radius of rm. In combination, these two filters allow ions
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with specific mass-to-charge ratio (M/q) to pass according to

M

q
=

(rmB)2

reE0

. (2.1)

The magnetic field of MSA can be varied, and therefore, different mass-to-charge

ratios can be filtered through. The filtered ions are counted with electron multiplier

at low ion counts and with Faraday cup at high ion counts. The ion counts are then

translated into concentrations with accurate calibration samples measured with the

same setup. The depth of the crater, created by the sputtering, can be measured and

the time scale of the measurement can be converted to depth scale by assuming a

constant erosion rate, resulting in a concentration profile as a function of depth.

As a consequence of the sputtering, the samples can build up charge if they are

highly resistive or semi-insulating. This can greatly affect the measurements and to

compensate this charge build up, an electron gun can be used to direct a beam of

electrons to the crater region. However, thick insulating materials can be very difficult

to measure.

2.4 Positron annihilation spectroscopy

Electrons are all around us and present in even the most insulating materials, and

therefore, it is convenient to use the anti-electron, positron [85, 86], to probe materials.

Especially since when a positron meets an electron, they will annihilate and emit two

511 keV γ-photons

e+ + e− = 2γ (511 keV ± ΔE), (2.2)

where ΔE is the energy variation resulting from the momentum conservation and is

known as Doppler broadening. This γ(511 keV) -line can be used to characterize

defects in solids and the method is called Doppler broadening, or coincidence Doppler

broadening method, depending on whether only one or both of the γ(511 keV)-photons

are required to be observed to count the annihilation event, respectively.
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The β-decay of 22Na is most commonly used as the positron source:

22
11Na = e+ + γ(1.27 MeV) +22

10 Ne + νe, (2.3)

where νe is a neutrino. The γ(1.27 MeV)-photon resulting from the decay process can

be used as a start signal and the γ(511 keV)-photon as an end signal while measuring

the time in between. This is called a positron lifetime measurement. Both Doppler

broadening and lifetime measurements have been used in this thesis, and are explained

in the following sections. However, these are not the only measurement methods and

semiconductors are not the only suitable materials for positron based measurements.

2.4.1 Doppler broadening measurements

After creation, the positron passes through a mediator which slows it down. The

slow positron is then accelerated to a certain energy, typically between 0.5 − 40 keV,

and directed towards the sample. Therefore, the knowledge of the γ(1.27 MeV)-photon

is lost and the positron lifetime can not be measured. The positron penetrates into

the sample and the depth is dependent on the positron incident energy and the target

material. Even though the positrons are monoenergetic, individual positrons stop at

different depths, resulting in a Makhovian distribution. Therefore, the positron incident

energy translates to a mean penetration depth:

Rp = AEn (keV), (2.4)

where A = 4/ρ (μg/cm2), n � 1.6 and ρ = 5.606 g/cm3 for ZnO. It is important

to account for the distribution of positrons since due to the distribution profile the

positrons are probing a volume instead of a single depth, and therefore, contributions

from several different regions to a single energy measurement are possible.

After entering the material, the positron thermalizes within 1 − 2 ps and diffuses

around before the annihilation. The diffusing positron can be trapped by neutral or

negatively charged open volume defects, or in some cases negatively charged ions. The
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trapping rate of the defect (κd) is proportional to the concentration of the defect (cd)

κd = μdcd, (2.5)

where μd is trapping coefficient of the defect, typically in 1014 − 1015 s−1-range for

neutral vacancies and 1015 − 1016 s−1-range for negatively charged vacancies. [87]

Electrons in semiconductors can be divided into two categories, core and valence

electrons. Core electrons are the electrons filling the inner orbitals and have a high

momentum while valence electrons, being the once participating in the formation of

bonds, have lower momentum. Perfect material has its own electron density, thus,

when an open volume defect is created, i.e., an atom is removed, the electron density

is modified. The density of core electrons is locally reduced and the probability of

annihilation with high momentum core electrons decreases. Hence, in the Equation 2.2,

the ΔE term is smaller, resulting in decreased deviation from a sharp γ(511 keV)

annihilation line.

The measured spectrum is divided into two regions; Center region (Shape, S-

parameter) which corresponds to the annihilation with low momentum electrons (≤ 0.4

a.u.) and wing region (Wing, W-parameter) which corresponds to the annihilations

with high momentum electrons (1.6−4.0 a.u.). By analyzing the annihilation momen-

tum distributions, it is possible to identify the surrounding environment of the annihi-

lating positrons. Figure 2.3 illustrates typical Doppler broadening spectra, where the

presence of open volume defects increases the central (S) region and decreases the wing

(W) region intensities.

