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Summary

Zinc Oxide (ZnO) has been used as a material in many different technologies from pharmaceuti-
cals to electronics. This exciting material can also be utilized as a wide band gap semiconductor
for application in optoelectronic devices. The availability of Zn, the possibility to grow single
crystal bulk material and the exitonic binding energy of 60 meV makes this material especially
interesting. Even though the material has been studied already since the late 1920s there are still
some fundamental properties of ZnO as a semiconductor which are not yet fully understood e.g.
the inherent n-type activity and the challenge of achieving stable p-type doping.

The present work is a study of dopants and impurities in ZnO, with a focus on H and Li and their
interplay in hydrothermally grown (HT) ZnO. Doping with H typically increases the electron
concentration in the material, either by direct donor activity or by passivation of acceptors. Dop-
ing by Li on the other hand typically results in material with high resistivity, which is explained
by Li contributing both as acceptor and donor on the substitutional Zn-site and interstitial site,
respectively. Both elements may therefore significantly contribute to the electrical properties of
ZnO.

Both H and Li are light elements with small ionic radius, and thus the diffusivity along the
interstitial route is expected to be high. In this work H diffusion has been studied by secondary
ion mass spectrometry (SIMS). From this the H diffusion in hydrothermally grown material was
found to be trap limited with an activation energy of 0.8-0.9 eV and with a dissociation energy
from the diffusion trap of approximately 1.5 eV. Since H and Li are known to form a complex
together and the concentration of Li is close to the observed trap concentration Li was suggested
to be the diffusion trap for H, however contribution from other defects or impurities could not be
ruled out.

To approach this question from a different angle, Fourier transformed infrared absorption spec-
troscopy (FTIR) was employed to study the 3577 cm~! local vibrational mode, previously iden-
tified as a OH-Li-complex. The 3577 cm™! line had been found to survive heat treatments of
several hours at 1200°C, which is inconsistent with the estimated dissociation energy of the H
diffusion trap. However, in this thesis it is shown that the reason for the high thermal stabil-
ity is efficient re-trapping of H (and possibly Li) when the sample is let to cool down slowly to
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room temperature. In this way the complex responsible for the 3577 cm~! vibrational mode is re-

formed and the peak can therefore be observed even after heat treatment at temperatures far above
the thermal stability of the complex. Furthermore, by comparing results from both SIMS and
FTIR, no correlation between the as-grown 3577 cm™! peak intensity and the Li-concentration
was found, indicating that most of the Li atoms in the as-grown state are not passivated by H.
SIMS-measurements also revealed an in-homogeneous distribution of Li repeated in the lateral
directions in some of the studied wafers. It is speculated that these in-homogeneities are related
to the presence of c-axis inversion domains as observed by transmission electron microscopy
(TEM) and it is speculated that they might contribute to the high apparent thermal stability of the
3577 cm~! vibrational mode.

The third angle of approach employed in this thesis is the combination of SIMS and positron
annihilation spectroscopy (PAS) together with theoretical estimates. The PAS-technique is very
well suited to study open volume defects. One of the main results in this work is the identification
of the positron annihilation signature of Li occupying the Zn-site, which showed that most of the
Li atoms in as-grown n-type HT-ZnO is in the acceptor-state (substitutional Zn-site). It also
showed that in melt grown ZnO doped with 1.5x10'® Li/cm® more than 2-3x 108 cm™ of the
Li atoms resides on the Zn-site, showing the possibility of obtaining large concentrations of Li
on the Zn-site in the acceptor state.

The identification of the annihilation signature of Liy, also opened the possibility to study the
effect of hydrogenation of HT-ZnO by PAS, where H is shown to efficiently passivate the Li-
acceptors leaving Zn-vacancies as the dominant positron trap. However, in material where Li
had been removed prior to hydrogenation H is found to be trapped by Zn-vacancies.

This work shows that there is a strong interplay between H and Li in ZnO. There are strong
arguments that Li is the main trapping site for H-diffusion based on the combination of results
from techniques like SIMS, FTIR and PAS, however other sites may not be completely excluded
and there is also evidence of relatively complicated dynamics related to the behavior of H and
Li in ZnO, involving several different sites for H. This work has also confirmed that several
properties of hydrothermally grown ZnO may vary from wafer to wafer and using good reference
samples are necessary to be able to draw correct conclusions.
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Chapter 1

Motivation and general background

Currently there is an ongoing revolution related to the world’s artificial illumination, which
started with the introduction of white light emitting diodes (WLED) a few years back [1]. This
transition towards wLED is mainly driven by the very successful development of the GaN-
material system, materialized for instance in wLED based flashlights found in any nearby sports
shop. Among the key advances as compared to other sources of illumination is the long lifetime
and high efficiency (low production of waste heat) of the LEDs. Since the first wLED was sold a
few years back, the efficiency has increased dramatically. In Ref.[2] the efficiency development
as compared to other sources of white light can be found. However, to utilize the full potential
of the wLED-technology the price must be reduced and, at the same time, environmental con-
siderations should be taken into account. One of the potential competitors to GaN is ZnO. Both
materials have a wide band gap of about 3.4 eV [3]. However, as opposed to GaN, ZnO is less
poisonous and potentially much cheaper. Another important aspect is that high quality ZnO bulk
material is available, which is not the case for GaN. Even if bulk growth of GaN is found to be
viable the price expectancy exceeds that of high quality bulk growth of ZnO by a factor of more
than 10.[4]

Interestingly, this ongoing revolution in artificial illumination opens up new possibilities for how
we design both our interior and exterior environment, since the small LEDs may be incorporated
into any wall, floor or furniture without the same fear of overheating and potential risk of fire as
with other sources of light. However, more importantly it may also be part of an efficient, long

lived and self-sustainable illumination system in combination with solar cells. In countries where
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electricity is not readily available and the typical light source comes from burning wood or petrol
indoors, there is a huge potential for increased life quality by employing such a system. Ways that
this can be achieved are exemplified by initiatives like “Light up the world foundation”[5] and
the “Barefoot engineers program”[6] that are based on investments in solar-systems and training
of locals, both men and women, to run and maintain the installed systems. This is shown to lead
to enormous changes in the way of life for the inhabitants, with side effects like promoting equal
gender rights and potentially improving the local environment by allowing vegetation to grow
back, since less vegetation is harvested for burning. It is, however, important to acknowledge
that development of new technology is not enough to obtain such changes, but it opens up new

possibilities and this surely motivates further investigations into relevant material systems.

Another relevant aspect is that several countries have banned the use of incandescent light bulbs,
replacing them with more efficient compact fluorescent lamps (CFL). A problem, however, is
that CFLs typically contain mercury, which complicates their disposal and raises questions about
environmental aspects. ZnO, on the other hand, is regarded as a safe material from an environ-

mental perspective, commonly used in baby powder, pigments, toothpaste, sunscreen etc.[7, 8]

Even though wLED is one of the main targets for the use of semiconducting ZnO, there are
several other interesting properties to be exploited. One of them is the possibility to produce
transparent conductive oxides (TCO). At present time, there are three commonly used inorganic
material systems with this capability, Sn doped InO (ITO), F doped SnO; (FTO) and Al- or
Ga- doped ZnO.[9] CdO, which was the first material discovered to act as a TCO is no longer
commonly used due to the toxicity of the material. ITO, on the other hand, is already widely
used in flat panel displays and other consumer electronics and also as a contact material for more
efficient collection of charge carriers in photovoltaic solar cells. However, doped ZnO has again
the potential to be a low cost and more environmentally friendly alternative. Another interesting
feature of ZnO is as a dilute magnetic semiconductor for use in spintronic applications.[10] How-
ever, there are several issues with ZnO that one needs to address before all of these applications

can be achieved.

The one major issue with ZnO is the lack of stable and low resistive p-type material.[11, 12]
There is a general trend that wide bandgap semiconductors results in being either n- or p-type in
the as-grown state; where achieving the opposite type (p- or n-type, respectively) is very chal-
lenging. This is referred to as an intrinsic doping asymmetry.[13] Despite this, there have been

reports claiming p-type activity in ZnO, but typically reproducing the results have been found
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difficult.[11, 12] Samples measured in one laboratory as p-type have ended up as n-type when
being measured in another laboratory. Thus the production and understanding of the stability of
p-type doping is a major issue. In more graphical terms it is tempting to think of this as a struggle
between the researchers and the material. Every time some researcher tries to force ZnO out of
its equilibrium to produce p-type activity, the material responds by inducing new donor states,
often of unknown sort. Thus studying and limiting the materials ability to induce compensating

donors is essential.

Hence, basic knowledge of ZnO is important. In this thesis the role of two common and elec-
trically active impurities, namely H and Li are addressed. In hydrothermally grown material,
which we have studied, Li is present in a concentration between 1-5x10*” cm~3. Measurement
of the as-grown H concentration is, however, in general difficult due to the lack of sufficiently
sensitive methods, but it is a readily available element and expected to play a key part in the
electrical properties of ZnO. Some of the key references on both H- and Li-impurities in ZnO
were published already in the 1950s and 1960s, so questions about these impurities are not of
new date.[14, 15, 16, 17] However, new experimental techniques have been developed since that
time, like SIMS and PAS, which enable us to reveal more details of the effects observed in ZnO.
As a curiosity, it could also be mentioned that a Norwegian paper on ZnO from 1935 is among
the first papers which deals with this exciting material[18], so we may build on a long standing

tradition when we dive into some of the mysteries of ZnO.
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Chapter 2

Single crystal ZnO

2.1 ZnO growth and basic properties

There are mainly three different ways of growing single crystal ZnO bulk material on an indus-
trial scale; hydrothermal (HT), seeded chemical vapor transport (SCVT) and melt growth (MG).

ZnO has a melting point of 1975°C. At these temperatures the O vapor pressure is high, which
means that an over-pressure of oxygen is needed to favor growth. The extreme growth conditions
due to presence of oxygen combined with temperatures as high as 2000°C make melt growth
a challenging task. Despite this, material of reasonably high quality is made by melt grown
techniques with growth rates as high as 5 mm/h. However, large temperature gradients during
growth result in material with residual strain. Low angle grain boundaries and high etch pit

densities are typically found in MG ZnO.[1]

For the SCVT-growth ZnO powder is heated to 1150°C in a sealed reactor tube, while a seed is
kept in the other end of the tube at a slightly lower temperature of about 1100°C. Hy is added
in the reactor tube as a carrier gas, where it helps to dissolve the ZnO powder since the O-
and Zn- vapor pressure is relatively low at these temperatures. When Hs-reacts with the ZnO
powder it forms water vapor and Zn-vapor and the lower temperature of the ZnO seed favor
growth of single crystalline material. SCVT grown ZnO is of high quality and has low impurity
concentrations, but it is not easily scalable, hard to control and combined with low growth rates

makes SCVT ZnO an expensive alternative.

Hydrothermal growth is conducted in an autoclave fitted with an inner liner made of Ag or Pt,

which is filled by ZnO pellets of high purity, an aqueous solution containing LiOH and KOH and

5
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Autoclave

Growth zone
™~ ZnO seeds

L —LiOH, KOH, H,0

— Inner liner

2

Y H,0

__ ZnO pellets
Dissolution zone

Figure 2.1: Sketch the hydrothermal growth chamber. The inner liner is filled with a aqueous solu-
tion containing LiOH, KOH and/or NaOH. ZnO pellets are placed in the dissolution zone and ZnO
seeds are suspended by Ti wires in the growth zone. The autoclave is heated and the growth zone is
maintained at about 20° C below the dissolution zone to favor growth at the ZnO seeds. [1]

ZnO seeds, see Fig. 2.1. The pellets are placed in the bottom (dissolution zone) of the liner and
the seeds are suspended by Ti wires in the upper part (growth zone). The purpose of the liner is to
avoid contamination from the autoclave and thus the liner is closed by welding before the growth
starts. The autoclave is also closed and heated up to temperatures of 300°C to 430°C at pressures
ranging between 70 MPa and 250 MPa. A temperature difference of <20°C is maintained be-
tween the dissolution zone (hot) and the growth zone (cold), which leads to transport of ZnO by
convection from the pellets towards the seeds. The lower temperature in the growth zone leads
to supersaturation, which favor growth. The solution is kept under conditions that are above the
critical point of water. At this point the solubility of ZnO is too low to facilitate proper growth,
thus mineralizers as LiOH, NaOH and/or KOH are added to increase the solubility. A mix be-
tween LiOH and KOH has been found to give the best crystal quality. However, especially the
presence of Li in the solution is found to contaminate the resulting material. E.g. in material ob-
tained from SPC-Goodwill, the Li concentration is typically found in the 1-5x10'” cm~3-range

(only in the 1x10'® cm™® range of K is observed).

Li is an amphoteric impurity in ZnO that may be in both a donor and acceptor state and typically

leads to charge compensation.[2] Thus this electrically active defect is in general unwanted in
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Figure 2.2: Sketch of the wurtzite ZnO-structure

the material and measures to remove it have to be investigated. The HT-ZnO material typically
also contain other impurities like Al, Mg, Fe and Si ([3]). Nevertheless, hydrothermal growth
leads to material of high quality and even though the growth rate is as low as <0.2 mm/day,
the possibility to use several seeds in the same autoclave to scale up the growth process leads to
relatively low costs as compared to the other techniques. In conclusion, hydrothermal growth is
expected to be the most economically viable method to grow ZnO, as it has been for quartz and
may prove to be for GaN growth[4]. However, more efforts are needed to reduce the amount
of impurities in HT-ZnO. Extensive reviews of these growth techniques can be found both in
Avrutin et al[1] and Ozgiir et al.[5].

ZnO normally grows in the wurtzite structure (see Fig. 2.2). However, under high over pressure
(10-15 GPa) a phase transition of ZnO into the rocksalt structure can be obtained[6, 7], while the

Zinc blende structure has only been observed when ZnO is grown on cubic substrates. [5]

In this work the focus is on hydrothermally grown material having the wurtzite structure. The
experimentally observed lattice parameters are found to be a = 3.25A and ¢ = 5.21A. [5, 8]
The deviation in the ratio between c and a from an ideal hexagonal closed packed structure (c/a
= 4/8/3 = 1.633) combined with the partly ionic nature of the bonds and the lack of inversion
symmetry along the c-axis yields a net dipole moment. As a result, ZnO shows a strong piezo-
electric effect and the electrical potential of the <0001 >-face and <0001>-face differ from each
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other. These two polar surfaces are usually referred to as the Zn-face and the O-face, respectively,
named after the surface terminating species. When working with surface sensitive experiments

on c-axis cut material the type of surface termination may influence on the observed effects.[5, 9]

As mentioned in the introduction, one of the main reasons to study ZnO is the wide band gap
of 3.4 eV at room temperature in the wurtzite structure. Another interesting property usually
pointed out, is the high exciton binding energy (60 meV) of ZnO as compared to GaN (25 meV).
This means that excitons (quasi particles consisting of an electron bound to a hole) may exist at
room temperature[S]. In general, recombination of electron and hole pairs can go through two
different processes (i) direct where there is no difference between the momentum of the electron
and hole and (ii) in-direct where the momentum of the two particles differ and to conserve the
momentum the transition involves an additional coupling to phonons. In the first process the
energy is emitted as light, while in the second process the energy may excite phonons, more

commonly known as heating the material as opposed to emitting light.

The large band gap and the high exciton binding energy together should result in highly efficient
direct optical transitions giving off photons with energy of the band gap, corresponding to ultra
violet light. This may potentially then be realized as light emitting diodes (LEDs) or even as
room temperature laser diodes (LDs).[10] The problem, however, is the lack of good, low resis-
tive and stable, p-type material. Several groups have tried to circumvent this problem by using
hetrojunctions, but to fully utilize the potential of the exitonic binding energy in ZnO the optical
transition has to take place inside ZnO. More importantly, hetrojunctions will typically have high
concentration of recombination centers and traps, strongly affecting the performance of such a

device.

2.2 Semiconductor basics

To understand the difficulties of p-type doping in ZnO presented in the next section a short
introduction to some semiconductor basics is needed. First lets start with the simplest case in
quantum mechanics, namely the H-atom. When performing a quantum mechanical calculation
of the energy states for a H-atom the energy is related to the vacuum level of the system. The
ground state is found to be 13.6 eV below the vacuum level and in addition there exist a quantified
number of energy states, which the electron can occupy by gaining additional energy from its

environment. The fact that the electron energy may only increase in discrete steps in contrast to
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an continuous increase is one of the fundamental properties that was first explained by quantum

mechanics.

In solid-state materials electrons gain one additional degree of freedom as compared to those in
atoms, in addition to the electron-energy they are also described by their momentum (or direc-
tion of movement). Thus the energy states describing electrons in isolated atoms are extended
to include also the electron momentum. The energy state varies as a function of the electron
momentum, commonly referred to as energy bands. In other words, the energy of the state an

electron can occupy, depends on the direction it moves in the material.

In a slab of material, which does not experience any external electric or magnetic fields, the
effective electron movement is zero. The result of applying an electric field over a piece of a
solid-state material defines what type of material it is. The three main types of materials are
metals, semiconductors and insulators. In metals the energy bands overlap and the electron-
energy may vary continuously and thus the electrons are able to respond instantaneously to the
applied field by setting up a net current in the metal. For insulators and semiconductors there
exist a gap in the energy bands and all the electron states up to this gap are filled by electrons.
Thus to be able to change the net electron movement in the material, electrons have to gain
enough energy to overcome this gap (band gap) and thus the lack of available electron states
effectively limits the possibility to drive a current through the material. The difference between
isolators and semiconductors is merely the size of the band gap and in practical terms also the

ability to obtain low and high charge carrier (electrons and holes) concentrations, respectively.

In general the energy band just below the band gap is referred to as the valence band, while
the band situated above the gap is referred to as the conduction band. In semiconductors the
materials ability to transport current depends mainly on the number of available charge carriers.
Charge can be carried both by electrons in the conduction band (n-type doping) or by holes in
the valence band (p-type doping). A hole is a quasiparticle, referring to the situation where one
electron is missing in the valence band. Originally filled electron states close to the conduction
band (shallow donors) work as efficient n-type dopants (results in excess of free electrons) while
empty states close to the valence band (shallow acceptors) work as efficient p-type dopants by
accepting electrons from the valence band by thermal excitation, leaving an empty state (a hole)
in the valance band. The ability to introduce a large amount of charge carriers by doping is what
in reality separates a semiconductor material from a electrically isolating material. Junctions of
p- and n-doped materials are the basis of diodes and transistors and are thus essential for utilizing

most of the semiconductor applications.
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The Fermi level position is a measure of the electronic state of the semiconductor and is defined
as the first empty electron state at T = 0 K. However, it is also commonly used for any tempera-
ture, where it may be viewed as the energy needed to move an electron from a reservoir into the
material, i.e. the lowest available energy state of the system, or alternatively, the energy where
half of the available states are filled. The Fermi level is typically given in reference to the valence

band maximum (VBM) and/or the conduction band minimum (CBM).

There are several limitations to successful doping of semiconductors. One is the solubility of
a given impurity in the crystal. Another is the energy of formation, where a high formation
energy will efficiently reduce the probability of formation of that specific defect. For charged
defects the formation energy depends on the Fermi level position and is also highly dependent
on the chemical composition of the material. For instance in ZnO the formation energy of the
Zn-vacancy (Vz,) is higher in Zn-rich material than in O-rich material and the doubly negative

acceptor state is more favorable in n-type material than in p-type material etc.

2.3 The p-type challenge

In several wide band gap semiconductors (ZnO, GaN, ZnTe etc) one typically experience dif-
ficulties in obtaining both efficient n- and p-type doping of the same material. Some materials
favor n-type (ZnO, GaN) while other favor p-type doping (ZnTe). The observed doping limi-
tations cannot be explained by the size of the band gap alone since materials with similar band
gap size exhibit completely different doping behavior (e.g. ZnO and ZnTe).[11] However, the so-
called amphoteric defect model (ADM), where doping induced amphoteric' defects are predicted
to lead to compensation, provides a phenomenological rule that explains the experimentally ob-
served trends over a range of semiconductor materials, including ZnO.[11, 12] As mentioned
in the previous section the electrical properties of a semiconductor is usually described by the
Fermi level position in reference to the band gap edges. However, within the ADM it is argued

that to understand the doping limitations the relevant reference point is the vacuum level.

Prior to the amphoteric defect model it had been found that when doping with transition metals
the position of the impurity energy level did not show any clear trend in reference to the band
gap edges for different semiconductor materials. However, when the same levels were referred

to the vacuum level instead, a remarkable material invariance of the levels in III-V and II-VI

!Can act both as a donor and an acceptor depending on the Fermi level position
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semiconductors was found.[13] This is understandable since transition metal impurities typically
lead to highly localized states in the band gap, where the atomic energy states (as referred to the
vacuum level) are only slightly perturbed by the host lattice. This means that the position of the
energy states of the transition metal impurities can inversely be used to align the semiconductor
band edges to the vacuum level and thereby acting as a reference for comparing the band edges

in between different semiconductor materials.

