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Abstract

Nanostructuration as well as the nucleation and growth of nanoparticles pervades the

development of modern materials and devices. Quantitative high resolution transmission

electron microscopy (HRTEM) is currently being developed for a structural and chemical

analysis at an atomic scale. It is used in this thesis to study the chemical inhomogeneity

and clustering in InxGa1−xN, InN and ZnO.

A methodology for reliable quantitative HRTEM is first defined: it necessitates a dam-

age free sample, the avoidance of electron beam damage and the control of microscope

instabilities. With these conditions satisfied, the reliability of quantitative HRTEM is

demonstrated by an accurate measurement of lattice relaxation in a thin TEM sample.

Clustering in an alloy can then be distinguished from a random distribution of atoms.

In InxGa1−xN for instance, clustering is detected for concentrations x > 0.1. The sensitivity

is insufficient to determine whether clustering is present for lower concentrations. HRTEM

allows to identify the amplitude and the spatial distribution of the decomposition which is

attributed to a spinodal decomposition.

In InN, nanometer scale metallic indium inclusions are detected. With decreasing size

of the metallic clusters, the photoluminescence of the sample shifts towards the infrared.

This indicates that the inclusions may be responsible for the infrared activity of InN.

Finally, ZnO grown homoepitaxially on zinc-face and oxygen-face substrates is studied.

The O-face epilayer is strained whereas the Zn-face epilayer is almost strain free and has a

higher crystalline quality. Quantitative analysis of exit wave phases is in good agreement

with simulations, but the signal to noise ratio needs to be improved for the detection of

single point defects.





Zusammenfassung

Das Thema der vorliegenden Arbeit ist die chemische Inhomogenität und Clusterbildung

in den Halbleitermaterialien InxGa1−xN, InN und ZnO. Da diese Prozesse auf atomaren

Längenskalen auftreten, wurde quantitative hochauflösende transmissions Elektronenmikro-

scopie (engl. HRTEM) angewandt.

Eine Methodik für quantitative HRTEM wurde zuerst definiert. Hierfür wurde gezeigt,

dass Probenpräparation mit hochenergetischen Ionen die primäre Quelle für Schaden in

InxGa1−xN ist. Nassätzen produziert atomar flache Oberflächen und es wird demonstriert,

dass InxGa1−xN Proben bis zu zwei Minuten lang unter moderaten Strahlintensitäten (<30

A/cm2) schadenfrei bleiben können. Abbildungsartefakte können durch das Benutzen von

Mikroskopen mit hoher Beschleunigungsspannungen (≥ 800 kV), einer Mittelung über Se-

rien von Bildern oder durch Austrittswellenrekonstruktion vermieden werden. Es konnten

nun Relaxationsmechanismen in dünnen TEM Proben analysiert werden und Clusterbil-

dung von einer zufälligen Verteilung der Atome unterschieden wurden.

Auf diese Weise wurde in dieser Studie Clusterbildung in InxGa1−xN Quanten-Schächten

mit x > 0.1 nachgewiesen. Die indiumreichen Cluster zeigten ausserdem eine örtliche

Verteilung wie sie für spinodale Entmischung typisch ist.

Außerdem werden HRTEM Untersuchungen an InN vorgestellt. Es wurden nanoscopis-

che Cluster gefunden, die aus metallischem Indium bestehen könnten. Die Größe der Clus-

ter korreliert mit einer Rotverschiebung der Photolumineszenz. Clusterbildung spielt also

eine entscheidende Rolle in den Lumineszenzeigenschaften von InN.

Letztlich wurden homoepitaktische ZnO Schichten auf zink- und sauerstoffpolaren Sub-

straten auf Verspannungen und Defekte hin untersucht. Bei der O-polaren Schicht wurde

eine kompressive Verspannung festgestellt. Photolumineszenzspektroskopie bestätigte, dass

diese Schicht viele Defekte besitzt, die als Rekombinationszentren wirken. Zinkpolare ZnO

Homoepitaxie scheint demnach Epischichten höherer Qualität zu produzieren.
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Introduction

Over the last century, silicon has revolutionized human life at every level; the way we work,

communicate and even think. In its wake, but also in its shadow, III-V and II-VI semicon-

ductor materials went largely unnoticed by the general public for a long time. Starting in

the 1990ies however, progress in epitaxial techniques brought III-V materials to the fore-

front of semiconductor research. Devices were rapidly developed bringing laserdiodes and

multicolored light emitting diodes to the mass market.

Nitrides and arsenides have optical transitions from the infrared into the ultraviolet.

They are used for lighting with a luminous flux of over 100 lumen/watt. This exceeds

fluorescent lamps and may eventually increase towards the theoretical limit of 242.5 lu-

men/watt. Nitrides also present excellent electronic properties such as high electron mo-

bilities and breakdown fields ideal for high power, high frequency electronics.

Despite their attractiveness, III-V semiconductors had a slow start. Indeed, arsenides

are toxic, and high quality nitrides are difficult to grow. An illustration of this is the diffi-

culty of growing chemically homogenous InxGa1−xN across the entire composition range.

Additionally, many of the novel applications in optoelectronics use quantum effects

such as confinement in heterostructures to boost their efficiency. As a consequence, the

material needs to be engineered at a near atomic level to form the nanoscopic structures

that will drive the device’s properties. Such small structures can be realized by epitaxy,

but to analyze the nucleation and decomposition processes on this scale requires new

characterization techniques. Quantitative high resolution electron microscopy (HRTEM)

is being developed precisely for this purpose.

Motivation and Objectives

As device structures approach the nanoscale, new tools with high resolution are developed

to ”see what happens” when something goes wrong. Quantitative high resolution trans-
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mission electron microscopy (HRTEM) offers the resolution and sensitivity needed to study

the chemical homogeneity and crystalline quality of materials at an atomic scale.

Because quantitative HRTEM is still a recent technique, rules for its application are not

defined clearly yet. The problem is illustrated by the ongoing discussion in the literature

about whether indium clustering in InxGa1−xN quantum wells can be detected by HRTEM.

Chapter 2 thus establishes the applicability and limitations of HRTEM for the

detection of clustering in semiconductors, particularly in InxGa1−xN.

With technical issues resolved, HRTEM is a powerful and reliable tool to study problems

of material engineering. In this work it is used to help answer the following questions:

Chemical decomposition in InxGa1−xN: The luminescence in InxGa1−xN devices orig-

inates from localized excitons. Understanding and controlling the localization is thus

crucial to realize important devices such as green laser diodes. InxGa1−xN is sus-

pected to form nanoscopic indium rich clusters that could act as localization centers.

However, the process and extent of cluster formation is not yet understood as a micro-

scopic study of the decomposition behavior is still lacking. A quantitative HRTEM

study of samples with different indium concentrations is presented to answer the

question of how InxGa1−xN decomposes (Chapter 3).

Indium clusters and the bandgap of InN: State of the art InN still suffers from high

background doping. As a result, the material is highly degenerated and the funda-

mental bandgap of InN is difficult to determinate. Literature values for the bandgap

range from 0.6 to 1.7 eV. Metallic indium clusters of a few nanometers in size could

have infrared resonances and may cause the optical activity of InN below 1 eV. Chap-

ter 4 shows that clustering can occur in InN and the way it affects the luminescence.

Characterization of homoepitaxial ZnO: ZnO - considered for similar applications as

the III-nitrides - is now available in homoepitactic form. Surprisingly, ZnO substrates

and epilayers grown atop show different c/a ratios as a result of strain. HRTEM is

used to study the mechanisms behind this effect (Chapter 5).

Before diving into the heart of the subject, an introduction to TEM and quantitative

HRTEM is given in the first chapter.



Chapter 1

From conventional TEM to

quantitative HRTEM

In this thesis, various transmission electron microscopy (TEM) techniques are used to study

semiconducting crystals. TEM takes advantage of the short wavelength of electrons to

forego the limitations set by the diffraction limit in light microscopy. High resolution TEM

(HRTEM) offers the spatial resolution and sensitivity needed to study the structure and

chemical composition of materials with near atomic resolution. This becomes increasingly

important when considering chemical decomposition or nucleation of growth in epitaxial

processes.

This chapter first gives a brief account of the historical development of electron mi-

croscopy (Section 1.1) followed by a short introduction to this technique and its basic

realization (Section 1.2). The interaction of the electron beam with the sample is de-

scribed in Section 1.3. Section 1.4 discusses the recent developments of HRTEM that have

led to a resolution sufficient to resolve lattice fringes in most crystalline materials. Section

1.5 presents recent developments geared towards the quantitative analysis of such high

resolution images. Emphasis lies on strain measurements, which is central to this thesis.

The next section describes a sample preparation procedure adequate for HRTEM. Sample

preparation is an element often underestimated yet fundamental. Finally, a variation of

the conventional transmission electron microscope, the scanning transmission electron mi-

croscope, is also briefly presented. In Section 1.8 the microscopes used for the work in this

thesis are described.
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1.1 A Brief History

In 1925, Louis de Broglie put forward the concept of wave particle dualism for the electron

[DeB25]. Accordingly, the electron was assigned a wavelength which was substantially

shorter than that of visible light. Independently of this development, Busch demonstrated

in 1927 that electromagnetic fields can be used to focus electrons [Bus27]. Only seven

years later, the concept of the electron microscope was presented by Max Knoll and Ernst

Ruska1 [Kno32, Rus33]. The same year an electron microscope already demonstrated a

higher image resolution than a light microscope. The first commercial machines were

developed only four years later. As resolution increased, electron transparent samples were

studied coining the name of Transmission Electron Microscopy (TEM).

Resolution steadily increased through the 20th century, and in the eighties the first High

Resolution Electron Microscopes (HRTEMs) working at accelerating voltages of around 1

MV reached an image resolution of about 0.2 nm necessary to resolve atomic columns in

crystals. These machines are over three stories high and expensive to build and operate.

In the last ten years, developments in lens design and aberration correction allowed sub-

Ångstrom resolution with smaller machines operated at voltages between 80 and 400 kV.

More than just an incremental increase of resolution, the advent of HRTEMs represents a

step towards the quantitative chemical and structural analysis at an atomic level.

In little over seventy years since its invention, TEMs have become a most versatile tool

of the microscopist. Its applications range from the identification of crystal structure and

defects in crystals to protein structure determination.

1.2 The Basics of Electron Microscopy

Ruska reportedly admitted that he had not heard about the wave-particle dualism when

he developed the first electron microscope [Wil96]. Instead he thought that the diffraction

limit simply did not apply to electrons. While the wave nature of electrons is indeed not

limiting the resolution, it is of paramount importance to understand the image formation

in TEM. This section briefly explores the basic setup of an electron microscope and the

path electrons take through it.

An electron microscope can be broken down into three distinct parts: the electron source

1 Incidentally, Ruska is an alumni of the Technical University of Berlin where he wrote his thesis and
became a professor in 1957. The TU Berlin can thus be considered the birthplace of electron microscopy
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Table 1.1: Electron wavelengths for common accelerating voltages

Accelerating voltage (kV) Electron wavelength (pm)

80 4.17

150 2.96

200 2.51

300 1.97

1000 0.87

that will provide illumination of the sample, a system of electron lenses that propagates

electrons from the source to the sample (the illumination system) and the imaging system

that magnifies the image of the sample onto a viewing screen or recording device.

Electron sources used in conventional2 TEMs are thermionic sources such as tungsten

hairpins or LaB6 cathodes. These sources are robust but have a relatively low brightness

and produce ”white” electrons with a high energy spread. For reasons that will become

apparent in the next section, high resolution microscopes need bright, monochromatic and

coherent electron sources. In such machines cold cathodes (at room temperature) in the

form of Schottky field emission guns (FEGs) are preferred.

The electrons extracted from the source are focused by electric fields into a point called

crossover of a few micrometers in diameter, some 0.1 micrometer for FEGs. Electrons from

this crossover are then accelerated in potential differences ranging from 80 - 1000 KV. This

results in the electron energy that will be used for imaging.

According to De Broglie, the wavelength λ of a relativistic electron is given by

λ =
h√

2m0eU(1 + eU
2m0c2

)
, (1.1)

where h is Planck’s constant, mo is the rest mass of the electron, eU the elemental charge

multiplied by the accelerating voltage and c is the speed of light. Table 1.1 lists the electron

wavelength λ for commonly used accelerating voltages. λ lies over an order of magnitude

below the highest of resolution achieved nowadays. The numerical aperture of the electron

lenses can thus be reduced to minimize the impact of aberrations.

Once the electrons have been accelerated, they are imaged onto the sample using elec-

2as opposed to high resolution TEMs
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tron optics taking advantage of the Lorentz force F:

F = −e(E + v ∧B). (1.2)

Here e is the elemental charge, E the electric field vector, v is the electron velocity and B

the magnetic field vector. Bush demonstrated that as a direct consequence of the Lorentz

force, electrons could be focused by means of an electro-magnet [Bus27].

The most widely spread realization of an electron lens is a short cylindrical wire coil

centered around the optical axis of the microscope. When powered, the magnetic field lines

on the axis of symmetry of the coil are oriented parallel to the electron velocity and thus

do not contribute to the Lorenz force. As the distance from this optical axis increases, the

field has a growing component perpendicular to the electron velocity. Off-axis electrons

are thus deflected along a helicoidal trajectory around the field lines and are focussed onto

the optical axis: the coil acts as an electron lens.

To increase efficiency, the magnetic field from the coil is trapped in a pole cap and

concentrated around a small aperture that transmits the electron beam, called the bore.

Due to little imperfections in the bore and the coil wiring, electron lenses are generally

aberrated. Additionally, their inhomogeneous magnetic field causes an inherent spherical

aberration. Significant and ongoing effort is dedicated to correct for these aberrations in

high resolution TEM.

Using a system of round condenser lenses, the crossover of the electron source is trans-

ferred onto the sample as a parallel beam. The electron wave transmits the sample and

experiences a phase and amplitude modulation due to the potential of the atom cores as

described in the next section. The exit wave emerging from the sample is collected by the

imaging system and transferred onto the image plane. The intensity of the image wave can

now be observed on a phosphor screen. It can also be recorded for further analysis using

photoplates or a scintillator crystal coupled with a CCD.

For an exhaustive discussion of TEM the interested reader is referred to excellent text-

books on the subject [Rei89, Wil96].

1.3 Sample Interaction: the S-state Model

Electrons interact strongly with the positively charged atomic cores of the sample through

Coulomb interaction. Depending on sample chemistry and electron energy the mean free

path of an electron transmitting a sample can be lower than 10 nanometers. Because of
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the small wavelength of the electron compared to typical lattice dimensions, scattering

is strongly peaked in the forward direction. However, with increasing thickness, inelastic

scattering produces incoherent electrons that will lower the signal to noise ratio of the

image.

Ideally the interaction of the electron with the sample would remain kinematical, i.e.

in the absence of multiple scattering. This premise is not satisfied in even the thinnest

of crystalline samples, but it is very difficult describe dynamical scattering directly. Sev-

eral models have been developed to describe the kinematical interaction of the incoming

electronic plane wave with the atom cores of a crystal.

In a good approximation, the imaging electron in a TEM can be considered to be a

plane wave incident on the sample. Once it has transmitted the sample, the electron exit

wave Ψexit(R) is modulated in amplitude a(R) and phase φ(R) by the sample potential.

Here R is the space vector in the objective plane. For very thin samples, there is a negligible

change in amplitude and the sample can be described using the transfer theory for weak

objects satisfying 1−a ≈ 1 and φ� 1. This Weak Phase Object Approximation (WPOA)

predicts a maximum phase change at the location of atom cores and can accurately describe

scattering in thin biological samples (light atoms) [Cow72].

However, because the Coulomb interaction between electrons and cores is strong, even

the thinnest crystalline samples cannot satisfy the WPOA. Following an original idea by

Fujimoto et al. [Fuj78], Van Dyck et al. have adapted the channelling theory to atom

columns [VD96]. The projection of a crystal in zone axis represents an atom column and

its positive electrostatic potential acts as a guide or channel for the electron. Analytically,

the channelling theory collapses the electrostatic potential of the entire atom column into

a projected potential. This is possible since the electrons travel at high speed and with

high energies and thus do not sense small potential variations along their path through

the sample. The modulation function of the electron wave Ψexit(R) can now be separated

into the ψnm(R) eigenfunctions of the hamiltonian resulting from the projected potential.

n and m are quantum numbers that classify the eigenfunctions similar to an harmonic

oscillator in 2D. In a low index zone axis, the atom columns of a crystal can be considered

isolated from each other and the wave function is thus symmetric with only one bound

eigenfunction ψ00(R), with R = |R|. In similarity to the first bound state of the hydrogen

atom this state is labelled the 1S eigenstate. While in heavier atom columns states with

n 6= 0 can be bound, the built-up in these states is much slower. The S-state then accounts

for most of the dynamical effects. Thus for sample thicknesses of 40 nm in silicon, and
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about 15 nm in Cu and Sn the wave function can be written in good approximation as

Ψ(R, z) ' 1 + 2c00sin

(
π
−E00

E0

kz
2
z

)
ψ00(R)× exp

{
−iπ

(
E00

E0

kz
2
z − 1

2

)}
. (1.3)

This expression is known as the S-state model. Here z is the spatial coordinate along the

electron beam with z = 0 at the sample surface. kz is the wave vector of the incident wave

with energy E0, c00 and E00 are excitation coefficient and eigenenergy of ψ00. Geuens and

Van Dyck present a way to calculate E00 in [Geu02].

The intensity of the channelled wave is given by ‖Ψ(R, z)−Ψ(R, 0)‖2 = ‖Ψ(R, z)−1‖2

where Ψ(R, 0) is the incoming plane wave normalized to one. Important properties of the

exit wave are expressed by Equation 1.3:

• the amplitude is positively peaked at the column sites but close to zero as in the case

of a weak phase object.

• the phase over the 1S state is constant over the radial extend of the state. It is linear

in the sample thickness and characteristic of the chemical composition of the column

and can thus be used for chemical identification of the atoms contained in it.

• the intensity oscillates with increasing sample thickness and is reduced to zero for

thicknesses

D00 = − 2

kz

E0

E00

(1.4)

and multiples thereof. At these thicknesses no information about the atom column

can be be extracted if only the S-state is taken into account.

The exit wave contains all information about the projected potential of the sample.

Thus, if the exit wave is known and the sample is not too thick (thickness t < D00) the

sample chemistry can be completely determined. The advantage of the S-state model over

kinematical approximations, is that it includes in its description the highly dynamical first

bound state. It is thus accurate for thicknesses encountered experimentally that do not

satisfy the weak phase approximation.

Unfortunately the exit wave cannot be recorded directly as aberrations in the imaging

system of a TEM scramble phases and amplitudes of the beams. Additionally the wave

function is collapsed into an intensity modulation by the recording medium.
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Special techniques have been developed in high resolution microscopy to recover this

exit wave and thus gain insight into the sample structure.

1.4 High Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy (HRTEM) refers to electron microscopy

with an image resolution sufficient to resolve individual atomic columns in crystals oriented

along a low index zone axis. Generally this necessitates a resolution below 2 Å.

The first high resolution microscopes were introduced in the mid eighties as multi

storey high machines, with accelerating voltages ranging from 800 kV to 1.5 MV. The

short wavelength of electrons at such energies (table 1.1) leads to small diffraction angles

and thus minimizes the impact of lens and bore imperfections (aberrations). In the nineties,

advances in lens craft and electronics led to more compact machines operating between

150 and 300 KV.

The recorded HRTEM picture is not a simple shadow image of the sample but is an

interferrogram of the exit wave. The strongest contrast stems from phase differences which

is why HRTEM imaging is sometimes referred to as phase contrast imaging. This section

describes the process that leads to image formation in HRTEM.

1.4.1 Aberrations in TEM

As mentioned in the previous section, the electron wave leaving the sample (the exit wave)

is modulated in amplitude and phase. The objective lens magnifies the exit wave onto

the image plane. However due to aberrations and a cutoff for higher scattering angles,

the transfer does not produce a perfect image of the exit wave. This can be described in

analogy to classical optics by a theory of aberrations.

In wave optics, the wave front of a plane wave focussed by an ideal round lens is

spherical. The effect of aberrations is to perturb the wavefront by inducing a phase shift

that depends on the distance u′ from the optical axis. This distance is given by the

scattering angle ν and the focal length f of the objective lens as u′ = νf . In reciprocal

space the wave vector u in the focal plane is given by u = kν where k is the wavevector of

the incoming electron beam. u can be understood as the spatial frequency of the fourier

components of the exit wave.

The phase shift induced on the wave front due to geometrical aberrations in the lenses
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Table 1.2: Aberrations in Electron optical lenses

Aberration Symbol aberration name dependence on u

C1 Focus u2

A1 2-fold Astigmatism u2

A2 3-fold Astigmatism u3

B2 Axial Coma u3

C3 3rd order spherical aberration u4

is described by the lens aberration function χ(u). Taylor expansion of χ(u) around u

yields aberration coefficients associated with powers of u. Symmetry considerations impose

limitations on the allowed coefficients such that not all coefficients are allowed. Table 1.2

lists the aberrations up to the third order. In classical semantics of aberrations in ray

optics the order refers to its effect on the point spread δ related to χ according to

δ =
1

π

(
dχ

du

)
max

(1.5)

and is lower than the order in u. For simplicity this description will be limited to aberra-

tions of 3rd order or lower. The first order focal aberration introduces a parabolic phase

shift when away from Gaussian focus (C1 6= 0). The focus is easily and precisely controlled

by changing the current of the objective lens. Twofold astigmatism can be corrected with

quadrupole objective stigmators that are standard on high resolution machines and three-

fold astigmatism is corrected with a hexapole field which is approximated by an electrically

modified quadrupole stigmator. Axial coma is corrected by aligning the microscope onto

the coma free axis. Recently, hexapole systems have been developed to correct for C3

[Hai95]. At this point higher order aberration become of importance as do chromatic

effects.