The obtained momentum spectrum is dependent on the energy resolution of the

spectrometer. In this thesis, Ge detectors with energy resolution of 1.24 keV at 511

keV were used. Nevertheless, it is common to normalize the parameters to those of

annihilations in delocalized states, i.e., the perfect lattice. This is done by measuring a

high quality sample, which has a defect concentration below the PAS detection limit,

during the same measurement session.
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Figure 2.3: A typical spectra from Doppler broadening measurements, showing the
definition of S- and W-parameters. In addition, coincidence spectra obtained by two
different detector setup, are shown. [87]

Plotting the parameters as a function of the positron incident energy gives the open

volume defect profile as a function of sample depth. Therefore, it is possible to compare

defected regions with, for example, SIMS profiles and expected ion implantation pro-

files. It is also possible to plot the data in so called S-W -plot, in which the normalized

W-parameter is plotted as a function of normalized S-parameter. This way of present-

ing the data is useful due to its visual output. With the help of defined ZnO lattice-

and VZn-points, as shown in Figure 2.4, it is possible to easily illustrate the amount of

open volume defects. The ZnO-lattice point originates from the reference same sample

to which the other samples have been normalized. The vacancy point is well defined

by previous experiments and theoretical calculations and corresponds to saturation

trapping of positrons in single vacancies. [52, 53, 88] In this plot, the contribution of

single vacancies (VZn) is defined by the position of the datapoint on the line drawn

from the ZnO-lattice point to the VZn-point (VZn-line). The vacancy concentration
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Figure 2.4: A typical S-W -plot for ZnO. ZnO lattice point corresponds to positron
annihilations in perfect crystal and VZn-point corresponds to positron saturation trap-
ping, and annihilation, in single vacancies. The connecting line is the VZn-line, and
points above this line have larger open volume, and points below has smaller open
volume than VZn.

can be calculated by using S(W)-parameters and previously defined parameters:

[VZn] =
Na

μvτB

(W − WB)

(WV − W )
=

Na

μvτB

(S − SB)

(SV − S)
, (2.6)

where Na is the atomic density of the material, μv is the positron trapping coefficient

for the defect, τB is the lifetime of the bulk material and SB(WB) and SV(WV) are the

annihilation parameters in bulk state and in the defect state, respectively.

If the datapoints in S-W -plot are located above the VZn-line, the open volume of

the defects is larger than single vacancies, and in compound semiconductors, consist

of both cation and anion vacancies (VZn and VO, respectively in ZnO). [89] On the

other hand, if the datapoints are located below the VZn-line, the open volume of the

defect is smaller than single vacancy and/or the chemical surrounding of the vacancy

is different.
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The momentum distribution spectrum can be theoretically calculated, and thus,

by comparing theoretical predictions and experimental data, it is possible to identify

open volume defect configurations and their surrounding lattice. However, this requires

high resolution from the measurement and is usually performed as coincidence Doppler

broadening measurements. The setup is similar to the normal Doppler broadening,

however, both of the two γ(511 keV)-photons originating from the same annihilation

event need to be observed for the annihilation to be registered. This increases the

signal-to-noise ratio by three orders of magnitude, and thus gives more detailed spec-

trum particularly in the wing regions. The downside is the time consumption of the

measurements.

The theoretical calculations are based on electronic structure calculations where

the valence electron densities are calculated self-consistently with local density approx-

imation (LDA) using projector augumented-wave (PAW) method [90] and plane-wave

code (VASP) [91, 92]. The LDA is also used to determine the positron states and

annihilation characters [93], while the state-dependent scheme [94] is used to calculate

the momentum densities of annihilating electron-positron pairs. For Doppler broad-

ening spectrum, all-electron valence wave functions of PAW method [95] and atomic

orbitals for the core electrons were used. For those who are interested, more detailed

explanation can be found in Ref. [90].

2.4.2 Lifetime measurements

The same 22
11Na source is used in positron lifetime measurements, but instead of

gathering and slowing down the positrons, the source is sandwiched between two pieces

of the sample. The incident positron energy distribution ranges from 0 to 540 keV, and

therefore, will mostly probe the bulk of the samples. According to Equation 2.3, the

creation process of positron results in creation of a γ(1.27 MeV)-photon. This photon

is used as a start signal and γ(511 keV)-photons from the annihilation are used as a

stop signal. The time between these two signals is called positron lifetime.
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Figure 2.5: Measured lifetime spectra for VP ZnO (triangles), irradiated ZnO (circles)
and HT ZnO (crosses). VP and HT ZnO has 1-component lifetimes, where irradiated
ZnO has 2-component spectrum. [Paper I]

After entering into the sample, the positron undergoes the same phases as in

Doppler broadening measurements; Thermalization, diffusion, (de)trapping, and an-

nihilation. Due to the decreased local electron densities in the traps (open volume

defects), the trapping decreases the probability of annihilation, increasing the positron

lifetime. If the positrons are trapped by only one type of defect, saturation trapping

is observed when the trapping rate (κd) at the defect is

κd =
(τave − τB)

τB(τd − τave)
� 20τ−1

B , (2.7)

where τd is the positron lifetime for the defect. From this, it is possible to calculate

the defect concentration required for saturation trapping by using defect type specific

trapping coefficient μd and Equation 2.5.