A similar reference point can be found in materials that have been heavily irradiated. The irradi-
ation will induce intrinsic defects, which may be of amphoteric nature. After a sufficiently high
irradiation dose the defects are observed to self compensate and lead to so called Fermi level pin-
ning, where the Fermi level becomes insensitive to further damage caused by the irradiation.[11]
The Fermi level pinning position is material specific and can be viewed as an intrinsic property
of the material. Walukiewicz et al. refer to this Fermi level pinning energy as the stabiliza-
tion energy Erg, which is found to be about 4.9 eV below the vacuum level over a range of
materials.[11] It is argued that for the formation of such compensating defects it is not the Fermi
level deviation from the mid band gap that is important, but rather the deviation from Ers. A
similar process can also explain the doping limitations as found in wide band gap materials,
where a large deviation from Erg caused by deliberate doping leads to the lowering of the for-
mation energy of undesired compensating defects. According to Walukiewicz [11] the effective
equilibrium doping limits are given by Erg £1.3eV. In Zang et al.[14] theoretically predicted
and experimentally determined doping levels for a range of materials are presented. In ZnO the
conduction band minimum is found to be only 0.2 eV above the Fyg, thus explaining why it is
relatively easy to obtain high n-type conductivity while p-type conductivity is difficult, if not
even impossible, since a deviation of about 3eV from Efg is necessary to obtain low resistive
p-type material.[11, 14]

The amphoteric defect model does indeed explain the trends observed over a range of semicon-
ducting materials with regards to doping limits and points out exactly how big of a challenge it
is to obtain p-type doping in ZnO. It also clearly shows that to obtain p-type doping the way to
go is out of equilibrium.[15] One line of investigation that has been proposed is to use neutral
complexes consisting of an acceptor of choice together with a donor, which may be removed in a
post processing step. In this way the idea is that the system is only forced out of equilibrium after
the main processing steps are performed. The donor usually mentioned is H.[16, 17, 18, 19, 20]
Thus the properties of H both as a compensating donor and as one of the candidates for the inher-
ent n-type activity as found in all as-grown materials is important and is also the topic of the next

section. However, it should also be mentioned that in spite of the big challenge there are several
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claims of successful p-type doping and even some reports that claim operational light emitting
diodes.[21, 22] So there is definitively light in the end of the tunnel.

2.4 Hydrogen and n-type conductivity

In the as-grown state ZnO is always n-type. The source of the n-type conductivity is still not
fully understood, in spite of huge efforts to reveal the mechanisms behind it. Since the different
growth techniques all produce n-type material, the first assumption that one can make is that
there is only one defect present in all samples responsible for the n-type activity. Originally it
was thought that a native defect such as zinc interstitial (Zn;) or oxygen vacancy (Vo) was the

source of n-type conductivity in ZnO. [23, 24, 25]

Later it has been found from first principle calculations that the formation energy for these defects
is relatively high, so one should not expect any considerable amount of the mentioned point
defects to be present in the material. The one with the lowest formation energy is V. However,
this defect seems to induce a donor state which is too deep to account for the observed n-type
activity. In addition, Vg is predicted to behave as a negative U-center, where the doubly negative
charge state is more favorable than the singly negative charge state.[26] In 2000 Van de Walle
et al.[27] suggested that hydrogen could be the source of the n-type conductivity. Based on first
principle calculations they found that H only acts as a donor in ZnO (and may thus passivate
acceptors only). This is in contrast to what is found in other semiconductors, like Si, where
H typically passivate both acceptors and donors. H is also a readily available impurity, which
easily could be present in material originating from all the different growth techniques. Donor
activity from H was observed already by Thomas and Lander [28] in 1956 and Hutson et al.
[29] in 1957. The donor activity of H has also more recently been confirmed by several authors
[30, 31, 32, 33], responding to the proposal by Van de Walle. H is thus shown to have both
the means and possibility to be responsible for the unintentional n-type conductivity in ZnO. A

thorough review on the role of H in ZnO is given by Monakhov et al.[9].

However, based on infrared absorbtion spectroscopy measurements [33, 34, 35, 36], H effusion
measurements [32, 37] and thermal treatment of implanted 2H as measured by secondary ion
mass spectrometry[38] the thermal stability of H in ZnO is typically found to be low, ranging
from 150°C-750°C. At the same time high temperature heat treatment at 1500°C is shown to
decrease, not increase, the resistivity by several orders of magnitude in HT-ZnO. This is evidence

of a donor with high thermal stability and thus not consistent with the findings for H.[3, 39]
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From temperature dependent Hall measurements on as-grown samples it is also found that H is a
relevant, but not dominant donor.[40] These examples show that H contributes to donor activity,
but it cannot be the only active n-type dopant responsible for the inherent n-type activity in all
samples. It should also be noted that in most of the samples where donor related vibrational
O-H modes have been studied, H have been deliberately introduced.[34, 41] In as-grown HT-
ZnO the dominating OH-related vibrational mode is the one observed at 3577 cm™!. This mode
is, however, suggested to originate from a neutral complex consisting of OH-Liy,.[42, 43, 44]
Thus being an example of acceptors passivation rather than donor activity. As mentioned in the
previous section utilizing the ability of H to passivate acceptors is part of a suggested route to
obtain p-type doping where H is removed at a later stage. Acceptor passivation will of course
indirectly contribute to the n-type conductivity, however this can not explain the intrinsic n-type
activity on its own and it is clear that H cannot be the only source of the unintentional n-type

doping in ZnO grown by different methods.

2.5 Origin of the inherent n-type activity

As pointed out by Vines et al. [3] and McCluskey et al. [45] there are also other sources of n-type
doping like Al, Ga, Si[46] etc. present in samples originating from several of the ZnO-growth
techniques. The more likely scenario is thus that the n-type activity does not originate from only
one type of defect, but rather vary depending on the growth technique and possibly also from

wafer to wafer from the same growth process.
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Chapter 3

Methodology

The main characterization techniques employed in this thesis are: secondary ion mass spectrom-
etry, Fourier transformed infrared spectroscopy and positron annihilation spectroscopy. A short

review of these techniques will be given in the following sections.

3.1 Secondary Ion Mass Spectrometry (SIMS)

SIMS is a focused ion beam technique where primary ions are used to sputter a crater in the
sample under investigation. A secondary ion beam is created by accelerating the charged atoms
and molecules emerging from the sputtered crater. This secondary ion beam is then analyzed in
a mass spectrometer and the ion intensity is measured as a function of magnetic field strength,
time or position (or combinations of these). In this way the system has the ability to record
mass spectra, impurity depth profiles and to study differences in the impurity concentrations
along the lateral directions by ion-imaging. Fig. 3.1 shows an overview of a magnetic sector
instrument, illustrating the primary ion beam, the secondary ion beam, the spectrometer and the
three different measurement modes mentioned. By the use of standards it is also possible to
quantify the concentration of a given species as a function of depth in the sample. The ability to
produce quantified results with parts per billion sensitivity and dynamic range over 5 orders of

magnitude makes SIMS very well suited to study impurities in semiconductors.

19



20 Chapter 3. Methodology

T,
- : A ° nmy,m
Electrostatic ||  Magnetic "m," ° .y i
Uy
energy analyser sector analyser e
Image mode
=
3
N
/ 5 Detector
i~
jo)
Depth profile
Sample ‘
L

Mass spectrum

Figure 3.1: Sketch of a dynamic SIMS with a magnetic sector spectrometer, showing the capability
of recording both ion images, mass spectra and impurity depth profiles.

3.1.1 Instrumentation

A SIMS-instrument is usually categorized by the type of mass spectrometer used. There are three
types of spectrometers available (i) time of flight (TOF), (ii) quadrupole and (iii) sector magnet

spectrometers.

In a TOF-spectrometer a pulsed primary ion beam is used to sputter the studied sample. For
each primary ion pulse, the secondary ions having the same kinetic energy are selected and then
allowed to travel down a long path before they reach the detector. Given the same kinetic energy,
light elements have higher velocity than heavy elements and the light elements will therefore
reach the detector first, thus the long path separates the ions in time depending on their mass.
The strength of this technique is the ability to study the composition of a single monolayer in the
sample under investigation, since the primary ion beam intensity is usually kept so low that only
in the range of 1% of a monolayer of the sample is removed by each pulse (static mode). This
technique is thus well suited to study surfaces or thin films, large molecules/organic material
and material with high resistivity. In addition, both the mass spectrum and depth profiles can
be recorded simultaneously. The quadrupole spectrometer is mainly used in the case of low
energy primary beams while the sector magnet spectrometers are preferred due to their higher
mass resolution and improved sensitivity. In the next section a more thorough treatment of the

magnetic sector spectrometer will be given.
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Figure 3.2: The electrostatic energy analyser shown together with the rest of the magnetic sector
spectroscope. r. and r,, are the curving radius of a given ion traveling through the energy filter and
magnetic sector spectrometer, respectively.

3.1.2 Theory

In this thesis a Cameca IMS-7f system equipped with both a Duoplasmatron (normally operated
with oxygen) and a cesium primary ion source and a magnetic sector spectrometer have been
used. Fig.3.2 shows a sketch of the magnetic sector spectrometer. A continuous primary ion
beam is rastered over an area in a typical range of 50x50 um? up to 500x 500 ym?. A crater is
sputtered in the sample and the ionized part of the sputtered particles emerging from the crater
is accelerated towards an electrostatic energy analyser (ESA). The ESA is constructed of two
curved metallic plates in parallel, which both repel the ions forcing them to follow the curvature.
In a linear homogenous electric field the force applied to each ion F equals the electrostatic
potential E times the elementary charge g, which is countered by the centripetal force:
2 T_é

ec 3.1)

Te Te

muv

F=

where m is the mass of an atomic ion or ionized molecule (for simplicity both will be referred to
as ions in the following text), v, is the velocity of the ion when traveling through the electrostatic
analyzer and r; is the radius of the metallic plate curvature. Thus only the ions having a kinetic
energy matching the curvature radius r, (which is controlled by the electric field Eq) will pass

through the ESA-exit slit and continue into the magnetic sector analyser (MSA). In the MSA
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there is a magnetic field (E) perpendicular to the beam trajectory. This will again bend the

secondary ion beam as described by the Lorentz force:

—

F= q(ﬁm X é) (3.2)

where q is the charge of the ion/molecule and v,, is the ion velocity through the MSA. Thus from
the ESA and the MSA we get, respectively:

mu? mu?
qEO = : ) ([UB = r m’ (33)
€ m

where 7, and r,, is the curving radius of the ions passing through the electrostatic (Ey) and
magnetic field (B) respectively. Assuming that there is no loss in energy when passing through
the analysers the velocity v, of the ion in the electrostatic sector analyser equals the v,, in the
magnetic sector analyzer. Therefore only the ions that satisfy the following equation will be let
through the MSA-exit slit and hit the detector:

= ) 4
reEy 34

m (rmB)?
q

where Eq, r,,, and r,, are kept constant. Thus depending on the amplitude of the magnetic field any
given ratio between the charge and mass of the ion can be selected by the combination of both
the electrostatic and the magnetic fields. The secondary ion beam intensity is then recorded by
an electron multiplier or Faraday cup as a function of time, magnetic field or primary ion beam

position.

To obtain quantitative results the recorded intensity must be related to the concentration of each
element. The proportionality between the recorded secondary ion intensity and the actual con-
centration depends on the species investigated and the material studied. The intensity (I;) for a
given ion ¢ is:

I =1pYH,TC, (3.5)

where I p is the primary ion beam intensity, Y is the sputtering yield, -, is the ionization efficiency,
T is the instrument transmission function and C; is the actual concentration of species ¢t. The Ip
is set for each measurement and is usually in the range from 10nA up to 1 nA. Ip equal to 100 nA

is the most commonly used value in this work.

The sputtering yield Y depends on the primary ion mass, energy and angle of incidence and the

matrix of the sputtered sample. For an extensive review of the sputtering process, please refer to
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Sigmund[1]. The dependence of the matrix means that one needs to be especially careful when
measuring layered structures/heterostructures or heavily doped material (typically 1% or above).
As an example the sputtering yield may change by a factor of almost 3 when going from pure Si

to pure Ge [2].

The ionization probability v;, also called the secondary ion formation and survival probability
depends on the element under consideration, the matrix, and the type of primary ion used. The
Cameca IMS-7f system has two primary ion sources, a Cs source and a Duoplasmatron. The
Duoplasmatron source is usually operated with O,-gas, however other gas sources like Hy, and
Ar may also be used. The Cs- or Duoplasmatron sources are used depending on the ionization
potential and electron affinity of the element studied. For elements having high ionization poten-
tial (which requires a large energy to remove one electron) the Cs-source is used, since it is one
of the most electropositive elements of the periodic table and thus increases the probability of
negative ionization instead. However, negative ionization depends on the electron affinity of the
element under investigation. Nitrogen is an example of an element with high ionization energy
and zero electron affinity, thus when measuring N a molecule, which include N is preferable.
This of course, severely limits the sensitivity for N and the secondary ion intensity may also
be limited by the other constituents of the molecule and not give reliable results. For elements
with low ionization potential the Duoplasmatron is used to increase the probability of positive
ionization, since O itself is strongly electronegative. In practical terms for this work this means
that to measure H or D the Cs-source is used, while the Duoplasmatron (with Os) is used to study
Li, Na, K etc. in ZnO. Unfortunately, no quantitative theoretical models exist for predicting the

ionization probability.

The instrument transmission function T is an instrument specific parameter. It also depends on
the secondary apertures, which are set for each measurement. The Cameca IMS-7f have four
contrast apertures (CA) and four field apertures (FA) to choose from on the secondary beam
line. The sizes of the apertures are given in table 3.1. Both CA and FA can be used to limit the
secondary ion current, in addition CA is used to control the image contrast while FA defines the
size of the analyzed area together with the max area (defined in the measurement setup with a

typically diameter of 150 pm):

FA x Max area diameter
1800(pm)

(3.6)

Analyzed area diameter =

Thus FAT is mainly used for beam alignment. While FA2 or FA3 are typically used for measure-

ments. FA4 is used in special cases mainly to limit the secondary ion intensity even further. As
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Table 3.1: Overview of the available secondary beam line field- and contrast apertures (FA and CA,
respectively) Diameter size in pm

FA | CA
1| 1800 | 400
2| 750 | 150
3| 400 | 50
41 100 | 20

an example, when using FA3 the analyzed area is 33 zm?. In addition to the aperture there is an
electronic filter limiting the analyzed area (typically to 70%) of the raster size. By limiting the
recorded ion-intensity to the center of the crater secondary ions emerging from the crater walls
are excluded. This is especially important when measuring with a small raster size and recording

abrupt depth distributions.

All the proportionality factors are commonly collected into one, which is called the sensitivity
factor Sy = IpY 1. Calculating the sensitivity factor for each element is not trivial, thus a
common approach is to use samples implanted with a known dose of the element of interest to
produce a reference sample. As mentioned the effect of the matrix may be large, therefore it
is important to use a reference sample, which is as close as possible to the sample that will be
studied. The sensitivity factor is then found as the ratio between the secondary ion beam intensity
I; (counts/second) and the known concentration (typically in 1/cm?®) of the specific impurity for

a given set of measurement conditions.

The sensitivity for Li in ZnO is typically high, where concentrations as low as 1x10'3 cm ™ can
be measured. However, even though the instrument runs under ultra high vacuum conditions,
H in the sample chamber is responsible for a noise signal, setting the detection limit, normally,
to about 1x 10 cm~® and only under good conditions one may reach 5x 107 cm~3. Tt is worth
noting, that the ionization efficiency of H in ZnO is relatively low as compared to other materials
like, e.g., Si. However, by using 2H instead of H the detection limit may be lowered to below

105 cm—3.

3.1.3 Mass spectrum

As seen from Eq. 3.4, when recording the secondary ion intensity as a function of the magnetic-

field in the MSA a mass spectrum of all the ions emerging from the sample can be obtained.
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However, mainly due to the differences in ionization potential between the elements such a mass
spectrum can only give qualitative information and may not be used to quantify differences be-
tween the impurity elements present in the sample without specific calibration of each element

separately.

3.1.4 Depth profiling

The measurement mode mostly used in this thesis is the recording of depth profiles. The magnetic
field is then cycled for one or more fixed values corresponding to the charge to mass ratio of
interest and the secondary ion intensity is then recorded as a function of time for each element.
The time can be converted to depth if the erosion rate is known. The erosion rate E,. is in general
proportional to the primary ion beam intensity I» and the inverse of the raster area (S):

Ip

E, =a—, 3.7
a~g (3.7

where the proportionality constant oz depends on the material sputtered and the type and energy

of the primary ion beam. « can be found by assuming a constant erosion rate and by measuring

the depth of the resulting crater by e.g. a Dektak Stylus profilometer.

The erosion rate is constant as long as the primary ion beam intensity is constant and the mea-
sured sample is homogeneous, i.e. all impurity variations in the matrix are below ~1%. When
measuring heterostructures the erosion rate for each material needs to be examined first and taken

into account when calibrating the depth scale.

3.1.5 Ionimaging

The third possibility is to record the secondary ion intensity as a function of primary ion beam
position during rastering to produce an ion image. In this mode the primary ion current is typ-
ically low (1-10nA) to obtain a small beam spot size. Further, it is possible to obtain a spatial
resolution of less than 1um and when the measurement is done in combination with cycling of

the magnetic field ion images for several ions can be obtained from the same measurement.
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3.1.6 Electron gun

Since SIMS relies on a focused primary ion beam, the sample needs to have a low enough
resistivity to remove excess charge for proper secondary ion detection. The Cameca IMS-7f
has a built-in electron gun directed towards the sample for charge compensation. However,
such charge compensation has a limited capability making the present setup unsuitable for thick

insulating layers.

3.2 Fourier transformed infrared absorption spectroscopy (FTIR)

Infrared absorption spectroscopy is a technique where infrared (IR) light is absorbed by matter.
IR-light over a range of frequencies is either reflected from or transmitted through the sample of
interest and the resulting spectrum is then compared to a reference spectrum (e.g. measured in
vacuum or a relevant reference sample). In this way the samples ability to absorb light may be
studied over a range of frequencies. The technique has traditionally been used to study vibrations
of molecular bonds in the gas- or liquid phase and is commonly used in identification of different
molecules and constituents. However, it may also be extended to study defects in solid state

material, including semiconductors.

3.2.1 Theory

In general, a molecule consisting of N atoms have 3N degrees of freedom, 3 of which are rota-
tional, 3 translational and the remaining 3N-6 are vibrational modes [3]. The vibrational modes
of a diatomic molecule can in the simple cases be described using Newtonian mechanics, where
the atoms can be viewed as two point masses connected by a massless spring. For small dis-
placements (harmonic approximation) the force (F) is proportional to the displacement (x) as
described by Hook’s law; F' = —kx, where k is the force constant (in units of N/m). The

vibration (x(t)) can be described by solving Newtons second law:

d*x(t)
—kx(t) =p i (3.8)
x(t) = Acoswt, (3.9

where A is the maximum displacement, w = \/k/p is the angular frequency and p = ™2 jg

mi+ma

the reduced mass. One of the key features of IR-spectroscopy is the possibility to observe shifts



3.2. Fourier transformed infrared absorption spectroscopy (FTIR) 27

in the frequency when replacing one of the elements (1m,) with another isotope (m}) of the same
element. Assuming that the chemical bond will be unchanged (k = £*), the shift only depends on

the change of mass. The vibrational frequency will then change according to:
(m +ma) _mima_ (3.10)
/L k:* mimg My +msy

Even though this simple model actually gives a quite accurate description of the molecular vibra-

tions, it fails to describe the interaction with light and for this a quantum mechanical approach is
needed. Solving the Schrédinger equation for a harmonic potential of U (x) = %ka one can find

that the vibrational energy of an harmonic oscillator is:

L, 3.11)

Eyp = hw(n + 5

where h is the reduced Planck’s constant (1.05457 x 10734 Js) and n is the quantum number that
take integer values of 0,1,2, etc, each one characterizing a different eigenstate of the harmonic
oscillator. These energy states also describe the molecules ability to absorb light. Only transitions
from one eigenstate to another are allowed, thus only light with an energy matching the transition
may be absorbed. The energy of light is given as £ = hAw. In the spectroscopic tradition, the

wave number unit 7 (cm~1) is normally used, given by:
V=—=— (3.12)

where ) is the wave length and c is the speed of light (2.9979 x 10%° cm/s). The wave number
is proportional to the energy as F = 1.24 x 107*7 eVem. The energy difference of tran-
sitions from the ground state (n=0) to the first excited state (n=1) of most vibrational modes
correspond to absorption in the mid-infrared range (400-4000 cm™!), making IR spectroscopy
a useful tool to study such vibrations[3]. However, the electromagnetic waves of light can only
interact with the vibrational modes, which have a time-varying electric dipole moment. As a
consequence of this, symmetrical stretch modes like that of the Hy-molecule cannot be observed
by IR-spectroscopy. Such modes can, however, be studied by Raman spectroscopy, which is
a complementary technique where a laser is used to excite modes by inelastic scattering in the
material. The corresponding shift in frequency of the scattered light is then related to vibrational
modes in the material. As an example, Lavrov et al.[4] have, based on the combined efforts of

both Fourier transformed infrared spectroscopy and Raman spectroscopy, studied different states
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of H in ZnO including H,.

When extending this treatment to solid-state materials, first of all, translational and rotational
modes will no longer be available for excitation. The second difference is that instead of exciting
local modes as described above, the whole of the lattice will be affected and thus a set of vibra-
tional waves propagating throughout the lattice will be formed, called phonons. These phonons
are quasi particles, which carry lattice vibrations throughout the material and thus play an impor-
tant role in the physical properties of solids, like electrical- and thermal conductivity. Phonons
may be longitudinally- (where the atomic vibration is in the same direction as the propagating
wave) or transversally polarized (where they vibrate normal to the direction of the propagating
wave). In addition, when considering materials with two (or more) elements in the primitive
cell, the two elements may vibrate in phase or out of phase, these modes are called acousti-
cal or optical-modes, respectively. As the name indicates the optical modes can be excited by

electromagnetic waves (e.g. IR-light), if the two elements have opposite charge.

ZnO belongs to the C, space group and there are four atoms in the primitive unit cell, which
result in 12 different types of phonons, one longitudinal acoustic (LA), two transverse acoustic
(TA), three longitudinal optical (LO) and six transverse optical (TO) modes. [5] The so-called A
and E; branches are related to vibration along the c-axis and to vibration within the plane normal
to the c-axis, respectively, and are the only ones to be both IR- and Raman active. In addition
there are two non-polar Raman active modes related to the Eo-symmetry, one for vibrations in the
Zn-sub-lattice (called Es ,,,) and one related to vibration in the O-sub-lattice (called Ej pig).[5,
6, 7] The main contribution to IR-absorption in ZnO is by multiple phonon band absorption in

the range of 800-1100 cm™!, see Refs. [7, 8] and references therein.