For a non C3 corrected microscope, the lens aberration function can be described in

good approximation as

χ(u) = πC1λu
2 +

π

2
C3λ

3u4, (1.6)

where λ is the electron wavelength. The most common and trivial effect of aberrations is

to induce a blurring of the image. Indeed, rays from an object point are smeared out in

an area given by the point spread function (Equation 1.5).
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To keep the image sharp and easily interpretable, it is of interest to minimize the point

spread on one hand, and to keep the phase shift induced by the lens system constant for

most spatial frequencies on the other hand. The defocus C1can be tailored such that it

counters the effect of the spherical aberration C3 to some extent. Choosing the optimum

defocus is hence crucial to fully exploit the capabilities of an electron microscope in HRTEM

mode as will be discussed in Section 1.4.3.

The geometrical aberrations described until now do not directly impose a limit on the

theoretical resolution of an electron microscope. It is the limited temporal and spatial

coherency of the imaging beam that will dampen the intensities at high spatial frequen-

cies. Because of different optical path lengths induced by aberrations, the limited spatial

coherency of the electron beam will lead to a limited transfer due to decoherence. If the

probe is considered to have a Gaussian distribution of electron intensity, the exit wave will

experience a dampening given by

Es(u) = exp

−
(
πα

λ

)2
(
dχ(u)

du

)2
 , (1.7)

where α is the semi-angle describing the Gaussian distribution. Clearly, if the spherical

aberration C3 were zero, this envelope function would be a constant one for zero defocus.

Else, the damping due to this envelope function can be minimized by optimizing the

defocus.

Dampening due to limited temporal coherency is caused by the chromatic aberration

Cc. With the energetic instabilities of a microscope, the imaging beam produces a point

spread δc is given by

δc = Cc

√√√√4

(
∆Iobj
Iobj

)2

+
(

∆E

Vacc

)2

+
(

∆Vacc
Vacc

)2

. (1.8)

The terms ∆Iobj/Iobj and ∆Vacc/Vacc represent relative instabilities of the currents in the

objective lens and the high voltage supply of the electron gun. ∆E is the energy spread

of electrons leaving the gun. The dampening function Ec(u) due to this limited temporal

coherency is given by

Ec(u) = exp
{
−1

2
(πλδc)

2u4
}
. (1.9)

It should be noted, that the given description holds for linear image contributions only

and should include non-linear contributions to describe thicker samples accurately.
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The envelope functions define a maximum reciprocal frequency transmitted by the

imaging system. This is known as information limit and lies little below 1 Å for current

(2007) microscopes. The Transmission Electron Aberration-corrected Microscope (TEAM)

project aims at pushing the information limit to 0.5 Å [TEA]. To do so it will be fully

corrected up to fifth order spherical aberration as well as chromatical aberration. Further,

the electron beam will be highly monochromaticized and current and voltage will have to

be stabilized to an unprecedented degree.

1.4.2 The Contrast Transfer Function (CTF)

The Contrast Transfer Function (CTF) summarizes the effect of all aberrations and damp-

ening functions into a compact formula that describes the contrast transfer of a weak phase

object to a HRTEM micrograph. The transfer of the phase of the exit wave into an image

intensity is of particular interest as the phase will produce the strongest contrast. The

phase contrast transfer function (PCTF) is given by

PCTF (u) = A(u)Es(u)Ec(u)sin(χ(u)), (1.10)

where A(u) is the aperture function, and Es(u) and Ec(u) are the spatial and temporal

coherency dampening function as introduced equations 1.7 and 1.9.

Although the amplitude of the exit wave is constant for a pure phase object, realistic

samples will always contribute to contrast with a small amplitude variation. The amplitude

is transferred by

ACTF (u) = A(u)Ec(u)Es(u)cos(χ(u)) (1.11)

and has particular strong influence for small spatial frequencies. In the case where aberra-

tions are absent or corrected (χ(u) ' 0), contrast due to phase differences in the exit wave

will vanish and only amplitudes will contribute to a very poor contrast3.

The sinusoidal term of the PCTF will determine the sign and amplitude with which

components of frequency u will enter contrast in the final image. As a result, HRTEM

images are generally not directly interpretable in terms of the analyzed sample structure.

Indeed the presence of local intensity maxima may or may not indicate the presence of

3Recent developments with phase plates allows for phase shifting of selected beams circumventing this
limitation [Kis08]
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atoms at a particular position. Further image manipulation and simulations are thus

needed for physical insight.

The focus allows the microscopist to tailor the CTFs according to his needs. Depend-

ing on the imaging conditions different defoci will lead to optimal contrast transfer and

resolution.

1.4.3 Optimum Defocus in HRTEM

The optimum defocus can be somewhat counterintuitive but it is crucial to fully exploit

the capabilities of an electron microscope in high resolution mode.

In Gaussian focus (C1 = 0), the CTF becomes a function that oscillates quickly with

C3u
4. This means that for certain spatial frequencies the contribution to image contrast

will be reversed, thus making interpretation difficult.

Scherzer defocus aims to counter the term in C3u
4 with the parabolic term C1u

2. By

choosing the right defocus value χ(u) is flattened for low u and has a wide band where

intermediate spatial frequencies are transferred into image intensity with the same sign.

The spatial frequency where the CTF crosses the abscissa for the first time is referred to

as the point resolution. In 1949, Scherzer [Sch49] determined that the optimum defocus is

given by:

C1,Scherzer = −1.2
√
Csλ, (1.12)

where the factor 1.2 defines the extended Scherzer defocus. For the CM300 at NCEM,

Cs = 0.6 mm and an accelerating voltage of 300 kV (λ = 1.97 pm) result in C1,Scherzer =

−41.25 nm. At Scherzer defocus the point resolution of a microscope is maximized to:

ures(Scherzer) = 0.6λ3/4C
1/4
3 , (1.13)

which corresponds to 6.1 nm−1 (1.6 Å) on the CM300. Contributions with a spatial fre-

quency higher than the point resolution can be filtered out with an appropriate aperture

leading to easily interpretable images at the cost of information.

To exploit all beams transmitted through the microscope up to the information limit,

exit wave reconstruction or holography can be used to mathematically reverse the effect of

the CTF and to recover the original exit wave. To maximize the information throughput,

Lichte proposed in 1991 a defocus of a fundamentally different nature than the Scherzer

defocus: because the spatial incoherency envelope scales with the first derivative of χ(u)
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Figure 1.1: CTF at Scherzer and Lichte defocus for the CM300 operated at 300 kV.

(Equation 1.7), Lichte proposed a focus minimizing the average modulus of dχ(u)/du given

by [Lic91]

C1,Lichte = −0.75C3(umaxλ)2, (1.14)

where umax is the maximum transmitted spatial frequency. Lichte defocus also minimizes

the average point spread (Equation 1.5) for all reciprocal frequencies up to the umax. For

the CM300 with an information limit of umax = 0.8 Å Lichte defocus lies at -272 nm.

As plotted in Figure 1.1, the CTF at Lichte defocus has multiple oscillations leading to

contrast reversals in the image. Such pictures necessitate digital analysis before they can

be interpreted. If the sample structure is partly known, results from image simulations can

be compared to the recorded images (Section 1.4.4). Else, exit wave reconstruction allows

to extend the interpretable resolution to the information limit (Section 1.4.5). The latter

simultaneously solves the phase problem as it recovers almost the entire exit wave. Because

of the sinus term in the PCTF, low spatial frequencies of the phase are not transmitted to

the image (see Figure 1.1). This part of the wave can thus not be recovered by conventional

through focal series.
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Figure 1.2: a) atomic model of [0001] GaN and the simulated phase of the exit wave. b) recorded
image as simulated for the CM300. Intensity maxima exist where no atom column is present.

1.4.4 Image Simulations

The elastic interaction of the electron with the sample and the subsequent transfer to

the image plane are well understood and can be simulated readily for comparison with

the experiment [O’K78]. Simulating the HRTEM image of a sample involves two steps:

calculating the interaction of the electron beam with the atomic cores of the sample to

obtain the exit wave, and propagate this wave to the image plane.

Cowley and Moodie showed that the interaction of the electron beam with the sample

could be described in a so-called multislice approximation [Goo74, Sel83]. In this approxi-

mation, the sample is cut into slices of thickness dz and its crystal potential is collapsed into

a phase grating function that acts on the electron wave as a weak phase object [Cow72].

The imaging wave is propagated through vacuum over the distance dz and then inter-

acts with next phase grating. In such way the exit wave can be calculated for arbitrary

thicknesses.

Once the exit wave is computed, a simple fourier transform yields the wave field that

is collected by the objective lens of the microscope. Since the angle that the electron

wave forms with the optical axis scales inversely with the magnification, only effects of

the objective lens need to be considered. This necessitates exact knowledge of the lens

parameters such as defocus, spherical aberration, astigmatism, etc.. These effects can be

summarized in the CTF and transform the object wave into the image wave. The image

is then computed as the modulus square of the image wave.
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It should be noted, that the present description is for purely linear contributions, i.e.

image contribution stemming from the interference of diffracted beams with the unscattered

beam. For thicker samples, the transmission cross coefficient describes an interference of

scattered beams with each other [Kir98]. Also, the incoming wave is not exactly plane

which leads to decoherence and an additional dampening term [Fra73].

Image simulation programs such as MacTempas used in this work [Kil07] include the

more general formulation which includes these terms and simulations are generally in ex-

cellent qualitative and even to some extend quantitative agreement with the experiment.

However, simulations always overestimate the contrast in HRTEM images. Indeed HRTEM

images have an unstructured background signal that can make up to 5/6 of the recorded

counts. This background is known as the Stobbs factor and its origin is unknown to this

day [Hyt94, Boo98, How04].

1.4.5 Exit Wave Reconstruction by through Focal Series

The exit wave contains a wealth of information about the sample and a lot of effort is

put into recovering it. Unfortunately, conventional recording instruments collapse the

imaging wave and record only intensities. The resulting micrograph usually reflects the

basic symmetry of the sample, but the intensity distribution does not generally image the

sample structure or atom column positions as demonstrated in Figure 1.2. Additionally,

collapsing of amplitude and phase into intensities represents a loss of information about

the sample potential and its chemical composition.

The first step towards recovering the original sample structure is to recover the electron

wave in the image plane. Recovering this wave allows to correct for image artifacts due to

aberrations and to recover the exit wave. It then extends the resolution of a microscope

to its information limit.

The through focal series method takes advantage of the fact that the CTF is focus

dependent according to Equation 1.10. The recorded micrograph will thus considerably

change when the focus is varied. A series of 10 - 20 pictures shot at incremented focus values

allows the computation of the exit wave. To estimate it, a test wave function is propagated

to the image plane where it is compared to the experimental results. This process is

repeated iteratively to find the wave function which best reproduces the experimental

results. Once an approximation of the exit wave has been calculated, astigmatism, defocus

and coma can be corrected numerically. As a result, the phase and amplitude of exit wave

is retrieved and corrected for aberrations [Sch68, Kir84, Coe92, OdB96b, OdB96a]. Of
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course even exit wave reconstruction can not recover information that was not transmitted

to the image in the first place. The reconstruction is thus limited by the microscopes

resolution on one side, and the missing phase transfer for low spatial frequencies on the

other side.

Experimentally, a series of images is recorded around Lichte defocus with incremental

steps of defocus. The step size is chosen such that the when summed up, the change

in focus produces one oscillation of the CTF for the higher reciprocal frequencies. This

guarantees a proper sampling. For the CM300, Lichte focus lies at -272 nm and the step

size is set to 2 nm.

Several implementations exist to reconstruct the exit wave from a through focal series.

In this work the software package TrueImage [Küb06] in version 1.1 and 1.5 is used for

exit wave reconstruction. As iteration algorithms the paraboloid (PAM) [OdB96b] and

the maximum-likelihood (MAL) [Coe96] are implemented in this software. It allows for

the correction of focus, two-fold and three-fold astigmatism and coma. The multitude

of parameters that need to be optimized (all aberrations except for the defocus are also

characterized by an angle) leads to the existence of configurations in this parameter space

that seem optimal but do not do not correspond to the accurate exit wave.

There are a few clues that can be followed to increase the confidence in the reconstructed

wave. If the structure of the sample is known, simulations can be used to establish the

expected exit wave. Further a trained eye can recognize heavy astigmatisms and coma as

elongations and blurring in the reconstructed wave. However sample tilt or a crystalline

structure can sometimes produce similar effects. Finally, the crosstalk between phase and

amplitude of the exit wave can be present. In an accurate reconstruction of a sample

satisfying the WPOA, the phase peaks at atom positions while the amplitude should be

minimized.

Figure 1.3 shows the standard deviations of the phase and the amplitude of an exit

wave reconstructed from a simulated through focal series. The sample is 2 nm thick InN.

It is seen, that in a first approximation the standard deviation (StdDev) of the phase is

highest when no aberrations are present. At the same time, the StdDev of the amplitude

is minimized and close to zero as expected from a weak phase object. Closer inspection

of the values in Figure 1.3 reveals that the phase is actually maximized for a defocus of

1 nm. This is an indication for a cross talk between phase and amplitude even at these

thicknesses.

Figure 1.4 shows the statistics of the phase of two exit waves reconstructed from a
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Figure 1.3: Effect of aberrations on the simulated exit wave of 2 nm thick InN. The standard
deviation (StdDev) of the phase (in degrees) is maximized and the amplitude (in arbitrary units
with the incoming wave normalized to one) is minimized when no aberrations are present.

simulated through focal series of 7 nm (first extinction) and 11 nm of ZnO. It is seen that

if the StdDev is maximized, the focus will be evaluated incorrectly. The statistics of the

wave can be used to optimize aberration correction only in very thin sample areas, i.e. at

the very edge of the sample.

Because of the huge parameter space involved in aberration correction, exit wave re-

construction is challenging indeed. But it promises the highest of resolutions attainable

and produces directly interpretable images of particular interest for quantitative analysis.

Furthermore, the phase information of the exit wave carries the information about the

projected inner potential of the sample. If such an information is available for several

zone axis, tomographic reconstruction at an atomic scale and with single atom sensitivity

becomes possible [Jin04].

Another method to recover the electron exit wave is electron holography as developed

by Dennis Gabor expressly for TEM applications. The modern implementation is referred

to as Off-Axis-Holography and uses a biprism to split the beam into a reference beam

and a beam passing through the sample (Möllenstedt and Düker [Moe55]). Phase changes

between the two are then translated into small shifts of the resulting interference pattern,

which allows to recover both phase and amplitude of the interfering wave [Gab48]. Because
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Figure 1.4: Effect of defocus on the standard deviation of the phase in simulated samples that
do not satisfy the WPOA. Maximizing the standard deviation yields the wrong focal setting for
samples as thin as 7 nm of ZnO in [112̄0] zone axis.

of its image formation process, holography is a sensitive probe for electric fields inside the

sample. Additionally, inelastic scattered electrons do not contribute to the image so the

contrast is strong. For the same reason however, only a fraction of the number of electrons

transmitting the sample contribute to the image formation necessitating longer exposure

times.

1.5 Quantitative Interpretation

HRTEM can access quantitative information about structure, lattice parameters and strain

as well as the chemical composition of a sample at an atom column scale. Since the

1990ies methods have been developed to measure the strength of the crystal potential

[Our89b, Our89a, Our90, Bau92, Kis95] as well as changes in its periodicity [Kis98b, Ros98,

Hyt98, Kre01]. The microscopist now has the theoretical possibility to analyze his sample

on an atomic level. This is of particular interest when analyzing chemical fluctuation and

clustering on a nanometer level where the high spatial resolution of TEM is indispensable.

While considerable effort is still required to reach atomic structure reconstructions, this

section presents the steps undertaken in the past towards this goal. Emphasis will lie on

strain measurement used extensively in this study.
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1.5.1 Strain Measurements

Images recorded in HRTEM are produced by interference of the exit wave in the image

plane. It is scrambled by the effect of aberrations in the imaging system of the microscope

as described in Section 1.4.2. However, under certain conditions, digital analysis can be

used to extract crystal parameters from a from the lattice fringes in a HRTEM image. This

allows to measure local lattice parameters and strain.

To produce a representative image of the actual sample structure, the micrograph must

present a homogenous pattern across the field of view. This sets requirements for both the

sample and the imaging system of the microscope:

• The sample must be oriented along a low indexed zone axis in which lattice fringes

can be observed. It is important, that the orientation remains the same across the

entire field of view as misorientation or buckling can change the image pattern.

• The sample surfaces must be devoid of damage both from preparation and imaging.

Changes of contrast due to thickness variations can induce strain artefacts and can

occur after as little as 2 minutes of exposure to the electron beam [Dev90].

• Imaging conditions must be stable and constant across the field of view. A change of

coma or astigmatism can deform fringes and lead to erroneous strain measurement.

A variety of techniques have been developed to extract lattice constants and strain

from lattice fringe images. In this work, a peak finding procedure is used to determine the

position of intensity distributions with sub-pixel accuracy. A rough peak finding is first

done by extracting the location of pixel with maximum counts in a given neighborhood.

A peak fitting procedure is then performed by forming a spiral that descends around the

peak until the background is reached. The values from this procedure (position, height,

width and a constant baseline) are then used in a 2D Gaussian fit of the peak. A χ2 fit is

performed for every peak found [Kil08]. In a second step, a grid is defined over the peaks.

The program then computes the lattice constants of the grid as illustrated in Figure 1.5

At NCEM this procedure is integrated in the software package DARIP4 [Kis98b]. The

precision of strain extraction depends on various parameters such as signal to noise ratio

and quality of the image. Noise filtering can be undertaken but care has to be taken not

to introduce image artefacts. For this the recorded image is considered to be the sum of

4Digital Atomic Resolution Image Processing Package
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Figure 1.5: Strain extraction using the sofware package DARIP: (a) the lattice fringe image
(b) definition of a grid over intensity maxima of the image (c) strain extraction reveals a larger
lattice constant corresponding to an InxGa1−xN quantum well in a GaN matrix.

two uncorrelated sources: image of interest and a background signal due to the amorphous

layer on the sample surface. By estimating the signal from the amorphous layer in the

image power spectrum, an optimized estimate for the desired signal is given by a Wiener

filter [Kil98].

Under ideal conditions, a precision of about 2 pm is possible. While reciprocal space

methods such as X-ray or electron diffraction measurements have a much higher precision,

strain measurement in HRTEM is evaluated at an atom column level and thus samples

areas as small as 0.15 nm2. Of course averaging over several measurements can be used

for noise reduction at the cost of resolution.

Other methods such as the geometrical phase analysis by Hytch et al. [Hyt98] work in

fourier space with results similar to the peak finding method. Rosenauer et al. developed

strain measurement using a lattice fringe image formed under two beam conditions that is

particularly insensitive to focus variations [Ros98, Ros06].

The problem with strain analysis on high resolution micrographs is that lattice fringes

do not necessarily coincide with atom atomic plane positions. Indeed it is known in par-

ticular for off axis imaging, that lattice fringes can shift under thickness variations and

the measured lattice parameters depend on the shape of the CTF and imaging conditions

[Hyt01]. For this reason, the simple CTFs of high accelerating voltage machines or spher-

ical aberration corrected microscopes are ideal for quantitative analysis. It is however

suggested to use the phase of the exit wave obtained by through focal series or holography
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as it will usually be peaked at the actual position of atomic planes [Til00].

1.6 Sample Preparation

A good sample preparation is central to any TEM analysis and it becomes of particular

importance in HRTEM. There can be no confidence in results from HRTEM imaging

unless the sample preparation is controlled and it is assured that it does not introduce any

artefacts.

For HRTEM analysis it is necessary to produce extremely thin samples. Depending on

the sample and accelerating voltage, this means producing sample foils of 10 nm thickness

or less. While the sample preparation process is a destructive one by definition, the sample

that is to be imaged should be left unchanged.

For the materials studied in this thesis, a sample in the form of a wafer with an epilayer

is cleaved and glued together like a sandwich with the epilayers next to the glue line. It is

then sliced to about 500 µm thickness for a cross sectional view and cut to the shape of

the sample holder (3 mm in diameter). After mechanical thinning to 10-20 µm the sample

is placed in an ion mill. Here, argon ions accelerated by up to 10 kV hit the sample at a

angles as high as 85o to the surface normal. Once a hole appears, the border areas are thin

enough to be electron transparent.

The sample temperature in the mill should not exceed the threshold for thermodynam-

ical reorganization of the crystal structure, which is why many ion mills are equipped with

a liquid nitrogen stage. The only damage done the sample is then localized on the surface.

Surface roughness of several nanometer is due to the impact of the ions used during milling,

even at low energies of 2 kV [Bar98]. Additionally the sample is often covered with a thick

layer of amorphous material that leads to low signal to noise ratio.

Barna et al. also showed [Bar98], that even at relatively low accelerating voltages of 3

kV an amorphous layer of 5 nm thickness forms on silicon. On GaAs 2.1 nm of amorphous

material remain at 1.6 kV. At 0.25 kV the amorphous layer is reduced to 1 nm in Si and

disappears in GaAs. Barna et al. also evaluate the damage done to the host lattice and

show that structural changes is present to several nanometer of depth for common milling

voltages of 3 kV even at low incident angles of 85o to the surface normal.