Figure 2.5 shows the lifetime spectrum of a ’perfect’ and defected ZnO samples

(more detailed discussion can be found in Section 3.1). Typically, 106 annihilation

events are recorded and the measured positron lifetime spectrum consists of several
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exponentially decaying components related to specific defects:

−
dn(t)

dt
=

∑

i

Ii

τi

e−t/τi , (2.8)

where n(t) is the probability of the positron to be alive at the time t, i denotes the

specific defect, Ii is the contribution of the defect to the spectrum and τi is the positron

lifetime component. This can also be expressed as the average positron lifetime (τave):

τave =
∑

i

Iiτi. (2.9)

The lifetime of different components, τi, is related to the size of the open volume of

the defect and its contribution to the spectrum, and Ii is related to the concetration of

the defect. Thus, it is possible to define the size and concentration of the open volume

defects. However, fitting more than two components is complicated and usually only

two component spectra are fitted, one being the bulk lifetime (τb) and one defect

component, for example single vacancy (τv).

2.5 Scanning spreading resistance microscopy

Scanning spreading resistance microscopy (SSRM) belongs to the large family of

scanning probe microscopy (SPM) with atomic force microscopy (AFM) and scanning

capacitance microsopy (SCM). The operation of SSRM is similar to AFM, which has

three operation modes in which the tip has a contact, no-contact, or tapping contact

with the sample. The radius of the AFM-tip is in nanometer scale at the narrow end,

and spatial resolution can be pushed down to the atomic-range. The tip is attached to a

cantilever and a laser is pointed to a reflecting surface on the cantilever. The reflected

laser is detected and its position is monitored. Therefore, when the tip is brought

to proximity of the sample surface, forces between the sample and the tip bends the

cantilever and this bending is observed as changes in the laser position, which is then

translated into a surface topography. The forces acting between the sample and the
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tip depends on the used mode and can vary from mechanical (contact mode) to Van

der Waals and electrostatic forces. The areal scan is performed by changing the spatial

location of the tip. This is done very accurately by pietzoelectric crystals.

SSRM is AFM in contact mode with the difference that instead of measuring the

surface topography, a bias voltage (VDC) is applied between the tip and the sample.

The resulting current is measured (Imeas) and the SSRM resistance (RSSRM) can be

extracted from the Ohm’s Law:

RSSRM =
VDC

Imeas

. (2.10)

The RSSRM is a spreading resistance and can be expressed in terms of local resistivity

(ρ) and contact radius (r) as R = ρ
4r

. Assuming that the majority carriers dominate

the current, the equation 2.10 can be written as:

Imeas = VDC · 4rqnμ, (2.11)

where q is the elementary charge, n is the local carrier concentration and μ is local

carrier mobility. From the equation 2.11, it is seen that the SSRM signal is proportional

to the local carrier concentration. However, to extract the carrier concentration, the

mobility and contact radius are needed. With complementary measurements, such

as Hall measurements, it is possible to obtain mobility but the contact radius is an

approximation at best, and may vary during the measurement due to tip-wear and,

especially with ZnO, due to the soft surface of the samples. Therefore, SSRM has been

used only qualitatively to observe changes within a sample and comparing the trends

to other samples.

The samples prepared for the SSRM are cleaved to obtain a fresh cross-sectional

surface and the tip is dragged in contact with the surface. In this way, a resistance

profile as a function of depth is obtained, allowing monitoring of electrical evolution

of implantation regions. After cleaving, the samples were wrapped in a conducting

copper-tape with a drop of eutectic InGa in between the sample and the tape to ensure

(near) Ohmic contact between the sample and sample holder.
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The downside of SSRM is that it is sensitive to the quality of the surface. This

becomes a problem with ZnO, since it is soft and often shows bump-like features close

to the surface after cleaving. These irregularities affect on the contact radius, and thus

the SSRM signal. Hence, it is important to be aware of the surface topography while

interpreting the results. Another disadvantage relevant to ZnO is the loss of signal

in case of high resistive samples. This is most likely due to the loss of pure Ohmic

behavior of the contacts when the carrier concentration is low. In addition, the cleaving

of the samples renders the samples useless after the SSRM measurements.
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Defect engineering and group-I

elements in ZnO

The included papers are discussed in this Chapter. In Section 3.1 I discuss the role

of Li in ZnO and the section is based on Paper I. The Section 3.2 is using the knowledge

obtained in Paper I to introduce a novel way to study intrinsic defects using Li as a

tracer and is then used to monitor extrinsic defects. The section is based on Paper

II. Paper III, IV and V are summarized in Section 3.3, which concentrates on Li-Na

interaction, Na diffusion and the role of Na in ZnO. The Chapter provides an overview

of the data/conclusions as they appear in the papers. More detailed explanations can

be found from the appended Papers I-V.