When point defects are introduced into the material, they will perturb the symmetry of the lattice
and introduce new vibrational modes. Modes with wave number in between the ZnO vibrational
bands are referred to as gap vibrational modes, while modes with wave numbers exceeding the

maximum band wave number is referred to as localized vibrational modes (LVM).

The focus in this thesis is the study of local vibrational modes of the O-H stretch modes related to
different defects as observed in ZnO. In the case of OH-defects in oxides, the interaction between
the induced LVM’s and the crystal lattice is small, thus the LVM in a material can be viewed as
a perturbation of the vibration of a free molecule. The harmonic wave number estimated for a

free hydroxyl ion is 3738 cm™!

, while the OH-bonds are typically found to absorb in the range
from 3200 up to 3700 cm™~! in several oxides[9] and thus clearly separated from the mentioned

band modes in ZnO. The shift to lower wave numbers is related to anharmonic changes in the



3.2. Fourier transformed infrared absorption spectroscopy (FTIR) 29

Figure 3.3: Overview of the IR-beam path in the Bruker IFS 113v FTIR spectrometer, obtained from
the instrument manual. 1) Globar source, 2) Aperture, 3) Filter exchanger (not used), 4) Beam splitter,
5) Double-sided movable mirror, 6) Stationary mirrors, 7) Sample position, 8) DTGS detector (not
used), 9) InSb detector.

potential experienced by the molecule and reflects the nature and local chemical environment of
the OH-bond. As described in equation 3.10 a shift will also result from a change in between
isotopes of a given element. As an example, the structural model of the defect responsible for
the 3577 cm™! absorption peak have been proposed based on isotope shifts between both 'H and
2H, and SLi and "Li proving the involvement of these elements [10, 11]. In addition, since the
defect only absorbs in certain directions the detailed structure (direction of the OH-bond) of the

defect may also be described (e.g. by the use of polarized light).[12]

3.2.2 Instrumentation

The setup used in this work is a Bruker IFS 113v Fourier transform transmission spectrometer
with a SiC globar light source and a Genzel type interferometer. A cold finger cryostat is used to
cool the sample down to 20 K in vacuum. In Fourier transform infrared absorption spectroscopy
(FTIR) an interferogram containing all wave numbers is produced instead of using a monochro-
mator to scan through each wave number. In this way the spectral response may be obtained in a

shorter time and with less noise as compared to the traditional grating spectrometers.[3]

To produce an interferogram, light is emitted (in this case) from the globar light source emitting

black body radiation in the range of 100 - 6000 cm~!. Fig. 3.3 gives an overview of the beam
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path through the spectrometer with each part labeled from 1 to 9. The emitted light (1) is first
focused onto a beam splitter (4) made of Si on a CaF,-substrate (spectral range of 1250 - 15000
cm™1), where part of the beam is reflected and the rest is transmitted. Both the reflected and
transmitted IR-beams are then directed towards each side of a moving mirror (5), which reflect
the two beams back towards the beamsplitter. After returning to the beam splitter the two beams
interfere constructively or destructively depending on the wavelength and difference in the path
length. For each scan of the mirror the full frequency range can be covered, where the spectral
resolution depends on the maximum mirror displacement (see apodization below). The interfered
beam is transmitted through the sample or the sample reference (7) and is then recorded by a
detector (8 or 9). The detector used in this setup is a photovoltaic InSb detector (9) cooled by
liquid N, with a spectral range of 1850 - 10000 cm™!.

Since the difference in path length is known at any given time (measured by a reference laser)
the wavelength may be extracted from the resulting signal. In the case of a monochromatic
IR-source, the resulting intensity would simply be a single cosine as a function of the mirror
displacement, where the frequency is equal to the frequency of the monochromatic source. How-
ever, since the IR-source consists of a range of frequencies and the resulting beam intensity is a
superposition of all the cosine-functions over the emitted frequency range, called an interfero-
gram. The ideal interferogram can be described by a weighted integral of cosine-functions over

all wave numbers, 7:

I(6) = /00 S(v) cos(2m0d)dp, (3.13)

where § is the mirror displacement and the weighting function S(2) is the spectral distribution
from the black body source modified by absorption in the mirrors, beamsplitter and the sample.
Equation 3.13 can be recognized as the cosine Fourier transform of S(), thus the spectrum can

be retrieved by taking the inverse Fourier transform:

S(v) = / 1(9) cos(2mvd)do. (3.14)
In a real interferometer the mirror can of course not move an infinite distance. Thus in the real
integral, the intensity 7(9) is in addition multiplied by an apodization-function A(d) to account

for the limited mirror displacement:

S(v) = /:x: I(6)A(d) cos(2mmd)do. (3.15)

oo
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In the simplest case A(0) is a boxcar-function, defined as 1 within the range of the mirror dis-
placement and O otherwise. The choice of apodization-function will, however, affect the shape of

the peaks in the absorption spectrum. In this work a Blackman-Harris 3-term function is used[3]:

Cycos(m) + Cacos(2m L) + Cycos(3n)  for— M <6 <M
0 for all other values of ¢
(3.16)

where M is the maximum mirror displacement and the constants C;, C, and C3 are 0.42323,

ABH(é) = {

0.49755 and 0.07922, respectively.[3] The resolution (A7) scales approximately as the inverse

of M:
1

M.

Increasing the the displacement of the mirror will thus increase the spectral resolution, however,

Av =~ (3.17)

at the same time the measurement noise will also increase. Thus the optimum choice of M will
vary, depending on the instrument and the measured sample. In this work a spectral resolution

of AU = 1cm™! have been used.

3.2.3 Data analysis

When the data have been collected and the inverse Fourier transform has been performed the
absorption spectrum can be obtained. However, the spectrum still contains information about
the source, the mirrors and the beam splitter in addition to the absorption that take place in the
sample. To remove the instrument specific effects the spectrum measured through the sample
(D) is normalized to a reference spectrum measured through a reference sample or (in the way it

have been done in this work) through an empty sample holder in vacuum (Iy).

When including multiple internal reflections in the sample, the transmission through the sample
is given by[3, 7]:
I (1—R)?eo®d

= (3.18)

T(v) = Ty 1— Rle—2ad’

where d is the sample thickness, a(7) is the linear absorption coefficient at 7 and R is the sample
reflectivity.
For ZnO, R is found to be ~0.11 in the spectral region of interest[7]. Since e~2¢ < 1 for all «

then R%2e?? « 1. Thus equation 3.18 can be simplified to:

T(0) = (1 — R)?e™ = [1(1 — R)?e~(a@Fex®d _ 0 (j)e=a2(7)d (3.19)
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where o = a1 + ap and « is the absorption from free charge carriers and the host crystal, while
vz 1s the absorption related the crystal defects. The separation of « in a7 and o is based on the
assumption that o; and thus the factor C'(7) = (1 — R)%e~*1? only varies slowly as a function
of U in the studied spectral range while the absorption from OH-related defects may be seen as

sharp peaks at low temperature.

According to Beer-Lambert’s law the absorbance (A) by a species (i) is proportional to the defect
concentration (c;) and the sample thickness (d), where the proportionality is referred to as the

absorption strength €. The absorbance is defined as:
A(r)=—-In(T) = —In(C(P)) + aa(P)d, (3.20)

thus the specific absorption coefficient can be found from:

on(7) = _ (In(T) *dlﬂ(c(w). (3.21)

Since the absorption peaks for a given defect (i) have a finite width, the absorption strength € is
usually defined as:
[ (0)div

a

€6 =" (3.22)

G
where the integral limits a and b cover the peak range and c; is the concentration of the absorbing
defect.

If ¢; is known the concentration can be estimated. If the defect responsible for the LVM includes
one or several impurity elements, the lower limit for egng can be found by measuring their
concentration by SIMS. In the case of egpys = €; all of the impurity atoms, as measured by SIMS,

contribute to the absorbing defect.

Finally, to be able to measure in the transmission mode, the sample needs to be sufficiently trans-
parent. However, in low resistive samples the free carrier absorption may reduce the transmission

below the noise level of the detector, thus making it impossible to extract any absorption peaks.

3.3 Positron Annihilation Spectroscopy

The existence of positrons was first predicted by Dirac in 1928, as the positive counterpart of

the electron [13]. Without any knowledge about the earlier work by Dirac, this antiparticle was
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experimentally observed some years later by Anderson in 1932 when it emerged in a Wilson
cloud chamber [14]. A thorough review of the events that led to the discovery of this exotic
particle is given in Ref. [15]. Later, in 1936 Andersen was awarded the Nobel Prize in physics
for his discovery of this exotic particle, which when it meets an electron annihilate and emit two
~-photons with an energy of 511 keV each. This fundamental property is utilized in positron
annihilation spectroscopy (PAS) to study negatively charged and/or neutral open volume defects.
Since the positron is positive, positively charged defects will repel the positron and they can
thus only be observed indirectly if one is able to induce a change in the charge state of the
defect. Positron annihilation is adaptable to several material systems and in one of the most
famous techniques positron emission tomography (PET-scan) it may be used to study functional
processes in the human body[16]. The focus here, however, will be on solid-state materials or

more precisely on single crystal ZnO.

As mentioned, the essence of PAS is the process when a positron meets an electron and annihilate
and two gamma photons carrying approximately 511 keV of energy each (separated by 180
degrees in direction) emerge. Positron lifetime spectroscopy, Doppler broadening spectroscopy,
coincidence Doppler broadening spectroscopy and angular correlation of annihilation radiation
(ACAR) are some of the sub-techniques of PAS and the three first will be treated in some detail
here. For a more comprehensive review of these techniques including ACAR, the readers are
referred Refs. [17, 18].

3.3.1 Positron lifetime spectroscopy

The positron lifetime is defined as the time from creation until annihilation. The §*-decay of
22Na is the most commonly used source of positron creation in the PAS-techniques, which is
described by:

2Na = e" +7(1.2TMeV) +32 Ne + v, (3.23)

where e is the positron and v, is a neutrino. The positron will, as mentioned, eventually interact

with an electron and annihilate:

et +e” =27 (511keV). (3.24)

One of the reasons why the decay-process of ?2Na is used as a positron source is the simultaneous

emission of one ~y-photon during the decay process, as seen in equation 3.23. The time between
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the creation of this first y-photon and the two y-photons emerging after the annihilation can
thus be taken as a measure of the positron lifetime, 7. Solid state materials, can be viewed as
consisting of positively charged ion-cores surrounded by valence electrons, where the ion cores
repel the positively charged positron. However, in an open volume defects there are (of course)
no positively charged ion cores and thus the positron may be trapped. One exception is when the

open volume defect is positively charged, which would be the case for V%* in ZnO.

In general, the positron lifetime is found to be proportional to the electron density in the area
probed by the positron, as a consequence the lifetime is also related to the size of the open
volume defect and can thus be used to study details of such neutral and negatively charged open
volume defects. In material that does not contain any positron traps the positron will annihilate

in a delocalized bulk state, this material specific parameter is defined as the bulk lifetime, 75.

To record the lifetime spectrum, a ?2Na-source is sandwiched in between two identical pieces
of the studied sample to ensure that all the emitted positrons enter the sample. Typically 10°
lifetime events are collected: First the y-photon emerging from the 3-decay and then the two -
photons emerging from the annihilation. The recorded experimental lifetime spectrum represents
the probability of positron annihilation at a given time, t. This spectrum may consist of several

exponential decay components representing the different defects (i) present in the material:

dn(t) _ Il —t/7i
7 727}6 (3.25)

1

where n(t) is the probability of the positron to be alive at time t, 7; represents the positron lifetime
components and I; is the fraction of each defect contributing to the spectrum. This may also be

represented by the average positron lifetime 7,y:
Tae = 3 LTy, (3.26)

where the 7; relates to the size of the open volume defect and from the intensity /; the concentra-
tion of each defect can be obtained. In the case of measurements at room temperature of samples
containing only e.g. Vz,, 71 1 T !+ ky, where v is the positron trapping rate of the Vz, and
79 = 7yv.[17] Thus the second component is directly related to the lifetime of the defect present,

while the first component always will have a value lower than 75.

However, before the data can be analyzed properly, random background radiation and annihila-

tion events taking place in the source have to be corrected for. Due to this and because of the
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Figure 3.4: A lifetime spectrum from Paper V, which shows the difference between a low concentra-
tion of Vzy,, saturation trapping in the Liz,, and delocalized bulk annihilation.

limited resolution only 1-3 lifetime components may be extracted from the lifetime spectrum,
depending on the distribution in lifetime and concentration. To separate two components in the

lifetime spectrum the ratio 75 /7 needs to be > 1.3 — 1.5.

In this technique the positrons are not moderated before they enter the sample and a lifetime
measurement is therefore often referred to as a fast positron technique. The positrons resulting
from the decay of 22Na exhibits a broad energy distribution of up to 540 keV in energy, thus
probing deep into the bulk of the material (~170 pym in ZnO see Eq. 3.27). This means that the
technique is best suited to measure thick samples since otherwise most of the positrons would
penetrate through and annihilate in the substrate instead of in e.g. a thin film. In addition, to

simplify the data analysis the samples should preferably be homogenous.

Figure 3.4 shows the lifetime spectrum obtained in a piece of (i) ZnO grown by the vapour phase
technique (VP-ZnO), (ii) irradiated VP-ZnO and (iii) hydrothermally grown ZnO (HT-ZnO),
respectively. The data from the as-grown VP-ZnO show a one component spectrum with an 7,y
of 170 ps while the irradiated VP-ZnO have a 7,,, of 184 ps. From this spectrum it is possible to
extract two separate lifetime components 7, equal to 155 ps and 7» equal to 230 ps. The second
component is typical of annihilation in a Vy,, while the first component corresponds to 75 =
170 ps and represents annihilation in the delocalized bulk state.[19]
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3.3.2 Doppler Broadening Spectroscopy

Doppler broadening spectroscopy (DBS) is categorized as a slow positron beam technique. The
positrons are first slowed down (moderated) and then accelerated to a given energy, typically
between 0.5 to 40 keV, depending on the setup. By controlling the energy it is then possible to
implant the positrons to the required depth where the positron peak position can be estimated
empirically by:

R, = AE" (keV) (3.27)

where A = 4/p (ug/cm?), n~ 1.6 and p= 5.606 g/cm? for ZnO.

Depth profiles of the studied sample can be obtained by scanning the positron implantation en-
ergy. Itis, however, important to note that when the energy is increased the width of the implanted
positron distribution also increases, i.e. in the deep end of the profile substantial averaging of the

recorded signal will occur.

The amount of loss of positrons during the moderation step is dependent on the moderator ma-
terial. In the case of a single crystalline tungsten foil a moderation efficiency of typically 10~
is commonly achieved[18], the rest of the positrons annihilate with electrons in the moderator or
come out as fast positrons. To compensate for this loss of positrons the source needs to be much
stronger as compared to the fast positron techniques to reach a similar count rate. But then, due
to the high intensity of the source, it is no longer possible to correlate the emission of the start

and stop y-photons and the positron lifetime can no longer be obtained.

From the conservation of momentum in the annihilation process between the positron and elec-
tron one can obtain information about the initial momentum of the annihilated electrons by
measuring the momentum distribution of the emitted ~-photons, since the kinetic energy of the
positron is much lower than the kinetic energy of the average electron which it annihilates. Both
positrons and electrons are fermions, but since the positron density of states is much larger than
the positron density the positrons will easily thermalize to an unoccupied low energy state, i.e.
the main contribution to the change in momentum of the emitted y-photons comes from the anni-
hilated electrons. The thermalization typically takes from 1-3 ps, which is a short time compared

to the mentioned 7,=170 ps.[17]

There are two ways to measure the momentum deviation in the emitted y-photons, one is to study
the deviation from the 180° angle in between the two ~y-photons emitted from the annihilation

process (the ACAR-technique) and the other is to study the energy distribution of the ~-photons
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Figure 3.5: Sketch of the energy distribution of the «y-photons. The spectrum is parameterized by the
S- and W-parameters, where S is defined as the integrated signal of the central region and W is the
integrated signal of the wing-regions.

(DBS-technique). ACAR is a rather time consuming technique, since it is necessary to use a low
positron beam intensity to be able to correlate the two emitted y-photons for each annihilation
process. For DBS it is, in general, not necessary to correlate the two y-photons, however, by
doing so the signal to noise ratio can be improved by several orders of magnitude. The technique
is then called coincidence Doppler broadening spectroscopy, which will be treated in the next
section.

In solid materials, electrons may be categorized as core-electrons or valence electrons. In a sim-
plified description the core electrons orbit the core with a small radius and a high kinetic energy,
while the valence electrons, which contribute to the crystal bonds, have a small kinetic energy. In
open volume defects the core electron-density is lower, thus the probability of annihilating with
an electron with high momentum is decreased. This difference can be observed when measuring
the energy distribution of the emitted y-photons. Fig 3.5 shows a sketch of the energy distribution
measured in a defect free material and in material containing open volume defects, respectively.
The energy distribution measured for the defect free material is, as mentioned, broader than that
of the material containing open volume defects. The open volume defects increase the prob-
ability of annihilating with low momentum valence electrons and thus the deviation in kinetic
energy from the 511 keV is less, resulting in a sharper energy distribution. These distributions
are commonly parameterized by the S- (shape) and W (wing)-parameters. S is also often referred
to as the valence annihilation parameter and W as the core annihilation parameter, since they are
mostly sensitive to changes in the valence electron and core electron density, respectively. The

S and W are defined as the integral of the central low-momentum part and the high momentum
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part of the spectrum, respectively:

f‘f(E)dE fZJ(E)dE + f6](E)dE
S=t W=tr-——" : (3.28)
[ I(E)dE [ I(E)dE

where the integral limits are defined in Fig 3.5, and I(E) is the intensity at a given energy E. It
is important that the integral limits are defined such that the W parameter is not influenced by
E —511keV| <
0.8 keV for S (corresponding to electron an momentum of 0.4 a.u.), and 2.9keV< |E — 511 keV]|
< 7.4keV for W (1.6 - 4.0a.u.). It should also be mentioned that the S- and W-parameters

depend on the energy resolution of the spectrometer. In this work two Ge detectors with an

the S parameter and vice versa. In this work the energy range has been set to,

energy resolution of 1.24 keV at 511 keV were used. To be able to compare results from different
setups the S- and W-parameters should be normalized to the bulk annihilation values obtained

under the same measurement conditions.

The S and W parameters are typically plotted as a function of positron implantation energy/positron
implantation depth (S(E) and W(E)) or in a W(S)-plot. The first plot shows how defects are dis-
tributed as a function of depth, however, it is not a straight forward to interpret if the material
contains several types of defects. As a first approximation an increase in the S-parameter can
be viewed as an increase in the concentration of the open volume defect where the annihilation
takes place. However, it may also reflect an increase in size of the open volume of the defect. To
resolve this, both the W- and S-parameters have to be taken into account; one way of doing this is
to plot the W- as a function of the S-parameter. Fig. 3.6 shows a sketch of a W(S)-plot for ZnO.
The plot is normalized to annihilation values of the delocalized bulk state, labeled “ZnO lattice”.
Each open volume defect will have a unique set of W- and S-parameters, corresponding to a point
in the W(S)-plot. The Vz, is found to be W =0.7888(4) and S = 1.0487(5) [19, 20, 21]. When
the material contains a gradient of Vz, and this is the only defect trapping positrons all values
of the W(S) fall on a line connecting the V,,-point to the “ZnO lattice”. The Vy,-concentration

can then be calculated from:
N, (W —Wp)

v n - 777
Vel wvte Wy — W)

(3.29)

where N,, is the atomic density (8.3 x 10*2 cm ™ for ZnO), py is the positron trapping rate of the
Vzu 3x1015s71), 75 is the bulk lifetime of ZnO (170 ps) and W and Wy are the annihilation

parameter of the bulk annihilation state and the Vy, annihilation state, respectively. When only



3.3. Positron Annihilation Spectroscopy 39

1t @ ZnO-Buk
AR

0.95¢ YN

Unknown™. '~

I defect SO N
z 09 N VZn-Ilne
NN
~ N
\\ N
0.85¢ SN
N
NN
\§\
0.8t BN

1 101 102 103 104 105
s

Figure 3.6: Sketch of the WS-plot showing the different annihilation states present i ZnO. The sur-
face, bulk, Vz, and an example of an unknown defect. The lines indicate the area where the values of
the W- and S-parameters will occupy depending on how much each defect contribute to the averaged
signal.

one defect (in this case the V,) contribute to the positron trapping:

S—S; W—Wy
S =S Wy —W' (3.30)

thus both the S- and W-parameters may be used to calculate the defect concentration indepen-
dently and from DBS it may be presented as a function of positron implantation depth. When
the two curves overlap it means that the assumption that only one defect (in addition to bulk
annihilation) contributes to the annihilation parameters is correct. Fig. 3.7 shows an example of
such a curve from Paper VI. The curve reveals if there are contribution from other defects than
the Vyz, (in a similar manner as in the WS-plot), however, in addition the defect concentration
as a function of depth can be read directly out of the figure. In the example in Fig. 3.7 one can
see that around the projected range of the H- implantation additional defects (vacancy clusters)
contribute, but as one goes deeper into the sample away from the projected range the Vy,, is the

dominating positron trap and a decrease in the Vy,,-concentration is observed towards the bulk.