It is thus imperative to find a final step in the sample preparation that smooths the

surface, and reduces the amorphous material. Barna shows that very low energy ion milling

with accelerating voltage below 1 kV and as low as 0.125 kV preserves the original lattice
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Figure 1.6: The micrographs show an InxGa1−xN quantum well sample in a GaN matrix
(TU7413, the grey line marks the quantum well). The sample was prepared with (a) ion milling
with 2 kV and (b) an additional ion polishing at 0.5 kV. Both micrographs were taken within 20
sec of the first electron beam exposure. Surface damage visible in the first image is drastically
reduced by low energy milling. However, close inspection reveals contrast indicating damage.

and produces very little amorphous material. The Technoorg Linda ion mill is able to

provide ions at such low energies. Figure 1.6 shows the same InxGa1−xN quantum well

sample (TU7413) sample after milling with 2 kv and 0.5 kV argon ions. Surface damage

visible in the first micrograph as local contrast is drastically reduced in the second.

Another approach is to use a chemical cleaning procedure. Wet etching offers the ad-

vantage of not employing high energetic particles and instead attacks the sample depending

on its reactivity to the etchant. This often depends on the orientation of the crystal and

selective etching can lead to monoatomically flat surfaces ideal for HRTEM imaging.

For some GaN/InxGa1−xN samples of this work the following procedure was used for

wet etching. In a first step, the thinned sample was submerged in a 5% hydrofluoric acid

(HF) aqueous solution. This strips the oxide layer that may have formed on the surface and

prepares the sample for the next step. After one minute in the HF solution, the sample is

transferred to a Potassium Hydroxide (KOH) solution (40% KOH + 60% H2O) heated to

approximately 90oC. After another minute, the sample is cleaned in hot methanol on the

same hotplate as the KOH and in room temperature methanol for another minute each.

KOH preferentially etches the sample to create pyramid like structures and surfaces
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with a roughness comparable with that of the height of atomic steps [Jin06]. Preferential

etching of GaN or InxGa1−xN was not observed for low indium concentrations as observed

on quantum wells in cross section. However, KOH does not seem to etch InN very well.

Figure 5.1 shows how wet etching ZnO produce very high quality samples.

1.7 Scanning Transmission Electron Microscopy

A relative newcomer in the field of electron microscopy, scanning transmission electron

microscopy (STEM) was incepted in 1966 by Albert Crewe. A focussed electron beam is

scanned over the sample as in a scanning electron microscope. In STEM however, not

the secondary electrons are collected, but the primary, transmitted electrons are used for

image formation [Cre66].

The main advantage of STEM is that the electron beam samples a very small volume

of the sample, that is given by the size of the probe. However the formation of the probe

is governed by the same optical rules as in conventional TEM. With spherical correction

probes as small as 0.7 Å can be formed. Generally, pixel information is recorded by a high

angle annular dark field (HAADF) detector that collects electrons incoherently scattered

at wide angles (>70 mrad). The image is built up pixel by pixel as the beam rasters across

the sample. This incoherent imaging mode does not suffer from the pattern changes or

contrast inversions known from TEM images and it is thus directly interpretable.

The electron scattering cross section at high angles depends on the atomic number Z

of the elements imaged by Zα, where 1 ≤ α ≤ 2 [Jes95]. The signal detected with an

HAADF detector is very sensitive to changes in the chemical composition of the sample

which is why this imaging mode is called Z-contrast imaging. This sensitivity to atomic

numbers led to the breakthrough of STEM in the 1970ies when single heavy atoms lying

on a carbon grid where imaged for the first time [Cre70].

Modern Cs corrected STEM machines can now form probes smaller than 1 Å. It thus

becomes possible to place the beam on a single atom column of a crystal oriented in a low

index zone axis. The HAADF images can then be formed for different columns to probe

their chemical composition. Because of the very small depth of focus of the probe, a sample

can also be imaged in depth as the probe focus is varied. Additionally, the energy losses

of forward scattered electrons can be analyzed. Electron energy loss spectroscopy in high

resolution STEM has become a widespread and reliable analytical technique.
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1.7.1 Electron Energy Loss Spectroscopy

In electron energy loss spectroscopy (EELS) electrons that have transmitted the sample

without being scattered at high angles are collected and directed through a dispersive

medium such as a magnetic field for spectroscopy. The energy losses of the electrons range

from a few eV due to the electronic excitations of the sample to several keV due to core

shell ionization. It is customary to distinguish three zones of a typical EELS spectrum.

The dominant structure is a very sharp peak made up by the elastic electrons having lost

no or very little energy, it is thus called the zero loss peak. The width of this peak is given

mainly by the energy spread of the imaging electrons and will determine the resolution

attainable in the spectrum. For monochromated FEG electron sources, the full width at

half maximum of the zero less peak can be as low as 100 meV.

The second region reaches from the foot of the zero loss peak to energies of about 50

eV. Losses here are mainly due to to excitation of electronic band transitions and collective

electronic oscillations (plasmons). Spectroscopy in this range is thus called valence electron

energy loss spectroscopy (VEELS). The prominent structure of low loss spectra is the

plasmon peak caused by the resonance of the cloud of valence electrons as the imaging

electron passes through. The first plasmon peak of InN and GaN lie at 22.3 eV and 19.2

eV respectively [Kea02]. With the advent of monochromated beams it is now possible to

probe the electronic structure at losses as low as 1 eV to measure fundamental bandgap

transitions with a nanometer resolution.

The third region is made up of electrons that lost energy by exciting inner shell electrons

to free states above the Fermi level. The losses incurred can be in the range of several keV.

The cross section for these events is several orders of magnitude smaller than interactions

with low losses, but features from core shell transitions are well documented and are element

characteristic. EELS thus allows the chemical identification of sample compositions at a

nanoscopic level.

1.8 Experimental setups

1.8.1 The One Ångstrom Microscope

In the mid nineties state-of-the-art commercially available electron microscopes had a di-

rectly interpretable point resolution between 1.7 - 2 nm. The One Ångstrom Microscope

(OÅM) was developed with the goal to reach an information limit below 1 Å and a point
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Figure 1.7: The OÅM at NCEM has an information limit of 0.8 Å.

resolution as low as possible. The OÅM is based on an optimized Philips CM microscope

and is shown in Figure 1.7. It can be operated at 150 and 300 kV. In order to achieve

sub-Ångstrom resolution, a number of developments in microscopy technique was united

in the OÅM. Most prominently a new objective lens were developed and a field emission

source used. The setup of the OÅM is described in detail in [Bak96].

According to Equation 1.10 the contrast transfer function oscillates with χ(u). Reduc-

ing the spherical aberration coefficient C3 thus simplifies the CTF and allows a greater

point resolution. A new objective lens called UltraTWIN was designed with a small pole

gap of 2.8 mm with a spherical aberration coefficient of only C3 = 0.6 mm. This simplified

the CTF and improved the spatial coherence envelope. With such a CTF, the through

focal series method and holography can reconstruct the exit wave up to the information

limit of the machine.

According to Equation 1.10, the point limit of a microscope is due to the dampening

of the CTF by the envelopes 1.7 and 1.9 . With thermionic emitters (LaB6), the envelope

functions do not go far beyond the point resolution, mainly because of the large energy

spread (>1.5 eV) that reduces temporal coherence. Additionally, the low brightness of the

source forces to condense the beam increasing the convergence angle α and thus inducing

spatial incoherence.
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By introducing the field emission gun (FEG) the energy spread can be reduced below

0.8 eV and the brightness increased by two orders of magnitude. The improved lens

current stability, minimization of mechanical and electrical instabilities made the OÅM an

exceptional HRTEM microscope [O’K01, Kis01]. It transfers information up to 0.8 Å. It is

further equipped with a compustage double tilt sample holder allowing sample tilts of up

to 30o in any direction which allows to allow precise orientation of the sample to zone axis.

The high resolution and relatively simple transfer function of the OÅM makes exit

wave reconstruction with high confidence possible. The OÅM is an ideal tool for solving

many material science problems such as structure determination, defect determination and

quantitative HRTEM.

1.8.2 The Tecnai F20 TEM/STEM

The 200kV FEI monochromated F20 UT is a TEM/STEM high resolution microscope that

was used for some spectroscopy studies of this thesis. It is designed to deliver optimum

high resolution in both conventional TEM and scanning TEM (STEM) mode. The imaging

column is identical to the OÅM. It is operated at 200 kV and has an information limit of

1.2 Å and can form a probe of 1.4 Å.

It is equipped with an HAADF detector for atomic number sensitive imaging in scanning

mode. Additionally a monochromator is incorporated into the electron gun to reduce the

energy spread to below 200 meV. A Gatan Image Filter is used to recover information

about losses in the sample by (valence) electron energy loss spectroscopy (V)EELS.

1.8.3 The Atomic Resolution Microscope

The atomic resolution microscope (ARM) was one of the first machines to reach a point

resolution high enough to resolve lattice fringes in low index zone axis of common materials.

The ARM was built in the early 1980ies by JEOL and is housed in a dedicated, three

storeys high silo. The size of the microscope is due to the accelerating voltages of 400-800

kV which creates electrons with a wavelength of 1.6 pm - 1 pm. Diffraction thus happens

at lower angles from the optical axis, lessening the effect of aberrations. The ARM has

a point resolution of 1.5 Å and an information limit of 1.4 Å. Because of this, images

of the ARM are very easy to interpret as most image contributions have the same sign.

Additionally, the mean free path of high energy electrons is larger for higher accelerating

voltages which allows the analysis of thick samples of 100 nm and above.
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The ARM was decommissioned in January 2007 and had not been operational for

several years before that date. However because of the quality of the images produced by

this machine, some micrographs recorded on the ARM in the late 1990ies by Jörg Jinschek

and Christian Kisielowski are also analyzed in this paper.



Chapter 2

Strain Measurement and the

Detection of Clustering in InxGa1−xN

by HRTEM

The measurement of local lattice parameters from HRTEM images is a widespread tech-

nique that has been used extensively to measure the chemical (in)homogeneity of InxGa1−xN.

In a mismatched heterostructure, the lattice displacement depends on the chemical com-

position and strain that may distort the crystalline unit cells. In the case of InxGa1−xN,

sample damage, unstable imaging conditions and an insufficient estimation of errors and

detection limits have led to much confusion about whether indium clustering is present in

this material. This discredited quantitative HRTEM as a reliable source of physical insight.

However HRTEM, because of its high spatial resolution and sensitivity is a valuable tool

in the analysis of nanomaterials and clusters. It is thus imperative to present an analysis

of the conditions under which HRTEM, and strain analysis in particular, is able to provide

reliable quantitative information about the sample.

First, the conditions under which quantitative HRTEM analysis can be conducted need

to be established. The points to address comprise (a) adequate sample preparations tech-

niques, (b) the control of electron beam damage, and (c) the effect of unstable imaging

conditions. Then, the precision and detection limits of the method need to be explored.

This includes a separation of effects due to strain and to chemical composition. This

chapter will demonstrate that strain mapping can be an appropriate tool to probe for an

inhomogeneous distribution of atoms in an alloy, provided that strain fields are large enough

and sources of error are carefully examined. Indeed, the high strain in GaN/InxGa1−xN
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heterostructures makes strain mapping the ”tool of choice” for this material system.

2.1 The validity of strain measurements

As in any experiment, sources of error in quantitative HRTEM need to be carefully ex-

amined and have been discussed in recent literature. However, the discussion is centered

around an often symptomatic description of beam damage and offers little insight on how

to avoid it. This section differentiates three contribution that can restrain the validity of

strain measurement.

First, the effects of damage to the sample, in particular related to beam damage is

discussed in the light of publications on the subject. Second, microscope instabilities and

their effect in current low voltage machines are studied . Finally the remaining sources

of error need to be quantified to establish the detection limits for chemical inhomogeneity

and clustering.

2.1.1 The issue of sample damage

HRTEM images are susceptible to undesired contributions stemming from surface rough-

ness due to sample preparation or damage induced by the imaging beam. This masks and

falsifies information intrinsic to the sample. Surprisingly, the primary source of damage in

TEM samples - mechanical abrasion or bombardment with high energy ions during sam-

ple preparation- attracted very little attention from the scientific community. Instead it

concentrated on effects due to the electron beam. This section addresses concerns over

beam damage first, and then highlights the need for an adequate sample preparation pro-

cedure. The discussion is centered around InxGa1−xN and the question over its chemical

(in)homogeneity, but it will be shown that damage in this alloy is similar to other semi-

conductors.

The InxGa1−xN system has been extensively studied by quantitative HRTEM and large

lattice constant variations in InxGa1−xN quantum wells (QW) were interpreted as indium

rich clusters [Seg04, Rut02]. These clusters were thought to be responsible for the excitonic

localization as demonstrated by optical experiments [Kre02, Bar04].

Recently, it has been pointed out [O’N03, Sme03, Sme06, Li05b] how beam damage in

InxGa1−xN heterostructures can lead to a false detection of clusters. Figure 2.1 shows a

beam damage study on InxGa1−xN QWs performed by Smeeton et al.. The images were
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Figure 2.1: Beam damage studies on an InxGa1−xN heterostructure by Smeeton et al.. Note
how damage is already present in the very first picture taken. The strain maps react sensitively
to the damage [Sme06].

recorded on Tecnai F20 G2 operated at 200 kV with beam currents of 35 A/cm2. The

QW seems to be more susceptible to the electron beam where damage was already present

in the first image (spots of dark contrast). It was suggested that sample damage by the

electron beam irradiation is the primary damage source and may be unavoidable [Hum07].

Indeed, beam induced damage has been a concern for many years, particularly during

the development of early quantitative tools that extract element distributions or inter-

face roughness from lattice images [Our89b, Our90, Kis95]. Debates about such radiation

damage in GaAs/AlqGa1−qAs/GaAs barrier structures can serve as an example [Dev90].

In fact, it is not surprising that GaN/InxGa1−xN/GaN QW structures - as most other

materials - become heavily distorted if they are irradiated for up to 1200 seconds [O’N03]

with current densities up to 100 A/cm2 [Sme03, Li05b] in electron microscopes operated
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between 200 kV and 400 kV.

In general however, the electron beam can only be a secondary source of damage in

TEM samples when compared to a sample preparation that uses mechanical abrasion and

bombardment with high energy ions. Indeed, the sample preparation procedure is designed

to be a damaging process. When discussing damage in TEM experiments it must thus be

considered first since it is difficult to differentiate beam damage from damage that was

present even before imaging took place. The micrographs of InxGa1−xN QWs in [Rut02]

can serve as an example for such a case.

As an illustration, Figure 2.2 shows the effect of electron dose exposure with beam

currents of 70-80 A/cm2 to Sapphire, GaN and InN. All materials are devoid of damage

after a few seconds of exposure, but after prolonged irradiation beam damage in the form

of contrast appears and the lattice is distorted and blurred. Changes in defocus could

lead to a similar ”appearance” of damage, but the sample was prepared by low energy ion

milling even contrast for different defoci when first imaged.

If displacement maps are applied to images taken from damaged samples, the extracted

strain will be dominated by artefacts. These effects are demonstrated by Smeeton et al. in

their beam damage studies [Sme03, Sme06]. It should be noted, that none of the studies

published about InxGa1−xN used a wet etching technique that we recommend for this type

of material. As a result studies conducted by these groups have the problem of samples

that are damaged even before irradiation. Indeed Smeeton himself identifies damaged areas

in the very first picture in Figure 2.1 after only a few seconds of irradiation that is certainly

due to sample preparation. The damage naturally increases with time at exactly the same

location.

Inadequate sample preparation is, unfortunately, widespread in the InxGa1−xN litera-

ture and is the cause for erroneous interpretation of strain measurements as clustering with

high amplitude or even reports of pure InN clusters. As a result, quantitative interpretation

of HRTEM image was henceforth seen with some scepticism [Sme06, Li05b, Gal07].

Naturally, it is appropriate to strive for avoiding beam damage entirely. Since long,

there is general understanding that such concerns are addressed by minimizing recording

times and current densities (e.g. [Our90, Dev90]). In fact, it is of essence and good practice

to characterize images during early exposure stages (t≤120 sec), which provides enough

time to record the necessary images in many cases.

This is possible in InxGa1−xN just as it is possible in many other radiation sensitive

materials such as AlyGa1−yN, SizGe1−z, or AlqGa1−qAs. On a time scale of up to two
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Figure 2.2: Irradiation series in sapphire, GaN and InN with beam currents of 70-80 A/cm2 at
300 kV for the indicated times. At these irradiation intensities, it is seen that a blurring of the
lattice is observable after 30 seconds in all material systems.
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Figure 2.3: Micrographs for the indicated material systems show how wet etching or low energy
ion milling produces extremely flat samples, with homogenous contrast. Beam damage, if present
would be easily recognizable. For a detailed description see text.

minutes, radiation damage can be avoided by minimizing the electron dose, as illustrated

in the micrographs of Figure 2.3. The samples are prepared with a final surface cleaning

step that involves either ion milling with low energy ions [Bar98] or chemical etching with

KOH produces have surfaces that are smooth on an atomic scale [Jin06]. As a result

such samples show contrast due to thickness and focus change, crystal tilt, or varying

lens aberrations. Radiation damage can be promptly recognized as spots appearing in the

lattice images with increasing exposure time.

A description of the images shown is given next:

a) The {110} lattice image shows a periodic Si/Si75Ge25/Si QW structure that was

chemically etched with KOH. The sample was grown by Molecular Beam Epitaxy (MBE).

Preferential etching of the SizGe1−z produces the comb like shape of the sample. Extinction

oscillations form a homogeneous alternation of bright and dark contrast with increasing

sample thickness. The image was recorded with a JEOL 4000ex [Kis95].
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Figure 2.4: Two lattice images of a time series recorded at 800 kV with the ARM. The insets
show intentionally generated defects grown into the QWs and the corresponding displacement
maps [Jin06]. No radiation induced structural changes are observable.

b) and c) show lattice fringe images of GaN/AlxGa1−yN/GaN and GaN/InxGa1−xN/GaN

QW structures recorded in {112̄0} projection that were grown by Metal Organic Chemical

Vapor Deposition (MOCVD) [Kis95, Per98]. The samples were thinned by milling with

argon ions and chemically etched. Images were recorded with NCEM’s Atomic Resolution

Microscope operated at 800 kV.

d) The depicted {100} GaAs/AlAs superlattice was grown by MBE. The sample was

prepared by milling with argon ions accelerated by 500V in a Linda ion mill. The image was

recorded with the One Ångstrom Microscope (OÅM) at NCEM (Philips CM300 operated

at 300keV).

In all cases, contrast is sensitive to radiation damage and its homogeneity ensures that

no beam damage is present in the sample. It was recently reported that GaN/InxGa1−xN/GaN

is stable under irradiation with 800 kV if exposure times are kept below 2 minutes [Jin06].

Figure 2.4 shows two lattice images of a time series without any recognizable sign of radi-

ation damage. The insets depict a magnified view of a defect that was intentionally grown

into the QW and its related displacement map: the displacement maps are reproducible.

In summary, a quantitative assessment of information from HRTEM images is often

challenging since sample thinning to electron transparency (thickness < 20 nm for accel-

erating voltages ≤400 kV) can be a damaging process if milling with ions accelerated to

several kV are used. In fact residual damage from the sample preparation is often visible in
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lattice images and it is difficult if not impossible to distinguish between ion beam induced

damage and electron beam damage. With an adequate sample preparation, damage free

samples can be produced and beam damage in InxGa1−xN is comparable to other material

systems. Indeed, such samples can be imaged for up to 2 minutes without the appearance

of any further damage as will be demonstrated in the next section.

2.1.2 The significance of acceleration voltage and microscope sta-

bility

Most of the recently published HRTEM studies on InxGa1−xN were performed on micro-

scopes with accelerating voltages of 150 - 300 kV. To test the apparent indium distribution

in InxGa1−xN during electron irradiation, time series of high-resolution lattice images were

examined. By comparison with theory it is reasoned that sample preparation and micro-

scope stability will be essential factors that determine the reliability of the results.

Time series were recorded on the OÅM operated at 150 kV. The left side of Figure 2.5

shows selected areas of four images from a series of 17 images recorded in time intervals

of 6 seconds1. The sample surface is clean and shows no beam damage after exposure

times of up to 2 minutes under moderate beam currents (20 A/cm2). The right side of

the figure displays the corresponding displacement maps that were generated by DARIP

as described in Section 1.5.1. Closer inspection of the lattice images reveals only minor

variations of the image pattern. The displacement maps, however, appear unstable. If the

displacements were interpreted in terms of an indium fluctuation, the images would very

well reproduce results from the debated literature reports [O’N03, Sme03, Sme06, Li05b]

even though other lens aberrations than defocus, such as astigmatism or coma, may be of

importance there.

Image simulation is used to elucidate the effects that play a role when forming an

image in HRTEM. In a simulation, the thickness and defocus of the sample can be varied

arbitrarily. Indeed, the sample preparation can introduce surface roughness that alters the

sample thickness locally and microscope instabilities result in uncontrollable focus changes.

Figure 2.6 shows a matrix of simulated HRTEM images as computed with the software

package MacTempas [Kil07] for GaN in [11̄00] zone axis calculated for three commonly

used accelerating voltages of 800, 300 and 150 keV. The simulation demonstrates how the

pattern in the image plane does not reflect the actual position of atom columns in the

1Actually 20 images were recorded, however, due to vibrations 3 images were discarded
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Figure 2.5: Left: Four lattice images of a time series of 17 images recorded at an accelerating
voltage of 150 kV with a nominally constant defocus (beam current: 20 A/cm2). Right: Cor-
responding displacement maps. Unit cell expansions are measured in pixels and color coded as
indicated.

sample (as indicated by the atom overlay in the upper right frame). Further, it is seen

from the simulations that both thickness variations and changes in defocus can introduce

pattern changes that may falsify displacement field measurements [Bar06]. It becomes a

matter of magnitudes of the changes if such effects can be neglected or not.