3.1 The role of Li in ZnO

Positron lifetime measurements have been yielding different average lifetimes de-

pending on the origin of the ZnO. For flux grown ZnO, average positron lifetimes (τave)

of 180±3 ps and 169±2 ps were measured in as-grown and thermochemically reduced

samples, respectively, by de la Cruz et al. [96]. The lifetime of 169 ps was assigned

to the bulk positron lifetime (τb) of ZnO, but the defect causing the 180 ps lifetime

29
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remained undetermined. Consistently, Brunner et al. [97] measured a difference of ∼ 10

ps in τave between HT and seeded vapor phase (VP) grown samples and the assignment

of the τb = 169 ps was further supported by measuring τave = 170 ps in VP samples

by Tuomisto et al. [52, 53] and Chen et al. [98]. However, in HT ZnO, single compo-

nent lifetimes varying from 182.2 ± 0.7 ps to 198 ± 1 ps were measured by Chen et

al. [98, 99, 100], depending on the measured wafer. Similar τave = 180 − 182 ps values

were measured by Brauer et al. [101] in HT ZnO from several different suppliers, while

τave of 165− 167 ps were measured for melt grown (MG) ZnO. In addition, Børseth et

al. [80] observed a difference in Doppler broadening measurements in bulk value of HT

and VP ZnO.

The discrepancy in single component lifetimes in samples grown by different meth-

ods was suggested to be due to VZn-Hn -complexes. [101] However, the reported high

concentration of H is in disagreement with other reported H concentrations [43, 55, 102].

Homogeniously distributed defects, such as impurities, small angle grain boundaries

and other imperfections have also been speculated to cause the discrepancy. [98, 99, 100]

To address this problem, as-grown and pre-treated HT ZnO (HT-1 and HT-2, re-

spectively), and as-grown and Li-indiffused MG ZnO (MG-1 and MG-2, respectively)

samples were measured with SIMS and PAS. In addition, positron lifetime was mea-

sured before and after heat treatments at 1500 ◦C (same conditions as in the pre-anneal)

in two HT samples (HT-3 and HT-4). The HT-1 and HT-2 samples contain 2 × 1017

Li/cm3 and 3×1015 Li/cm3, respectively, and MG-1 and MG-2 contain 1×1015 Li/cm3

and 1.5 × 1019 Li/cm3, respectively. The Li concentrations in all of the samples were

constant after the first 0.2 μm from the surface, as seen in Figure 3.1. The Li profiles

of HT-3 and HT-4, before and after the anneal are similar to HT-1 (before) and HT-2

(after). [42]

In HT-1, an average positron lifetime of 187 ps was observed, consistent with the

previous studies in HT ZnO ranging between 180−190 ps. [98, 99, 100] Similarily, HT-3

and HT-4 had τave = 184 ps and 185 ps, respectively, before annealing. However, the
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Figure 3.1: Li concentration profiles in as grown HT (HT-1), pre-treated HT (HT-2),
as grown MG (MG-1) and Li-indiffused MG (MG-2) ZnO samples measured by SIMS.
[Paper I]

τave decreased to 178 ps and 179 ps, respectively, as a result of annealing at 1500 ◦C.

The τave of MG-1 sample was measured to be 170 ps in agreement with defect free,

single crystalline ZnO [53]. However, indiffusing Li to MG ZnO (MG-2), increases the

τave by 10 ps to 180 ps, to the same value as in HT ZnO. Therefore, the systematic

difference of 10 − 15 ps in Li-lean and Li-rich ZnO is attributed to the presence of

Li. Figure 3.2 shows a single component lifetime spectrum for VP ZnO (τb), a clear

two component spectrum for irradiated VP ZnO (τ2 = 230 ps caused by VZn) and a

single, but longer, lifetime spectrum for Li containing HT ZnO (also for Li-indiffused

MG ZnO samples), caused by Li-related defects with less open volume than VZn. An

estimated concentration of at least 2 − 3 × 1017 Li/cm3 is required to produce single

component spectrum.

Figure 3.3(a) shows normalized S- and W-parameters from Doppler broadening

measurements for HT-1, HT-2 and MG-2 samples together with O-irradiated, Li-lean

ZnO sample. [88] When only vacancies are present (O-irradiated sample), the S/W-

parameter follows the VZn-line while HT-1 sample falls below the line. However, the
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Figure 3.2: Measured lifetime spectra for VP ZnO (triangles), irradiated ZnO (circles)
and HT ZnO (crosses). VP and HT ZnO have 1-component lifetimes, where irradiated
ZnO has 2-component spectrum. [Paper I]

reduced HT-2 sample has the S/W-parameter on the line, while Li-indiffused MG-2

sample has the S/W parameter again below the VZn-line. This is consistent with the

behavior of the average positron lifetimes in Li-lean and Li-rich samples and Li-related

defects with less open volume than VZn.