When more than one defect is present the measured W- and S-parameters will be a linear com-

bination of three or more points where their contribution depends on the concentration and trap-
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Figure 3.7: The Vyz,-concentration as a function of depth. When the two curves calculated from the
W- and S-parameter respectively overlap, only the Vzy,-contributes as a positron trap. Full details of
the experimental procedure can be found in Paper VI

ping rate of each defect. Unless one of the defects dominate as a positron trap it is in general not
possible to extract detailed information about the defects in such a system from the W(S)-plot.
However, deviation from this line indicates the presence of another defect trapping positrons. In
Paper V an example of identification of such a defect is given by the combination of lifetime
measurements, DBS, coincidence DBS and theoretical predictions.

3.3.3 Coincidence Doppler Broadening Spectroscopy

Background ~-radiation originating from annihilation in the source or along the beam line limits
the dynamic range of the energy distribution. This can, however, be improved by only counting
the -photons that originate from the same annihilation process, where the two ~-photons are
collected by two detectors placed on each side of the sample separated by ~180°. This effec-
tively reduces the background level in the high and low energy range by up to three orders of
magnitude, revealing a much more detailed picture, see Fig 3.8. This part of the energy spec-
trum is mostly sensitive to core electron annihilation, thus the coincidence Doppler broadening

spectroscopy technique may reveal more details about the chemical and geometrical identity of
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the defects involved. In the ratio curve the momentum distribution is normalized to the momen-
tum distribution of the bulk annihilation state. However, to interpret the ratio curves theory and
modeling are needed. Details about such modeling are described in Ref. [23]. Figure 3.9 is
obtained from Paper V and shows the ratio curves for different samples containing either Vz, or

Liy, together with theoretical estimates.
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Chapter 4

Results

The scientific results of this Ph.D. work are presented in the six papers appended to the intro-
ductory chapters 1-4 of the thesis. A brief summary of each article is given below followed by a
general discussion of the results, a presentation of a few preliminary and unpublished results and

suggestions for further work.

4.1 Overview and discussion of the appended papers

One of the first things we wanted to learn more about was the diffusivity of H in ZnO. Intimate
knowledge of how this important electrically active impurity migrates in the material is of great
importance, both in the quest for p-type activity, but also if one wants to utilize n-type doping
by H directly. In both Paper I and II we utilize SIMS to study the diffusion mechanisms of 2H

2 and

by heat treatment of single crystalline ZnO implanted with 2H to a dose of 1x10' cm™
1x10' cm™2, respectively. In this way we wanted to address the on-going discussion about the
diffusivity of H. Results obtained in the 1950s by Thomas and Lander[1] claimed that the acti-
vation energy for H-diffusion is close to 0.9 eV, but several authors challenged this and claimed
that the activation energy is equal to or even below 0.5 eV. However, we were able to show that
the activation energy is indeed 0.8-0.9 eV. In addition, these two papers also show how H ex-
hibits so-called trap limited diffusion process, which may explain some of the discrepancy in the
reported values for the activation energy. The trap in question was tentatively assigned to Li and
the dissociation energy of this complex was found to be roughly 1.5 eV.

There seems to be a slight dose dependency between the experimental data and the estimated

3

trap concentration presented in Paper I and II, 4.5x 106 cm ™2 versus 7x 1016 cm~3, respectively.

45
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Such a dose dependency is not likely to be explained by trapping by Li as the only trap since
the Li-concentration is comparable in the two samples (cut from the same wafer). Thus further
experiments would be necessary to reveal if this is a real effect and, if so, to understand the mech-
anisms behind it. Results obtained in Paper VI show that V7, might be an additional candidate
for H trapping. However, to explain the dose dependency in the trap concentration by Vy,,, the
V., diffusivity must be comparable to the H-diffusivity. There is, however, no evidence of V,

diffusion from the implanted peak at 300°C as seen in Paper VI.

Motivated by the diffusion studies, the next aspect addressed was the interaction between H and
Li. As mentioned, the hydrothermally grown ZnO contains Li due to the presence of LiOH in
the growth solution. Furthermore the Li concentration is observed to vary in between different
as-grow wafers. In Paper III the aim was to correlate this variation in the Li-concentration as

1 in several

measured by SIMS with the intensity of the infrared absorption peak at 3577 cm™
different wafers. Such a correlation would be expected since the absorption peak has previously
been attributed to the vibrational stretch mode of OH adjacent to Liz, and has been claimed
to include 99% of the Li-atoms present in the material.[2, 3, 4] However, no correlation be-
tween the as-grown Li-concentration and the absorption strength of the 3577 cm™!-peak was
found, indicating that only a small fraction of the Li atoms present in the as-grown samples
contributes to the complex. In addition, an interesting feature was found in the results of the
SIMS-measurements as presented in Paper III: In three of the studied wafers an unexpected vari-
ation in the Li-concentration as a function of depth, which is repeated in the lateral directions,
can be seen. This indicates the presence of an underlying defect structure, which follows the
basal planes normal to the c-axis of the material. These defects were in Paper III tentatively

ascribed to c-axis inversion domains.

The complex responsible for the 3577 cm™! absorption peak[2, 3, 4] could be a good candidate
for the H-trap-complex observed in Paper I and II. However, this complex has been reported to
be stable up to 1200°C for several hours, which is not consistent with the dissociation rate found
for the H-trap in Paper I and II. Such a high thermal stability for a low-order defect complex
is, however, very surprising. Moreover, an unexpected dependency on the detailed history of
heating and cooling indicated that the details of this complex are not fully understood[3]. Thus
in Paper IV we address the thermal stability of the 3577 cm~!-peak. The results obtained in
Paper I and II, suggest that Li may act as a efficient trap for H, motivated by this, the samples
were quenched after heat treatment to possibly limit any re-trapping of H. In this way it was
found, indeed, that the thermal stability of this complex is much lower than previously reported.

However, even when quenching the samples by dropping them into water at room temperature,
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the trapping could not be suppressed completely. Thus an upper limit for the dissociation energy
was estimated to be 2.5eV and when taking the trapping into account this may, after all, be

consistent with the dissociations energy found in Paper I and II of roughly 1.5eV.

For the next angle of approach PAS and SIMS together with theory and modeling were utilized to
study the effect of Li in both hydrothermally grown (HT) and melt grown samples (MG). In Paper
V the PAS-signature of the Liy,-defect is identified. In addition, it is shown that the discrepancy
in the reported bulk positron lifetime for ZnO grown by different methods is explained by the
presence of Li. Moreover, the OH-Liy, -defect[5] and a defect complex (Liz,-H-Liz,) proposed
by Sann et al.[6] are found to have similar theoretical annihilation signatures as Liy,, while the
Liz,-Li; proposed by Wardle et al.[5] is not found to trap positrons at all. Based on these results
it is also found that in as-grown HT-ZnO most of the Li atoms are present in the acceptor state
on the Zn-site, which is consistent with the results of Paper III. It was also found that a relatively
high concentration, at least (2-3)x10'® cm™ of Li in the Li-doped MG-ZnO (corresponding to
about 20% of the Li-present), is situated on the Zn-site and thus showing the ability to obtain
large acceptor concentrations on the Zn-site. Further, in Paper V it is speculated that the V-
concentration of 5x10'® cm ™2 as found in the Li-lean HT-ZnO sample is present also in as-grown
state of HT-ZnO.

In Paper VI the PAS-signature of Liz,, as found in paper V, is utilized to study the effect of
deliberate introduction of H in both Li-rich and Li-lean ZnO. Interestingly, after the introduction
of H the signal related to Liy, in the Li-rich sample disappears even though there is no change in
the Li-concentration in the sample. This is consistent with the formation of the neutral OH-Liz,-
complex. It should be noted that even though the PAS-signature was found to be similar for both
Liz, and OH-Liz, in Paper V the trapping rate depends on the charge state. Since the OH-Liy,,-
complex is believed to be neutral, it is thus not expected to trap positrons as efficiently as Li, .
The rate can be as much as one order of magnitude lower in the neutral state.[7], enabling Vz,
to become the dominant trap in the Li-rich sample after hydrogenation despite a concentration
of “only”5x10'® cm™3. Furthermore, this V, concentration overlaps perfectly with that found
after removal of Li by high temperature heat treatment and thus strengthens the assumption
from Paper V that Vy, is present with a concentration in the range of 5x10'6 cm=3
HT-ZnO. On the other hand, hydrogenation of the Li-lean HT-ZnO leads to a reduction in the

apparent V,, concentration from 5x10' cm ™ to 1x10'6 ecm ™2, which can be explained by the

in as-grown

formation of the neutral Vz,-Hy-complex. In comparison, for the Li-rich material no reduction
in the Vy, is detected, which indicates that Liy, is a more efficient trap for H as compared to
Vza.
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The results obtained in all the presented papers show that in hydrothermally grown material, Li
is indeed a good candidate for the diffusion trap observed in H-diffusion experiments. However,
trapping by Vz, may also play an important role. This is further substantiated by the results
obtained by Ohashi et al. [8]. They have studied H/>?H-plasma doping of HT-grown, chemical
vapor transport grown (CVT) and flux-grown ZnO and show that the diffusion profiles differ
quite dramatically in between the samples originating from different growth methods. The 2H-
profile obtained in the HT-ZnO resembles that of trap limited diffusion as observed in Paper I
and II with a trap concentration just below 1x10'® cm ™3, consistent with the Li-concentration in
their sample. In the flux-grown sample the diffusion profile also resembles trap-limited diffusion,
however, the trap seems to be different from the one in the HT-sample. For the CVT-sample the
2H-concentration is about one order of magnitude lower (except close to the surface) as compared
to the HT sample. The flux-grown sample has an Al-concentration of about 10*® cm~3, while the
CVT-sample does not contain any considerable amount of Li and have only 1x10'> cm™ of
Al. The low amount of in-diffused H in the CVT-sample is also consistent with a relatively low
solubility of H in ZnO.[1] According to Ohashi et al. the Al contamination in the flux grown
sample originate from the Al,O3 furnace tube which may introduce Vy, as described by the
following equation[8]:

Al,O3 = 2A15, + V,2+ 300 4.1)

Thus the trap in the flux grown sample may be the Vz,. Both observations are in accordance

with the conclusions of the work presented in this thesis.

In summary, all the results presented are in accordance with the notion that both Liz, and Vz, act
as traps during H diffusion with Liz, being more efficient than Vz,. As mentioned in Paper VI,
H can most probably quite easily escape from a Vz,-H complex thus the probability to capture
two H at the same Vy, is low. On the contrary, Liy, is found to be relatively stable[9] and is in
this work also found to be a very efficient trap for H. It should also be emphasized that as seen
in Paper III the properties of hydrothermally grown ZnO can vary from wafer to wafer and also
within the same wafer. These differences call for extra caution when comparing results from
different wafers.

4.2 Preliminary and unpublished results

During the work on this thesis, there are several experiments that have shown promising results,

however, they have for different reasons not yet been published. A short review of some of the
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Figure 4.1: Shows preliminary data of in-homogeneously distributed Li after different annealing
treatments. The reproducible “noise features”in the profiles remain even after 1h annealing at
1285°C.

preliminary results is given in the following sections.

4.2.1 Thermal stability of the in-homogeneously distributed Li

In Paper 111, we speculated that the in-homogeneously distributed Li could be related to inversion
boundary domains and that these might contribute to the apparent high thermal stability of the
3577 cm™! peak. Fig. 4.1 shows preliminary data of in-homogeneously distributed Li as a func-
tion of annealing temperature. In this experiment the sample was removed from the furnace and
let to cool down slowly after each heat treatment. For additional experimental details, see Paper
IT and IV. It is evident that the underlying defect structure remains up to 1250°C and can also be
seen vaguely even after heat treatment at 1285°C for 1 h, even though the total Li-concentration
is reduced from 2x 10" cm™3 to ~1x10'% cm™3. In Fig. 4.2 the IR-absorption results of the
3577 cm~! peak is shown. Interestingly, it is found that the peak intensity varies slightly as a
function of heat treatment temperature. Surprisingly, it is also seen that the peak intensity is re-

duced in the first measurement after heat treatment at 1250°C, while the intensity is restored and
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Figure 4.2: IR-absorption spectra showing the 3577 cm™! peak obtained from the same sample as
in Fig. 4.1 heat treated subsequently up to 1285°C. The spectra are offset vertically for clarity.
Unpolarized light was used with the wave vector, k, directed perpendicular to the c-axis of the sample,
kLlé

comparable to the as-grown measurement after storing the sample at RT in air for approximately
one week. However, after 1h at 1285°C no trace of the 3577 cm™! absorption peak is found. It
should be kept in mind that these results are of a preliminary character and need to be confirmed.
However, they are consistent with the results presented in paper IV and the previously reported
stability of the 3577 cm~! peak after slow cooling.[3] Even though the details of the processes
involved in restoring the absorption peak during 1 week at RT are unclear, re-trapping of mobile

H by Li is a likely explanation.

Moreover, by correlating the Li-concentration (~3x10'® cm™?) with the integrated absorption
(1.044 cm~?) as observed by FTIR after heat treatment at 1250°C an upper limit for the absorp-
tion strength (es577) is estimated to be ~3.5x107'7 cm. This value corresponds rather well to
the value found for another OH-related absorption mode in ZnO of e3q;; 2.46x 107" cm.[10]
Thus, it appears that the 3577 cm™! signal observed in the as-grown HT-ZnO only corresponds
to a limited fraction (10-20% or 3-4x10'6 cm™?) of the Li present in the samples, in accordance
with the findings in Paper III and VI and the notion that Li is predominantly in the acceptor
state in as-grown HT-ZnO[9, 11]. It is also interesting to note that the thermal stability of the

in-homogeneously distributed Li as seen in Fig. 4.1 seems to be comparable to the apparent
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Figure 4.3: 2H-concentration as a function of depth in a Li-rich (as-grown HT-ZnO) and a Li-lean
(1500°C treated HT-ZnO) sample, respectively. In the Li-lean sample no diffusion and/or trapping
is clearly observed. The signal at ~1x10™ cm™3 corresponds to the detection limit for the specific
measurement. In the Li-rich sample, however, a trap limited diffusion profile is observed, consistent
with the profiles found in Papers I and I1.

stability of the 3577 cm~! peak in Fig. 4.2 when cooled down slowly. However, it may not be
concluded from these results that they are related and further studies are needed.

4.2.2 H diffusion in Li-lean HT-ZnO

To get more insight into the trap observed for H-diffusion in Paper I and II, two samples were
prepared; one similar to the samples used in Paper II (Li-rich) and another Li-lean sample. In the
Li-lean sample the Li-concentration was reduced to the 1x10'5 cm~2 range by heat treatment at
1500°C for 1h followed by surface polishing. Both samples were then implanted with 2H to a
dose of 1x10® cm~2 followed by a heat treatment at 400°C for 30 min to let 2H diffuse. The re-
sults of this experiment are shown in Fig. 4.3 where the ?H concentration is plotted as a function
of depth as measured by SIMS. In the Li-rich sample a trap limited diffusion profile consistent
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Figure 4.4: The Na-concentration as a function of depth as measured by SIMS in 6 pieces of the
same wafer heat treated in the range of 950°C to 1150°C in air.

with the ones found in Paper I and II is observed, while in the Li-lean sample no diffusion and/or
trapping can be clearly observed'. This is consistent with the notion that Li is the main trap for
H-diffusion, however, the heat treatment at 1500°C might also affect other defects in the sample,
like Vz, and V. The results obtained in Papers V and VI indicate that there is no change in
the V7, concentration as a result of the 1500°C heat treatment. Another candidate would be Vo,
which has been shown to be able to trap H.[12] However, high temperature heat treatment in air
is expected to increase, not decrease, the Vo-concentration due to preferential loss of O[3] and
Vo is thus not consistent with the observed reduction in trap concentration as seen in Fig. 4.3.
Another possibility is that the trap is occupied by other impurities introduced during the heat
treatment. Na is found to increase from the 10'3-10'* cm3-range up to 1x10* cm ™ as a result
of the heat treatment, see the next section. However, 1x 10 cm ™2 is almost one order of magni-
tude lower than the original trap concentration and can thus not explain a reduction in the H-trap.
Except for Li and Na, there is no observed change in the concentration of any other known im-
purities as a result of the heat treatment at 1500°C[11]. Hence, the most likely candidate for the

H-diffusion trap is still Liz,,.

IThe signal intensity observed deeper than 30 um in the measurement of the Li-lean sample is limited by the
dynamic range of the SIMS-instrument of 5 orders of magnitude.
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4.2.3 Na contamination during high temperature heat treatments

As mentioned in Chapter 1, the ability to remove Li is of crucial importance. This holds both
from a technological point of view, since the presence of Li typically leads to self-compensation
and highly resistive material, but also from a scientific point of view to be able to learn more
about the different defect mechanisms taking place in ZnO. In this thesis the method for re-
moval of Li has been high temperature heat treatment in air. However, as mentioned in the
previous section it leads to contamination by Na from the sample boat and/or furnace tube in
the 1x10' cm™2 range. To learn more about the process behind this Na-contamination one hy-
drothermally grown wafer was cut into six pieces and heat treated in air in the range from 950°C
up to 1150°C. Fig. 4.4 shows the Na-concentration as a function of depth in all the 6 sample
pieces. For the sample piece treated at 1150°C for 2h an accumulation of Na at depths shal-
lower than 0.5 ym is observed. For the samples heat treated at temperatures > 1050°C there is
a clear change in the diffusion process relative to that <1000°C, as observed in the measured
data when the Na-concentration falls below 1x10'6 cm~2. The data obtained deeper than 0.5 ;xm
are consistent with a trap limited diffusion process. These results are of a preliminary nature
and further studies will be needed to reveal the identity of such a trap. The most obvious site
for Na is the substitutional Zn-site. However, as indicated in the results of Papers V and VI the
Vz,-concentration is expected to be 5x 10 cm ™3, which is higher than the trap level. It should
be noted that the 5x10'6 cm ™2 of Vy, is observed even in samples that are already contaminated
by Na. Na might also form complexes with other impurities present in the sample or maybe
even reside on the substitutional O-site. Further studies are needed to reveal the trap-site for the

Na-contamination.

4.3 Suggestions for further work

In addition to pursuing some of the preliminary work, which have already been presented, there

are several other interesting issues to study further.

o First of all, H and 2H in combination with SIMS, FTIR and PAS have been shown to make
a great tool to study different properties of ZnO. The true solubility of H in high quality
ZnO material is relatively low, thus the presence of H typically reflects the presence of
other impurities and the formation of different defect complexes. In this way H can act

as a marker for other defects and might also be used to indirectly study other impurities
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and defects like V7, and V. E.g. by performing hydrogen in-diffusion from gas phase on

ZnO samples prepared in different ways.

As mentioned, the observed dose dependency of the estimated trap concentration for H-
diffusion as observed in Paper I and II needs to be checked for validity. It would be
interesting to conduct further studies of samples prepared in such a way that different H
traps, like the intrinsic vacancies and impurities other than Li are the dominating ones, in
line with the first suggestion. In this way, the diffusion properties of H could be rigorously

established and dissociation energies for the different H-traps could be estimated.

Systematic SIMS and TEM studies are needed to reveal the origin and implications of
the c-axis inversion boundary domains and to potentially correlate them to the observed
inhomogeneity in the Li-distribution as found in Paper III. Their effect on electron mobility

and measures to remove them should also be investigated.

A detailed study of the infrared absorption peak observed at 3577 cm™! with the aim to
further quantify the absorption strength of this local vibrational mode by combining SIMS
and FTIR is needed, e.g. in Li and H co-doped samples.

Further studies of hydrogen in the implanted peak region by PAS, SIMS and scanning
spreading resistance microscopy techniques could be pursued to reveal the details of the
implantation induced defects. E.g. to further understand the nature of the observed Li-
accumulation and also to understand the detailed nature of the H induced donor activity in

the implanted peak.

Extending the quenching experiments to study the thermal stability of the 3577 cm™! ab-
sorption peak as presented in paper IV is needed to make better estimates for the disso-
ciation energy of the OH-Liy,-complex. Further, modeling of both dissociation and re-
trapping should be employed to describe the observed effects in more detail. In addition,
it will be important to focus on the role of other competing traps for H and their impact
on the apparent stability of the complex. Following the detailed interplay between H and
other impurities by combining both FTIR, Raman spectroscopy and SIMS as a function
of heat treatments, could reveal more of the complex dynamics, which are found to take

place.

In general, further work is also needed to identify and quantify different H-related infrared
absorption peaks by combining SIMS and FTIR, especially since some of the reported

absorption peaks have questionable identification.
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ABSTRACT

Hydrogen has been proposed as one of the contributors to the native n-type doping in as-
grown Zinc Oxide and can also be used as an active (intentional) n-type dopant. In this work we
have employed Secondary Ion Mass Spectrometry (SIMS) to study deuterium diffusion profiles
in single crystalline ZnO. The samples used are hydrothermally grown, high-resistive (10 kQ
cm) monocrystalline ZnO implanted with deuterium to a dose of 1x 10" cm™ yielding a peak
concentration of approximately 5 x 10'® cm™ at a depth of 2.2 um. Diffusion profiles have been
studied after 30 minutes isochronal heat treatments from 100 °C up to 400 °C in steps of 50 °C.
The observed redistribution can be explained by employing a diffusion model which includes
tragping of °H by Li-impurities and an activation energy of 0.85 eV is extracted for the diffusion
of “H.

INTRODUCTION

Hydrogen is one of the most common impurities in ZnO[1, 2]. Its diffusion properties
were studied already in the 1950's and are now revisited due to the increased interest in ZnO as a
semiconductor material for optoeletronic devices. One of the first studies on the diffusion of H in
ZnO was performed by Thomas and Lander[3]. They studied hexagonal ZnO needles with
diameters of 50 - 150um grown by the Schwarowsky's technique and heating the samples in H
atmosphere led to an increase in the electrical conductivity. This increase was attributed to in-
diffusion and electrical activation of H as a shallow donor. When the H was subsequently
removed by out-diffusion the conductivity returned to the original value. Under the assumptions
that all H atoms are activated as donors and that the electron mobility is independent of
concentration the diffusivity was extracted for different temperatures. This resulted in an
activation energy (Ea) for H diffusion perpendicular to the wurtzite c-axis in ZnO of 0.91 eV
with a prefactor Do =3 x107 cm’s™.