It is seen from Figure 2.6 that there are thickness-defocus windows where image patterns

remain fairly constant. Their extension depends drastically on the acceleration voltage

because electron scattering is voltage dependent. The window is widest for experiments at

800 kV where it can span over tens of nanometer of focus and thickness. Measurements

at this acceleration voltage are thus most uncritical. At 150 kV contrast inversion occurs

from instabilities of a few nanometers only and it is experimentally challenging to acquire

lattice images with stable patterns from such narrow windows. Additionally, one must

expect that these windows are smaller if field emission technology is employed instead of

thermal emitters because of an extended information limit that adds complexity to the

image (e.g. [Rei89]). Thus, thickness changes across the field of view must lie below a few

nanometers and focus must be stabilized on a similar scale to stay within the appropriate

thickness/defocus windows.

Sample roughness can be controlled by appropriate preparation as described in Sec-
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Figure 2.6: Simulated thickness-defocus maps of GaN {11̄00} for acceleration voltages of 800
kV (a), 300 kV (b), and 150 kV (c). Windows of constant pattern are largest at 800 kV and
smallest at 150 kV where they are only 4-6 nm wide.

tion 1.6. Only the focal stability of modern microscopes remains of concern. Figure 2.7

characterizes the mechanical and electrical stability of the OÅM at NCEM by measuring

focus values in 6 second time intervals. It is seen that focus variations of up to 20 nm

from a linear fit can be present. They are caused by common environmental noise such

as personal walking and closing doors within the building that houses the OÅM. Even if

absent during off hours operation (c), errors of up to 10 nm still cannot be avoided because

of limited lens current stabilities. Considering that the OÅM is one of the world’s highest

resolution microscope it is clear that better stabilities can at present rarely be achieved.

These instabilities explain the strain pattern variations observed in the image series shown

in Figure 2.5.

The approach followed here is different from the results discussed in Ref. [O’N03,

Sme06, Li05b] since it makes use of established knowledge addressing radiation damage

in materials by dose reduction and fast recording of successive images. Even so, at low

voltages, microscopes instabilities yield image distortions that can violate the application

rules for strain mapping from lattice images. Resultantly, indium composition maps can

appear unstable. The data extracted from such measurements must thus be compared in a

quantitative manner that must include an assessment of errors in the composition profiles.

Noise analysis of the images reveal that the differences from image to image are random.
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Figure 2.7: Time dependent defocus measurements. Subsequent images are recorded in 6 second
intervals. Measurements a), b) are influenced by common environmental noise. In c), taken during
off-hour operation, only microscope instabilities contribute to the data scatter. a) Microscope is
set to ”no defocus change” between successive images. b), c) Microscope is set to change defocus
by ∆f = 1.5 nm between successive images.

There is no systematic change such as indium redistribution or beam damage up to 2

minutes. This proves, that the inhomogeneities were present in the initial material already.

Resultantly statistical analysis can be used to evaluate the precision and increase the

confidence of the measurement.

2.1.3 Precision of strain measurements

In order to further quantify the data from the entire image series, grid cells in columns

parallel to the QW were averaged to calculate mean displacements and their standard

deviation.The mean and standard deviation are plotted as time dependent profiles in Figure

2.8. This process reduces statistical noise by the square root of the 45 cells that were used

for averaging (
√

45 = 6.7), which causes a better data reproducibility of profiles when

compared to maps.

Still, the standard deviation varies from one image to the next. But the variation are

purely random and the profiles from all images can again be averaged into a single profile.

Figure 2.9 plots the averaged displacement with the corresponding averaged standard de-

viations included as error bars. Since the standard deviation in regions of GaN is never
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Figure 2.8: (a) Waterfall diagram of the averaged composition profiles of 17 images from the
time series (∆t = 6 sec). (b) Standard deviation profiles. The presence of indium fluctuations is
established by large values in the QW region only.

smaller than 2 pm it must be expected that in single unit cells of composition maps the

noise can be almost as large as the signal itself, i.e. 14 pm. Indeed such an effect can be

observed in Figure 2.5 where regions of high apparent strain appear and dissolve in the

course of 30 seconds.

Further, the profile can be interpreted with some confidence. It is seen from the dis-

placement in Figure 2.9 that the QW is asymmetrical with respect to the growth direction.

The interface to the substrate is almost abrupt, whereas the interface with the caplayer is

more diffuse. Indeed there is a residual strain of 2 - 5% in the GaN layer on top of the

QW indicating, that indium floated into caplayer during growth.

At this point, it is essential to realize that unlike any concentration profile measurement

in GaAs/AlqGa1−qAs/GaAs [Our90], the calculated standard deviations in InxGa1−xN

QWs largely exceed the values of the surrounding GaN matrix. This suggests that there

is an inhomogeneous element distribution in GaN/InxGa1−xN/GaN heterostructure. From

the averaged profile of Figure 2.9 it is also seen that the indium fluctuations are composition

dependent since the error bars increase with increasing strain (higher indium content).

In GaN a precision of 2 pm at unit cell resolution can be reached [Kis98b] and the

increase of σtotal proves that random alloy fluctuations and/or cluster formation present in

InxGa1−xN can be accessed by strain measurements.

The exact shape of the inhomogeneities can not be extracted from maps since data

averaging across the samples thickness is needed. This is unfortunate since knowledge of
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Figure 2.9: Composition profile of the of the entire image series. The standard deviation σtotal
is plotted as error bars. In comparison to errors in Figure 2.5 the statistical noise is reduced by
a factor of 7.

the exact size and localization would be of interest to understand mechanism behind the

inhomogeneity of InxGa1−xN QWs.

2.1.4 Differentiating random alloying and clustering

This section establishes detection limits that are required to distinguish between random

alloy fluctuations and the formation of atom clusters. In thin TEM foils a precision of 2 pm

relates to the detection of only a few atoms - and even single atoms if the lattice mismatch

is large enough - since typical HRTEM samples are only 10 - 30 nm thick. For example

in In0.5Ga0.5N [112̄0], an atom spacing of 0.27 nm along the beam direction translates into

40 atoms in one column that is 10 nm tall (sample thickness). In this case a substitution

of two gallium atoms by two indium atoms corresponds to a concentration change ∆x =

0.05 in the column and causes a lattice distortion of 2.5 pm according to Vegard’s law.

In a random alloy AxB1−x the distribution of the atoms follows Poisson statistics. The

standard deviation σalloy from the mean stoichiometry in a probed volume containing N

atoms produces strain variations of
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σalloy =

√
Nx(1− x)

N
α, (2.1)

where α is a factor transforming a chemical composition into a displacement field. α de-

pends on the strain state of the layer and will be determined in Section 2.2. In In0.5Ga0.5N

for example, the expected concentration variation of a binomially distributed alloy in an

atomic column containing 100 nuclei amounts to

√
100/4

100
= 5%. This translates into dis-

placement fields between 2.5 and 6 pm depending on the strain state of the sample.

Consequently, even a random substitution of atoms will create local displacement fields

that can be measurable. Ideally, one would test strain measurements with materials that

are believed to be chemically homogenous to establish detection limits. If the probed

volume is sufficiently small and the precision high enough, the measurements on a miscible

alloy should reveal the statistical fluctuations according to Equation 2.1, else ordering is

present in the alloy. If however, experimental noise exceeds such effects, it is pointless to

speculate about the homogeneity of an impurity distribution.

The lines in Figure 2.10 estimate strain fluctuations that originate from a random

substitution of atoms according to Equation 2.1. The sample thicknesses are expressed in

numbers of atoms. For example, a unit cell of GaN in [11̄00] projection (0.16/0.52 nm)

that probes three atomic columns containing a total of 50, 100, 200, or 300 atoms is about

5, 9, 18, and 27 nm tall. These values are chosen such that typical sample thicknesses for

lattice imaging are represented. A precision around 1 pm would be required to access σalloy

in AlyGa1−yN or SizGe1−z materials. This high precision requirement for displacement

measurements is a direct consequence of the relatively small lattice mismatches in the

Si/Ge (4 %) and GaN/AlN (-2 %) alloys. Random alloy fluctuations must cause larger

displacements in materials systems such as InAs/GaAs or InN/GaN because of the larger

lattice mismatch of 7% and 12% respectively. However, it was shown that the distribution

of indium in GaAs is not random [Zhe94], which excludes InwGa1−wAs/GaAs as a test

object.

Experimentally, the standard deviation of the chemically sensitive parameter (c-lattice

parameter in InxGa1−xN) is computed along the heterostructure and is used as a measure

of all errors σtotal. In ordered materials such as Si, AlN, GaN or InN, σtotal = σnoise which

defines the precision of the measurement. Alloying will add a contribution due to random

alloying or clustering that can be significant if the experimental noise limits are small

enough. For a random alloy, σtotal is given by
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Figure 2.10: The standard deviation σtotal of the c-lattice constant is plotted over the aver-
age concentration for QWs of different alloys. σnoise is given at by measurement in the sub-
strate (x, y, z = 0). InxGa1−xN exhibits a qualitatively different behavior from AlyGa1−yN and
SizGe1−z. An upper limit to σalloy has bee computed with Equation (2.1) for the relevant samples.

σtotal =
√
σ2
noise + σ2

alloy. (2.2)

In the case where clustering is present in the material, σalloy no longer adequately

describes the distribution as atoms do not follow Poisson statistics. Instead, it is replaced

by a new contribution σcluster stemming from clustering

σtotal =
√
σ2
noise + σ2

cluster. (2.3)

Figure 2.10 shows σtotal values from measurements of AlyGa1−yN (triangles) and SizGe1−z

(squares) heterostructures shown in Figure 2.3 and from the InxGa1−xN QW from Section

2.1.2 (stars). σnoise is given by measurements at x,y,z = 0. The precision in AlyGa1−yN

(triangles) and SizGe1−z is insufficient to resolve random alloy fluctuations, which is also

due to the small strain involved. In InxGa1−xN σnoise = 2 pm and these fluctuation would

be accessible. However, the standard deviation cannot be explained by Equation 2.2 for

x > 0.2 at a sample thickness of 200 atoms, which means that clustering is present at these

concentrations.
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Figure 2.11: Histograms of the out-of-plane lattice constant recorded between 15 and 30 nm
from the sample edge. Unit cells were averaged across 1 (full line), 4 (dash) and 16 (points) data
points. Precision is gained as given by σtotal in GaN. The averaging has little effect in InxGa1−xN
due the presence of clusters that produce a greater inhomogeneity than expected in a random
alloy.

A way to increase the precision of strain measurements is to average over several mea-

surements. Concurrently the number N of atoms that are being probed in this way

are also increasing, lowering the possible impact of σalloy. Figure 2.11 plots the his-

tograms of a strain measurements performed in a thick (non relaxed) sample area of the

GaN/InxGa1−xN/AlGaN heterostructure studied in the next section. The histograms are

given for three different resolutions: at maximum resolution, i.e. one unit cell and averaged

over 4 and 16 measurements. While histograms in GaN and AlGaN sharpen as would be

expected from a random measurement2, InxGa1−xN stays wide as a result of its clustering.

It is important to realize, that the precision of displacement measurements critically

depends on the quality of the images. Results can differ from image to image and sometimes

even change across one field of view. It is thus important to measure σnoise anew for every

image. It is also necessary to estimate the thickness of the sample to discriminate apparent

clustering due to random alloying and clustering due to phase separation. In the next

section thickness effects in strain measurements are studied in depth.

2The standard deviation does not decrease as quickly as expected from a true random measurement,
indicating that measurements are still correlated due to local changes in contrast
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2.2 Thickness effects and strain relaxation

Samples to be analyzed with HRTEM have to be thinned to electron transparency, usually

well below 100 nm. In heterostructures of lattice mismatched materials the lattice strain

can relax which will affect the measured strain. When using high accelerating voltage,

it is possible to choose areas that are thick enough for relaxation effects to be negligible.

The displacement measured is then a combination of strain and a change in chemical

composition; Vegard’s law can no longer be applied.

For various reasons it is advantageous to analyze thin areas. In thin areas relaxation

can be observed and isolated from chemical composition. Further, in the case of inho-

mogeneous material for instance, it is interesting to sample small volumes in order to

minimize averaging through the thickness of the sample. This holds in particular if the

inhomogeneities are on a nanometer scale. Finally, advanced techniques such as exit wave

reconstructions or high resolution imaging with low electron energy need thin samples to

be applicable.

In thick samples, the tetragonal distortion of strained heterostructures can easily be

taken into account, as it is determined by the Poisson ratio under biaxial strain conditions.

Treacy and Gibson showed how strain present in the original material can be relaxed in

TEM foils [Gib84, Gib85, Tre86]. In the thin sample limit, the layer is expected to relax

into a mono-axially strained state [Ros06]. Strain relaxation in TEM samples has been

modelled in the literature using analytical approaches as well as finite element techniques

[Tre86, Che89, Chr94, DC97, Til00, Ros06].

However, in all studies the sample is considered to be an infinite foil of constant thick-

ness, i.e. the most relaxed state the heterostructure can reach is where only one of lattice

parameters in the growth plane is completely relaxed (monoaxially strained case). How-

ever, real samples are generally shaped like a steep wedge and it can be misleading to

talk about a ”thin foil”. As a result suitably thin areas are often located very close to

the sample edge. Here buckling is present not only at the entrance and exit surface of

the electron beam, but also towards the edge of the sample. Consequently the sample can

bulge outward into the vacuum in a 3D buckle. This leads to a whole new range of effects,

in particular because it can lead to an elastic expansion of the unit cell leading to states

different from the ones expected in the model of tetragonal distortion. The relevance of

these effects is not limited to TEM samples, but it is also expected that nanostructures

such as nano-rods and nano-particles show similar relaxation behaviors.
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Figure 2.12a shows the GaN/InxGa1−xN/AlyGa1−yN heterostructure that will be stud-

ied in this section. It is grown by MOCVD on a sapphire substrate with a GaN buffer, a

3.2 nm InxGa1−xN QW and a 40 nm of AlyGa1−yN cap layer. Lattice images were recorded

in 1998 with a JEOL Atomic Resolution Microscope (ARM) on plates by C. Kisielowski.

The zone axis is [112̄0]. The high accelerating voltage (800keV) yields wide defocus and

thickness windows with a homogenous image pattern as shown in Section 2.1.2.

It can be seen from the homogeneous contrast across the micrograph that beam damage

is not detectable in our sample. Under such conditions the InxGa1−xN QW appears at least

as unstructured as recently reported [Hum07]. The lattice image in Figure 2.12a shows

extinction oscillations indicating that the sample is wedge shaped from left to right. The

oscillations are perpendicular to the InxGa1−xN QW, such that the sample thickness can

be considered constant across the heterostructure. The local thickness of the sample is

determined by fitting the underlying gray level oscillations to extinction oscillations with

solutions of the Pendellösung for the 0000 beam in GaN [112̄0] (Figure 2.12b) as calculated

with the software package MacTempas [Kil07].

The correct determination of the thickness is confirmed by comparing image simulations

with the HRTEM image (Figure 2.12c). There is a discrepancy between experimental and

simulated intensities, which is of unknown origin and commonly attributed to the Stobbs

factor [Hyt94, Boo98, How04]. Further, the recording on a plate can add a non-linearity

that is disregarded here.

At Scherzer focus in a high voltage microscope, the interference pattern of the mi-

crograph is easily interpretable in terms of the crystallographic sample structure and the

displacement field can be directly measured. Strain was measured both in the <0001>

(out-of-plane) and <11̄00> (in-plane) directions across the QW over a distance of 70 nm.

This corresponds to a thickness difference of 150 nm. The resulting out-of-plane strain

map is shown in Figure 2.13c. The particular sample geometry and the wide field of view

make it possible to observe the fully strained QW and strain relaxation in one single image.

Relaxation in thinner areas of the sample (left part of the image) is directly visible in the

strain map as a widening of the strain profile. In the thicker parts of the sample (right

part of image) a limit for reliable extraction of quantitative information is reached above

a distance of 60 nm from the vacuum because the signal to noise ratio degenerates rapidly

and contrast reversal occurs.

The measurements access compositional changes with the chemically sensitive out-

of-plane lattice parameter <0001> and strain relaxation effects by the in-plane lattice
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Figure 2.12: (a) Lattice image of the InxGa1−xN QW. (b) The averaged image intensity taken
in the GaN substrate parallel to the QW was fitted to the calculated intensity of the 000 beam
(c) Overlay of image simulations (contrast was adjusted to the experiment).
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Figure 2.13: (a) shows a magnified view of the lattice image (b) illustrating that the contrast
is homogenous across the InxGa1−xN QW and no beam damage is detectable. This allows for (c)
strain mapping across 70 nm along the sample wedge (the out-of-plane lattice, 0001 is shown).
Relaxation induced broadening of the QW is visible in thin areas.
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Figure 2.14: The in-plane (11̄00) lattice parameter profiles are averaged over a thickness range
of approximately 10 nm. Relaxation is present in the QW for t<30 nm. The plot includes and
averaged out-of-plane (0001) profile for reference. Gray squares identify areas used in Figure 2.16.

parameter <11̄00>. Relaxation effects are studied first. Figure 2.14 shows the in-plane

strain profiles obtained from the strain map of Figure 2.13c. Unit cells were averaged

parallel to the QW, resulting in stripes with a resolution of 0.5*5 nm2. This reduces noise

contributions to below 0.5 pm. Since the sample thickness changes across the wedge, this

average includes a thickness change of roughly 10 nm. It is seen that relaxation occurs

below 30 nm of sample thickness through the increase of the in-plane lattice parameter in

the QW.

The extraction of the chemical composition profiles is easiest where relaxation is neg-

ligible. Previous theoretical studies derived that in a modulated structure of period L

relaxation has to be taken into account at a thickness t when [Tre86, Che89, Chr94]

t

10L
< 1. (2.4)

In the studied sample L = 3 nm and indeed relaxation is observable for t < 30 nm. The

relaxation criterion from Equation 2.4 can thus be used to avoid any relaxation effects.

As mentioned however, it is desirable to analyze thin samples and it is of importance

to understand strain relaxation in wedge shaped samples quantitatively. Further, it is of

essence to calibrate strain measurements and chemical composition and compare the result
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with computational predictions.

Because of the non-periodic structure of the sample, strain relaxation cannot be de-

scribed analytically and finite element analysis (FEA) was chosen to model the sample. A

mesh with nodes spaced according to <0001>, <11̄00> and <112̄0> distances in GaN was

generated using the freeware FEA program Mefisto [Per07]. Different thermal expansion

coefficients corresponding to the normalized difference in lattice parameter of the alloys

were defined for InxGa1−xN and AlyGa1−yN as done by Tillmann et al. [Til00]. To simu-

late rigid surroundings the displacements along the (0001) axis at the bottom of the GaN

substrate and along the (11̄00) axis on one side of the mesh were fixed at zero. Elastic con-

stants of the alloys were extrapolated from literature values for InN [She76], GaN [Pol96]

and AlN [McN93] using Vegard’s law. It should that literature on elastic properties of

nitrides is relatively scarce and that values scatter [Wri97b]. However the simulation did

not change dramatically when varying the constants within 10% of the literature data.

In the next step, the mesh was heated from 0 K to 1 K and allowed to relax. To extract

strain from the FEA simulations, the distances between the nodes corresponding to (0001)

and (11̄00) were calculated from the displacement data, and averaged in the same way as

the experimental data. This is possible because in a high voltage microscope at Scherzer

focus the lattice fringe image directly reflects the structure of the sample over a wide range

of thicknesses. Differences due to bending of lattice planes or thickness effects can be

neglected in such areas of strong contrast [Hyt01]. Even though nitrides are generally non-

centrosymmetric, the wedge in the studied sample is vertical to the chemically sensitive

out-of-plane lattice constant such that no measurement artefacts are expected here.

Figure 2.15a shows a three-dimensional FEA grid of 30x30x15 unit cells modelling the

studied GaN/In0.25Ga0.75N/Al0.3Ga0.7N heterostructure after relaxation. Taking advantage

of the symmetry along the thickness of the sample this corresponds to a simulated sample

area of 15.5 x 8.3 nm2 with a thickness of 5 nm. This slab does not reflect the true geometry

of our sample since it severely underestimates the thickness of the sample. Additionally,

the experimental data in Figure 2.14 shows how relaxation effects are present up to 15

unit cells from the QW center such that the grid should be enlarged. Figure 2.15b shows

a computationally more feasible two-dimensional simulation of an extended area (125x70

unit cells) that is more representative of the strain mapped areas with the limitation that

no relaxation in beam direction is possible. To a first approximation, this two dimensional

grid can be thought of as the base of the 3D simulation (biSection of the sample).

The strain extracted from 2D and 3D simulations is compared in Figure 2.16a. There
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Figure 2.15: The FEA grid after relaxation in (a) 3D and (b) 2D showing buckling into the
vacuum. For illustration purpose, displacements are exaggerated by a factor of five.

is a qualitative agreement between the two simulations. However the out-of-plane lattice

constants are lower in the 3D simulation due to the added relaxation along the thickness

of the sample. Additionally the parameters for Al0.3Ga0.7N show discrepancies, due to the

limited size of the 3D slab. However, in In0.25Ga0.75N none of the discrepancies exceed 1

pm, which corresponds to the measurement precision. Thus, 2D simulations will be used

to explain the experimental data. The simulations predict a relaxation behavior that is

unexpected in the frame work of tetragonal distortion. In fact in thin areas located close to

the sample edge all lattice constants in the QW increase. The result is a three dimensional

buckle as pictured in Figure 2.15a. This effect has not been taken into account in previous

studies that assumed the sample geometry to be infinite and of even thickness.