The so called ratio curves for HT-1, MG-1 and MG-2, measured by coincidence

Doppler broadening measurements, are compared with theoretical predictions of LiZn

and LiZn-H-LiZn, in Figure 3.3(b), together with previous results for VZn (theoretical

and experimental) [88]. In addition, OH-LiZn, LiZn-LiI complexes were calculated, but

LiZn-LiI was not found to be an active positron trap and OH-LiZn was found to be

indistinguishable from LiZn. From Figure 3.3(b), it is evident that VZn can not explain

the ratio curves obtained from Li-rich samples, while theoretical predictions of LiZn,

LiZn-H-LiZn and OH-LiZn show excellent agreement with the data obtained from Li-

indiffused MG-2 sample. The difference between LiZn-ratio spectrum and VZn-ratio

spectrum is explained by the smaller open volume seen by the positron, and therefore,

increased high-momentum intensity from the neighbouring ion cores. Moreover, theory
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Figure 3.3: Experimental W-parameter as a function of S-parameter (a) for HT-1, HT-
2, MG-2 and electron irradiated VP-ZnO, showing a clear ’falling below the line’ trend
with increased Li concentration. Figure (b) shows experimental momentum curves
from samples HT-1, MG-1 and MG-2 as well as for VZn, and theoretical momentum
curves for VZn, LiZn and LiZn-H-LiZn -complex. [Paper I]

predicts 6 − 8 ps longer lifetime for LiZn and 8 ps, 7 ps and 81 ps longer lifetimes for

LiZn-H-LiZn, OH-LiZn complexes and VZn, respectively, consistent with the trend in the

experimental data.

If trapping by one type of defect is assumed, a saturation trapping can be calculated

to occur with 2−3×1018 Li/cm3. However, several different kinds of defects compete in

positron trapping in HT ZnO, therefore, a lower concentration is sufficient to produce

a lifetime spectrum where the components can not be resolved, [103] lowering the

minimum concentration to 2 − 3 × 1017 Li/cm3. In case of HT-1 (as-grown), at least

2×1017 cm−3 of the Li atoms, essentially all, need to reside on the Zn-site. In addition,

an approximated concentration of 5 × 1016 cm−3 VZn’s can be observed from the data

presented in Figure 3.3(a).

A saturation trapping of positrons in the MG-2 sample at the Li-related defect is

observed, and therefore, at least 2 − 3 × 1018 cm−3 of the Li atoms need to reside

in LiZn configuration to produce the observed spectrum without a contribution from

VZn. Such a high LiZn concentration rules out the LiZn-H-LiZn, OH-LiZn and VZn-Hn
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complexes as the majority trap for positrons, due to the far lower concentration of H,

and assigns the LiZn as the main positron trap. Nevertheless, no p-type conductivity

was observed, indicating that LiI prevails, or LiZn-LiI complexes are formed.

3.2 Intrinsic defects and defect interactions in ZnO

Li exhibits amphoteric behavior characterized by a tendency to compensate the

dominating conductivity [104, 20], and it has also been observed to redistribute in forms

of ”depletions” or ”pile-ups” after ion implantation and annealing. [80] As discussed in

Section 3.1, in as-grown HT ZnO Li resides predominantly as LiZn but can be potentially

kicked-out to LiI minimizing the total energy of the system. Due to its high Li content

(∼ 2 − 4 × 1017 Li/cm3), HT ZnO serves as a suitable model system to identify the

dominating residual point defects involved in the LiZn kick-out mechanism.

This kick-out of LiZn to LiI is readily seen in Figure 3.4, where (a) shows Li profiles

and (b) shows SSRM resistance profiles for samples implanted with low and high dose

of Zn (L Zn and H Zn, respectively), and a high dose of Ar (H Ar) (Paper II). The

low dose is in the range of 1014 cm−2 and the high dose is two orders of magnitude

higher. The L Zn shows a Li reduced region behind Rp (∼ 180 nm) after annealing

at 800 ◦C for 1 hour in air. The increased dose in H Zn has two effects: The Li-

redistribution starts already at lower temperature (600 ◦C) in a localized region around

Rp, and after annealing at 800 ◦C, a clear Li depletion region appears extending up to