More recently, Ip et al. [4] and Nickel [5] studied the diffusion of ’H in bulk wurtzite
(0001) single crystal ZnO by SIMS in plasma-exposed samples. In Ref. 4, the samples were
exposed to 2H-plasma at temperatures of 100 °C -300 °C allowing ’H to diffuse into the samples
for 30 min. Assuming a semi-infinite source model, Ip et al. deduced a *H diffusivity with an
activation energy of 0.17 + 0.12 eV and a prefactor Dy = 2.5 x 10® cm?s™. In Ref. 5, two
diffusion regions have been reported: (i) a region with slow diffusion ranging from the surface
down to 1 um and (ii) a fast diffusion bulk region from 1 pm to 3 um deep. Assuming the semi-
infinite source model, the data in the fast diffusing region have been fitted by the complementary
error function. From this fit an apparent activation energy of Ea = 0.23 eV with a prefactor Dy
close to 3 x 10™® cm?s™ have been obtained. In addition effusion measurements were performed
in Ref. 5 and the apparent activation energy was estimated to a slightly higher value of 0.37 eV



with a prefactor of 2 x 10 cm’s™". In another study by Theys et al.[6] metalorganic chemical
vapor deposited (MOCVD) films grown on sapphire were exposed to a “H-plasma at 220 °C for
5 h and 30 min. The authors have fitted the recorded SIMS-profiles with the complementary
error function and extracted a diffusivity of 1.6 x 10" cm? s, a value three orders of magnitude
lower than what would be expected from the results in Refs. 4 and 5.

M. G. Wardle et al.[7] have performed a first principle theoretical study of the diffusion
of H in ZnO. They concluded that the migration barrier for H in ZnO is approximately 0.5 eV.
They also argue that with such a low barrier, isolated H will be mobile at room temperature (RT)
and will easily be trapped by other defects or impurities, which suggests that isolated H is not the
most probable state of H in ZnO at RT.

Hence, the existing data for hydrogen diffusion in ZnO do not provide a consistent
picture and further studies are required. In this work, we have performed SIMS studies on the
diffusion of ion-implanted “H in hydrothermal bulk single crystalline ZnO. It is shown that
interaction with traps has a considerable impact on the redistribution of *H. To extract the
diffusvity of *H a trap limited diffusion model is employed. From this model, the dissociation
parameters for the dominant *H-trap complex are deduced, where the trap is believed to be
residual Li impurities.

EXPERIMENT

The samples used in this study were cut from a hydrothermally grown mono-crystalline ZnO
wafer (high-resistive (~ 10 kQcm)). They were implanted with ’H at an energy of 1.4 MeV to a
dose of 1 x 10" cm  through a 15 um thick Al-film, resulting in a peak concentration of
approximately 5 x10'® cm™ at a depth of 2.2 pm. The implantations were performed at an
incident angle of 7° off the < 000-1 > crystal axis in order to minimize channeling. The samples
were then heated isochronally for 30 min in air from 100 °C up to 400 °C in steps of 50 °C. It
should be emphasized that the heat treatments and the SIMS measurements were performed
consecutively on the same sample, in order to reduce possible variation of impurity content and
structural properties. Between each heat treatment the concentration versus depth profiles were
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Figure. 1: *H concentration versus depth profiles after each heat treatment. All profiles below
250°C are identical to the one at 250°C and are therefore not shown.



measured in a Cameca IMS7f Secondary Ion Mass Spectrometer (SIMS). A primary beam of 15
keV Cs” ions was rastered over a surface area of 100x100 pmz and secondary ’H jons were
collected from the central part of the sputtered crater for determination of the *H concentration.
Crater depths were subsequently measured with a Dektak 8 stylus profilometer, and a constant
erosion rate was assumed for depth calibration. The *H concentration calibration was performed
using an as-implanted (1 x 10'> cm™) sample as reference. Mass spectrum of impurities in the
samples was also measured and Li was found to be the main impurity with a concentration of
approximately 4.5x10' cm™.

RESULTS AND DISCUSSION

Fig. 1 shows the concentration of ’H versus depth after implantation and subsequent
annealing at different temperatures. No diffusion is observed for temperatures <250 °C. After
300 °C a diffusion length of 2 um occurs. One can notice, however, that the diffusion takes place
only for a concentration below 10'7 ¢cm™ and no significant broadening of the peak is detected
towards the surface. After annealing at 350 °C, *H diffuses deeper into the bulk to a depth of 13
um at the detection limit of 10"°cm™. Again the transport occurs below 10'” cm™. After the 400
°C annealing step “H was detected at a depth of 22 um into the bulk and in addition some
redistribution of *H is observed towards the surface of the sample at a concentration of 3x10'7
cm” for the two highest temperatures used. The details of the “H redistribution in close proximity
to the implanted peak are, however, beyond the scope of this study and we will focus on the
diffusion into the bulk. In the papers by Ip et al.[4] and Nickel et al. [5], two different methods
for extraction of the diffusivities from SIMS-depth profiles and thus the activation energy have
been used. Both papers assume a semi-infinite source model [8] with the analytical solution
given by:

X

C(x,1)=C, erfc[m),t >0 (1)

where erfc is the complementary error-function, C; is the source or solubility concentra-

tion, x the depth, D the diffusivity and t the time. The characteristic diffusion length L is given
by 24D . Ip et al. [4] put the characteristic diffusion length equal to the depth where the
concentration had fallen to 5x10'° cm™ and estimated the diffusivity, while Nickel [5] fitted the
experimental curve with the complementary error-function to obtain the diffusivity. Fig. 2 (a)
shows a fit to the redistributed “H depth profile after the 400 °C annealing step with the
complementary error-function calculated for a source concentration of 7x 10" cm™and a
diffusion length of 100 um, corresponding to a diffusivity of 1.4x10"* cm® 5. The fit is
reasonably good to a depth of 15 um but then the experimental curve starts to drop and deviate
from the semi-infinite source model. In an attempt to more accurately describe the observed
diffusion into the bulk, we have firstly employed an approach based on numerical solution of
Fick's law of diffusion [8] (Eq.2) including a simplified solid solubility model (Eq.3) [9]:
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where [H] denotes the total concentration of °H in ZnO and Dy the diffusivity of ’H. The amount
of ?H which is free to migrate is assumed to be limited by the solid solubility (SS) and thus given
by [Hss]. Fig. 2 (b) shows a fit of the model described by Eqgs 2 - 3 to the measured ’H profile
after the annealing at 400 °C. This fit was obtained by using Dy =1x10"'" cm®s™ and SS = 1x10"”
cm™. The H concentration depth profile after heat treatment at 350 °C was taken as the initial
condition after noise reduction via a median filter. As boundary conditions the amount of *H was
set to zero in the bulk limit and constant in time at the surface. Although the model describes the
absence of broadening of the implanted peak at high concentrations, the fit of the diffusion tail at
concentrations <10'” cm™ is not satisfactory. It can be speculated that a more complicated
solubility model can provide a better agreement with the experimental data.

However, one of the main arguments against both this model and the semi-infinite source model
is that they both require a solubility limit close to 10'” cm™, which would be in strong
contradiction to the reported value of 4x 10" cm™ at 400 °C,[3].

It has been shown previously that H in ZnO can be trapped by implantation induced
defects [10, 11] and dopants/impurities [12, 13], including Li [14, 15]. Since Li is the main
impurity in the studied samples, one can suggest that trapping by Li affects the migration of H.
Moreover, the ’H redistribution is observed just below the concentration level of 1x10"7 cm™
(Fig. 1), which is close to the concentration of Li in the samples (4.5x10'° cm™). Thus, a model
is proposed that invokes trapping and de-trapping of *H by Li. Together with Eqs. 2 - 3, this
model [16] can be described by the following equations:

AL _ )i} vl @
[Li]=Liy, ~[H Li] (5)
xk=47xRD, 6)

Where [HLi] denotes the concentration of trapped deuterium, xthe trapping rate, [Li] the
concentration of empty traps, v the dissociation rate, Liy, the total concentration of traps in the
material and R the reaction radius between “H and Li.

Fig. 3 shows a fit of the experimental data obtained after heat treating at 300°C, 350°C
and 400°C by the model described by Egs. (2 - 6) putting R =35 A and SS =4 x 10"cm™, as
obtained by Thomas and Lander [3] at 400°C with a hydrogen partial pressure of 1 atm and Lij
=45 x 10" cm™. These values were kept constant for all heat treatment steps, thus the
temperature dependency was obtained by varying only the diffusion coefficient,
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Figure 2: The diffusion profile after 400°C fitted with (A) the analytical solution of the infinite
source model. The zero value of the error function is set to the peak position, the source
concentration is 7x10'® cm™ and the diffusion length 100pum. (B) illustrates a numerical solution
of the diffusion problem, using the solid solubility model. A diffusivity of 1x10"° cm’s™ and a
solubility of 1x10'7 cm™ are applied in the calculation.
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Figure 3: The measured “H depth profiles after 300°C, 350°C and 400°C heat treatment fitted
with the trap-limited diffusion model. The parameters used to fit the curves is given in table I.

Table I: Parameters used to fit the experimental curves in figure 3.

T(CC)| D., (em’s’) v (s
300 23x107° 0.01
350 1.5%x10° 0.3
400 2.9x10” 1.5

D, and the dissociation rate, v (see table I). An activation energy of 0.85+0.35 eV with a
prefactor of 8.2 x 10°cm’s™ is deduced for D, ,, and the dissociation rate of the impurity-H

complex (presumably Li-H), is found to occur with an activation energy of 1.7+0.5 eV with a
prefactor of 7x10'%s™". The diffusivity of 'H and *H is expected to differ by 40% in the prefactor,
with the activation energies being the same. The diffusivity prefactor is in the range of the
theoretical predictions given by Nickel[5] and the activation energy agrees with that of Thomas
and Lander[3]. Further, as expected the prefactor of the dissociation process is found to be close
to the Debye frequency. Neglecting the influence of trapping impurities may thus explain the
discrepancies in the activation energies reported recently.[4,6] Thomas and Lander[3] used ZnO
grown by a vapor phase technique which is expected to exibit lower concentration of impurities
as compared to other techniques[17]. Hence, it can be speculated that the discrepancies in the
diffusivities obtained by different authors are caused by the presence of trapping impurities at
different concentrations in the samples used.

CONCLUSIONS

The diffusion of H into hydrothermally grown ZnO bulk samples is shown to be well
described by a trap-limited process. The concentration of trapping sites corresponds to that of Li
in the samples. A rough estimate of the activation energy suggest a value of 0.85+0.35 eV with a
prefactor of 8x10™ cm®s™. Dissociation of the Li-*H complex is described by an activation
energy of 1.7£0.5 eV with an attempt frequency of 7x10'%s™" under the assumption of a reaction
radius of 5 A.
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Secondary ion mass spectrometry is employed to investigate diffusion of 2H implanted in
hydrothermally grown single crystal ZnO. Diffusion profiles have been studied after 30 min
isochronal heat treatments from 100 to 400 °C and evaluated using three different models: the
infinite source model, a solid solubility limited model, and a trap limited model. Only the latter one
reproduces closely the measured values. From this model an activation energy E,=0.85 eV is
extracted, and it is speculated that trapping may be a source of the discrepancies between the
reported values of E, in the literature. © 2008 American Institute of Physics.
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Hydrogen is one of the most common impurities in
Zn0."? Tts diffusion properties were studied already in the
1950s and are now revisited due to the increased interest in
ZnO as a semiconductor material for optoelectronic devices.
One of the first studies on diffusion of H in ZnO was per-
formed by Thomas and Lander.’ They studied hexagonal
ZnO needles and found that heating in H atmosphere led to
an increase in the electrical conductivity. This increase was
attributed to in-diffusion and electrical activation of H as a
shallow donor. They estimated an activation energy for the
H diffusion of E,=0.91 eV with a prefactor D=3
X102 cm?s7!

More recently, Ip er al.* and Nickel® studied the diffu-
sion of 2H along the (0001) direction in bulk wurtzite single
crystal ZnO by secondary ion mass spectrometry (SIMS) in
plasma-exposed samples. 2H is expected to diffuse in a simi-
lar manner as H,® but the SIMS sensitivity is about three
orders of magnitude better for ’H than that for H. In Ref. 4,
the samples were exposed to “H-plasma at temperatures of
100, 200, and 300 °C, and, assuming a semi-infinite source
model, a *H diffusivity with E,=0.17+0.12 eV and D,
=2.5%10"% cm? s7! as deduced. In Ref. 5, two diffusion re-
gions were discussed: (i) a region with slow diffusion rang-
ing from the surface to a depth of 1 wm and (ii) a fast
diffusion bulk region from 1 to 3 um depth. Assuming the
semi-infinite source model, the data in the fast diffusing
region were fitted by a complementary error function. From
this fit an apparent E,=0.23 eV with D, close to 3
X 1078 cm? s™! as obtained. In addition, effusion measure-
ments have been performed in Ref. 5 and the apparent acti-
vation energy is estimated to a slightly higher value of 0.37
eV with a prefactor of 2X 10~ cm? s™!. From estimation of
the *H chemical potential it is argued in Ref. 5 that the true
activation energy is most likely above 0.8 eV and a possible
reason for the discrepancy may be trapping of H.

Recently, Wardle et al’ performed a first principles the-
oretical study of the diffusion of H in ZnO. They concluded
that the migration barrier for H in ZnO is approximately 0.5
eV. They also argued that with such a low barrier, isolated H
will be mobile at room temperature (RT) and will be trapped
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easily at other defects or impurities, which suggests that iso-
lated H is not the most probable state of H in ZnO at RT.

In this work, we have performed SIMS studies on diffu-
sion of ion-implanted H in hydrothermally grown bulk
single crystalline ZnO. To explain the diffusion profiles three
different models have been evaluated, the infinite source
model, a solid solubility (SS) limited model, and a trap lim-
ited model. Only the latter one reproduces closely the experi-
mental results showing that interaction with impurities and
structural defects have a considerable impact on the redistri-
bution of *H. From these results the diffusivity for H and
the dissociation parameters for the dominant trapping com-
plex have been deduced.

The samples used in this study were cut from a hydro-
thermally grown and subsequently annealed (1100 °C for 1
h) monocrystalline ZnO wafer (resistivity ~10 k{ cm).
They were then implanted at RT with 1.0X 10'® H/cm?
through a 15 um thick Al foil at an energy of 1.4 MeV to an
average depth of 2.2 um, performed at an angle of 7° off the

(0001) crystal axis in order to minimize channeling. The
samples were subjected to 30 min of isochronal heat treat-
ment in air from 100 up to 400 °C in steps of 50 °C. Be-
tween each heat treatment the chemical concentration versus
depth profiles were measured in a Cameca IMS7f microana-
lyzer. It should also be emphasized that the heat treatments
and the SIMS measurements were performed consecutively
on the same samples, in order to reduce possible influence by
variations in impurity content and structural properties of the
material. A primary beam of 15 keV Cs* ions was rastered
over a surface area of 100X 100 um? and secondary ’H-
ions were collected from the central part of the sputtered
crater for determination of the *H concentration. Crater
depths were subsequently measured with a Dektak 8 stylus
profilometer, and a constant erosion rate was assumed for
depth calibration. The *H concentration calibration was per-
formed using an as-implanted sample as reference.

Figure 1 shows the concentration of *H versus depth
profiles after implantation and subsequent annealing at dif-
ferent temperatures. No diffusion is observed for tempera-
tures =250 °C. For temperatures =300 °C redistribution of
’H into the samples is observed but only below a concentra-
tion level of 10'7 ¢cm™. After heat treatment at 300, 350, and

© 2008 American Institute of Physics
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FIG. 1. 2H concentration vs depth profile as measured by SIMS. All profiles
below 250 °C including the as-implanted are identical to that at 250 °C and
are not shown.

400 °C, ’H was detected at depths extending to 4, 16, and
29 um, respectively. The diffusion front falls off with a
slope that decreases as the temperature increases.

In accordance with Refs. 4 and 5 we first assume a semi-
infinite source model® with the analytical solution given by

Clx,1) =C, erfc(%), (1)

VDt

where erfc is the complementary error function, C; is the
source or solubility concentration, x is the depth, D is the
diffusivity, and 7 is the diffusion time. The characteristic dif-
fusion length L equals \2Dr. Figure 2 shows a fit to the ’H

10% . . .
’ ° 30 min at 400°C
-==Erfc (L = 20 um)
10"k s Erfe (L = 6.8 um) | |
° — Solubility model

2H concentration (cm‘s)

0 10

20 30 40
Depth (um)
FIG. 2. *H distribution after heat treatment at 400 °C fitted with two ex-
amples of the analytical solution of the infinite source model (dashed and
dotted lines) and one numerical solution using the SS model (solid line).

Appl. Phys. Lett. 93, 152109 (2008)

depth profile after 400 °C treatment with the complementary
error function calculated for L=20 um and L=6.8 um with
corresponding source concentration/SS of 1.2X10'7 and
49X 10" cm™, respectively. The 20 wm fit approximates
adequately the experimental data only between 7 and 25 um
while in the vicinity of the surface as well as deeper in the
bulk the fitting is not satisfactory. Decreasing the diffusion
length to 6.8 um, allows a better agreement deeper in the
sample, but the fitting of the rest of the profile is not satis-
factory. Hence, it is concluded that the semi-infinite source
model is not appropriate and the assumption that all the H
atoms are mobile is not valid.

A significant improvement can be made to the interpre-
tation of the profiles in Fig. 1 by including a SS model” when
solving Fick’s diffusion equations,

d[H e

% = DH%[HSSL (2)
_[HIsS

[Hss]= [H]+sS’ (3)

where [H] denotes the total concentration of ’H, and Dy is
the 2H diffusivity. The amount of 2H, which is free to mi-
grate is assumed to be limited by the SS and labeled [Hgg] in
Egs. (2) and (3). As boundary conditions, the amount of deu-
terium is set to zero in the bulk limit and constant in time at
the surface. Indeed the profile obtained from Egs. (2) and (3)
using Dy=3x10"1" cm?s™! and SS=2x%10"7 cm™ im-
proves significantly the agreement with the experimental
data (solid line in Fig. 2). In the calculations, the *H concen-
tration versus depth profile after the previous heat treatment
step (at 350 °C) was taken as the initial condition after noise
reduction via a median filter.

However, and in spite of that, the SS model describes the
absence of broadening of the implanted peak at high concen-
trations, the fit of the diffusion tail at concentrations
=10" ecm™ is not satisfactory. It can be argued that a more
refined solubility model may provide a better agreement with
the experimental data. However, such an approach implies
nevertheless a solubility limit in the 10'7 H/cm® range,
which is inconsistent with grevious reports indicating values
in the 10" H/cm® range.” Hence, investigations of other
mechanisms responsible for the diffusion behavior shown in
Fig. 1 are needed.

Interestingly, it has been shown previously that H in
ZnO can be trapped by implantation induced defects'™!" and
impurities, - including Li."*'5 Indeed, Li is a major impu-
rity in the studied samples with a concentration of ~5
X 10' ecm™, as determined by SIMS, and one may antici-
pate that trapping by Li affects the migration of H. Thus,
Egs. (2) and (3) are modified to include trapping and detrap-
ping of the diffusing species as outlined in, e.g., Ref. 16. This
results in a trap limited diffusion (TLD) model described by:

J[H] e J[Ha]

T DH%[HSS] PR 4)
] iglal - siHal, ©)
[ll] =i — [Hll], (6)
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FIG. 3. (Color online) >H concentration vs depth profiles after 300, 350, and
400 °C heat treatments fitted employing the TLD model.

k =4mRDy, (7)

where [Ha] denotes the fraction of trapped 2H atoms, « is
the trapping rate, [a] is the concentration of empty traps, v is
the dissociation rate of Ha, a,, is the total concentration of
traps, and R is the reaction radius between “H and the traps
adapted to be on the order of the lattice constant (5 A).
Figure 3 illustrates results from the fitting of the experimen-
tal profiles applying Eqs. (4)—(7), solubility values as deter-
mined by Thomas and Lander’ (4 X 10'5 cm™ at 400 °C)
and treating a,, as a fitting parameter. The best agreement
between the experimental and simulation data is found for
@, =7%10'® cm™3. Keeping the trap concentration constant
for all heat treatment steps, the temperature dependency was
obtained by varying only the diffusion coefficient Dy and
the dissociation rate v. The TLD model describes well the
diffusion of 2H into the bulk but is slightly less accurate in
the near surface region, close to the implantation peak. This
deviation is attributed to trapping by the implantation in-
duced defects,10 an effect which is not accounted for in the
model. As illustrated in Fig. 4, an activation energy of
0.85+0.19 eV and a prefactor of ~2.5X 1072 cm?s™! are
extracted for Dy from the Arrhenius plot. These data imply
that H is rather mobile even at RT (~1.3X 107'® c¢cm?s7")
and assuming a trap concentration in the range of 1
X 10'% cm™3, H will be trapped after a few hours at 300 K.
Further, the E, value deduced is in agreement with that re-
ported by Thomas and Lander;’ they used ZnO grown by a
vapor phase technique, which is expected to exhibit lower
concentration of impurities/traps as compared to ZnO grown
by other techniques.17 Hence, it can be speculated that the
discrepancies in the reported diffusivities*> are caused by
different defect and impurity concentrations in the samples
used and it is crucial to account for trapping when evaluating
the diffusion profiles. The dissociation rate of the dominant
trapping complex in our samples, possibly Li—H, occurs with
an activation energy of 1.5%=0.3 eV and a prefactor of
1X10'2 s7! (Fig. 4). In fact, the value determined for the

Appl. Phys. Lett. 93, 152109 (2008)
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FIG. 4. (Color online) Dy; (crosses) and v obtained (circles) from the TLD
model vs the reciprocal absolute temperature. E,, for diffusion is estimated to
0.85£0.19 eV with Dy=2.5%x10"2 ecm?s~!, while E, of dissociation is
1.5+0.3 eV with yy=1x10"? 571

prefactor is in the range of that anticipated for a dissociation
process and provides additional support for the validity of
the trapping model.