The experimental measurement was averaged over a 5x5 unit cell area of the strain

map to reach an out-of-plane precision of about 1 pm. This corresponds to an area of

1.4 x 2.6 nm2 in a [112̄0] zone axis of GaN. Figure 2.16b shows thickness profiles of the

lattice constants measured parallel to and on the QW and at a distance of 20 unit cells

(grey squares in Figure 2.14 indicate the areas data was averaged over). The results of

the 2D simulations at the same location have been included as straight lines. Overall the
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Figure 2.16: (a) Relaxation behavior as calculated from the 2D and 3D meshes in Figure 2.15.
Agreement is particularly good in the In0.25Ga0.75N layer. (b)The lattice parameters for the
GaN/InxGa1−xN/AlyGa1−yN structure are shown and compared to simulations extracted from
the 2D mesh. An additional measurement for out-of-plane InxGa1−xN is included to demonstrate
the effect of clustering in this material.
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simulation describes the experimental findings well if an indium concentrations of x = 0.25

and an aluminum concentration of y = 0.3 are chosen. Note that these simulations do

not represent an absolute determination of the indium concentration at this point as the

sample geometry is not accurately described. This issue will be addressed later in this

paper. There is a discrepancy for the out-of-plane lattice at low thicknesses that is due to

an indium cluster located at the very edge of the sample. Indeed, for a measurement at

another location of the sample from a different micrograph, the behavior in InxGa1−xN is

well described (the out-of-plane lattice of this measurement is included in Figure 2.16b).

The in-plane lattice parameters start relaxing at thicknesses below 30 nm in accordance

to the relaxation criteria (eq. 2.4). However, due to the 3D buckling, two competing effects

influence the out-of-plane lattice constant: a reduced tetragonal distortion tends to shorten

it, while a tensile component due to cap and buffer layer stretches it. Fortunately, these

two effects cancel each other for distances from the sample edge that are greater than

5 nm. This is good news for strain measurement in HRTEM samples: the out-of-plane

parameter, which caries the chemical information remains constant for much longer than

would be expected from tetragonal relaxation only. FEA analysis with QWs of different

thicknesses yields the relaxation criterion for out-of-plane lattice constants in a wedged

sample with the heterostructure parallel to the thickness gradient as

d <
2

3
L (2.5)

where d is the distance from vacuum and L the thickness of the heterostructure. For

typical QW thicknesses of L = 2− 4 nm out-of-plane relaxation occurs up to 3-6 nm from

the sample edge. Further in, the out-of-plane lattice constant equals the value of biaxially

strained material of the thick sample limit. It is of particular interest to relate this strain

state with the indium concentration x in the QW. Figure 2.17 shows the concentration

dependence of lattice constants measured in an InxGa1−xN multi QW structure with 0 <

x < 0.25. The chemical composition was established independently from Secondary Ion

Mass Spectroscopy (SIMS) measurements as published in [Kis98a].

Additionally, FEA simulations for InxGa1−xN across the entire composition range were

performed with confinement on two or four sides perpendicular to the [0001] plane to

compute the strain in monoaxially and biaxially strained material. The results are included

in Figure 2.17. For x < 0.2 the experimental data agrees well with the simulations of a

biaxially strained layer. A linear fit across the data points with an ordinate crossing at

5.185 Å (out-of-plane lattice parameter in GaN) yields the relationship for the out-of-plane
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Figure 2.17: Experimental data is compared to the lattice constants calculated from FEA
simulations. A linear fit gives the relationship of indium concentration against lattice constant
in a QW satisfying Equation 2.4 or 2.5.

lattice constant c(x) in strained InxGa1−xN

c(x) = 5.185Å+ α ∗ x (2.6)

with α = 1.11Å. This formula is similar to Vegard’s law but it calibrates the indium

concentration in samples strained according to Equation 2.5.

The accuracy with which strain relaxation can be modelled allows for a subtraction

of relaxation effects from the experimental data and opens the possibility to compute the

standard deviation in even the thinnest areas of the sample. Figure 2.18 shows the result

of this operation for four adjacent measurements inside the QW and 28 unit cells away

from it. The experimental standard deviation σtotal was calculated over 10 unit cells (2.6

nm) along the QW and is compared to σalloy computed for the given thicknesses. A dashed

line through the three graphs signals noise as given in GaN.

It is seen that σalloy plotted in grey shade is not accessible with the present precision

in Al0.3Ga0.7N. In In0.24Ga0.76N however, the precision of the measurement is high enough

to detect random alloy fluctuations for thicknesses below 20 nm, but contributions from

clustering dominate σtotal in this alloy.

It is very challenging to discriminate the effects of random alloying against clustering,
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Figure 2.18: σtotal is plotted for the three materials after correction of relaxation by subtraction
of the finite element simulations. The strain was averaged over 10 measurements. σalloy was
computed for the corresponding thicknesses and alloy concentrations.

in particular for low indium concentrations x < 0.2. Only an analysis of detection levels

and knowledge of the sample thickness allows reaching a conclusion. Even so, it cannot

be excluded that the electron beam damages samples even if there is no visual trace of

damage. However the presence of spinodal decomposition has been demonstrated for larger

x (Section 3.1) and it is expected that inhomogeneous indium distributions even occur for

x < 0.2 as it is the case for indium in GaAs [Zhe94].

However, novel experimental techniques will have to be developed to capture an ele-

ment distribution in an early stage of precipitation in 3D that are currently being devel-

oped [Hum07, TEA]. In this context a statistical distribution of indium was suggested by

atom probe measurements [Gal07] but even in this case detection limits will be of concern

[Kis07a].

The good agreement of strain measurement with the simulation of strain relaxation

demonstrate how accurate quantitative HRTEM is. From this point, the question of the

detection of clustering in InxGa1−xN and other materials becomes a matter of detection

limits. It is thus of prime importance to evaluate sources of error and the precision before

a conclusion about alloy (in)homogeneity is given.

2.3 Conclusion

This chapter addressed the challenges and opportunities that the measurement of displace-

ment fields by HRTEM. Indeed HRTEM offers both the spatial resolution and sensitivity
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needed to analyze chemical (in)homogeneity in nanostructured samples. But its applicabil-

ity was subject to doubt due to sample damage occurring during preparation and imaging.

The general conditions for reliable quantitative HRTEM can be summarized in three steps:

• Quantitative HRTEM places stringent conditions on the sample preparation: samples

must be free of milling damage and have atomically flat surfaces. In the case of

GaN/InxGa1−xN this can be realized by using the wet etching technique described

in Section 1.6.

• A quantitative assessment of the limitations imposed by microscope instabilities such

as focal change or other aberrations is necessary to establish confidence in the mea-

surements. It is shown, that measurements in high voltage machines (acceleration

voltage ≥ 800 kV) are most uncritical due to wide thickness/defocus windows with

a stable image pattern. At lower voltages additional analysis is necessary to take

machine instabilities into account. These include averaging over series of images or

performing exit wave reconstruction.

• In all cases it is of prime importance to avoid beam damage. This can be avoided

in adequately prepared samples if exposure times are kept below two minutes and

beam current density is low (<30 A/cm2).

Because of the small volumes sampled in HRTEM, random alloy fluctuations may be

measured. It is thus important to differentiate them from true clustering by estimating

the sample thickness and evaluating the fluctuation that would be expected in a random

alloy.

For InxGa1−xN quantum wells a precision of about 2 pm was reached at unit cell reso-

lution and compared to the expected random alloy fluctuations. It is demonstrated, that

quantitative HRTEM can be used to detect clustering in undamaged samples. Further-

more, the comparison with finite element simulations allows to empirically define a calibra-

tion relationship between the chemical concentration and displacement fields in InxGa1−xN

quantum wells.

Now that the framework has been established in which quantitative HRTEM can be

used as a reliable tool for the detection of clustering, this technique is applied to understand

decomposition behavior of InxGa1−xN.



Chapter 3

Phase Separation, Clustering and

Ordering in InxGa1−xN

Indium gallium nitride (InGaN) has many device applications in optolelectronics thanks to

its excellent optical performance. As a consequence, InxGa1−xN has been the subject of nu-

merous investigations focusing on its optical and structural properties. Photoluminescence

experiments proved most of the luminescence originates from bound exciton complexes

[Kre02]. Early HRTEM investigations by Kisielowski et al. [Kis97] established, that in-

dium could segregate locally to create indium rich clusters. These clusters were thought

to be responsible for the localization of excitons in InxGa1−xN [Rut02, Seg04].

However, these investigations had to be revised as it became clear, that images of

damaged samples could lead to the false detection of clustering [Sme03, Li05b, Sme06].

Very recently up to the existence of clustering in InxGa1−xN has been questioned [Gal07]

and the localization was related to monolayer steps in the quantum well (QW) thickness.

Decoration of V-defects was proposed as an explanation for the high radiant efficiency of

InxGa1−xN despite high defect densities. QW thickness variations and screening of defects

could explain some of the optical properties of InxGa1−xN, but they could only be observed

in a very limited selection of samples.

It is the goal of this chapter, to establish in a quantitative manner to what extent

phase separation is present in InxGa1−xN. In the first section, a short introduction about

the theoretical prediction and experimental detection of phase separation and ordering in

InxGa1−xN is given. Sections 3.2 and 3.3 present quantitative HRTEM measurements of

clustering in QWs and bulk InxGa1−xN. Finally the results are discussed and a conclusion

with a recommendation for the growth of InxGa1−xN is given.
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3.1 Phase Separation and Ordering

InN and GaN are difficult to alloy due to their large lattice mismatch of 11% (a(GaN)=3.19

Å and a(InN)=3.54 Å [Pic78]). As a consequence InxGa1−xN layers grown on sapphire or

GaN are highly strained. Additionally, the ideal growth temperature for GaN and InN are

very different: GaN is usually grown at temperatures of 800 - 1000oC while InN has to be

grown at much lower temperatures (∼ 500oC) to incorporate enough nitrogen to avoid the

formation of metallic indium. It is thus difficult to find a compromise between these two

growth modes and still produce high quality and chemically homogenous material.

Decomposition is sometimes observed in InxGa1−xN QWs for anything but low indium

concentrations (x < 0.1). This decomposition is certainly due to the high strains in this

alloy, but it is not quite settled, when this decomposition takes place and what is its

principal mechanism. Three mechanisms can produce inhomogenous layers: island growth

during epitaxial deposition, spinodal decomposition, or ordering into alternating layers of

GaN and InN.

Island growth is a well known phenomenon in mismatched materials. In the so called

Stranski-Krastanov growth mode, the system tries to minimize both strain energy of the

epilayer and its surface tension [Dar97]. This leads to the three dimensional growth of

pyramid like structures. Indeed such structures were observed in uncapped InxGa1−xN

layers by atomic force microscopy [Dam99, Ade00]. However the structures are not pre-

served in the finished heterostructure due to the high temperatures used to grow the GaN

cap layer.

Under these circumstances the system could then undergo spinodal decomposition to

minimize its free internal energy. This decomposition is mainly driven by the high lattice

mismatch of InN and GaN. According to calculation by Stringfellow et al. the InxGa1−xN

alloy is thermodynamically unstable for a wide range of concentrations for temperatures up

to 1500K [Ho96]. Figure 3.1 shows the phase diagram for relaxed and strained InxGa1−xN

as computed by Karpov [Kar98]. According to these calculations, strain should inhibit the

decomposition of strained layers such as QWs of a few monolayers thickness and homoge-

neous layers should be thermodynamically stable for x < 0.35 at room temperature. The

miscibility gap, in which spinodal decomposition is expected, is shifted to higher indium

concentrations.

A system that finds itself in the miscibility gap is thermodynamically unstable and

will undergo spinodal decomposition by forming two phases with alloy concentrations that
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Figure 3.1: Phase diagram for (a) relaxed InxGa1−xN (b) strained InxGa1−xN according to
Karpov [Kar98]

lie on the spinodal line. According to the theory of spinodal decomposition developped

by Cahn and Hilliard this leads to composition gradients that cause sinusoidal concen-

tration modulation of a characteristic wavelength to dominate [Cah58, Cah61]. Spinodal

decomposition thus forms periodic zebra-stripe like structures.

Such periodical structures of wavelength from 20 to 3 nm for concentration of x = 0.12

to x = 0.34 were reported in over 100 nm thick InxGa1−xN layers [Rao04, LW05, Wes01].

Ordering on the length scale of a few monolayers was also observed [Rut98, Beh99, Tel03].

This ordering was interpreted as alternating layers of GaN and InN.

Overall, no concise image of decomposition in InxGa1−xN has emerged. The dependence

on the indium fraction on the decomposition behavior of thick layers was studied by a few

groups [Rob00, Nao06], but the mechanisms of decomposition could not be specified as no

microscopic study was performed.

3.2 Decomposition in Quantum Wells

Early HRTEM investigations by Kisielowski et al. [Kis97] on InxGa1−xN QWs established

that indium could be found to segregate locally and create indium rich clusters. Since

then, and particularly in the framework of this thesis, a multitude of samples have been

studied according to the guidelines outlined in Chapter 2.

In Figure 3.2 the InxGa1−xN data from Chapter 2 are processed such that the exper-

imental noise σnoise measured in regions of GaN is subtracted from the total standard

deviation to obtain alloy related effects (open stars). The data set is complemented with
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Figure 3.2: σalloy =
√
σ2
total − σ2

noise for InxGa1−xN was computed and complemented with
more data points.

quantitative analysis performed on MOCVD grown samples and commercial LEDs. The

measurements were all performed at NCEM using a high voltage microscope operated at

800 kV and the OÅM operated at 150 kV and 300 kV. For the OÅM exit wave reconstruc-

tion or the averaging method described in Section 2.1.2 was used.

The experimental results scatter as expected because of uncertain sample thicknesses

and different growth conditions. Overall however it is clear, that all methods produce

comparable and repeatable results. This confirms that reliable quantification of clustering

can be performed from lattice images recorded with electron energies between 150 and 800

kV. The expected effect of σalloy is plotted for different hypothetical sample thicknesses

in Figure 3.2. To describe the concentration dependence by random alloy fluctuations an

average sample thickness of only 5 nm is required. Such a value is unreasonably small since

the majority of the data such that the samples are thick (20-30 nm) compared with the QW

width (2-4 nm) in order to limit strain relaxation effects (see Section 2.2). If one assumes

an average sample thickness of only 10 nm one would already find that cluster formation

occurs for x > 0.15. For a reasonable sample thickness of 20 nm one finds that clusters

are formed for x > 0.1 and that detection limits do not allow for statements concerning

samples with x < 0.1. This establishes the existence of clusters in InxGa1−xN material for

indium concentrations greater than 10%.
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Now that the existence of clusters in InxGa1−xN has been established, the next step

revolves around the question how those clusters are formed. Again, quantitative HRTEM

can help to solve this question. However, while it was showed in this section, how the

decomposition depended quantitatively on the average indium concentration, the study of

QWs in cross section geometry still suffers from two problems related to the measurement

method: due to the finite sample thickness the signal is averaged a first time and the

data has to be averaged a second time along the heterostructure, such that no meaningful

determination about the size and shape of the clusters is possible.

Due to the averaging procedures no conclusive evidence for the presence of a spinodal

decomposition can be given. Periodic indium fluctuations in QW structures would be

indicative of this type of decomposition, but are only recorded occasionally and with little

statistical confidence. Therefore, the quantitative analysis is extended to include thick

InxGa1−xN layers where the detection of periodic structures is simplified.

3.3 Decomposition in Bulk Material

As decomposition is more pronounced for high indium concentrations, two indium rich

samples were chosen. The samples were grown at Cornell university in a Varian GEN-II

gas-source MBE equipped with a rf plasma source for generation of nitrogen radicals. A

150 nm, respectively 120 nm thick InxGa1−xN layer was grown on sapphire with a GaN

buffer at a substrate temperature of 550oC [Lu00]. Sample A (GS1936), has a nominal

indium content of 70%. Sample B (GS1582), was grown with an indium concentration of

nominally 60%. Both samples were ion milled and wet etched with KOH according to the

sample preparations techniques discussed in Section 1.6.

High Angle Annular Dark Field (HAADF) Z-contrast images from Sample A and B are

shown in Figure 3.3. They were recorded with a TECNAI F20 and a TITAN microscope.

The images show periodic contrast variations confirming that chemical decomposition is

present in both samples. In sample A the composition fluctuations oscillate with a wave-

length of about 2 nm, in sample B the wavelength is about 4 nm and the contrast is more

pronounced. The fluctuations are oriented between the {0002} and {11̄02} lattice planes in

a [112̄0] projection of the sample. Similar composition fluctuations in InxGa1−xN samples

grown on an AlN buffer were observed by Lilienthal-Weber et al. [LW05].

Figure 3.4 a and b show Scherzer images of sample A and B respectively. Through

focus series were recorded on various locations of both samples and used for exit wave re-
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Figure 3.3: HAADF STEM Z-contrast micrographs of (left) sample A and (right) sample B.
The contrast is chemically sensitive and shows stripes of indium rich material.

construction (c and d). Figures 3.4 e and f show maps of the c-lattice strain in these layers

extracted from the phase of the reconstructed exit waves. The periodic contrast oscillations

that are seen in the lattice and HAADF images as strips are reflected in the displacement

maps. They mark areas of varying c-lattice parameters revealing the presence of compo-

sitional changes. Even within a particular stripe there are significant lattice parameter

changes creating an indium rich island structure that is modulated by the wavelength of

the stripes.

In thick layers, the conversion of displacement field into chemical composition is not

given by Equation 2.6 because of its different strain state. It differs from heterostructures

of the same average chemical composition because the straining GaN matrix is replaced

by alloyed material. The decomposed layers now strain each other.

Therefore, a tetragonal distortion that oscillates around a mean determined by the

average indium content in the layer is expected. Possible residual strain is evaluated by

counting dislocations at the GaN-buffer/InxGa1−xN-layer interface and measuring the in-

plane a-lattice parameter directly. Both methods show that the InxGa1−xN layers relax at

a distance of a few monolayers from the interface to reach a steady state with an a-lattice

parameter that corresponds to an indium concentration of ∼60% as computed by Vegard’s

law, which is close to the expected nominal concentration.

As thick InxGa1−xN layers are relaxed with respect to the substrate and all images were

taken in thin (<20 nm) sample areas tetragonal distortion is thus reduced. It is assumed
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Figure 3.4: (a) and (b) HRTEM micrographs Scherzer defocus of sample A and B respectively
and (c) and (d) the corresponding reconstructed exit wave. (e) and (f) are maps of lattice
parameters measured on reconstructed exit waves of the areas shown. Squares indicate the areas
where a composition profile was formed. Note the different length scale of the pictures.
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Figure 3.5: Concentration profile averaged along fluctuations on different areas in sample A
and sample B. Concentrations are offset for clarity and fit with a sinusoid (red line).

Table 3.1: Wavelength, amplitude and average indium fraction extracted from the composition
profiles in Figure 3.5. Errors describe the interval that includes all data points.

Wavelength (nm) Amplitude (∆x) Average (x)

Sample A 2.02 +/- 0.1 0.1 +/- 0.03 0.56 +/- 0.08

Sample B 3.52 +/- 1 0.15 +/- 0.01 0.62 +/- 0.09

that stress is completely relaxed in such conditions and that c-lattice parameter variations

can be directly interpreted as compositional changes using Vegard’s law.

A composition profile was generated by averaging the indium concentration along a

straight line that traces the strain maxima over a distance of 10 nm to 20 nm as indicated

by the squares in Figures 3.4 e and f. Figure 3.5 shows the result of the averaging process

for three different sample locations (offset for clarity). To extract the amplitude and

fluctuations, the data were fitted with a sinusoid that nicely approximates the data. Results

of the fitting process are listed in Table 3.1.

The decomposition wavelength in the samples varies between 2 and 4.5 nm, which is

a distance that is well comparable with typical width of GaN/InGaN/GaN QWs [Wes01,

Rao04, LW05]. Similarly, amplitudes of ∆x=0.1 and ∆x=0.15 compare well with the

standard deviation σalloy of the c-lattice constant measured in QWs with an average con-

centration x = 0.3.

The stripes form a varying angle with respect to the growth direction <0001>, ruling

out their formation by a kinetic process during deposition of the epilayer. Moreover, the



3.3 Decomposition in Bulk Material 69

concentration profiles are symmetric, which emphasizes that a thermodynamical process is

responsible for the decomposition of InxGa1−xN. Indeed heterostructures show an abrupt

GaN/InxGa1−xN interface as opposed to a smoother InxGa1−xN/GaN interface due to the

tendency of indium atoms to float on GaN during growth (see Figure 2.9).

Following Cahn, a thermodynamically unstable system undergoing spinodal decom-

position will amplify a sinusoidal fluctuation with a preferred wavelength [Cah58, Cah61].

Accordingly, InxGa1−xN samples grown deeper inside the miscibility gap should decompose

with a shorter wavelength. Rao et al. observed this effect for indium concentrations of

12% through 34% by analyzing shoulders to diffraction spots in TEM diffraction patterns.

They measured a decrease of wavelength from 20 nm to 3 nm [Rao04] in this concentration

range, which agrees with the present findings.

At a given growth temperature the final decomposition amplitude is given by the two

points at the spinodal. However, decomposition with nanometer wavelength is incompat-

ible with a large amplitude because surface tension prohibits the formation of arbitrarily

sharp interfaces. The thermodynamically stable state of systems with wavelengths that

approach atomic dimensions might therefore differ significantly from those of macroscopic

solids. Hyde et al. suggest that the continuity approximation in the Cahn-Hilliard model

breaks down for nanometer scale fluctuations [Hyd96]. Further, current models do not

take into account kinetic diffusion barriers although experimental data show that the low

mobility of indium atoms is a serious barrier to decomposition [Chu01]. Iliopulos et al.

[Ili06] demonstrated how low temperature growth of InxGa1−xN can suppress decomposi-

tion over a wide range of compositions. On the other hand, the formation of stripe like

structures indicating decomposition was reported in thick MBE grown layers with low

indium concentration (x < 0.2) [Li05a].