∼ 5.5 μm. Interestingly, the H Ar sample does not show any large scale Li redistribution

even though the dose and energy of the implantation was adjusted to produce similar

disorder profile with H Zn (according to SRIM). Therefore, it is evident that in the Zn

implanted samples the Li depletion is caused by the excess of Zn. This phenomenon is

similar to the ”+1 model” in self-ion-implanted, crystalline silicon where Si interstitials

can be observed on interstitial site, eventually agglomorating into larger clusters and

evolving into dislocation loops. [105]
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Figure 3.4: Li concentration profiles (a) and SSRM resistance profiles (b) for L Zn,
H Zn and H Ar samples. The anneals were done for 1 hour in air. The dashed vertical
lines indicate Rp. [Paper II]

The SSRM profiles in Figure 3.4 (b) show resemblence to the corresponding Li

profiles for L Zn and H Zn samples. This is most pronounced for the H Zn sample

annealed at 800 ◦C where the Li-depletion region exhibits a low resistance. In H Zn

sample annealed at 600 ◦C, the low resistance region extends slightly deeper than the

Li-depleted region. A close examination of the Li profile indicates a build up of Li

behind the depleted region, which may indicate that a fraction of the redistributed Li

reside as LiI in this region. The resistance profile in H Ar samples are very different

from the corresponding ones in H Zn and only a large increase in resistance is seen

around the Rp after annealing at 600 and 800 ◦C.

Based on theoretical predictions [41], the most likely scenario is that ZnI’s are

released from the implantation peak during annealings. The ZnI’s diffuse into the

sample and encounter LiZn, causing the kick-out of Li to LiI, which is then free to

diffuse out of the region. Note, that after the reaction ZnI + LiZn → LiI, the Fermi-

level raises forming a n+-n-junction between Li-lean and Li-rich regions, respectively.

The field, created by this junction, promotes rapid transport of LiI out of the n+-region.
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Figure 3.5: Li concentration profiles for H Zn sample annealed (a) isochronally (30
min) in conventional furnace and (b) isothermally (800 ◦C) in rapid thermal processing
setup (50 ◦C/s ramp).[Paper II]

This is also indicated by the slight build-up of Li behind the Li-depleted region in H Zn

sample annealed at 600 ◦C.

The full extent of the strong preferential annealing of ZnO can be seen in Figure 3.5,

which shows Li concentration profiles of a H Zn piece after (a) isochronal anneals (30

min) and (b) iso- and rapid thermal anneals (800 ◦C, 50 ◦C/s ramp). The isochronal

anneals show that the ZnI + LiZn → LiI process starts at 600 ◦C at which temperature

the Li redistribution occurs only in a relatively narrow region, exhibiting similar, but

larger, pile-up of Li at the end of the depletion region as H Zn annealed at 600 ◦C

shows. Additional isochronal annealing of the same sample at higher temperatures

increase the Li depleted region reaching a maximum extent of ∼ 8 μm after annealing

at 750 ◦C. At higher temperatures, a reverse process is initialized and Li starts to return

back to the Li-depleted region with much slower diffusivity. According to theoretical

predictions [41], the most likely mechanism under the prevailing condition is vacancy

assisted diffusion of LiZn.

The situation in Figure 3.5(b) resembles that of transient-enhanced-diffusion in
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ion-implanted Si, where a burst of self-interstitials promote rapid diffusion of dopants

via an interstitial-mediated process. [106] The implanted Zn is released from the peak

already after 1 second anneal at 800 ◦C (50 ◦C/s ramp) and has created a ∼ 6 μm wide

Li-depletion region. The Li-depletion region then widens up with a decreasing rate

until the source of ZnI’s is exhausted, resulting in ∼ 8 μm wide depletion region after

98 seconds, after which, the slow Li diffusion process back to the depleted region can

begin.

Looking at Figure 3.6 (a) one immediately can see that oxygen implantation does

not cause a similar phenomenon as Zn implantation. The Li profiles for low dose of O

(L Ox) behave similarily to H Ar and high dose of Ne (H Ne). However, the high dose

of O (H Ox) causes a large scale Li build-up at Rp. The build-up is first observed after

annealing at 600 ◦C, and appears even larger after 800 ◦C anneal. Interestingly, the

Li concentration stays constant behind Rp and Li depletion regions are not observed.

This may suggest that the build-up at Rp is formed from LiI through out the sample.

The SSRM profiles of O-implanted samples in Figure 3.6(b) show that the implanted
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samples are highly compensated, even to such extent that it was not possible to obtain

reliable SSRM signal from H Ox samples, even after annealing at 1000 ◦C. However,

the SSRM profiles for L Ox show large increase of resistance around Rp after annealing

at 600 ◦C. This suggests that the Li build-up region is highly compensated either by

different LiI/LiZn-ratio before and after anneal, or by other acceptor-like defects. The

likely candidates for the acceptor-like defects would be O-related defects, such as OI,

due to the excess oxygen after the implantation. Interestingly, annealing at 800 ◦C

causes widening of the high resistance region without observable widening of the Li

build-up profile, indicating diffusion of acceptor-like defects. However, due to the high

Li-content in the initial samples and high compensation, it is not possible to identify the

diffusing acceptor-like defect since the concentration required to produce the observed

differences in the SSRM signal is too small to be observed in the Li-profiles.