The diffusion of H into hydrothermally grown ZnO bulk
samples is shown to be accurately described by a TLD
mechanism. The concentration of trapping sites is close to
that of Li concentration in the samples. We have extracted
the activation energy of diffusion for ’H in high resistivity
ZnO to be 0.85*0.19 eV with a prefactor of 2.5
X 1072 c¢m? s~ Dissociation of the dominant trapping com-
plex, presumably Li—H, is described by an activation energy
of 1.5+0.3 eV with an attempt frequency of 1X 10> s7!.
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Fourier-transform infrared spectroscopy (FTIR) and secondary-ion mass
spectrometry (SIMS) have been employed to investigate the relation between
the Li concentration and the strength of the 3577 cm ™! absorption line in five
as-grown hydrothermal ZnO wafers. This line has previously been identified
as a local vibrational mode of an OH molecule adjacent to a Li atom on the
Zn-site. In this work, we show that the integrated absorption of the 3577 cm ™!
line does not follow the variation in the total Li concentration between dif-
ferent wafers, providing evidence that the concentration is not the limiting
factor for the formation of the 3577 cm™! defect. It is speculated that the
presence of inhomogeneously distributed Li along the direction of the c-axis, as
revealed by SIMS depth profiling in three of the studied wafers, is related to
trapping of Li by inversion domain boundaries (IDB). IDBs are expected to
have high thermal stability, which may be associated with the high apparent
thermal stability reported for the 3577 cm™* line.

Key words: ZnO, hydrothermal, lithium, hydrogen, inversion domain
boundaries, 3577, OH-Li complex, secondary-ion mass
spectrometry, SIMS, FTIR

Hydrogen and lithium are two important impu-
rities in ZnO, specifically in ZnO grown by the
hydrothermal method (HT), where Li is found with
concentrations in the range of 1 x 10*” em™ to
5 x 10'” em™2. H acts as a donor, either on inter-
stitial sites or on substitutional O-sites,’? and may
also form complexes with and passivate acceptors.®
Li, on the other hand, act as a donor on the inter-
stitial site and as an acceptor on the substitutional
Zn-site, which can be passivated by H. Knowledge
about and control of these dopants are, therefore,
essential if one seeks to realize stable p-type ZnO. In
HT-ZnO, the dominating OH-related absorption
line* at 3577 cm ™! is due to a stretch mode of a OH-
bond in the vicinity of Li on a Zn-site (Ligy,).2°
Halliburton et al.® found from combined FTIR and
electron paramagnetic resonance measurements

(Received August 1, 2010; accepted October 12, 2010)

Published online: 11 November 2010

that 99% of the Li in their samples was contributing
to the 3577 cm™! line, i.e., in other words, passiv-
ated by H. It is well known that the Li concentration
can vary between different as-grown HT-ZnO
wafers, and a correlated variation in the integrated
absorption coefficient of the 3577 cm™! line may
thus be expected. A remarkable feature of the OH-Li
complex is the high thermal stability, as it has been
reported to be stable at 1200°C during several
hours.* This is in strong contrast to that found for
other OH-related absorption bands in ZnO, which
disappear in the range of 150°C to 750°C.® However,
as pointed out by Lavrov et al.,” the temperature
stability of the 3577 cm™! band depends on the
detailed history of heating and cooling of the sam-
ple. This may indicate the involvement of another
(in itself highly stable) defect which traps H and Li
at low temperatures; when heating the sample H
and Li dissociate but are retrapped by the stable
defect during cooling down.”
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In this study, results from Fourier-transform
infrared spectroscopy (FTIR) and secondary-ion
mass spectrometry (SIMS) have been correlated to
investigate the 3577 cm™! absorption line in five
different hydrothermally grown ZnO wafers. Both
the strength of the 3577 cm ™! absorption line and the
Li concentration are found to vary from sample to
sample, but with no clear correlation between the
two. Itis also found that the Li concentration is highly
nonuniform in three of the samples as a function of
depth along the direction of the c-axis, but with no
variation along the lateral directions (normal to the
c-axis). It is thus considered that the observed inho-
mogeneity is due to Li decorating defects oriented
along the ZnO basal planes normal to the c-axis.

Five hydrothermally grown wafers (labeled A, B,
C, D, and E) in their as-grown state, purchased from
SPC-Goodwill, were used in this study. The Li con-
centration ([Li]) was measured by SIMS using a
Cameca IMS7f microanalyzer. A primary beam of
10-keV O3 ions was rastered over a surface area of
65 um x 65 um, an electronic gate of 70% of the
raster size was used, and the secondary “Li* ions
were collected from the central part of the sputtered
crater (~30 yum in diameter) for determination of
the Li concentration. Crater depths were subse-
quently measured with a Dektak 8 stylus profilom-
eter, and a constant erosion rate was assumed for
depth calibration. The calibration of the Li concen-
tration was performed using an as-implanted sam-
ple as reference. The H concentration found in HT-
ZnO typically falls below or is close to the SIMS
detection limit of ~10'7 em™3;8 therefore, detailed
information about possible variation in the H con-
centration cannot be obtained. The infrared absor-
bance spectra were recorded with a Bruker IFS
113v Fourier-transform spectrometer equipped with
a globar light source, a CaFy beamsplitter, and a
liquid-nitrogen-cooled InSb detector. The samples
were mounted in a closed helium CTI-Gryogenics
Helix 22 compressor 8200 cryostat, and the tem-
perature was recorded with a LakeShore Cryotron-
ics DRC 82C temperature controller. Measurements
were nominally performed at 20 K, with a spectral
resolution of 1cm™!. Transmission electron
microscopy (TEM) studies were performed in a
JEOL 2000FX microscope operated at an accelera-
tion voltage of 200 kV. Cross-sectional samples were
prepared for the TEM studies using standard
grinding and ion-milling techniques.

Figure 1 shows absorption spectra in the
as-grown state for all five wafers. The integrated
absorption coefficient of the 3577 cm ™! line (I3577) is
found to be 0.55cm 2, 1.07 cm™ 2, 2.21 cm 2
1.80 em ™2, and 1.83 ecm 2 for wafers A, B, C, D, and
E, respectively. This shows that I35;7 varies between
these wafers by a factor of 4. Unfortunately the
detailed history of the wafers is not known, so the
variation cannot be directly related to growth pro-
cedure, position in the boule, etc.
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Fig. 1. Infrared absorption spectra measured with light propagating
perpendicular to the c-axis (k_L¢). The integrated absorption coeffi-
cient for the 3577 cm™" absorption line is shown to vary from wafer
to wafer.

As mentioned, the 3577 cm ™! band has previously
been identified as a local vibrational OH-stretch
mode adjacent to Liz,, also referred to as the OH-Li
complex.? The variation in absorption strength is
directly related to the variation in concentration of
the complex:

€3577 = , (1)

where eg577 is the absorption strength of the OH-Li
complex and c3577 is the concentration of the same
complex. Assuming that only one Li atom takes part
in the formation of the OH-Li complex, then
c3577 < [Lil. If 99% of the Li present in the material
is involved in the OH-Li complex, as argued by
Halliburton et al.,® one would expect that the vari-
ation in I3577 should directly reflect [Li]. However,
Fig. 2 shows [Li] as a function of depth in the five
different wafers, and the average [Li] in A, B, C, D,
and E is found to be 2.0 x 107 cm™2, 2.8 x
107 em ™3, 2.5 x 10" em ™2, 3.8 x 10" em 3, and
2.0 x 1017’ em™3, respectively. In other words, there
is no clear correlation between the I3577 line and the
average [Li]. For instance, wafers A and E, have the
same [Li] while I3577 differs by a factor of more than
3. Hence it is concluded that the [Li] is not
the limiting factor in the formation of the OH-Li
complex.
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Fig. 2. Li concentration versus depth for five as-grown wafers as
measured by SIMS.

In an attempt to estimate the absorption strength
of the OH-Li complex, it is assumed that all of the Li
in wafer E contributes to the OH-Li complex. Then
a minimum value of 9.3 x 1078 cm is obtained for
ess77. This value is lower than that reported for
another OH-related absorption line in ZnO at
3611 cm ™, e3611 = 2.46 x 10717 cm.? This indicates
that the true absorption strength might be even
higher also for the 3577 cm™! line, with the impli-
cation that even in wafer E not all of the Li atoms
contribute to the OH-Li complex.

Another interesting feature revealed by Fig. 2 is
that in wafers B, C, and D the Li concentration is
highly nonuniform as a function of depth along the
direction of the c-axis. Interestingly, if different
surface positions are investigated on the same
wafer, the inhomogeneous features in the Li dis-
tribution are almost exactly reproduced except for
a shift in depth. An example is shown in Fig. 3,
where the Li concentration is depicted as a func-
tion of depth for three different crater positions on
wafer C. The size of each crater is 65 ym x 65 um
and the three craters are separated by a distance
of 125 ym from center to center. When the recorded
Li distributions for the second and third crater in
Fig. 3 are displaced towards larger depths by 1.1 um
and 2.2 um, respectively, the profiles overlap per-
fectly. The origin of the shift in depth may be due to a
small offset in the angle of the polished surface as
compared with the c-axis; estimation of this angle
(0.5°) shows that it is close to the specified uncer-
tainty of +0.25° as given by SPC-Goodwill. The angle
offset may also explain why these features are nor-
mally not observed, since a larger area of secondary-
ion acceptance would average out the observed
features.
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Fig. 3. Li concentration versus depth measured at three different
positions (x) of wafer C by SIMS. The depth profiles of the second
and third crater is shifted by 1.1 um and 2.2 um, respectively, as
compared with the first crater due to an offset in the cut angle.

Fig. 4. TEM image of two pyramidal c-axis inversion domains.
The orientation of the c-axis is indicated by arrows.

The origin of the observed inhomogeneity in the
Li distribution has not yet been established, but a
plausible explanation may be that Li decorates
defect structures which are confined to the basal
planes normal to the c-axis. Interestingly, TEM
studies reveal the presence of pyramidal inversion
domain boundaries (IDB) (Fig. 4), similar to those
observed by Koster-Sherger et al.l® in Fe-doped
ZnO samples. In Ref. 10 it was found that the Fe is
primarily present in the IDB. It is thus believed that
IDBs may also act as traps for both Li and H,
facilitating the formation of the OH-Li complex
when the wafer is cooled down after growth or high-
temperature processing treatments. In this respect,
it is also interesting to note that such inversion
domains are expected to have high thermal stability
and may, indeed, be part of the explanation of the
surprisingly high apparent thermal stability of the



Johansen, Haug, Prytz, Neuvonen, Knutsen, Vines, Monakhov, Kuznetsov, and Svensson

3577 cm ™! line and the dependency on the detailed
histm;y of heat treatment, as reported by Lavrov
et al.

In summary, we have shown that there is no
direct correlation between the average Li concen-
tration and the integrated absorption coefficient of
the 3577 cm™? line, previously identified as a local
vibrational mode originating from a OH-Li complex.
Thus the formation of this complex is typically not
limited by the concentration of Li. In three of the
five investigated wafers the Li distribution is highly
inhomogeneous along the direction of the c-axis, and
the features are reproduced in the lateral directions
over the surface. By the use of TEM, one of the
wafers with inhomogeneous Li distribution is shown
to contain c-axis inversion domains, which may be
the origin of the inhomogeneous Li distribution
acting as strong trapping sites for migrating Li and
H atoms. This may also explain the high apparent
thermal stability of the 3577 cm ™! band by trapping
of both Li and H at or in the vicinity of the inversion
domain boundaries.
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The thermal stability of the prominent 3577 c¢cm™ infrared absorption band in ZnO, assigned to an
O-H stretch mode adjacent to a Li atom on Zn site (Liy,), is studied. Employing slow sample
cooling after annealing, the 3577 cm™' peak remains at temperatures <1250 °C, consistent with
previous reports. However, if the samples are cooled rapidly by quenching, the peak disappears after
annealing for 1 h at 650 °C. A dissociation energy of less than 2.5 eV is deduced for the OH-Liz,
complex and the apparent high thermal stability after slow cooling is attributed to efficient
recapturing of H by Liy,. Moreover, deuterium (D) is found to replace hydrogen in OH-Liy, after
1 hat 700 °C in D, gas. © 2010 American Institute of Physics. [doi:10.1063/1.3522886]

Hydrogen (H) and lithium (Li) are two important impu-
rities in ZnO, especially in materials grown by the hydrother-
mal method (HT), where Li occurs with concentrations in the
range of (1-5) X 10'7 ¢cm™." Both impurities are electrically
active. Doping with H increases the free electron concentra-
tion, either by (i) H acting as a donor occupying the intersti-
tial site> or the substitutional O site* or (i) by forming
neutral complexes with residual acceptors (passivation)‘5 Li,
on the other hand, acts as a donor on the interstitial site and
as an acceptor on the substitutional Zn site,® where the latter
can be passivated by HSA comprehensive review on the role
of both H and Li in ZnO can be found in Ref. 7, and further
understanding and control of these elements are decisive in
order to realize stable p-type ZnO.

In HT-ZnO, the dominating OH-related infrared (IR) ab-
sorption line occurs at 3577 cm™' (Ref. 8) and is assigned to
a stretch mode of an OH bond adjacent to Li on Zn site
(Liz,).>® A remarkable feature is the high thermal stability
reported for this complex, as it has been found to persist after
heat treatment at 1200 °C for several hours.® Such a high
thermal stability is in strong contrast to that typically found
for other OH-related absorption peaks in ZnO, which disap-
pear in the temperature range of 150-750 °C.'" However,
as pointed out by Lavrov et al.,"* the thermal stability of the
3577 cm™! peak depends on the detailed history of heating
and cooling of the sample. It has been speculated that the
complex may dissociate at much lower temperatures than
1200 °C and that the high thermal stability is a result of
recapturing of H, i.e., reforming the complex, during cooling
to room temperature (RT).12 Such a process may also be
facilitated by another (in itself highly stable) defect that traps
mobile H (and possibly Li)."®

Wardle ef al.'* studied several different configurations of
Li in ZnO, including the Liz,—H complex. The binding en-
ergy was found to be 3.1 eV with respect to the neutral
constituents, while the more likely reaction in n-type mate-
rial, dissociating into the single acceptor state for Li, and
the interstitial donor state for HY, gives a binding energy of
only 1.3 eV. Assuming that the complex disappears accord-
ing to first order kinetics where dissociation dominates with
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negligible association, the annealing rate constant is given by
UT) = woe 5, (0

where v, is the attempt frequency, assumed to be on the
order of 1 X 10" s7!, E, is the dissociation energy, k is the
Boltzmann constant, and 7 is the absolute temperature. The
intensity of the corresponding absorption peak, I(¢,T), then
becomes

1(6,T) = Iye ", (2

where [ is the initial intensity and 7 is the heat treatment
time. With no recapturing, a value of E; in excess of
~4.8 eV is required to avoid a “complete” dissociation (re-
maining fraction <10%) after 1 h at 1200 °C. This value is
much higher than that expected from the sum of the binding
energy (E,=1.3 eV) (Ref. 14) and for the diffusion barrier
for H(E,=0.85-0.9 eV).'>

In this work, the integrated absorption coefficient (inten-
sity) of the 3577 cm™' peak has been studied in detail after
isochronal heat treatment. The heat treatment was followed
by slow cooling (~1.5*0.5 min) or quenching (~1 s) of
the samples to RT. In the former case, the previously re-
ported persistency of the 3577 cm™' peak at high tempera-
tures is confirmed,® while in the latter case, the peak intensity
is below the detection limit already after 1 h at 650 °C.
These data imply a dissociation energy of less than 2.5 eV
for the OH-Liy, complex and that retrapping of H plays a
crucial role during sample cooling.

Three wafers (A—C) of HT-ZnO with a size of 10X 10
% 0.5 mm?> obtained from SPC Goodwill were used in this
study. The as-grown Li concentration was determined by
secondary ion mass spectrometry (SIMS) to be in the range
of (2-4) X 10" cm™3. Sample A was heat treated for 30 min
at different temperatures in the range of 150—1300 °C, and
after each heat treatment, the sample was cooled down to RT
within 1.5%0.5 min in air. Three samples of wafer B, each
5X5X0.5 mm? in size, were heat treated separately for 1 h
and subsequently quenched to RT in de-ionized water.
Sample B-1 was treated at 500 and 600 °C, B-2 at 400 and
550 °C, while B-3 was only treated at 650 °C. The heat
treatments were performed in a tube furnace using air atmo-
sphere and after every treatment, IR-absorption spectra were
recorded with a Bruker IFS 113v Fourier transform spec-

© 2010 American Institute of Physics
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FIG. 1. (Color online) Selected IR-absorption spectra showing the 3577 c¢m™' peak obtained from (a) wafer A (cooled slowly to RT in air) and (b) wafer B
(quenched to RT in de-ionized water). The spectra are offset vertically for clarity. Unpolarized light was used with the wave vector, K, directed perpendicular

to the c-axis of the sample (K L ¢)

trometer at a sample temperature of 20 K and with a spectral
resolution of 1 cm™'. No significant change in the Li con-
centration was observed by SIMS as a result of the heat
treatments.

Figure 1 shows selected absorption spectra obtained
from wafers A (a) and B (b). In wafer A (slow cooling), the
3577 em™! peak remains up to 1250 °C but decreases then
abruptly below the detection limit after the 1300 °C treat-
ment. In contrast, for wafer B (quenched), the 3577 cm™!
peak intensity starts to decrease gradually already at 500 °C
and the peak is below the detection limit after 1 h at 650 °C.

Figure 2 shows the normalized intensity (integrated ab-
sorption coefficient) of the 3577 c¢cm™' peak as a function of
heat treatment temperatures for wafers A and B. For wafer A,
it is interesting to note that there are significant variations in
the peak intensity already in the temperature range below
300 °C; both growth and loss occur with a net increase by
~20%-30% above 300 °C relative to the peak strength at
RT. This indicates that the OH-Li forms at the expense of
other, less stable, OH-related defects when H is released. !
The solid line in Fig. 2 is obtained from the first order dis-
sociation model given by Egs. (1) and (2), with v, and E,
equal to 1 X 10" s7! and 5.5 eV, respectively. This value of
E, is considerably higher than expected from theoretical pre-
dictions. Indeed, if the binding energy of 1.3 eV reported by
Wardle er al." combined with an activation energy of
~0.8-0.9 eV for diffusion of H in ZnO,"'® one obtains
E;=2.1-2.2 eV. Furthermore, a close examination of the
experimental data above 1200 °C for wafer A reveals a
much more abrupt decrease in the peak intensity than that
given by the first order dissociation model.

The results for wafer B (quenching) in Figs. 1 and 2 are
in strong contrast to those obtained for wafer A and to the
data in Ref. 8. Such a profound influence by the cooling rate
implies that retrapping of H is dominant unless rapid quench-
ing is performed. The dashed line in Fig. 2 shows the results
from the dissociation model, with v, and E; equal to 1
X 10" s7! and 2.5 eV, respectively. The experimental data
exhibit a slower decrease than predicted by the calculations,
suggesting that recapturing of H upon cooling takes place
even during the rapid quenching procedure used. This illus-
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FIG. 2. (Color online) The normalized intensity of the 3577 cm™" peak as a
function of heat treatment temperature obtained from wafer A (30 min,
followed by slow cooling in air) and wafer B (1 h, followed by rapid
quenching in de-ionized water). The solid and the dashed lines show the
results from the first order dissociation model where v, is equal to 1
X 10" s7! and E,, is equal to 5.5 and 2.5 eV, respectively.
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FIG. 3. (Color online) The lower panel shows the absorption spectrum for
wafer C after heat treatment at 700 °C for 1 h in an ampoule filled with 0.5
bar wet (D,0) D, gas. The 2644 cm™' absorption peak corresponds to the
OD-Li complex. The upper panel shows the spectrum for the as-grown
wafer and the 3577 cm™' absorption peak (OH-Li complex) for reference.
K L € and unpolarized light was used.

trates how efficient the Li, acceptor is as a trap for migrat-
ing H in ZnO, and taking retrapping into account, the value
of 2.5 eV should be regarded as an upper limit for E,. In fact,
in Ref. 15, the diffusion of hydrogen, using the heavy isotope
(deuterium, D) was found to be trap limited in Li-rich
samples with a dissociation energy of only 1.5+0.3 eV for
the trapped D atoms. This yields an appreciable dissociation
rate already at ~200-250 °C, i.e., in the low temperature
range where substantial variations in the 3577 cm™' peak
intensity occurs for wafer A.

Based on the apparent high stability of the OH-Li com-
plex, there has recently been some controversy in literature

Appl. Phys. Lett. 97, 211907 (2010)

about the possibility of exchanging H in the OH-Li complex
with D at temperatures around 700 °C.""'7 According to the
results from wafer B, such an exchange may take place. In-
deed, Fig. 3 shows the absorption spectra of wafer C, before
and after heat treatment at 700 °C in an ampoule filled with
0.5 bar of wet D, gas (slow cooling). The exchange is effi-
cient (~90%), possibly indicating a lower total energy
(higher stability) for the OD-Li complex relative to the
OH-Li complex.