In summary, the decomposition behavior of thick InxGa1−xN layers strongly resembles

that of a spinodaly decomposed material. In InxGa1−xN spinodal decomposition produces

structures on a nanoscopic length scale. However the question remains, whether the de-

composition in bulk InxGa1−xN is due to the same process as in InxGa1−xN QWs.



70 Phase Separation in InxGa1−xN

3.4 The Decomposition Behavior of InxGa1−xN QWs

and Thick Layers

In this section, the spinodal decomposition in thick InxGa1−xN layers is compared to the

formation of indium rich clusters in InxGa1−xN QWs. The narrow width of QWs (2 nm - 4

nm) excludes the observation of periodic stripe patterns, which is the primary characteristic

of the decomposition process in thick layers. However, it was described earlier in this paper

that the stripes shown in Figure 3.4 e and f themselves are inhomogenous. They appear

to be composed of aligned agglomerations of indium rich islands. In fact, these indium

rich island are strikingly similar to the dot-like structures observed in InxGa1−xN QWs.

Additionally, the decomposition amplitude in thick InxGa1−xN layers as recorded by XRD

and luminescence by Robbins et al. [Rob00] shows similarity to Figure 3.2; in both cases

the fluctuation amplitude increases with increasing x. However, data obtained from local

strain measurements of QWs and from XRD experiments of thick layers are not directly

comparable since different approximations are made while interpreting data.

For example it is common to describe a broadening of XRD peaks with a Gaussian

distribution, while our microscopic measurements reveal a fundamentally different element

distribution. A comparative study is needed to establish proper relationships, which is

beyond the scope of this work. In the framework of the presented results, the full width at

half maximum (FWHM, in units of indium fraction) of the <0002> peak in the θ−2θ XRD

scan of sample A was compared with the amplitude of the sinusoid fit of the strain map.

A resulting quotient SineAmp/FWHM = 0.5 was used to recalibrate the XRD data from

literature. This scaling factor cannot be directly interpreted, as it represents a relationship

between two different statistical distributions. Figure 3.6 plots the resulting fluctuation

amplitudes against the average indium concentration. The data for the thick layers studied

in the previous section adds decomposition results from material with x = 0.6 and x = 0.7

and narrows the location of center of the miscibility gap at indium concentrations around

x = 0.5− 0.6 in accordance with earlier experimental findings [Wu02b].

The data points for fluctuations in thick layers and QWs on the gallium rich side

(squares and stars) agree remarkably well. As a guide to the eye, they were fit with

parabolas centered at the ordinate. The offset between the two datasets can be explained

by data averaging during the profile creation, which does not take into account the existence

of dots in the indium rich stripes. This would slightly increase the decomposition amplitude

in thick InxGa1−xN layers and thus diminish the offset to fluctuation amplitudes in QWs.
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Figure 3.6: Chemical inhomogeneity of InxGa1−xN as a function of average indium concentra-
tion. Squares and hexagons represent bulk data from the literature to be compared to the values
in QWs (stars). The dashed lines are parabolic fits to both data sets for x < 0.5.

It is argued that the formation of clusters in InxGa1−xN thick films and QWs is the result

of a thermodynamic process, which may be modified by growth kinetics.

This interpretation is corroborated by theoretical studies by Kenzler et al. which de-

scribes how spinodal decomposition in confined geometries results in structures very similar

to the dots in InxGa1−xN QWs [Ken01] even though strain is not taken into account in

his simulations. Figure 3.7 illustrates these points in a qualitative manner by comparing

chemical decomposition fluctuations in a thick InxGa1−xN layer (Sample B, the map was

rotated to align the stripes horizontally), an InxGa1−xN QW and the results from above

mentioned simulations. Clearly the periodicity of the stripes in the thick layers is in the

order of the typical QW thickness and the appearance of clusters in the stripes is optically

very similar to clustering in QW. Finally, the fluctuations resemble those found by Kenzler

et al. in an incomplete spinodal decomposition. Strain, which was predicted to suppress

decomposition [Kar98], does not seem to have decisive influence.

Under these premises, indium clusters in InxGa1−xN QWs should show a periodicity

similar to the one of the modulations in the bulk material. In cross section, this has not

yet been observed due to a limited well width and the projection problem. The indium

distribution at low x < 0.1 as well as the three dimensional atom distribution remain
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Figure 3.7: The stain map from sample B is juxtaposed to the strain map of an InxGa1−xN QW
and a theoretical prediction of spinodal decomposition in a confined geometry for three different
time steps (arbitrary time scale t)[Ken01].

undetermined because of noise limitations and the lack of electron tomography with atomic

resolution. Current developments address these limitations [TEA].

In this section it was demonstrated, that strain mapping can be a powerful tool to quan-

titatively determine the decomposition in thick InxGa1−xN layers. This allowed to compare

the decomposition amplitude measured on a microscopic level with XRD measurements.

Further, it allows the direct comparison of decomposition amplitude in InxGa1−xN thick

layers and QWs. In both cases, the decomposition amplitudes follow a similar functional

trend with increasing indium content. The periodicity of the decomposition in thick layers

is typical of spinodal decomposition and it is argued, that it is also such a thermodynamical

process that governs decomposition in QWs.

3.5 Outlook and Consequences for Growth

In this section, the possibilities of future experiments as well as consequences of the results

presented in this chapter for the growth of InxGa1−xN structures are explored.

3.5.1 Further Measurements

Due to the preparation in cross section geometry, the strain data recorded by HRTEM is

always averaged along the thickness of the sample. Thus no meaningful assessment of the

shape or periodicity of clustering in QWs can be given. However this is of prime importance

to model the decomposition and understand its effect on optical recombinations.

The averaging can be avoided by preparing the sample in plane view geometry, where
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Figure 3.8: Ronchigram of the plane view InxGa1−xN SQW sample. The hole is in the center.
The sample foil is bending over and is even torn in at the edges. Lines of contrast are caused by
diffraction.

the QW is perpendicular to the electron beam. The only averaging present then is through

the QW thickness which can be neglected for typical thicknesses of a few nanometers.

Sample preparation in this geometry is challenging because the sample should must have

a thin cap layer, ideally not more than 10 nm thick to ensure that the QW is indeed present

in thin areas when thinning from the substrate side. As a consequence, the cap layer has

to be protected against unwanted etching. The sample is thus thinned with conventional

means (dimpling and ion milling) from the substrate side only. For wet etching, the sample

is fixed in a plastic hose of 3 mm diameter (the size of the sample grid) with the cap layer

facing into the hose. The hose is then filled with water to protect the cap layer from the

etchants. Because of the high strain of the heterostructure, thin areas of the sample will

bend as seen in Figure 3.8. Reaching a low index zone axis then becomes difficult.

Strain fields do not yield any chemical information as the heterostructure is homomorph

to the substrate. Therefore, the in-plane lattice distance remains constant across the

heterostructure while in plane view the c-lattice constant is not accessible to measurement

since it is parallel to the election beam. For this reason a different measurement technique

has to be used to image chemical inhomogeneity. A VG HB501 dedicated STEM was used



74 Phase Separation in InxGa1−xN

Figure 3.9: HAADF image of plane view InxGa1−xN QW sample. Scattering is Z number
dependent, i.e. white blobs could be caused by indium rich clusters.

to record HAADF images sensitive to changes in chemical composition. However, since

the QW is only a few monolayers thick, the effect of a few indium atoms replacing gallium

atoms is very small. It is thus challenging to differentiate chemical inhomogeneity from

etch pits created during sample preparation.

Figure 3.9 shows such an HAADF image with areas of contrast which could correspond

to indium rich clusters. However this could also be the effect of changing sample thickness.

Spectroscopic analysis of the energy losses encountered by the electron beam on spots of

strong contrast and aside it did not show a significant difference. Acquisition of spectral

data in a STEM is complicated by the high electron dose that rapidly burns holes into thin

samples. Beam damage is thus a serious issue at this point. Spectroscopic STEM imaging

or energy filtered TEM might lead to success here.

The dream of the microscopist is to determine the exact position of single atoms in

a sample structure. To reach this goal, one needs to count atoms in a column and at

the same time discriminate their chemical nature. The electron wave experiences a phase

shift proportional to the total atomic weight in a column. In a pure material, this shift

amounts to a multiple of the shift induced by one single atom of the column. The phase

shift is discrete. In alloyed materials, a phase that does not correspond to this criteria
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is caused by an impurity atom and its chemical nature can be retrieved by analyzing its

effect on the phase. Taking advantage of this discreteness of measurement values and of the

discreetness of the crystalline grid (atoms are not randomly distributed in space) allows for

unique tomographic reconstruction using only very few projected images [Jin04, Bat06].

NCEM’s TEAM project aims at realizing this vision by allowing sub-Ångstroem reso-

lution at accelerating voltages as low as 80 kV. The low voltage allows the exposure of the

sample to higher electron doses before the onset of beam damage. Correction of spherical

and chromatic aberrations will enable imaging and exit wave reconstruction at unprece-

dented signal to noise ratio. It is a stated goal of the TEAM project to enable the study

of nanoclusters and their formation. Exciting developments can thus be expected in the

field of High Resolution TEM and STEM over the next few years.

3.5.2 Consequences for the Growth of InxGa1−xN

It was shown in this chapter, how indium clustering is detectable for indium concentrations

above 10%. This is a direct consequence of the large lattice mismatch of GaN and InN

that creates a miscibility gap for usual growth temperatures.

An obvious solution for a controlled growth of InxGa1−xN with higher indium concen-

tration would be to go to higher growth temperatures ( 1000oC) were the miscibility gap

narrows. To reach sufficient indium incorporation at these temperatures a high pressure

(up to 100 bar) is needed. It is questionable whether decomposition can be suppressed

during cooldown, but preliminary results seem promising [Ale06, Woo06].

In light of the presented results, another path that might lead to the realization of high

indium concentration InxGa1−xN with a quality acceptable for technological applications is

proposed. Instead of trying to suppress decomposition in InxGa1−xN QWs which promises

little success in conventional low pressure reactors for concentrations above 10%, the ap-

proach is to seed decomposition fluctuation in the active layer during the growth process.

This seeding might provide a way of controlling and manipulating the decomposition in

InxGa1−xN in a useful manner.

In its experimental realization this signifies, that concentration modulations correspond-

ing to the wavelength and amplitude of the naturally appearing phase separation should

be grown into the active layer during epitaxy. This seeding will produce a layer that is al-

ready close to its thermodynamical optimum and should result in material of high quality.

Conveniently, the decomposition wavelength is of the order of a few nanometers, which

corresponds to the thickness of current QWs.



76 Phase Separation in InxGa1−xN

Figure 3.10: Proposed sample structure. The active region consists of a relatively thick
InxGa1−xN layer with a high average indium concentration (x ∼ 0.5). Engineered decompo-
sition allows for high quality, high indium concentration heterostructures.

This approach has the additional advantage that strain in the layers is relaxed at the

substrate interface and piezoelectric fields will thus be reduced. The active layer should

be thick enough to decompose in a similar manner as the samples studied in this work but

could probably be as thin as a dozen nanometers.

3.6 Conclusion

In this chapter, quantitative high-resolution transmission electron microscopy was used to

study the distribution and clustering of indium atoms in InxGa1−xN alloys.

In fully strained InxGa1−xN quantum wells, random alloy fluctuation could become

measurable for indium concentrations x > 0.1 if samples are thin enough. However, it is

found, that the formation of indium rich clusters dominates at these concentrations while

noise limits measurements for x < 0.1.

A quantitative study of decomposition of InxGa1−xN thick layers was also presented.

The measurement of displacement fields allows to analyze for the first time how the

InxGa1−xN layers decompose to form a stripe like structure with 2 - 4 nm periodicity

characteristic for spinodal decomposition. The stripes are oriented agglomerations of in-

dium rich islands with striking similarity to the ”dot-like” features observed in InxGa1−xN

quantum wells.
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Literature values for thick InxGa1−xN films and InxGa1−xN quantum wells could be

directly compared and show identical functional dependencies of the decomposition am-

plitude. This provides strong evidence, that cluster formation in InxGa1−xN quantum

wells can be explained by a thermodynamic process similar to spinodal decomposition in

bulk InxGa1−xN. Strain does not noticeably suppress decomposition. The center of the

miscibility gap is placed around x = 0.5− 0.6.





Chapter 4

Clustering and the InN Bandgap

III-nitrides are generally considered as wide bandgap materials with applications in ultra-

violet as well as visible-range optical devices and high power electronics. It is only recently,

that measurements suggested a bandgap of InN below 1 eV [Wu02a, Wu02b, Dav02b,

Dav02a] as opposed to 1.9 eV previously accepted in the literature. However, the structural

imperfections and high background doping of InN can result in variation of the apparent

bandgap through the Burstein-Moss shift, defect bands and plasmonic resonances. Publi-

cations of the last years placed the bandgap somewhere between 0.6 and 1.9 eV, depending

on the employed measurement methods and the analyzed material [But05].

The reason for this wide range of estimates could be explained by defect bands and

resonances inside a wide fundamental bandgap. Indeed, InN has to be grown at relatively

low temperatures (around 500oC), which eases the formation of metal precipitates. In

general, it is believed that metal clusters can be avoided in an optimized growth process,

but nanoscopic inclusions might still exist below the detection limit of X-Ray Diffraction

(XRD). It has been shown, that metal clusters could cause resonance in the infrared and

effect the Photoluminescence (PL) behavior of InN [Shu04b, Shu06]. In this chapter,

HRTEM studies of InN are presented. It is shown that inclusions of 5-40 nm can indeed

be present in samples of apparent high quality as determined from XRD. These inclusions

have a strong influence on the luminescence of the studied material.

4.1 Indium Clustering

Two hexagonal InN epilayers were studied by XRD, PL and HRTEM. The samples were

grown by plasma-assisted molecular beam epitaxy on sapphire as described in [Iva04], at
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Ioffe Institute using the Compact 21T setup (France, Riber) equipped by a plasma source

HD-25 from Oxford Applied Research. Sample rotation was suppressed leading to an

inhomogeneous deposition. In particular, with an average substrate temperature of 480oC,

there was a ∼ 20oC positive temperature gradient from the center to the periphery of the

wafer. This should result in an increasing size of metallic inclusions towards the border.

Indeed, scanning electron microscopy revealed surface indium droplets at the periphery

only. These droplets were etched with KOH before the TEM and PL investigation. sample

A was taken from the center of the wafer, sample B from its edge.

The samples were prepared for TEM in cross-section geometry in [110] and [11̄0] zone

axis by mechanical thinning and argon ion milling using a Fishione ion mill operated at 6

kV for milling and 2 kV for polishing. To further reduce surface roughness, the samples

were polished in a Linda ion mill on a liquid nitrogen cooled stage using a 500 eV beam.

HRTEM images of the samples were recorded on the OÅM operated at 300 kV and set to

Scherzer defocus. After low energy ion milling both samples show uniform contrast over

wide areas indicating a clean and flat surface. Only the hexagonal phase is detectable.

However, nanometer size areas of contrast were seen as shown in Figure 4.1. This contrast

is not due to electron beam damage, as the inclusions have been found in areas exposed to

the beam less than 10 seconds at only 1 A/cm2.

On the contrary, contrast alteration appears only after a few minutes of beam exposure

causing contrast of the inclusion to disappear (see the next section for a description of

beam damage in InN). The inclusions have an extension of about 5-10 nm in sample A and

20-40 nm in sample B (Figure 4.1). The size increase is in accordance with the growth

mode and the samples were prepared in identical manner. Contrast imaged in the first

seconds of illumination is thus due to inclusions that are already present inside the original

material. The inclusions found are much smaller than any of the inclusions reported to

date in InN [Shu06].

Figure 4.2 shows a high resolution image of an inclusion together with power spectra

from the indicated areas. No additional spots can be seen in the power spectrum of the

inclusion. However, the spots are broadened by strain, which indicates that the inclusion

is contained in the matrix as opposed to sitting on the sample surface. According to

the lattice parameters given in the Pearson Handbook [Vil91], the lattice of hexagonal

InN and tetragonal indium have similar diffraction pattern if < 001 >‖< 01 − 1 > and

< 2 − 10 >‖< 200 > resulting in a 5% and 9% lattice mismatch respectively. (Note that

indium also appears in a cubic phase for nano-particles; see e.g. [Osh01]).
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Figure 4.1: HRTEM images of (a) sample A showing inclusions of 5-10 nm in size. The inset
shows a magnified image of an inclusion. (b) sample B showing inclusions of about 20 nm in size.
Moiré pattern visible on the lower left side of the cluster are compatible with tetragonal metallic
indium.

Figure 4.2: A high resolution lattice image of an inclusion in sample A. The power spectra
of selected areas as indicated show no additional spots, but a widening caused by strain in the
inclusion is observed.
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Figure 4.3: Simulated InN lattice image with a thickness of 10 nm containing an indium inclusion
of 4x4x4 nm3 in the center. The Fourier transforms do not show additional diffraction spots due
to the inclusion.

Figure 4.3 shows a calculated image at Scherzer defocus of an extended unit cell of InN

[110] of 10 nm thickness containing a 4x4x4 nm3 inclusion of tetragonal indium simulated

with the program MacTempas [Kil07]. A darker contrast at the center corresponds to the

indium inclusion. Fourier transforms were taken in a similar manner to Figure 4.2 showing

that no additional diffraction spots may be observed if the inclusion is oriented along the

matrix material. Simulations in [1-10] zone axis give identical results. However, the effects

of lattice mismatch become noticeable in the larger inclusions through interference with

the host lattice. Figure 4.1b shows such a moiré pattern in the lower left corner. Simula-

tions of superimposed layers of hexagonal InN and tetragonal indium with the mentioned

orientation relationship do indeed predict moiré pattern with a period of about 8 nm along

the c-axis and down to a few nanometers when rotated. Metallic indium inclusions under

strained conditions can explain the moiré pattern. Their period is too large to be observed

in the small inclusions of sample A. Indeed spectroscopic TEM studies of the samples

confirmed the existence of indium in sample B [Kis07b] and places the bandgap of defect

free InN around 1.7 eV [Spe05].

Figure 4.4 shows the PL spectra of the two studied samples. The PL emission in sample

A with its small clusters is centered at 0.6 eV and is about one order of magnitude weaker

than in sample B centered at 0.68 eV. The spectra are similar to those observed before
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Figure 4.4: PL spectra measured in the samples A and B with indium clusters sizes of 5
and 20 nm, respectively. Excitation is done by a 809 nm line of a InGaAs laser, detection by a
combination of InGaAs Hamamatsu and PbS detectors [Shu07].

cleaving the wafer holding sample A and B; a uniform Fermi level thus excludes a different

Moss-Burstein shift. The modification of the PL spectra demonstrate drastic effect of in-

clusions on the optical properties of InN. It can be understood when two basic phenomena

which are possible in metallic indium inclusions are considered; the plasmonic (Mie) reso-

nances and the specific interband absorption between the parallel bands in metallic indium

[Har66]. The latter starts from 0.6-0.7 eV, reaching maximum at 0.9-1.5 eV [Gol63]. The

Mie resonance depends strongly on the aspect ratio of the inclusions. A high aspect ratio

can shift the resonance into the infrared. However the HRTEM images do not indicate

high aspect ratios. If the inclusions are presumed to be spherical, they would produce

Mie resonances near 2.8-3 eV. Additionally, in small clusters (5 nm) the damping of the

resonances by boundaries should be significant.

Thus, it is assumed that the basic optical effect in the small clusters is the parallel

band absorption. It has been previously demonstrated that such absorption can quench

the infrared PL near 0.7 eV, while in the larger clusters some plasmon-induced enhancement

of the emission is possible [Shu04b, Shu04a]. Even in almost spherical clusters, it can be

due to the local increase of electromagnetic field at sharp corners.
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Due to similar crystal parameters, it may be argued that the inclusions could contain a

cubic phase InN. However, the contrast change stemming from these inclusions is weaker

than from pure indium. More importantly, cubic InN is expected to have a lower bandgap

than the hexagonal phase [Amb98]. Cubic InN clusters would thus act as localization

centers for charge carriers. sample A with smaller inclusions is then expected to have a

higher-energy shift of PL due to possible confinement; sample B should have a lower-energy

shift. This is in direct contradiction with the luminescence spectra shown in Figure 4.4.

Another common precipitate in InN is In2O3 [Xu05] however, the oxide has been related

to high bandgap transition in InN [But05] and cannot explain the different PL observed in

the studied samples.

In conclusion, it was demonstrated nanometer-scale inclusions can be present in InN

samples. Careful sample preparation produced damage free, flat surfaces where changes in

contrast and moiré pattern are explained by metallic indium clusters. Due to an increase

in growth temperature, the size of the inclusions is about 5 nm in sample A and about

20 nm in sample B. Further, it is established that the variation in the cluster sizes is

consistent with modification in infrared luminescence, induced mostly by specific interband

absorption within the metallic indium. In summary, nanoscopic metallic indium inclusions

cause significant changes in the optical properties of InN.

4.2 Electron Beam Damage in InN

Damage caused by the imaging electrons is always of concern in HRTEM imaging, in

particular when probing for chemical inhomogeneity or clustering. In this section, the

effect of electron exposure on InN and indium inclusions is presented. The effects of

electron beam irradiation - of prime importance to differentiate inclusions present in the

original material and those formed during sample preparations and imaging - are discussed.

It can indeed be challenging to prepare and image a sample in such a way, that no damage

is present. Figure 4.5 shows the phase of the reconstructed exit wave of an interface

between GaN and InN. The pattern in InN is disturbed and it is challenging to resolve the

In-N dumbbells in this material. This indicates that InN is a material sensitive to beam

irradiation that will be altered by the electron beam after only 2 minutes of irradiation.