Even though we can only speculate about the defects behind this behavior in O-

implanted samples, one thing is for certain; Zn, O, and Ar/Ne implants behave differ-

ently from each others due to the differences in intrinsic point defect balance in the

samples, and we are able to use Li to monitor it. Based on this observation, it is

possible to speculate that the situation would be the same, when implanting elements

substituting different sublattices. Similar Li-depletion is observed in Na-implanted HT

ZnO samples [107, 108], however, already at lower temperatures and with slower rate.

As in the Zn-implanted samples, here also the Li is being removed at low/moderate

temperatures, but it returns after certain temperature when Na concentration has de-

creased. The difference is that here Na is replacing the Li instead of Zn.

To further test this speculation, high doses of Cd, K and P were implanted into

HT ZnO samples and the Li concentration was monitored before and after annealing

at 800 ◦C, and the results are shown in Figure 3.7. All of these implanted elements

create a large Li-depleted region. Cd and K are heavy elements and create a large

quantity of disorder in the Zn-sublattice which is not allowed to recombine due to

the substitution of these elements to the Zn-sublattice. This leaves the created Zn
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Figure 3.7: Li concentration profiles for (a) Cd, (b) K and (c) P implanted samples
annealed at 700 − 800 ◦C.

atoms on the interstitial site and free to diffuse into the sample similar to Zn-implanted

samples. However, P is supposed to be an element substituting O-sublattice, but recent

studies show that under high P concentrations, P may start to substitute Zn-sublattice,

explaining the creation of ZnI. [109]

More support can be found in work done by Børseth et al. [110], where they observed

Li depletion regions — with similar temperature behavior as in Zn-implantations —

behind Al and Sb implantation profiles, without observable diffusion of the implanted

elements. This suggests that the implantations create a sufficient amount of disorder

and thus enough ZnI’s which can diffuse into the sample and create the Li-depletion

region. Again, Sb is supposed to be O-sublattice elements, but several studies show a

formation of SbZn − 2VZn-complexes [22, 111] accounting for the creation of ZnI’s.

Nitrogen is one of the few elements truly substituting O-sublattice, and indeed,

in Ref. [80] the Li profiles for N-implanted HT ZnO samples show similarities to O-

implanted and Ne/Ar-implanted samples, being truly neither. However, the clear dis-

tinction from samples implanted with Zn-sublattice elements means that it is possible
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to monitor the intrinsic defect balance in ion implanted ZnO by monitoring the behav-

ior of Li.

3.3 Defect interactions of Li and Na in ZnO

Theoretical calculations predict that Li and Na may potentially act as shallow

accpetors. However, this remains controversial since results both for and against have

been published. [20, 21, 34, 35, 36, 41] In addition to the uncertain acceptor level, Li

and Na have a tendency to self-compensate by changing configuration from acceptor

to donor and vice-versa, depending on the Fermi level position. [20, 21] However, the

stability of these different atomic configurations and the exact mechanism of the self-

compensation are unknown. For this purpose, HT ZnO samples containing ∼ 4× 1017

Li/cm3 were implanted with Na and Li/Na concentration evolution as a function of

annealing temperature was monitored by SIMS.

As seen in Figure 3.8 (a), annealing of the Na-implanted samples ≥ 500 ◦C results

in the removal of Li from the Na-rich region. Diffusion of Na was observed at 550 ◦C,

when the profile shows removal of Li also from the Na diffusion tail. A Ne implanted

reference sample did not show this type of behavior of Li, therefore, the behavior can

be attributed to an interaction between Li and Na (Paper III).

As mentioned in Section 3.1, the majority of Li resides on zinc site in HT ZnO, and

the LiI/LiZn-ratio is defined by the electro-chemical potential. The same is predicted

to be true for Na [21] and Figure 3.8 (b) illustrates a scenario for a system with Li and

Na. The formation energies for Li and Na behave similarily to each other. However,

a small offset in the energies result in a situation where Eform(NaZn) + Eform(LiI) <

Eform(NaI) + Eform(LiZn). Therefore, when Na is introduced into the system with Li,

the competitive behaviour will result in a depletion of Li from the Na-rich regions,

and in pinning of Fermi level deeper in the band gap. Indeed, measuring with SSRM

did not produce a stable signal close to the Na implantation region, indicating higher
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Figure 3.8: Concentration profiles for Li and Na (a), showing the Li-Na-interaction.
Figure (b) provides a schematic depiction of the effect of EF to the system. [Paper III]

resistance than in HT ZnO.