In conclusion, the OH-Li complex starts to dissociate at
temperatures below 500 °C and an upper limit for the disso-
ciation energy is found to be 2.5 eV using quenched samples.
The apparent high thermal stability of the OH-Li complex
(up to 1250 °C) observed in slowly cooled samples is most
likely due to efficient retrapping of H by Liy,, as suggested
by Lavrov et al” Finally, an efficient exchange of H with D
in the OH-Li complex takes place at 700 °C, which may
indicate a lower total energy for the OD-Li complex.
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Monocrystalline n-type zinc oxide (ZnO) samples prepared by different techniques and containing
various amounts of lithium (Li) have been studied by positron annihilation spectroscopy (PAS)
and secondary ion mass spectrometry. A distinct PAS signature of negatively charged Li atoms
occupying a Zn-site (Li,, ), so-called substitutional Li, is identified and thus enables a quantitative
determination of the content of Liz,. In hydrothermally grown samples with a total Li concentration
of ~2x10'" cm™®, Liz, is found to prevail strongly with only minor influence by other possible
configurations of Li. Also in melt grown samples doped with Li to a total concentration as high
as 1.5x10' cm ™, a considerable fraction of the Li atoms (at least 20%) is shown to reside on the
Zn-site, but despite the corresponding absolute acceptor concentration of 2(2—3)><1018 cm ™ the
samples did not exhibit any detectable p-type conductivity. The presence of Liz, is demonstrated
to fully explain the systematic difference in positron lifetime of 10-15 ps between Li-rich and Li-lean

ZnO materials as found in the literature.

PACS numbers: 81.05.Dz,71.15.Mb,71.55.Gs,78.70.Bj

I. INTRODUCTION

For a long time, the fundamental challenge of accom-
plishing stable p-type ZnO has hampered the realization
of optoelectronic devices like white light emitting diodes
and UV-laser diodes based on ZnO. One of the candi-
dates for p-type doping of ZnO has been Li substituting
on the Zn-site (Liz,) despite results indicating a not very
shallow acceptor state in the bandgap.!® However, one
ultimate challenge is the amphoteric nature of Li where Li
on an interstitial site (Li;) acts as a donor, leading to self
compensation. The fraction between donor and accep-
tor states is dependent on the electro-chemical potential
of the material.*® Further, based on density functional
theory Wardle et al.> have predicted the existence of a
neutral Liz,-Lij-complex. Because of the low formation
energy of this complex, as compared to the sum of that
for isolated Liz, and Li;, they suggested that the com-
plex may dominate the behaviour of Li in ZnO. Moreover,
Liz, can also be passivated by H and form the OH-Liz,
complex, which occurs as a neutral defect.>710

However, in n-type hydrothermally grown (HT) ZnO
samples with unintentional concentrations of Li in the
1-5%10'7 cm ™ range, it is shown experimentally that
decreasing the concentration of Li leads to an increase
in the conductivity, consistent with Li mainly being in
the acceptor configuration, Liz .'"'? Electron param-
agnetic resonance (EPR) measurements of Li-rich ZnO
have also revealed that a measurable fraction of the Li
atoms reside on the Zn-site.'® In a few studies, Li has
also been observed to contribute to p-type doping in
ZnO thin polycrystalline films grown by dc reactive mag-
netron sputtering.'4'5 Recently, an acceptor state was
observed by photoluminescence in Li-doped!® and H-

doped? samples in the temperature range between 400 °C
- 600°C and 500°C-550 °C, respectively, possibly origi-
nating from a Liz,-H-Liz, complexm6

Positron annihilation spectroscopy (PAS) is an invalu-
able tool in the search for neutral and negatively charged
open volume defects in many semiconductors, including
Zn0.'7"1 In 1992, de la Cruz et al.2’ measured the av-
erage positron lifetime (744¢) in flux grown ZnO sam-
ples and observed single component lifetimes of 18043 ps
and 16942 ps in as-grown and thermochemically reduced
samples, respectively. The 169 ps lifetime was attributed
to the bulk positron lifetime (75), while the defect re-
sponsible for the 180 ps lifetime remained un-identified.
More recently, Tuomisto et al.!®2! found the same T4
of 170 ps in samples prepared by the seeded vapor phase
technique (VP-ZnO), supporting the assignment of the
16942 ps lifetime being the 75 in ZnO. A bulk positron
lifetime of 171+1ps in VP-ZnO samples (supplied by
Eagle-Picher) was also observed by Chen et al.?2. In
as-grown HT-ZnO (SPC-Goodwill), on the other hand,
Chen et al. found a single component positron lifetime
ranging from 182.2+0.7 ps to 198+1 ps depending on the
specific wafer measured?? 24, They speculated that this
variation was related to annihilation of positrons at other
sites than those in a perfect crystal, such as impurities,
small angle grain boundaries or some other unknown im-
perfections, homogeneously distributed in the material.
In hydrothermally grown material originating from sev-
eral different suppliers studied by Brauer et al.2® the T4y
is found to be in the range of 180-182ps, while in melt
grown samples the 7,,¢ is in the range of 165-167 ps. Fi-
nally, a similar difference of ~10 ps between HT-samples
(CrysTec) and VP-samples (Eagle-Picher) was also re-
ported by Brunner et al.'”, despite somewhat lower ab-



solute values than those in Refs. 18, 20-25. Further, con-
ducting PAS Doppler broadening experiments Barseth et
al.26 observed a deviation of the annihilation parameter
values for N-implanted HT-samples as compared to those
for samples grown by the VP-technique. Such a devia-
tion was not observed using ZnO thin films grown by
molecular-beam epitaxy?” or by metalorganic chemical
vapor deposition?®.

Brauer et al.?> have proposed that the discrepancy
in the single component positron lifetime of single crys-
talline ZnO materials grown by different techniques is
due to Vz,-H,, complexes; in Ref. 25, samples with H
concentration as high as 0.3 at.-%, measured by nuclear
reaction analysis, were studied. Such a high H concentra-
tion is, as mentioned by the authors themselves, not con-
sistent with the findings of Ohashi et al.?? and Nickel and
Brendel®®. Furthermore, recent results by Vines et al.'?
reveal H concentrations below 5x 107 em™ in hydrother-
mally grown ZnO (SPC-Goodwill). H-concentrations in
the at.-%-range are also in strong contrast to the H sol-
ubility limits estimated by Thomas and Lander?!' and
suggest a high concentration of traps for hydrogen, like
defects and impurities??:39-32,

In this work, PAS, secondary ion mass spectrometry
(SIMS) and four-point probe measurements have been
employed to study n-type bulk ZnO samples prepared
by different techniques and with different concentrations
of Li. The PAS signature of negatively charged sub-
stitutional Li, Liz, is identified; a clear correlation be-
tween the increased single component positron lifetime
and the Liz, concentration is revealed together with dis-
tinct signatures deduced from the Doppler broadening
spectra. These conclusions are supported by modeling
of the PAS parameters using electron structure calcula-
tions. Through correlation between the PAS and SIMS
data, the fraction of Li in substitutional configuration is
quantitatively determined and its importance as an ac-
ceptor center in the different samples is discussed.

II. METHODOLOGY

Four n-type HT-ZnO wafers (labeled HT 1-4) supplied
by SPC-Goodwill were used in this study. A concentra-
tion of 2x10'7 Li/ecm® was found in the as-grown mate-
rial (wafer HT-1), as measured by SIMS, using a Cameca
IMS7f microanalyzer. Samples HT-2, HT-3 and HT-4
were heat treated in air at 1500°C for 1h in order to
reduce the Li content to the 10'° cm™3 range and then
mechanically polished at the O-face to restore the sur-
face smoothness'!. The sample HT-2 was subsequently
heat treated further at 1100°C for 1h to minimize the
influence of polishing defects in the near surface region
on the slow positron beam measurements®?. Two melt
grown (MG) samples (labeled MG-1 and -2) with a resis-
tivity of 1-2Q cm were purchased from Cermet Inc. and
contained a Li concentration of ~10'°cm™3 in the as-
grown state. Li was intentionally introduced into sample

MG-2 by annealing at 600°C for 1h in a closed quartz
ampoule containing a mixture of 10% LixO- and 90%
ZnO-powder, resulting in highly resistive material (the
resistivity exceeded 10 k2cm as determined by four-point
probe measurements).

The positron lifetimes were measured using a conven-
tional fast-fast coincidence spectrometer with a Gaus-
sian time resolution with full width at half maximum of
250 ps (Ref. 34). Two identical sample pieces were sand-
wiched with a 20 Ci positron source (*?Na deposited on
a 1.5um Al foil). Typically 2 x 105 annihilation events
were collected in each positron lifetime spectrum. The
lifetime spectra were analyzed as the sum of exponen-
tial decay components convoluted with the resolution
function of the spectrometer, after subtracting material
specific values for the constant background and annihi-
lation in the source material and as positronium (215
ps - 2.0%; 400 ps - 3.4 %, 1500 ps - 0.08%). For the
Doppler broadening experiments, the samples were stud-
ied with mono-energetic positrons implanted into the O-
face at room temperature. The implantation energy of
the positrons was varied in the range of 0.5—38 keV, giv-
ing a mean positron implantation depth of 0.05—2.4 ym.
The Doppler broadening of the annihilation radiation was
detected with two Ge detectors with an energy resolu-
tion of 1.24keV at 511keV. The data were analyzed us-
ing the conventional S- and W-parameters, defined as
the fractions of counts in the central S, |E — 511keV| <
0.8keV (corresponding to electron-positron pair momen-
tum of 0.4 a.u.), and the wing W, 2.9keV < |E—511keV]|
< 7.4keV (1.6 - 4.0a.u.), parts of the recorded photon
spectrum. In addition, coincidence Doppler broadening
measurements were conducted at a positron implantation
energy of 30keV (i.e., probing depth of a few microns be-
low the surface), using two Ge detectors in coincidence
with a peak-to-background ratio of about 2x106.

The so-called ratio curves for positron annihilation at
different kinds of defect structures relative to that in
a prefect crystal have been calculated. The technical
details of the formalism used can be found in Ref.35.
To summarize, the positron annihilation parameters are
modeled using electronic structure calculations; the va-
lence electron densities are obtained self-consistently via
the local-density approximation (LDA), employing the
projector augmented-wave (PAW) method®® and the
plane-wave code vASP.37:38% The positron states and anni-
hilation characteristics are determined using the LDA®
and the state-dependent scheme®® for the momentum
densities of annihilating electron-positron pairs. For the
most part, orthorhombic 96-atom cells are used, but the
convergence of the positron state and lifetime have also
been confirmed with 768-atom supercells. Defect struc-
tures are relaxed taking into account the forces exerted on
the ions by the localized positron. The Doppler spectra
are computed using the all-electron valence wave func-
tions of the PAW method?! and atomic orbitals for the
core electrons. The spectra are then convoluted with the
resolution of the Doppler measurements. The above ap-



proach is well-established and has been proven successful
in various PAS studies (see, for instance, Refs. 42—44).
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FIG. 1. Li concentration versus depth profiles for samples
HT-1, HT-2, MG-1 and MG-2 as measured by SIMS.
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FIG. 2. Positron lifetime spectra measured for an electron
irradiated VP-ZnO sample?”, a typical spectrum for HT-ZnO
(as well as for Li-enriched MG-ZnO samples) and the bulk
lifetime spectrum as measured in the VP-ZnO reference sam-
ple.

III. RESULTS AND DISCUSSION

Fig. 1 shows the Li-concentration as a function of
depth in the studied samples. The as-grown HT-1 sample
and the Li-reduced HT-2 sample contain 2x10'7 Li/cm3
and 3x10'° Li/cm?, respectively. It is important to note
that the Li concentration is uniform in the samples up to
a depth of at least 2-3 um. The as-grown MG-1 sample
and the Li-enriched MG-2 sample contain 1x10'® Li/cm3

and 1.5x10'9 Li/cm3, respectively, and except for the
near surface region (< 0.2um) the profiles remain con-
stant.

The average positron lifetime (74,¢) in the sample HT-
1 was found to be 187 ps at room temperature (RT), in
good agreement with previous studies of HT ZnO in the
as grown state, where values in the range of 180 - 190 ps
have been reported.?? 2* The 74, measured for samples
HT-3 and HT-4 before and after the removal of Li, re-
veal a decrease of 6ps from 184ps to 178 ps and from
185 ps to 179 ps, respectively. The 7,4, in the MG ZnO
samples at RT was found to be 170ps, as in the refer-
ence VP sample, and in good agreement with previous
observations of the positron lifetime in “defect free”ZnO
crystals (bulk lifetime, 75)%!. However, after introduc-
ing Li into the sample MG-2, 7,4, increased by 10 ps to
180 ps. From this we conclude that the longer 744, (in the
range of 180-190 ps) observed in the HT and Li-indiffused
MG samples is related to the presence of Li. This is also
consistent with the systematic positron lifetime difference
of 10-15 ps between Li-rich (e.g. HT ZnO) and Li-lean
ZnO, where a clear vacancy-related signal is not sepa-
rable in the experimental lifetime spectra.!”2224:45 To
illustrate the difference in between samples with a low
Vyzn-concentration and a high Li content fig. 2 shows the
positron lifetime spectra for the VP reference sample,
HT (or Li-indiffused MG) ZnO, and an electron irradi-
ated VP sample?” having similar 7,,. as the as-grown HT
samples. In irradiated samples the longer 744 (compared
to the VP ZnO reference) is due to a longer and clearly
resolved lifetime component emerging after 0.7 ns, while
in the HT sample the lifetime spectrum seems to consist
of only a single component which is slightly longer than
that in the VP reference sample. In the electron irradi-
ated sample, the 7o = 230 £10 ps component is caused by
V7, while a Li-related defect with less open volume and
a significant concentration (at least in the 2-3x1017 cm=3
range to produce only a single component) is responsi-
ble for the longer 7,4, in the HT and Li-indiffused MG
samples.

It should be noted that the above-mentioned limit of
(2-3)x10'7 em~3 is, in fact, not the limit for saturation
trapping (which occurs at (2-3)x10® cm™3). The life-
time data recorded in samples HT-3 and HT-4 could not
be separated into two components in spite of 74, being
above 75 by 8-9 ps, which should be enough for reliable
separation when only Vyz, are trapping positrons. The
temperature-dependent data on similar samples in Ref.
45 imply that also shallow traps for positrons (e.g., neg-
atively charged non-open volume defects such as impu-
rities) are present in the samples and are able to trap
positrons at room temperature. Even a relatively low
concentration of such defects will produce a low-intensity
lifetime component equivalent to 75 in the decay spectra,
making the separation of lifetime components in practice
impossible. Hence the lower limit given for the Li-related
defect concentration is an estimate of minimum concen-
tration for the observation of a major effect in the lifetime
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FIG. 3. W-parameter versus S-parameter as measured in the
Li-rich (HT-1 and MG-2) and the Li-lean (HT-2) samples.
The data points related to surface annihilation are removed
for clarity. In addition, values obtained from a ZnO sample
irradiated with oxygen ions, containing two different concen-
trations of Vzn, are shown for comparison.?”

Doppler broadening experiments were performed on
the samples to determine the S- and W- parameters that
are specific to different annihilation states. Fig. 3 shows
the W-parameter versus the S-parameter for the samples
HT-1, HT-2, and MG-2. The parameter values are nor-
malized to those of positrons annihilating in the delocal-
ized state in the ZnO crystal'® and values for Zn-vacancy
saturation trapping are taken from previous experiments
on irradiation-induced defects in ZnQ.!%21:27 In Fig. 3,
these points are denoted by “ZnO lattice”and “Vz,”, re-
spectively, and the line connecting them is referred to as
the Vz,-line.

In samples where the Vg, is a dominant open volume
positron trap, the S/W parameter values follow the Vz,-
line, with the experimental points gathered on a position
determined by the actual Vz,-concentration'®; this holds
for sample HT-2, where the Vg, concentration can be es-
timated as 54+1x10'6 em™3 (corresponding to S=1.012
and W = 0.947),which is one order of magnitude higher
than the total Li-concentration in the sample, see Fig.
1. Such a Vyz,-concentration is consistent with the aver-
age positron lifetime of 178-179 ps found after Li-removal
(HT-3 and HT-4), assuming that the longer lifetime, as
compared to 7, is due to Vz,. However, in all the mea-
sured samples containing significant amounts of Li (e.g.
HT-1 and MG-2), the S/W parameter values fall below
the Vyzy,-line indicating the presence of a positron trap
different from the Vyz,, in agreement with the lifetime
results. It should be noted that in absolute numbers the
Doppler broadening results vary slightly between differ-
ent HT wafers (not shown), probably due to differences
in the concentration of Vz, and Liz,, but all of them
exhibit the same trend, where the data points fall below
the Vzy-line. This trend is also present for the data in

Ref. 46.
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FIG. 4. Coincidence Doppler Broadening measurements for
as-grown HT-ZnO (HT-1), as-grown MG-ZnO and Li-doped
MG-ZnO as compared to the theoretical values obtained for
Vzn, Lizn and the Liz,-H-Lizn-complex. The experimental
data obtained for a ZnO sample irradiated with oxygen ions
with high concentration of Vz, is shown for comparison.?”

In order to shed more light on the identity of the
defects dominating the trapping of positrons in Li-rich
samples, coincidence Doppler broadening measurements
were undertaken. The so-called ratio curves, i.e., the
Doppler broadening spectra measured for the HT- and
in-diffused MG-samples divided by the spectrum mea-
sured for the VP reference sample, are shown in Fig.
4 together with the corresponding ratio curves obtained
theoretically for the Vz,, the substitutional Liz, and the
Liz,-H-Liz,-complex proposed in Ref.2. Also the OH-
Liz, and Liz,—Li; complexes have been calculated, using
the ground state configurations predicted by Wardle et
al., but they are omitted in Fig. 4; the Liz, —Li; pair is
not found to be active as positron trap while the curve
for OH-Ligz, is indistinguishable from the one for Lig,,.
The latter result is perhaps somewhat surprising since
an extra H is expected to increase the high-momentum
intensity, but this is compensated by a decrease caused
by outward relaxation of Li.®

For comparison, Fig. 4 includes also data obtained for
an oxygen ion-irradiated sample with a high concentra-
tion of Vz,’s (Ref. 27) illustrating that the features of
the experimental and theoretical ratio curves (such as
the shoulder at 1-1.2 a.u.) agree very well. From this,
it is evident that the experimental ratio curves obtained
in the Li-rich materials cannot be explained by assuming
non-saturated trapping by Vz,. On the other hand, the
theoretical curves for the Liz,, Liz,-H-Liz, and OH-Liz,
complexes all show an excellent agreement with the data
obtained from the Li-indiffused MG sample. This holds
also for the lifetime measurements, where the calculated
lifetime of the positron trapped at the Liz, defect is 6-8
ps longer than the bulk one depending on whether we



consider the center or off-center geometries predicted by
Lany and Zunger®”. For the Li-H-Li defect it is 8 ps, for
OH-Liz, 7ps, and for Vg, 81 ps longer.

It should be mentioned that our calculations predicted
a bulk ZnO lifetime of 137 ps, which is considerably
shorter than the experimental value of 170 ps. Such
an underestimation is typical®® for our specific choice
of LDA parametrization®® for electron-positron correla-
tion effects, and it occurs especially for materials contain-
ing electronic states derived from atomic d orbitals. We
stress that we have chosen the approximations we use so
that the Doppler ratio spectra, rather than the positron
lifetimes, would be reproduced in accordance with ex-
periments as well as possible (please see the benchmarks
done for other materials in Ref. 35). However, even
though the absolute values of the positron lifetimes do
not match, lifetime differences between the defect life-
times and the bulk lifetime give a valid comparison be-
tween experiments and theory.

As will be discussed below, the concentration of the
dominant positron trap in the Li-indiffused MG sample
is at least (2-3)x10'8 cm ™3, which exceeds the hydrogen
content of <6x10'7 cm™? in the sample, as determined by
SIMS and limited by the sensitivity of the measurements,
by a factor of 5 (or more). Thus, it can be concluded
that the main positron trap is Liz,, with only a minor
contribution (if any) from Liz,-H-Liz, and OH-Liz,. The
low H concentration also excludes the Vyz,-H,,-complexes
suggested by Brauer et al.?

The differences between the Vz, and Liz, ratio spec-
tra in Fig. 4 are largely explained by the smaller open
volume seen by the positron in the latter case. The Li
repels the positron towards neighboring ion cores thereby
increasing the high-momentum intensity relative to the
Vzn spectrum. The direct contribution of the Li orbitals
to the Liz, spectrum can be quantified by considering
the system as a superposition of free atoms and decom-
posing the total annihilation rate to contributions due
to different atomic orbitals. The Li contribution turns
out to be only 5% of the total annihilation rate. Further-
more, the direct Li contribution to the Doppler spectrum
is rather featureless. In conclusion, our calculations in-
dicate that we do not observe any clear “Li fingerprint”,
which would provide the possibility to unambiguously
identify Li-related defects in a more general case. How-
ever, the flat region with the ratio slightly above 1.0 ex-
tending from 0 to 1.3 a.u. is unique for Liz,. It has been
found previously?® in the GaN-system that addition of
hydrogen to vacancy defects flattens out the ratio curves
slightly, but preserves the qualitative features (such as
the shoulder observed between 1-1.2 a.u.).