Low energy ion milling of the samples produces uniform contrast over wide areas in-

dicating a clean and smooth surface after short exposure times. Nanometer size areas

of strong contrast were seen and could be attributed to metallic indium inclusion in the
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Figure 4.5: The reconstructed phase of a GaN/InN interface is shown. While the phase is
constant in the GaN substrate, damage is visible in the InN.

previous section.

Beam damage typically induces spots of contrast where material is amorphized or sput-

tered away (see for example Figure 2.1). In the studied samples however, such damage was

not observed even after exposure times above 5 minutes (Figure 4.6). Instead, the inclu-

sions are first dissolved before longer time exposure leads to the formation of a pattern of

stripes aligned along the c-plane.

Figure 4.8 shows the temporal evolution of a thin area of sample A taken at Scherzer

defocus under relatively high beam currents (30 A/cm2) to observe beam effects on a

shortened time scale. The material is initially clean and homogenous over the field of

view with an amorphous layer visible at the sample edge. After 5 minutes of irradiation,

the amorphous layer shows signs of ordering and after 10 minutes a crystalline pattern

corresponding to the [110] zone axis of cubic or tetragonal phase is formed. Its hexagonal

< 111 > axis is almost parallel to the < 0002 > direction of the hexagonal InN. The

time series shows how electron beam irradiation of InN changes the crystal structure and

actually ”repairs” amorphized material into a different phase by recrystallization.

In thicker parts of the sample, such as the upper right corner in Figure 4.8, one can

again observe the apparition of the periodic stripes. Figure 4.7 shows a reconstructed exit

wave of such an irradiated sample area. As sketched, an A-B-A stacking pattern from the

initial hexagonal phase is still present, but it alternates with an A-B-C pattern as expected

for a cubic phase. The cubic phase can also be interpreted as stacking faults created during
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Figure 4.6: Time series of sample A showing inclusions that disappear after 3 min of low dose
irradiation (1 A/cm2). After 8 minutes of irradiation, the formation of a superlattice structure
is observed.

Figure 4.7: Phase of a reconstructed exit wave of irradiated InN. It shows the formation of a
cubic phase alternating with the hexagonal phase.
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Figure 4.8: Time resolved Scherzer series of sample A showing the formation of c-InN. Beam
current is 30 A/cm2 and the times are taking from the moment of first irradiation.

electron irradiation. Indeed the pattern in Figure 4.7 could be explained with an extrinsic

stacking fault introducing three ”zinc blende layers”. However, the formation energy of

an extrinsic stacking-fault is also about three times greater than for a type I staking fault

which were not observed [Wri97a, Sta98]. Additionally, the formation energy in InN is

almost double that found in GaN, where no structural transformation was observed.

The formation of this pattern is fairly reproducible both in the apparition of the struc-

ture and in its periodicity. A very similar structure has been observed in the ternary alloy

InxGa1−xN. While InxGa1−xN shows phase separation dependent on the average indium

concentration in the alloy as presented earlier in this work (Chapter 3), ordering with a

wavelength around 1 nm lying in the 0002 planes was observed by TEM and interpreted as

an ordered phase of high gallium or indium concentration [Beh99, Rut98]. As shown in the

present samples, such structures could be beam induced and may not represent chemical

ordering in the original material.

The beam sensitivity of the inclusions upon beam exposure and the crystallographic

changes in InN are quite peculiar. Beam damage generally appears in the form of knock-on

damage or through ionization. In nitrides, high energetic rays can ionize nitrogen atoms

which then diffuse through the host crystal until they find another nitrogen radical and

combine to N2 to leave the crystal. If there is no nitrogen radical in the vicinity, the

atom is caught by the host crystal in its initial site or on an interstitial [Mkh03, Shr05].

In the present case, the nitrogen radicals can also be trapped inside the indium clusters

and eventually the inclusions will contain as much nitrogen as the matrix, attenuating the

contrast. Further damage is expected to lead to nitrogen desorption first, resulting in an

indium rich phase. Two situations can result from this process: if nitrogen is completely
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desorbed, metallic indium would remain. Else, a cubic InN phase could be synthesized.

Indeed, the lattice constants of the cubic phase correspond to what is expected for

cubic InN. InN is also known to preferentially crystallize into a cubic phase under indium

rich conditions [Iwa06] like GaN [Okt99]. The dissolution of the indium inclusions shown

in Figure 4.6 could be explained by a diffusion process into the matrix which would lead

to an indium rich phase similar to the material at the sample edge in Figure 4.8. As a

consequence, a cubic indium rich phase also forms in thick material. The high pressure

rocksalt phase which would increase the density of InN by almost 20% could not be detected

in the present samples [Uen94]. As the hexagonal symmetry is the energetically most

favorable structure [Yeh92], it is quite improbable that the electron beam would eventually

anneal the sample into a pure cubic phase.

The reason for the two phases to coexist in such close vicinity is inferred to be that

their combination allows for inclusion of excess indium and is energetically favorable under

strain. In conclusion, HRTEM imaging of InN was performed. The effect of electron beam

damage was also discussed in particular because it causes both a phase transformation and a

nanostructuration of InN. It creates a structure alternating between the original hexagonal

phase and a newly created cubic phase. The cubic phase is believed to accommodate excess

indium from the inclusions.

4.3 Conclusion

In conclusion, HRTEM imaging provided evidence for nanometer-scale inclusions in two

InN samples. Careful sample preparation produced damage free, flat surfaces where

changes in contrast and moiré pattern are explained by metallic indium clusters. Due

to an increase in growth temperature, the size of the inclusions is about 5 nm in sample

A and about 20 nm in sample B. It is established that the variation in the cluster sizes is

consistent with modification in infrared luminescence, induced mostly by specific interband

absorption within the metallic indium. In summary, nanoscopic metallic indium inclusions

can be present in InN and cause a significant change in optical properties.



Chapter 5

Structural Properties of

Homoepitaxial ZnO

ZnO is a wide bandgap II-VI semiconductor that currently experiences renewed interest

in the scientific community due primarily to its excellent optical and electronic properties.

It has a high exciton binding energy of 60 meV which means that excitonic structures are

stable well above room temperature and a bandgap of 3.37 eV at 300 K [Lia68, Rey99].

Excitonic recombinations lie in the blue to UV spectral range which makes it a promising

candidate for a high efficiency UV light source. In particular ZnO polariton lasers could

offer coherent and monochromatic light source operating at room temperature [Chi05,

Zam02, Ozg05]. Because of its wide bandgap, ZnO is solar blind and is already used today

as a transparent front electrode in solar cells. It is also radiation resistant making it an

interesting candidate for space applications.

However, for the realization of electronic devices and sizable market impact it is essential

to achieve reliable acceptor doping. Although some publications claim p-doping [Loo04],

the hole concentration and carrier mobility is still far to low for efficient optoelectronic

devices. Indeed, the binding energies of the shallowest acceptors in ZnO (150 - 250 meV),

as well as their self compensation and limited solubility make p-doping of ZnO a challenge

for laboratories worldwide. In nominally undoped ZnO material, it is essential to avoid

the incorporation of impurities which can act as additional donors and to achieve a high

crystalline quality to minimize defect-induced free carriers.

Because high quality ZnO substrates were unavailable up to recently, ZnO was grown

in heteroepitaxy on different substrates such as Sapphire and GaN where it suffers from

thermal expansion and lattice mismatches. Since the group III elements Al and Ga
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Figure 5.1: The series shows the sample after different steps of the preparation procedure: (a)
after conventional sample preparation with a 2 kV ion beam. Surface damage and lattice defects
are visible across the sample. (b) after an etching with HF, the damage is reduced, (c) after an
additional etch with KOH, the sample has a steep wedge with a well defined, thin sample edge
and no damage is visible. The scale is the same in all images.

form shallow donors in ZnO, there is a severe contamination with donors in the lay-

ers due to diffusion processes. Therefore, the natural choice for high quality epilayers

is the homoepitaxial growth on ZnO substrates. So far, there are only a few publica-

tions about the impact of homoepitaxial growth conditions on the ZnO epilayer quality

[Neu07, Mat04, Loo02, Zeu02, Kat04, Cho05]. Additionally, ZnO substrates from different

suppliers show large variation in structural and optical properties. As a result, monocrys-

talline ZnO can exhibit varying lattice parameters and c/a ratios. A better understanding

of these structural issues and the defects involved with it may help solving the doping

problem of ZnO.

This chapter studies ZnO epilayers grown homoepitaxially on ZnO substrates with

different surface polarity (Zn-face or O-face termination) by HRTEM. Although no ma-

jor differences between substrate and an undoped epilayer are expected, different optical

properties, and strain states were observed.

5.1 Sample Preparation

Because there was no previous experience in the sample preparation of ZnO for HRTEM,

a test sample was used to establish an adequate procedure. The sample was thinned to

electron transparency using standard cross sectional procedure as described in Section 1.6.

Figure 5.1a shows the test sample after polishing with a 2 kV argon ion beam at 83o to
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Figure 5.2: Phase of the reconstructed exit wave of a ZnO substrate. The sample gets thicker
from right to left. An atomic overlay illustrates the structure used for exit wave simulation
compared with the experiment for three thicknesses (squares). The inset shows a line profile over
the Zn-O dumbbell.

the sample normal in a Fishione ion mill. This procedure is insufficient for HRTEM as the

lattice is severely damaged and distorted. Uneven contrast makes it difficult to differentiate

ion beam damage from damage produced by the imaging beam and highlights the need for

a better sample preparation. After etching with HF, the surface damage is reduced, but

the sample edge is poorly defined (Figure 5.1b). Additional etching with KOH produces a

well defined thin sample edge as can be seen in 5.1c. Even contrast for a given thickness

allows the early recognition of beam damage. The thickness of the sample can be extracted

from intensity oscillations if needed.

After ion milling, the samples studied in this section were thus etched in a HF solution

and a KOH solution as described in Section 1.6 for 2 minutes each. The samples were

then rinsed in warm and room temperature methanol for 1 minute each. The wet etching

procedure produces steep wedges that are ideal for high resolution imaging as the crystal

orientation remains stable even at the very edge of the sample.

5.2 Polarity Determination by HRTEM

The drawback of a clean sample surface is that it becomes very difficult to locate the

interface between substrate and epilayer that was detectable previously due to damage
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concentrated around it. Because of this, imaging was performed in sample locations that

could be clearly identified as epilayer or substrate by the distance from the sample surface.

HRTEM Scherzer images and through focal series of both samples were recorded on the

OÅM and exit wave reconstruction was performed on some of the series.

Figure 5.2 shows the reconstructed exit wave of a [112̄0] ZnO substrate. An atomic

overlay sketches the zinc and oxygen columns in this orientation. Exit wave simulations

for three thicknesses (from right to left) of 3, 6, and 8 nm are overlayed to the image.

The contrast of the simulations was adjusted to the experiment because of Stobb’s factor

(Section 1.4.4). The heavier zinc columns have a very localized state, while it is much wider

in the lighter oxygen column. As expected from channelling theory presented in Section

1.3, the phase increases rapidly in the zinc columns and wraps only 5 nm from the edge of

the sample. The phase increases much slower in the oxygen columns. It should be noted

here, that although the simulations fit nicely with the reconstructed exit wave, it does not

necessarily mean that the reconstruction is accurate as will be addressed in Section 5.4.

Nevertheless oxygen and zinc columns are easily discernible and the polarity of the

material can thus be determined on a microscopic level by HRTEM. Figure 5.3 shows exit

wave reconstructions in the substrate and the epilayers of the studied samples. It is seen

that the polarity of the substrate is preserved in the epilayer. While the statistics for this

statement are poor (only three reconstructions had a resolution high enough to resolve the

zinc and oxygen columns in each of the epilayers), no indication for a change of polarity

was observed.

The differences of the homoepitaxial epilayer to its substrate must thus be due to

different strain states or chemical composition. In the following two sections, the lattice

constants are measured to evaluate the strain state of the epilayer. Then phases of the exit

wave are analyzed to search for chemical differences in the epilayer and the substrate.

5.3 Strain Determination

To evaluate the strain in the samples, the lattice constants were extracted from the pow-

erspectra (fast Fourier transforms) of the micrographs. This method was preferred over

fitting of image intensities described in Section 1.5.1 because the spatial resolution only

played a secondary role in this discussion. A fitting procedure [Bjo07] was used to extract

the spatial frequencies of maxima in the Fourier transform corresponding to the out-of-

plane (0002) and the in-plane (11̄00) respectively (112̄0) fringes.
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Figure 5.3: Phase of the exit waves of the epilayer and substrate of the studied samples show
that polarity of the material is conserved across the interface (the interface itself is not shown).
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Figure 5.4: (a) lattice constants in the epilayer and substrate of the samples (b) c/a ratios
calculated from the values in (a).

Series of images were available for many sample locations and strain was evaluated

both in reconstructed exit waves as well as images taken at different defoci to lessen the

impact of the CTF. Because of instabilities in the imaging system over the course of several

measurement days (the magnification Gatan Image Filter at the end of the column has a

1% magnification tolerance), the magnification of the microscope was adjusted such that

the a-lattice parameter in the substrate ZnO material is equal to 3.25 Å.

Figure 5.4a shows the lattice parameter a and c for the O-face, respectively Zn-face

substrate and epilayer. It is noted, that the a-lattice remains constant inside the measure-

ment error of about 0.5 pm. For the c-lattice however, a compressive strain of about 0.5%

is observed in the epilayer of the O-face material. In Zn-face material a compressive strain

is also observed in the epilayer, but its amplitude below 0.3% lies in the measurement

error and cannot be interpreted at this point. Surprisingly, the c-lattice constants of the

substrates are different when measured in O-face and Zn-face material. Because the images

were recorded close to the epilayer (< 5 µm from the substrate/epilayer interface), this

effect is believed to be due to structural changes caused during the epilayer growth.

Figure 5.4b plots the c/a ratios for the different sample layers. As a general feature, the

values lie below the ideal ratio of 1.63. The small ratio of the O-face epilayer reflects the

strained c-lattice in this material. Similarly, the Zn-face epilayer seems slightly strained

by the substrate.

The findings from HRTEM are corroborated by cross sectional Raman measurements

finding a compressive strain in the epilayer. However the absolute values extracted for this
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Figure 5.5: PL spectra of CVD grown ZnO epilayers on Zn-face and O-face terminated ZnO
substrate. Spectra were recorded at 2 Kelvin and show the range of the pronounced bound exciton
recombinations. Dashed vertical lines indicate the known positions of strain free ZnO [Wag08].

strain are of an order of magnitude greater for HRTEM. The small c/a ratios shown in

Figure 5.4 leads to suppose, that HRTEM overstates the strain here. It should be noted,

that this is not reflected in the error bars which are only given by the scattering of the

measurement and does not take into account repeated errors due to a wrong calibration of

the magnification.

Optical characterization was performed by M. Wagner using low temperature photo-

luminescence (PL) spectroscopy. The luminescence was excited by the 325 nm line of a

HeCd laser with 45 mW output power and detected by a bi-alkali detector using a one

meter Spex double spectrometer. Figure 5.5 shows the shows the dominant bound exciton

lines at a temperature of 2K. The spectra of the two samples are very different.

The ZnO layer on Zn-face substrates exhibits four recombination lines, labeled I8, I6a,

I5 as well as an additional line, which has not been observed before. The full width at half

maximum is as small as 80 µeV, indicating superior layer quality. The energetic positions

of the I8, I6a and I5 recombinations of the Zn-face ZnO layer are in excellent agreement

with exciton recombinations in strain free single crystals. Since it is well known that

internal strain may shift the excitonic emission lines, the luminescence spectrum suggests

no considerable strain in the Zn-face sample. This is in agreement with the HRTEM results.

The luminescence of the ZnO layer on O-face ZnO substrate, however, shows up to eight
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excitonic recombinations with no conformance in the emission lines of the Zn-face sample.

The large amount of additional lines in the O-face sample suggests that the variety of

impurities in the layer is considerable larger in the ZnO layer on O-face substrate, possibly

due to a more efficient diffusion process from the substrate. The missing agreement of the

observed recombination lines with the exciton energies in single crystal ZnO could result

from larger strain fields that shifts the recombinations. The full width at half maximum

of the narrowest I6 line of 120 µeV is around 50 percent larger than in the Zn-face sample

and could also result from internal strain due to a greater defect density in O-face material.

Nevertheless, the half-width in both samples suggest a superior structural quality of the

ZnO epilayers.

One reason for the different strain state and luminescent behavior of the substrate com-

pared to the epilayer might be found in its different chemical composition. As mentioned

earlier (Section 1.3), the phase of the exit wave carries all the information about the chem-

ical composition of the sample. Theoretically, it should thus be possible to detect changes

in composition or lattice vacancies by phase analysis. However a single vacancy would

introduce a change in phase shift of less than 10% or less than 0.1 rad for a column of zinc

in an experimentally reconstructed image. It thus again becomes a matter of precision

wether such changes can be detected.

5.4 Phase Analysis to Detect Changes in Stoichio-

metry

Quantitative analysis of exit wave phases is a technique that yet needs to be established

as an experimental tool. Its applicability has not been explored in depth and it is thus

interesting from both a point of view of development of electron microscopy and materials

sciences to study ZnO with phase analysis.

In an ideal crystal, an oxygen column adjacent to a zinc column can be presumed to

have the same number of atoms. The relationship of the phase in a zinc column and an

oxygen column should thus be fixed for a given thickness. If this ratio is found to differ

experimentally, the phase might give an indication about vacancies or substitutions in the

columns.

To extract the phase for zinc and oxygen columns, they need to be resolved in the exit

wave. The spatial separation of zinc and oxygen in projection is largest in [11-20] zone
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axis where it amounts to 1.12 Å. The large atomic number difference (Z(O)=8, Z(Zn)=30)

further complicates the separation of both signals. A high performance microscope such

as the OÅM is thus needed.

To be able to quantitatively compare the experiment with what is expected for a simu-

lated ZnO crystal, two more issues need to be addressed: (a) An accurate simulation that

takes into account the Stobb’s factor and the sample geometry (thickness wedge) has to

be undertaken. (b) Special care has to be given to produce an accurately reconstructed

exit wave. Naturally aberrations need to be fully corrected, but additionally, the defocus

can change rapidly over the field of view if the exit surface of the sample does not lie in

the object plane of the imaging system. Comparison with the simulation is crucial here to

reach the correct reconstruction.

5.4.1 Simulations of a Wedge

There are two reasons to perform a simulation of the ZnO system: it allows to compare

the experimental phases extracted from Zn and O column with a perfect Zn0.5O0.5 crystal

for different thicknesses. But it also permits to recognize what the exit wave should look

like for different thicknesses.

A supercell of a wedge in [112̄0] zone axis was defined as shown in [11̄00] projection

in Figure 5.6. Image simulations for 10 images with defocii ranging from -262 nm to -270

nm were carried out to produce a simulated through focal series. Figure 5.6 also shows

the settings adjusted for the OÅM. Mechanical vibrations of 0.3 Å were added to produce

images with an information content similar to experimental images. Indeed phase shifts

are resolution dependent since a broadening lowers the peak phase.

For reasons that are not understood, the contrast in experimental images is much lower

than expected from simulated images (Stobb’s factor). Typically a simulated images with

a normalized imaging wave has a standard deviation of 1/2 while the experiment produces

a standard deviation of about 1/6. A constant background is thus added to the simulation

to match the experiment. When the series is then reconstructed, the phases will be directly

comparable to the experiment. For the complex exit wave this means the addition of a

real term that moves the exit wave away from the origin. As a result, phases are reduced.

In the supercell depicted, an electron travelling downwards (towards the face parallel

to the objective plane) would propagate along < 01̄0 > of the supercell (corresponding

to < 112̄0 > in the natural ZnO basis). A different image is expected in the < 010 >

direction as the focus will change over the wedge. In fact, if the focus is kept constant
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Figure 5.6: Simulation of a wedge shaped sample. The inset shows the simulation parameters
from the software package MacTempas [Kil07]. One of the 10 images of the simulated through
focus series is shown as well as the exit wave reconstructed from the series.
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across the field of view the reconstructed exit wave will be inaccurate. In the experiment,

this situation has to be expected as it is improbable that the sample exit surface lies in the

focal plane. Because current reconstruction software does not support a change of focus

across the field of view, several reconstructions with adjusted focus will be necessary.

Figure 5.7 shows a series of exit waves reconstructed from the supercell that the electron

beam transmits in the < 010 > direction (opposite to Figure 5.6). The exit wave was again

calculated from simulated through focal series and is shown at different defocii. The exit

waves are displayed at the height of the wedge corresponding to its focal plane. For

comparison, the correct exit wave (extracted in the < 01̄0 > direction) is also shown.

While the correct focus is easily recognized for thin sample areas, it can be challenging

to find the correct focus in thicker areas. In particular, easily recognizable features such

as the phase wrapping in the zinc column are focus dependent. A maximization of the

standard deviation of the phase as can be done in thin areas is thus not possible here as

discussed in Section 1.4.5.

Instead, the thickness of the sample must be known and the focus adjusted such that

the experimental exit wave agrees with the simulation. Thanks to the steep wedge created

by wet etching the ZnO samples, extinction oscillations can be extracted from the lattice

fringe images and the thickness can be determined experimentally.

5.4.2 Phase Analysis

As illustrated in the previous section, an accurate exit wave reconstruction is crucial for

phase measurements. While higher order aberrations can be recognized by a blurring or

deformation of the exit wave, defocusing the wave may actually sharpen it in thicker sample

areas. As a result, it can be counterintuitive to identify the correct defocus value. The

situation is complicated by the fact, that the defocus is probable to change over the field

of view because of a tilted sample exit surface. Current reconstruction software does not

allow to define position dependent aberration coefficients and several exit waves may thus

have to be computed at different defoci.