Assuming an attempt frequency of ∼ 1013 s−1, the annealing temperature of 500 ◦C

where the transformation from LiZn to NaZn begins, yields an activation barrier of ∼ 2

eV. However, this is most likely defined by the release of NaI from the implantation

peak.

Further experiments on Na implanted samples (Papers IV and V) revealed a trap

limited diffusion mechanism for Na in HT ZnO, however, no diffusion of Na was ob-

served in Li-reduced HT ZnO. This indicates that the pre-anneal alters the diffusion

path of Na, most visibly by removing Li, andd therefore, LiZn was suggested as the

dominating trap for diffusing Na.

The competitive behavior of Li and Na continues also at higher annealing tem-

peratures. When the Na concentration is becoming lower due to exhaustion of the

Na source, Li returns to the Na-rich region, confirming that the interaction is, in fact,

competition from the sites. Interestingly, this is also seen in Figure 3.9 (a), which shows

that in PAS, NaZn does not have similar signature as LiZn (discussed in Section 3.1),

consistent with Na filling the VZn leaving no observable open volume. When the Na/Li

ratio decreases, the LiZn signal reappears in the S/W-plot.
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Figure 3.9: W-parameter as a function of S-parameter (a) for Na implanted samples,
and S-parameter as a function of positron implantation energy (b). The dashed line
indicates Rp of the Na implants. [Paper IV]

The Na does not only fill the VZn, but it also suppresses the formation of larger

open volume defects, as seen in Figure 3.9 (b). The observed trend of decreasing

S-parameter (i.e. open volume defects) at the implantation peak (dashed line) as a

function of annealing temperature is related to increasing the amount of implanted

Na, illustrated in Paper IV. Moreover, the short positron diffusion length, indicated by

the rapid decrease of the S-parameter from surface to bulk value, suggests a presence

of negatively charged ions with annihilation parameters similar to the ZnO lattice,

possibly Na−Zn.

Typical Na diffusion profiles after annealings are shown in Figure 3.10 (a), exhibiting

diffusion trends in a wide temperature range. The Na diffusion in a smaller temperature

range (450 − 620 ◦C) was studied in more detail and the resulting diffusivities are

shown in Figure 3.10 (b) as a function of reciprocal temperature (Arrhenius plot). An

activation energy of ∼ 2.4 eV can be extracted, however, this is most likely limited by

the release of NaI from the implantation peak, instead of being the activation energy of

the intrinsic diffusion of Na. This is consistent with the very high prefactor (D0 ∼ 104

cm2/s) for the diffusivity. (Paper V) At higher temperatures, the Na implantation

peak does not retain its form, and therefore, the Na source can not be approximated
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Figure 3.10: Typical Na diffusion profiles (a) in a wide temperature range (0−950 ◦C),
exhibiting trap limited diffusion profiles. The Na diffusivities (b) in a smaller temper-
ature range (450 − 620 ◦C) provide Ea = 2.38 eV and D0 = 8.37 × 103 cm2/s. [Paper
V]

to be constant and it is not possible to extract accurate diffusion parameters.





Chapter 4

Concluding remarks and outlook

for future work

In the course of this work, several steps were taken towards an understanding of

defect interactions in ZnO. We found out that Li plays a major role in HT ZnO, and

therefore, results from different batches of ZnO crystals may be challenging to compare.

A dynamic behaviour of Li was shown, especially in the presence of Zn interstitials,

allowing Li to be used as a tracer element for intrinsic defects in ion implanted ZnO.

It also shows the dynamicity of the intrinsic defects which can not be neglected while

interpreting ion implantation results. The progress made in the present thesis may

be used as a solid ground for more detailed studies. Initial studies indicate that the

sensitivity of the system can be tuned by controlling the Li background concentration,

enabling quantitative experiments on intrinsic defects induced by ion implantation

and their diffusion. Co-implantation of Zn- and O-sublattice elements would provide

interesting insight to the intrinsic defect balance, perhaps bringing us one step closer

to controlling intrinsic defects and an eventual achievement of p-type doping.

Furthermore, defect interactions in Na implanted HT ZnO were studied, and Li

and Na were observed to compete for the substitutional Zn-site, resulting in similar

Li-depletion profiles as in the case of ZnI’s. The diffusion of Na was observed to be trap-

45
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limited and the main trap was concluded to be Li on Zn-site. However, the diffusion

mechanism is still unknown due to the limitation of the Na source in our experiments

and needs to be studied in more detail. One way to go around the source limitation

would be to perform Na indiffusion experiments and/or use Na rich ZnO layers grown

on top of bulk ZnO and measure Na profiles after annealing. Proper understanding of

the diffusion mechanism would readily allow the usage of Na in device designs as high

resistive ZnO in device isolation.
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