The data in Fig.4 obtained for HT ZnO also match
closely to Liz, but a small contribution from Vz, (with-
out Li) can be revealed (namely the slightly higher in-
tensity at low momenta, and a hint of a shoulder-like
feature at around 1 a.u.). According to Sann et al.? the
Lizn-H-Lizn-complex does not appear in as-grown HT-
material and it has also been found previously that the

concentration of OH-Liz, is low compared to the total
concentration of Li in as grown HT ZnO.'° Hence, Liz,
occurs as the dominant trap also in HT ZnO, but with
detectable contribution from Vz,. In the as-received MG
sample, the high-momentum (above 1.5 a.u.) region dis-
plays similar intensity as that in the HT sample while in
the low-momentum region (less than 0.5 a.u.) the MG
sample exhibits clearly higher intensity, consistent with
non-saturation trapping by Vz,. Thus, these data give
clear evidence of the presence of Vyz, in the near surface
region of the as-received MG sample, even if the lifetime
experiments employing fast positrons show a Vg, con-
centration below the detection limit in the bulk of the
sample. This is not surprising, as surface treatments are
known to affect the ZnO crystal on the scale of several
microns below the surface.?3

When positrons are trapped by one type of defect,
saturation trapping is observed in lifetime experiments
when the trapping rate at a given defect is kg = 75 !
(Tave — ™8)/(Td — Tave) 2 20 Tgl, where 7,4 is the de-
fect positron lifetime. Using the typical value for the
trapping coefficient for negatively charged defects pug =
3x 101 s71 (Ref. 18), a defect concentration of about (2-
3)x10'8 cm™3 is required for saturation trapping. How-
ever, if several kinds of defects (with comparable concen-
tration) compete in positron trapping, a lower concen-
tration (of roughly one order of magnitude) is sufficient
for producing a lifetime spectrum where the components
of the different defects cannot be resolved. In this case,
it is primarily the lifetime of the dominant defect species
that defines the lifetime spectrum. The latter situation
is encountered for the HT-1 sample (as-grown) where,
in addition to Liz,, a detectable concentration of Vg, is
present as well. In order to produce data resembling sat-
uration trapping, as observed in Fig.2, essentially all of
the Li atoms in sample HT-1 (2x10'7 cm =) must reside
on the Zn-site, in accordance with previously reported re-
sults for electrical measurements of similar samples.!!:12
The Vyz, concentration in sample HT-1 is difficult to de-
termine with a high degree of accuracy, but an approx-
imate value of 5x10'% cm™3 can be deduced also taking
into account the results in Fig. 4. Interestingly, from
the Doppler broadening data (Fig. 3) a similar value
of the Vg, concentration is obtained for sample HT-2
(post-growth annealed and Li-lean). In this sample Vz,
is the prevailing positron trap, and these data may sug-
gest that the content of Vy, already exists after growth
and remains during the high temperature post-growth
treatment. However, we would like to point out that the
isolated Vyz, has previously been found to anneal out al-
ready at 300 °C.2! Thus the Vy, observed in the as-grown
and thermally treated ZnO crystals may not be in its iso-
lated form, but rather be stabilized by other intrinsic de-
fects or impurities (including hydrogen). However, since
they retain their Vy,-like defect characteristics from the
PAS point of view even when complexed with substitu-
tional impurities, they are labelled Vy, for simplicity. In
principle, also Liz, could be regarded as a Vz,, perturbed



by a Li-atom inside the open volume, but the clearly dif-
ferent Doppler broadening signal (e.g., no shoulder at
1-1.2 a.u.) justifies the use of Liz,.

For the Li-indiffused MG-2 sample containing
1.5x10% Li/cm? there is no detectable contribution from
Vzn (Figs. 3 and 4) and Liy, leads to saturation trapping
on its own, i.e., the difference in the positron lifetime of
10 ps relative to the VP reference sample occurs without
the presence of the clearly longer lifetime component of
Vz, illustrated for the electron-irradiated sample in Fig.
2. Thus, at least (2-3)x10'® cm =2 of the Li-atoms must
exist as Liz,, but no p-type conductivity was detected.
If an acceptor state located 0.26eV above the valence
band edge (E,)? for Liz, together with ordinary thermal
ionization is assumed this would yield a hole concentra-
tion of >10'%cm™2 at room temperature. However, the
sample is highly resistive (>10 kQcm) indicating that
self-compensation, presumably caused by Li;, prevails at
high Li-concentrations. Alternatively, formation of elec-
trically inactive Liz,—Li; pairs may be pronounced in
highly doped materials, as suggested by Wardle et al.®,
but this does not account for the non-detectable hole con-
centration in the in-diffused MG-2 sample unless the ac-
ceptor state of Liz, is substantially deeper than 0.26 eV
above E, or a balancing donor concentration exists.

Finally, it should be noted that the positron data do
not provide evidence on the exact position of Li on the
substitutional Zn-site. We performed ab initio calcu-
lations for both the negatively charged on-center and
the neutral off-center configurations predicted by Lany
et al.%”, and, interestingly*®, found negligible differences
in predicted positron localization, lifetime and Doppler
broadening signals. A convergence test was performed
using a larger 768-atom supercell, which are unfortu-
nately currently too large to allow accurate calculations
of Doppler spectra, we observe no significant difference
in the localized positron density between the 96 and 768-
atom supercells and find that the calculated positron life-

times agree within 2 ps. Using the 768-atom cell we esti-
mate the positron binding energies to the Li-related de-
fects examined to be on the order of 0.2-0.3 eV. Similar
calculations made for semiconductor point defects in gen-
eral under-bind the positron*®, so we regard this estimate
as a lower bound for the binding energy and do not ex-
pect positron detrapping from defects to play a role in
measurements. For Vyz,, a much deeper positron trap, we
estimate the positron binding energy to be on the order
of 2eV.

IV. CONCLUSION

In conclusion, the positron annihilation signature of
negatively charged substitutional Li, Liz,, has been iden-
tified. It has an open volume smaller than that of
the Vz,. Essentially all Li atoms present in n-type
HT ZnO resides on the Zn-site and the resulting open
volume is thus responsible for the increase in the sin-
gle component positron lifetime observed in as-grown
HT ZnO as compared to samples produced by other
growth techniques yielding Li-lean material. This also
explains the discrepancy in the reported values for the
bulk positron lifetime in ZnO. A large concentration of
Liz, (>10"cm™?) is observed after in-diffusion of Li at
600 °C, but no p-type conductivity is detected indicating
that self-compensation prevails in highly doped samples
with a total Li concentration in excess of 101 cm™3.
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Hydrothermally grown n-type zinc oxide (HT-ZnO) samples have been intentionally doped with
hydrogen (H) via in-diffusion and the interaction of H with lithium (Li), a main residual impurity
in HT-ZnO, and zinc vacancies (Vzn), a main intrinsic defect, is studied using positron annihilation
spectroscopy (PAS) and secondary ion mass spectrometry. Li on Zn-site (Liza) is found to be the
dominant trap for migrating H-atoms while the trapping efficiency of Vz, is considerably smaller.
After hydrogenation, where the Liz, acceptor is passivated via formation of neutral Liz,-H pairs,
Vzn occurs as the prime PAS signature and with a concentration similar to that observed in non-
hydrogenated Li-lean samples. Despite a low efficiency as H-trap, the apparent concentration of Vg,
in Li-lean samples decreases after hydrogenation, as detected by PAS, and evidence for formation

of the neutral Vz,Hs complex is presented.

Hydrogen (H) and lithium (Li) are two common impu-
rities in hydrothermally grown (HT) zinc oxide (ZnO)
with concentrations typically in the 107 cm~3-range!
and both elements are electrically active. H can act as
a shallow donor?™ or indirectly contribute to n-type ac-
tivity by passivating compensating acceptors®. Li on the
other hand behaves as an amphoteric impurity being a
donor on interstitial site (Li;) and acceptor on Zn-site
(Lizn)®. The relative abundance of Li; and Liz, de-
pends on the Fermi-level position and the detailed ZnO-
stoichiometry®”. H is a relatively fast diffuser exhibiting
an activation energy in the range of 0.8-0.9 eV®?. Less
is known about Li-diffusion. However, an early study by
Lander'? suggests an activation energy of 1eV for migra-
tion of Li;.

In as-grown HT-ZnO the dominant infrared absorption
peak, observed at 3577 cm ™!, is found to involve both H
and Li, based upon isotope shift for both elements'!2.
Halliburton et al.® proposed that this local vibrational
mode originates from a OH-Liz, complex and they con-
cluded, based on quantification of the absorption line and
the strength of electron paramagnetic resonance (EPR)
signal of the Liz,, that 99% of the Li in their as-grown
sample was in the form of such OH-Li complexes. The
high apparent thermal stability (~1250°C) of this ab-
sorption peak illustrates how efficiently H is trapped by
Liz,, where rapid quenching of the samples to room tem-
perature is needed to avoid re-trapping of H upon cooling
after high temperature heat treatment'3.

However, electrical measurements of similar type of
samples’'* showed that the major contribution of Li in
as-grown n-type HT-ZnO is in the acceptor state (Li, )
and not in the neutral OH-Liz, center. By combining sec-
ondary ion mass spectrometry with infrared absorption
spectroscopy, it has also been found that the absorption
strength of the 3577 cm™! line did not scale with the
total Li-concentration'®. These results do therefore not
support the conclusion that the majority (99%) of Lizy
would be passivated by H in as-grown material via for-
mation of the OH-Liy, complexs. This is also in line with
the conclusions of Johansen et al.'®, where the positron

annihilation signature of Liz, has been identified.

In this work, H is deliberately introduced by shallow
ion implantation and subsequent annealing (in-diffusion),
and its interaction with Liy and V, is studied by
positron annihilation spectroscopy (PAS) and secondary
ion mass spectrometry (SIMS). Both Li-rich and Li-lean
HT ZnO samples have been employed. In the former case,
H is found to predominantly passivate the Lij, -acceptor
leaving V7, as the main positron trap, while in the latter
case an apparent reduction in the concentration of Vg,
occurs. Vg, is anticipated to be in a double negative
charge state in n-type material'™ and the results from
the Li-lean samples suggest the formation of a neutral
Vz,Hs complex.

Two n-type HT ZnO wafers (labeled A and B) with
a size of 10 x 10 x 0.5 mm?® were used in this study and
supplied by SPC-Goodwill. A concentration of 2x107
Li/cm?® was found in wafer A, as measured by SIMS em-
ploying a Cameca IMS7f microanalyzer (details about the
SIMS-analysis can be found in Ref. 16). Wafer B was
post-growth annealed in air at 1500°C (1 h) in order to
reduce the Li content followed by mechanical polishing of
the O-face to restore the surface smoothness'4. After pol-
ishing, wafer B was further annealed in air at 1100°C (1
h) to minimize the polishing damage in the near surface
region and its influence on positron annihilation spec-
troscopy Doppler broadening measurements'®. The con-
centration of Li in wafer B measured by SIMS after this
treatment was below 3x10'® cm™3, see Fig. 1. The re-
sistivity of wafer A and wafer B (after the post-growth
treatment) was found by four point probe to be 2k cm
and 0.6 Q2 cm, respectively. One quarter of wafer A and
of wafer B (A-2 and B-2) were then implanted on the
O-face at room temperature (RT) with 35keV H- ions to
a dose of 1x10*® em~2, while two pieces (A-1 and B-1)
was kept as is. The projected range (Rp) was 265nm,
as estimated by SRIM'. A-2 and B-2 were subsequently
heat treated at 350°C (30 min) for diffusion of H into
the bulk of the samples®.

Monoenergetic positrons with energies in the
0.5—38keV range, giving mean penetration depths



of 0.05—2.4pum, were implanted into the O-face of
the samples at RT in order to conduct depth-resolved
PAS Doppler broadening experiments. The Doppler
broadening of the annihilation radiation was detected
using two Ge detectors with an energy resolution of
1.24keV at 511keV. The data were analyzed applying
the conventional S- and W-parameters, defined as the
fractions of counts in the central S, |E — 511keV| <
0.8keV (corresponding to electron momenta of <0.4

u.), and the wing W, 2.9keV < |EF—511keV| < 7.4keV
(1.6 - 4.0a.u.), parts of the recorded photon spectrum.
Also positron lifetime measurements were undertaken,
where a conventional fast-fast coincidence spectrometer
with a Gaussian time resolution with full width at
half maximum of 250ps was used?’. During these
measurements, the sample and one piece of a reference
(high purity) vapor phase (VP) grown ZnO specimen
were sandwiched with a 20 uCi positron source (*2Na
deposited on 1.5pum Al foil). Typically, 2x10% annihi-
lation events were collected in each lifetime spectrum,
which was analyzed as the sum of exponential decay
components convoluted with the Gaussian resolution
function of the spectrometer. In the data analysis,
material specific values for the constant background
(including the VP-specimen) and annihilation in the
source material were accounted for.

Li Concentration (Atoms/cm3)

0 0.5 1 15 2 25 3
Depth (um)

FIG. 1. Li-concentration versus depth for samples A-1, A-2,
B-1 and B-2 as measured by SIMS. The as-grown HT sample
A and the post-treated HT sample B contain 2x10'7 Li/cm?®
and 3x10'® Li/cm?, respectively. After implantation and dif-
fusion Li has been re-arranged in the peak region but still
reach about 1-2x10*7 ecm ™ for A-2 and 6x10' cm ™ for B-2
at depths exceeding ~1 pum and ~2 um, respectively.

Figure 1 shows the Li-concentration as a function of
depth for samples A-1, A-2, B-1 and B-2. A-1 and B-
1 have a uniform Li concentration of 2x10'7 cm™3 and
3x10' em ™3, respectively. However, in A-2 and B-2, Li
has redistributed and accumulated in the implantation
peak region on the expense of the concentration in the
bulk. This process is very similar to that reported by

Borseth et al.?! where Li was found to be trapped by
implantation-induced vacancy clusters. It should also be
noted that despite the accumulation in the implanted
region, the Li concentration in sample A-2 remains close
to 2x10'7 cm™3 for depths > 1 pm while in B-2 it is in
the 10 cm~3 range for depths up to ~3-4 um.
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FIG. 2. The measured S-parameter plotted versus the
positron implantation energy (0.5—38keV) for the A-1, A-2,
B-1 and B-2 samples. Positrons implanted with an energy <
5keV may reach the surface by diffusion and annihilate there,
leading to the increased S-parameter values observed for low
energies. The observed peak in S-parameter value at ~ 10
keV for sample A-2 and B-2 is caused by the end-of-range
defects induced by the H-implantation.
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FIG. 3. The normalized W-parameter versus S-parameter
obtained for positron implantation energies ranging from 25-
38keV for the Li-rich (A) and the Li-lean (B) HT-samples
before and after hydrogenation. The black circle represents
previously obtained experimental values of the W- and S-
parameter for Liz, in Li-rich ZnO'%2!,

Doppler broadening experiments were conducted for



Sample|[Vzu], cm ™3| Sample [Vzul, cm ™3
A1 |(5x10'%) |B-1  |5x10'®

A2 |5x10'° B-2  |(1x10'%)
A-3  |5x10'¢ B-3  |(1x10'%)

TABLE I. Estimated apparent Vzn-concentration ([Vza]) for
sample A-2, A-3, B-1, B-2 and B-3 in bulk (beyond the im-
planted peak). The value given for A-1 is in parenthesis since
this value can not be estimated directly and is only assumed.
The values for B-2 and B-3 are effectively estimated values,
not taking into account the presence of Vz,Hs complexes.

all the samples and Fig. 2 shows the S-parameter as a
function of positron implantation energy with the corre-
sponding mean positron penetration depth depicted on
the upper x-axis. The peak at ~10keV for sample A-2
and B-2 is related to the damage induced by the H im-
plantation of H (Rp ~ 300 nm). Our main focus is the
region probed by > 25keV positrons (depths > 1 um)
and Fig. 3 displays the W- versus the S-parameter as
measured for energies 25-38 keV. The parameter values
are normalized to those of the de-localized bulk annihi-
lation in the VP-reference specimen, marked as “ZnO-
lattice”. The values for Vg, saturation trapping are es-
tablished from previous studies employing electron and
oxygen irradiated samples??~24, and taking into account
the detector resolution used in the present experiment,
giving S/Syer = 1.049(3) and W/W o = 0.79(1).

The line connecting the “ZnO-lattice” value with the
value for Vg, saturation trapping is referred to as the
Vzn-line. In samples where the Vy, is the dominant
positron trap, the S- and W-parameter values will follow
the Vz,-line and the position along the line is determined
by the Vyn-concentration??. The black circle in Fig. 3
represents experimental S- and W-parameter values pre-
viously found for Liz, in Li-rich ZnO'62!, The difference
found between sample A-1 and B-1 is similar to that re-
ported previously for Li-rich and Li-lean samples'® and
is related to the removal of Liz,, leaving Vyz, as the dom-
inant positron trap.

Interestingly, even though Fig.1 reveals a Li-
concentration close to 2x10'7 em ™3 for sample A-2, the
W- and S-parameter values in Fig. 3 follow the Vy,-line.
This indicates that after hydrogenation Liy, is not the
dominant positron trap, but rather Vyz,.

To gain additional insight into the passivation process,
positron lifetime measurements were conducted with a
probe depth up to ~100 pm using samples A-1, B-1, A-3
and B-3. Samples A-3 and B-3 were both hydrogenated
by heating in a sealed quartz-ampoule filled with 0.5 bar
of wet 2H-gas for 1h at 700°C, expected to give a uni-
form concentration of 2H in the 1017 cm 2 range through-
out the samples.® For sample A-1, an average lifetime
(Tave) Of 187 ps is recorded, consistent with that typically
found for as-grown (Li-rich) HT ZnO1!®. However, for

sample A-3 (Li-rich, hydrogenated) the T,y is reduced
to 176-177 ps, similar to that for sample B-1 (Li-lean,
not hydrogenated), while for sample B-3 7, is even fur-
ther reduced to 171 ps, close to the bulk value of ~170 ps
(r8) for ZnO?. These results are fully consistent with
those obtained by the Doppler broadening experiments
and support a scenario where H primarily interacts with
(passivates) the Lizy, acceptor in Li-rich samples and has
only a minor effect on the background concentration of
Vzn (~5x10%cm™3 ). On the other hand, in Li-lean
samples Vy, prevails as a major trap for H and the ap-
parent Vz,-concentration deduced by PAS is reduced by
a factor of >5 to <1x10' cm=3. An overview of the es-
timated values for the bulk Vyz,-concentration in samples
A-2, A-3, B-1, B-2 and B-3 is given in Table I.

In principle, one could argue that the disappearance
of Liz, as the main positron trap in Li-rich samples af-
ter hydrogenation (sample A-2) is not due to passiva-
tion, but caused by a change of configuration to Li;.
However, local-density-functional calculations of forma-
tion energies performed by Wardle et al.® show that the
abundance of Liz, exceeds that of Li; by many orders
of magnitude in n-type samples prepared under normal
conditions. Hence, the formation of Li; is ruled out as a
likely explanation and in addition, the results in Ref. 6
demonstrate that OH-Liz, is a highly preferred defect in
the presence of hydrogen. It should be mentioned that
it was found theoretically that OH-Liz, show a similar
positron annihilation signature as Liz, (Ref. 16). How-
ever, in the neutral charge state the trapping coefficient
may be significantly reduced compared to the negative
charge state due to the relatively small open volume of
the defect.

The close resemblance between the concentrations of
V7, in samples B-1 and A-2 indicates that the high tem-
perature anneals at 1500 °C and 1100 °C and the hydro-
genation process of A-2 exhibits only a minor (if any)
influence on the Vz,-concentration. Thus we make the
assumption that the Vyz, in sample A-1 equals the con-
centration found in A-2 and B-1 (See Table I). This
is, as already mentioned in Ref. 16, in contrast to pre-
vious results where irradiation induced Vz, is found to
anneal out already at 300°C?23, therefore we do not rule
out the possibility that these Vg, are not isolated, but
rather stabilized by other intrinsic defects or impurities.
Such a stabilization has already been reported for the
Ga-vacancy in the GaN-system?®.

The strong dominance of Liz, relative to Vz, as a
trap for migrating H atoms in wafer A can be partly at-
tributed to its higher concentration (~2x10'7 cm™3 ver-
sus ~5x 10 cm™3), but not entirely; assuming diffusion-
limited reactions and equal capture radii of H by Liz,
and Vg, only a difference by a factor of ~4 in trapping
rate is expected while experimentally a factor of >20 is
obtained. On the other hand, if the relative content of
Li is sufficiently reduced Vg, becomes the dominant H-
trap despite its limited efficiency. This is evidenced by
the results for sample B-2 where the Li-content is in the



low or mid 10'* em~3 range for depths less than ~3 um
(Fig. 1) while the Vy,-content (before hydrogenation) is
at least two orders of magnitude higher (sample B-1). A
likely reason for the modest H-trapping efficiency of Vg,
(versus Lizy,) is that the neutral Vz,Hy complex forms?S.
The formation of Vz,Hs requires consecutive trapping of
two H-atoms and hence, a low rate of decrease of the ap-
parent Vyz,-concentration occurs. Further, the formation
of the Vz,-Hs complex fully explains the apparent low
V2 concentration in samples B-2 and B-3. The effect of
adding two H atoms into the Ga vacancy in GaN (with
very similar positron characteristics as the Zn vacancy in
ZnO) results in a reduction of 7y-73 by 45 ps (from 70
ps)?°. A similar lifetime reduction is likely for the Vz,-
Hs complex, and is enough to explain the decrease of the
average lifetime as seen for B-3 as compared to B-1 with-
out a change in the vacancy concentration. Similarly the
addition of 2 H atoms into the vacancy draws the S and
W parameters of the vacancy defect much closer to the
ZnO lattice values, explaining the apparent low Vyz, con-
centration obtained for B-2. Hence it can be concluded
that the hydrogenation does not reduce the Zn vacancy

concentration, but reduces the open volume in the Zn
vacancies by hydrogen filling.

In summary, in as-grown HT ZnO samples the Liz, ac-
ceptor is found to be efficiently passivated by hydrogen,
introduced via diffusion from the O-face, and its charac-
teristic PAS signal disappears while forming the neutral
OH-Liz, complex. For Vg, the opposite holds and it
emerges as the dominant positron trap after the hydro-
genation with a concentration similar to that detected
in post-growth-annealed Li-lean HT samples. However,
in the latter samples, where the Li-content is about two
orders of magnitude lower than the Vz,-content and Li
does not truly compete for H-trapping, hydrogenation
gives rise to a decrease of the PAS signal of Vyz,. This
decrease is presumably due to formation of the neutral
Vzn,Hs complex and the apparent Vyz, concentration, as
detected by PAS, approaches the bulk value of high pu-
rity VP samples (<1x10'6 cm=3).
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