Fortunately, simulations provide accurate knowledge of the exit wave for all thicknesses.

If the local thickness of the sample is known, the defocus can be adjusted to match the

sought exit wave as demonstrated in Figure 5.7.

The thickness can be extracted from the exit waves according to the technique used in

Section 2.2. The pendellösung for ZnO [112̄0] is similar to the one shown in Figure 2.12

with a first minimum of the central beam at a thickness t = 7 nm and a maximum at
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Figure 5.7: Simulation of a wedge shaped sample for different defocii. The reconstruction is
accurate only for areas where the focal plane intersects the sample surface (compare with the
accurate exit wave).
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Figure 5.8: Underlying grey level oscillations are used for thickness determination as approxi-
mated by the lines. The image is overlayed by the original image for reference. The inset shows
the phase of the reconstructed exit wave.

t = 11 nm. Figure 5.8 shows the amplitude of a reconstructed exit wave Fourier filtered

with a low frequency pass. A selection of the phase of the exit wave is superimposed to the

image for reference. Lines mark the maximum and minima of the intensity variations. The

sample wedge is very steep increasing from 0 to 7 nm thickness in less than a nanometer.

With knowledge of the thickness, the correct defocus can be extracted. At the sample

edge, a minimization of the amplitude gives a fairly good estimate of the correct defocus.

Figure 5.9 shows the inset from Figure 5.8 at three different defoci. Note how no phase

wrapping can be observed at df = −3 nm. However, the phase in zinc columns wraps at a

thickness of 7 nm. The defocus of the exit wave thus needs to be adjusted such that phase

wrapping occurs on the first extinction minima. The exit wave satisfies this condition for

df = 3 nm which is assumed to be the correct focus for this area of the sample. Phase

extraction will only be applied in areas that are at the correct defocus.

To extract quantitative information from exit waves, the phase is analyzed. Because of

the proximity of the zinc and oxygen columns, a line profile over the Zn-O dumbbell was

formed. After subtraction of a baseline fit to eliminate the phase shift due to the mean

inner crystal potential, the phase is fitted with two gaussians as shown in the inset of 5.2.
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Figure 5.9: Phase of the exit wave shown as an inset in Figure 5.8 for different defocii (df=0 at
the sample edge). The reconstruction is correct in thicker parts for df = 3 nm.

The peak height of the gaussian is used as a measure for the phase shift in that column.

Reference measurements were extracted in the same way from the exit wave reconstructed

from a simulated through focal series.

The straight lines in Figure 5.10 are reference measurements from the simulations.

They correspond to the phases expected for Zn0.5O0.5 at the given thickness. Dotted lines

represent the phases measured in the reconstructed exit waves shown in Figure 5.3 (adjusted

for the correct focus). The agreement is acceptable in the ZnO epilayers. However, there

is a clear discrepancy in the substrate where the zinc column reaches a phase shift of 0.6

rad only instead of almost 1 rad expected from the simulation. The reason for this is not

clear at this point, but could be due to incorrect reconstruction or a wrong estimation of

the sample inner potential by the baseline fit.

The phase ratio between the zinc and oxygen columns is of particular interest. A

deviation from the simulation indicates a change in stoichiometry. The crossing point of

the zinc phase with the oxygen phase can be used as a reference for changes in the ratio. It

is seen from Figure 5.10 that the crossing point in the epilayers lies above the simulations

in Zn-face material while it lies below in O-face material.

In light of the the errors encountered in phases of the substrate material this effect can

not be used to gain physical insight. However an interpretation is given for example’s sake

as it highlights additional difficulties of this technique. In the case of the Zn-face epilayer,

the phase shift in the oxygen column seems increased. This could be due to zinc or heavy

impurity atoms in this column. However, an inaccurate thickness determination would

have a similar effect on the phases. Indeed, the intensity oscillations used to estimate

the sample thickness, are due mainly to the heavy zinc atoms. It could then be argued,

that vacancies or light atoms in the zinc column could lead to an underestimation of the
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Figure 5.10: Phases as measured in the different material systems. The straight line is from
the simulation. The experimental agreement with simulations is acceptable except for the zinc
sublattice in the substrates.

thickness. By a similar argument the lower expected phase shift in the oxygen column

in the O-face epilayer, can be explained by missing atoms in that column. However, an

overestimation of the sample thickness would yield the same effect.

In conclusion, zinc and oxide columns are separately resolved in ZnO for the first time

and allow phase measurements. The agreement with simulations is reasonable, but two

experimental limitations hinder the further interpretation of the phase data: (a) in some

columns the phases never reach the phase shift they should attain before phase wrapping

occurs indicating an incorrect exit wave reconstruction, (b) the noise is still too high to

count single atoms.

In aberration corrected microscopes the abberations are measured experimentally and
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the values can be used for the exit wave reconstruction. Additionally, they offer a higher

signal to noise ratio. However, unless atom counting is possible, a correct thickness de-

termination remains problematic. Finally, only a few dozen to 100 atoms are present in

an atom column small of a sample thin enough for reconstruction. As a result, for the

detection of defects with concentrations below a few percent, a large number of phase

measurements must be performed to better statistics.

5.5 Conclusion

It was shown in this chapter, that the polarity of the substrate on which homoepitaxial ZnO

layers are grown is an important parameter to achieve high quality material. Two samples

grown on oxygen-face and zinc-face substrates respectively were studied. O-face layers

exhibit a strong compressive strain as well as numerous impurity or defect PL lines. The

Zn-face epilayer is almost relaxed to the substrate and offers better luminescent properties.

It is argued that additional impurities or defects are included in epilayers grown on O-face

substrates. As a consequence, Zn-face epitaxy seems to produce material of higher quality.

Exit wave reconstructions allowed to resolve oxygen and zinc columns separately. This

allowed to determine, that the polarity is conserved across the interface for both sam-

ples. Phase measurements in the different atomic columns showed satisfactory agreement

with simulations. However, the experimental determination of chemical compositions from

phases is still limited by noise and by an insufficient knowledge of the exact local aberra-

tions, in particular the defocus. Advanced microscopes that measure and correct aberra-

tions can help resolve these issues. Additionally, existing exit wave reconstruction software

needs to be upgraded to correct for changes of defocus and other aberrations over the

image.



Chapter 6

Summary

New tools are required to analyze novel nanostructured materials at the atomic scale.

Quantitative high resolution transmission electron microscopy (HRTEM) is currently being

developed for this purpose. In this thesis, the opportunities and limitations of quantita-

tive HRTEM were explored. The technique was then applied to determine the chemical

inhomogeneity and clustering that affect the properties of the semiconductors InxGa1−xN,

InN and ZnO.

Rules for reliable strain measurement using HRTEM

A methodology for quantitative HRTEM analysis by strain measurement in lattice mis-

matched alloys was presented Chapter 2. Three factors for reliable strain measurement

were identified: (a) The samples must be free of preparation damage as can be realized by

using a wet etching technique or low energy (<500 kV) ion milling. (b) Damage from the

imaging beam must be avoided as can be done in InxGa1−xN and other sensitive materials

if exposure time is kept below two minutes and beam current density is low (<30 A/cm2).

(c) Imaging artefacts can be avoided by using high voltage microscopes (acceleration volt-

age ≥ 800 kV), averaging over series of images or by performing exit wave reconstruction.

With these conditions satisfied, lattice relaxation in wedge shaped TEM samples was accu-

rately measured and modelled. Finally, it was shown how clustering can be distinguished

from a purely random distribution of atoms in a crystalline alloy.

Decomposition of InxGa1−xN

The distribution of indium atoms in InxGa1−xN alloys was studied in Chapter 3. In

InxGa1−xN quantum wells, clustering was detected for x > 0.1 while noise did not allow an



assessment for x < 0.1. In thick InxGa1−xN layers, a stripe-like composition modulation

characteristic for spinodal decomposition was found. Values for the decomposition ampli-

tude in InxGa1−xN quantum wells and thick InxGa1−xN films were compared to each other

and show identical functional dependencies. This provides strong evidence, that cluster

formation in InxGa1−xN quantum wells can be explained by a thermodynamic process sim-

ilar to spinodal decomposition in bulk InxGa1−xN. The center of the miscibility gap was

placed around x = 0.5 - 0.6.

Infrared resonance of nanoscopic indium clusters in InN

InN samples were searched for nanometer-scale inclusions that can be present below the

detection limit of X-ray diffraction. Indeed spots of contrast were found and explained by

metallic indium inclusions. The size of the clusters correlates with a change in lumines-

cence. The infrared resonances or parallel band transitions of indium clusters may thus

strongly influence the optical properties of the InN.

Characterization of homoepitaxial ZnO

Two samples grown on oxygen-face and zinc-face substrates respectively, were studied. In

both cases, the polarity is conserved across the interface. The O-face layer exhibits strong

compressive strain as well as numerous impurity or defect luminescence lines. The Zn-face

is almost relaxed to the substrate and offers better luminescent properties with line widths

as narrow as 80 µeV. It is argued that additional impurities or defects are included in

epilayers grown on O-face substrates. As a consequence, Zn-face epitaxy seems to produce

material of higher quality.



Chapter 7

Outlook

In the years to come, the detection and determination of clustering and chemical (in)homogeneity

will be ever more important as structures and devices are miniaturized further. As a result,

the structural analysis of materials at an atomic scale will develop into a common need of

both research and industry.

Quantitative HRTEM is already a powerful tool due to its high spatial resolution and

sensitivity. However, as outlined in this study, it is sometimes necessary to use averaging

and statistics to reach a reliable conclusions. In the case of clustering for example, this

means that information about the shape of the clusters is discarded. The problem is

deepened by the fact, that HRTEM only images a projection of the sample.

An important step to resolve these limitations is currently being undertaken at NCEM

with the development of the TEAM microscope. The machine will be corrected for spher-

ical and chromatical aberration and will achieve sub-Ångstrom resolution at accelerating

voltage as low as 80 kV. As a result beam damage will be reduced significantly and samples

can be imaged for a much longer time. Exit wave reconstruction can then be performed in

different crystallographic orientations. Together with an improved signal to noise ratio al-

lowing for single atom counting, atomic scale tomographic reconstruction will then become

possible. Among other things, this will finally allow to study the exact shape of indium

rich clusters in InxGa1−xN and hopefully lead to an exact explanation of the decomposition

in this material.

Even so, the present work showed that the cluster formation in InxGa1−xN is likely

due to spinodal decomposition. Because of the small length scales involved (2-5 nm) the

continuity model of spinodal decomposition breaks down and it would be interesting to

model it at an atomic scale. It might still be thermodynamically impossible to grow
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homogenous layers with high indium content. Layers of high quality could still be realized,

if a way to nucleate spinodal decomposition in a controlled fashion is found. This could

be achieved by a periodical variation of the growing temperature or the In/Ga flow ratio.

Thick InxGa1−xN layers could then decompose into a stack of self formed quantum wells.

Aberration corrected microscopes also have an excellent signal to noise ratio. As a

result point defects should be detectable and identifiable by phase changes in the exit wave

as was tried in this work for ZnO.
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[Rus33] E. Ruska, Über ein magnetisches Objektiv für das Elektronenmikroskop, PhD

Thesis, Technological University of Berlin (1933).

[Rut98] P. Ruterana, G. Nouet, W. Van der Stricht, I. Moerman, and L. Considine,

Chemical ordering in wurtzite InxGa1−xN layers grown on (0001) sapphire by

metalorganic vapor phase epitaxy , Applied Physics Letters 72 (14), 1742 (1998).

[Rut02] P. Ruterana, S. Kret, A. Vivet, G. Maciejewski, and P. Dluzewski, Composition

fluctuation in InGaN quantum wells made from molecular beam or metalorganic

vapor phase epitaxial layers , Journal of Applied Physics 91 (11), 8979 (2002).

[Sch49] O. Scherzer, The Theoretical Resolution Limit of the Electron Microscope, Jour-

nal of Applied Physics 20 (1), 20 (1949).

[Sch68] P. Schiske, Zur Frage der Bildrekonstruktion durch Fokusreihen, in 4th Eur.

Conf. On Electron Microscopy , volume Proc. 4th Eur. Conf. On Electron Mi-

croscopy, p. 145, Rome (1968).

[Seg04] R. Seguin, S. Rodt, A. Strittmatter, L. Reissmann, T. Bartel, A. Hoffmann,

D. Bimberg, E. Hahn, and D. Gerthsen, Multi-excitonic complexes in single

InGaN quantum dots , Applied Physics Letters 84 (20), 4023 (2004).

[Sel83] P. Self, M. O’Keefe, P. Buseck, and A. Spargo, Practical computation of ampli-

tudes and phases in electron diffraction, Ultramicroscopy 11, 35 (1983).

[She76] A. Sheleg and S. V.A., Vesti Akad. Nauk BSSR, Ser. Fiz. Mater. Nauk 3, 126

(1976).

[Shr05] S. Shrestha, H. Timmers, K. Butcher, M. Wintrebert-Fouquet, and P. Chen,

Nitrogen depletion of indium nitride films during Elastic Recoil Detection anal-

ysis , Nuclear Instruments and Methods in Physics Research Section B: Beam

Interactions with Materials and Atoms 234 (3), 291 (2005).

[Shu04a] T. Shubina, S. Ivanov, V. Jmerik, P. Kop’ev, A. Vasson, J. Leymarie, A. Ka-

vokin, H. Amano, B. Gil, O. Briot, and B. Monemar, Shubina et al. Reply ,

Physical Review Letters 93 (26), 269702 (2004).

http://dx.doi.org/10.1002/pssa.200563519
http://dx.doi.org/10.1002/pssa.200563519
http://link.aip.org/link/?APL/72/1742/1
http://link.aip.org/link/?JAP/91/8979/1
http://link.aip.org/link/?JAP/20/20/1
http://link.aip.org/link/?JAP/20/20/1
http://link.aip.org/link/?APL/84/4023/1
http://www.sciencedirect.com/science/article/B6TJN-4FPX2G0-5/2/f6773db80be43d7c0b8441f0478a9363
http://www.sciencedirect.com/science/article/B6TJN-4FPX2G0-5/2/f6773db80be43d7c0b8441f0478a9363
http://link.aps.org/abstract/PRL/v93/e269702


122

[Shu04b] T. Shubina, S. Ivanov, V. Jmerik, D. Solnyshkov, V. Vekshin, P. Kop’ev, A. Vas-

son, J. Leymarie, A. Kavokin, H. Amano, K. Shimono, A. Kasic, and B. Mon-

emar, Mie Resonances, Infrared Emission, and the Band Gap of InN , Physical

Review Letters 92 (11), 117407 (2004).

[Shu06] T. Shubina, D. Plotnikov, A. Vasson, J. Leymarie, M. Larsson, P. Holtz, B. Mon-

emar, H. Lu, W. Schaff, and P. Kop’ev, Surface-plasmon resonances in indium

nitride with metal-enriched nano-particles , Journal of Crystal Growth 288 (2),

230 (2006).

[Shu07] A. Shubina, Private communication (2007).

[Sme03] T. Smeeton, M. Kappers, J. Barnard, M. Vickers, and C. Humphreys, Electron-

beam-induced strain within InGaN quantum wells: False indium “cluster” detec-

tion in the transmission electron microscope, Applied Physics Letters 83 (26),

5419 (2003).

[Sme06] T. Smeeton, C. Humphreys, J. Barnard, and M. Kappers, The impact of elec-

tron beam damage on the detection of indium-rich localisation centres in InGaN

quantum wells using transmission electron microscopy , Journal of Materials Sci-

ence 41 (9), 2729 (2006).

[Spe05] P. Specht, J. Ho, X. Xu, R. Armitage, E. Weber, R. Erni, and C. Kisielowski,

Band transitions in wurtzite GaN and InN determined by valence electron energy

loss spectroscopy , Solid State Communications 135 (5), 340 (2005).

[Sta98] C. Stampfl and C. Van de Walle, Energetics and electronic structure of stack-

ing faults in AlN, GaN, and InN , Physical Review B 57 (24), R15052 (1998),

copyright (C) 2008 The American Physical Society Please report any problems

to prola@aps.org PRB.

[TEA] [http://ncem.lbl.gov/TEAM-project/]

[Tel03] L. Teles, L. Ferreira, J. Leite, L. Scolfaro, A. Kharchenko, O. Husberg, D. As,

D. Schikora, and K. Lischka, Strain-induced ordering in In[sub x]Ga[sub 1 - x]N

alloys , Applied Physics Letters 82 (24), 4274 (2003).

http://link.aps.org/abstract/PRL/v92/e117407
http://link.aps.org/abstract/PRL/v92/e117407
http://www.sciencedirect.com/science/article/B6TJ6-4J2M0SF-4/2/65cd258f9b5c1cdd72825cb8e4d76010
http://www.sciencedirect.com/science/article/B6TJ6-4J2M0SF-4/2/65cd258f9b5c1cdd72825cb8e4d76010
http://link.aip.org/link/?APL/83/5419/1
http://link.aip.org/link/?APL/83/5419/1
http://dx.doi.org/10.1007/s10853-006-7876-x
http://dx.doi.org/10.1007/s10853-006-7876-x
http://www.sciencedirect.com/science/article/B6TVW-4G7X5C8-2/2/1d7361bf40203d46fc302ef2e1f6b0d2
http://link.aps.org/abstract/PRB/v57/pR15052
http://ncem.lbl.gov/TEAM-project/
http://link.aip.org/link/?APL/82/4274/1


Bibliography 123

[Til00] K. Tillmann, M. Lentzen, and R. Rosenfeld, Impact of column bending in

high-resolution transmission electron microscopy on the strain evaluation of

GaAs/InAs/GaAs heterostructures , Ultramicroscopy 83 (1-2), 111 (2000).

[Tre86] M. Treacy and J. Gibson, The effects of elastic relaxation on transmission elec-

tron microscopy studies of thinned composition-modulated materials , Journal of

Vacuum Science and Technology B: Microelectronics and Nanometer Structures

4 (6), 1458 (1986).

[Uen94] M. Ueno, M. Yoshida, A. Onodera, O. Shimomura, and K. Takemura, Stability of

the wurtzite-type structure under high pressure: GaN and InN , Physical Review

B 49 (1), 14 (1994).

[VD96] D. Van Dyck and M. Op de Beeck, A simple intuitive theory for electron diffrac-

tion, Ultramicroscopy 64 (1-4), 99 (1996).

[Vil91] P. Villars and L. Calvert, Pearson’s Handbook of Crystallographic Data for In-

termetallic Phases , ASM International, 2nd edition (1991).

[Wag08] M. Wagner, Private communication (2008).

[Wes01] A. Westmeyer and S. Mahajan, Periodic composition modulations in InGaN

epitaxial layers , Applied Physics Letters 79 (17), 2710 (2001).

[Wil96] D. Williams and C. Carter, TEM: A Textbook for Materials Science, Plenum

Press, New York. (1996).

[Woo06] V. Woods and N. Dietz, InN growth by high-pressures chemical vapor deposition:

Real-time optical growth characterization, Materials Science and Engineering: B

127 (2-3), 239 (2006).

[Wri97a] A. Wright, Basal-plane stacking faults and polymorphism in AlN, GaN, and

InN , J. Appl. Phys. 82 (10), 5259 (1997).

[Wri97b] A. Wright, Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN ,

Journal of Applied Physics 82 (6), 2833 (1997).

[Wu02a] J. Wu, W. Walukiewicz, K. Yu, J. Ager Iii, E. Haller, H. Lu, W. Schaff, Y. Saito,

and Y. Nanishi, Unusual properties of the fundamental band gap of InN , Applied

Physics Letters 80 (21), 3967 (2002).

http://www.sciencedirect.com/science/article/B6TW1-402TR4N-C/2/3ad225a1bfa540bf3b3f3d45de4a195d
http://link.aip.org/link/?JVB/4/1458/1
http://link.aip.org/link/?JVB/4/1458/1
http://link.aip.org/link/?JVB/4/1458/1
http://link.aps.org/abstract/PRB/v49/p14
http://link.aps.org/abstract/PRB/v49/p14
http://www.sciencedirect.com/science/article/B6TW1-3VT9GP7-P/2/ae19deb274958a2c79b26d106632a056
http://link.aip.org/link/?APL/79/2710/1
http://www.sciencedirect.com/science/article/B6TXF-4HNSB65-1/2/1064e68422d82c419aa624c03e26dcab
http://www.sciencedirect.com/science/article/B6TXF-4HNSB65-1/2/1064e68422d82c419aa624c03e26dcab
http://link.aip.org/link/?JAP/82/2833/1
http://link.aip.org/link/?APL/80/3967/1
http://link.aip.org/link/?APL/80/3967/1


124

[Wu02b] J. Wu, W. Walukiewicz, K. M. Yu, J. W. A. III, E. E. Haller, H. Lu, W. J.

Schaff, Y. Saito, and Y. Nanishi, Unusual properties of the fundamental band

gap of InN , Applied Physics Letters 80, 3967 (2002).

[Xu05] X. Xu, P. Specht, R. Armitage, J. Ho, E. Weber, and C. Kisielowski, Characteri-

zation of oxide precipitates in epitaxial InN by transmission electron microscopy ,

Applied Physics Letters 87 (9), 092102 (2005).

[Yeh92] C.-Y. Yeh, Z. Lu, S. Froyen, and A. Zunger, Zinc-blende and wurtzite polytypism

in semiconductors , Physical Review B 46 (16), 10086 (1992).

[Zam02] M. Zamfirescu, A. Kavokin, B. Gil, G. Malpuech, and M. Kaliteevski, ZnO as a

material mostly adapted for the realization of room-temperature polariton lasers

(2002).

[Zeu02] A. Zeuner, H. Alves, D. Hofmann, B. Meyer, M. Heuken, J. Bläsing, and
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