Journal of Surface Analysis, Vol. 3, No. 2, (1997), M. Ruhle, Structural and Chemical Analysis of Nanostructures by Advanced ......

Structural and Chemical Analysis of Nanostructures by Advanced
Transmission Electron Microscopy Techniques

M. Riihle

Max-Planck-Institut fiir Metallforschung
Seestr. 92, D-70174 Stuttgart, Germany

(Received: Jan. 30, 1997 Feb. 21, 1997)

Abstract
Nanostructured materials are materials where the length scale - in at least one dimension - ranges in the
nanometer scale. The materials consists either of layered structured films (1-D nanoscale material), rod-like
structures (2-D) or fine grained materials (3-D). The microstructure of the materials has to be analyzed. Firstly, it
is important to identify the different phases of the material. The most adequate technique for phase identification
is energy-filtered transmission electron microscopy (EFTEM). A quantitative evaluation of strains in the
different constituents can be done by convergent beam electron diffraction (CBED). : '
Most important is, however, the analysis of the structure and composition of internal interfaces. Those defects
often control the properties of the materials. In contrast to the studies of external interfaces (surfaces) there exist
only a very limited number of experimental techniques for the characterization of the internal interfaces. X-ray
scattering experiments and transmission electron microscopy are the most important ones. _
Advanced TEM techniques will be described which can be applied for the analysis of internal interfaces.
Quantitative high-resolution TEM (QHRTEM) allows the quantitative determination of the positions of columns
of atoms adjacent to the interface. By analytical electron microscopy (AEM) the composition of the interfaces
can be determined with high-spatial resolution and an excellent limit of detectability. From detailed electron
energy-loss spectroscopy (EELS) studies information on electronic bonding, coordmatlon number and distances
to neighboring atoms can be retrieved.
In this paper the different TEM techniques will be applied to different nanostructures (ceramic composites,

interfaces in metals and ceramics, and metal/ceramic interfaces.

1. Introduction

Nanostructure materials play an important role
in advanced technologies. Nanostructures can
be _ differentiated owing to the numbers of
dimensions in which the length scales of the
microstructure is.on the level of only a few
lattice parameters (nanometer scale). Therefore,

one-dimensional nanostructures are thin films

and layered structures, two-dimensional
nanostructures are nanowires, and three-
dimensional nanostructures are materials where
the grain size ranges in the nanometer scale in
all three dimensions. Structure and composition
of internal interfaces play a crucial role for the
properties of materials. Therefore, the
interfaces have to be characterized in all
required details.

Often nanostructures possess extraordinary
properties depending on the microstructure.
Therefore, it is most desirable to process and
characterize a designed microstructure. For the
microstructure of nanostructures several aspects
are of importance. It is not only significant to
process and characterize a well defined
nanostructured material but also to investigate
the stability of the microstructure during

annealing: It is not only important to investigate
the onset of grain growth but also the onset of

chemical reactions which may occur at
heterophase boundaries within the
nanomaterials.

This paper will be organized as follows. In
section 2 the different parameters which are
important for a characterization of the materials
will be summarized. Section 3 contains a short
summary of the fundamentals of the different
TEM techniques. In section 4 to 10 several
techniques for the characterization of materials
will be explained and their applicability for a
specific nanocrystalline material demonstrated.
In section 11 the results obtained for the
Cuw/a-Al,O5 interface are described and section
12 covers the conclusions.

2. Microstructural Parameters of
Nanomaterials

Table 1 summarizes the different micro-

structural parameters which are of interest for

nanomaterials. In principle, it is possible to

identify most microstructural parameters by

advanced electron microscopy techniques.
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Tabile 1 Characterization of Nanomaterials

Problem Technique Example Section in
paper

Identification of grain composition ESI Polymer-derived ceramics 5
Gradients in composition QAEM-HSR Interdiffusion 6
Orientation of grains OIM, Kikuchi Cu, polycrystal 7
Strains in materials EF-CBED Al films on Si 8
Composition of internal interfaces QAEM, ELNES Cu(Ti)AlLO3 9
Atomic Structure of internal interfaces ~ QHRTEM CwALO; 10
ESI Electron Spectroscopic Imaging
QAEM Quantitative Analytical Electron Microscopy
HSR High-Spatial Resolution
OIM Orientation Imaging Microscopy
EF Energy Filtering
CBED Convergent Beam Electron Diffraction

QHRTEM Quantitative High-Resolution Transmission Electron Microscopy

ELNES  Energy-Loss Near Edge Structure
3. Fundamentals of Different Microscopy
Techniques
In this section the different microscopy
techniques are summarized. For more details
the reader is referred to specific textbooks or
articles {(conventional transmission electron
microscopy (CTEM) [1-5], high-resolution
transmission electron microscopy (HRTEM)
[4-9], analytical electron microscopy (AEM)
[4,5,10-15], scanning tunnelling microscopy
(STM) and atomic force microscopy (AFM)
[16-18], scanning electron microscopy (SEM)
[19-21], orientation imaging microscopy (OIM)
[23-25]). Advanced materials research requires
the characterization of crystalline materials to
the atomic level. Transmission electron
microscopy (TEM) plays a major role within
the techniques which are used for materials
characterization. However, studies on surfaces
of materials are also often required. The latter
techniques do not require a complicated
specimen preparation.

3.1 Transmission Electron Microscopy
Techniques

Within the last decade astonishing advances in

the instrumentation in TEM have occurred.

Besides CTEM, new techniques are emerging

which are based on very specialized
instruments. With those advanced methods
dynamical processes can be investigated,

atomistic structures can be studied and the
chemical composition can be determined with
extremely high spatial resolution. Figure I
summarizes the different TEM techniques.

Each column stands for a specialized technique
in the area of microstructural characterization.
An optimum application of a specific technique
requires a specific instrument.

The advancements in instrumentation promote
and necessitate further development in the
methodology of TEM. All information included
in a TEM micrograph should be evaluated and
whenever possible quantitative data on physical
parameters extracted. In many cases this
requires extensive image  processing and
frequently also computer simulation to retrieve
the required information content. Whereas in
many fields these new quantitative techniques
are only at their beginning, in the field of
materials science a number of different
methods  for  the  characterization  of
nanocrystalline materials are already well
established.

3.2 Studies of Surfaces

Scanning electron microscopy [19-22] is a
standard technique for the investigations of the
topography, morphology of surfaces and of the
composition of surface near regions. Through
the advent of scanning probe techniques [16-
18] a characterization of surfaces to the atomic
level is possible. It should be kept in mind that
Auger investigations [22] reveal the chemical
composition with high accuracy and with a
spatial resolution approaching the nanometer
scale (Scanning Auger Microscopes: SAM).
Recently, new techniques were developed
[23-26] which allow the determination of the
misorientation of different grains: orientation
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imaging microscopy (OIM). In this microscopy
contrast is formed by gradients of local lattice
orientation. More specifically, backscattered
Kikuchi patterns are analyzed to evaluate lattice
orientation of small localiz regions of < 100nm.
This technique is most interesting for the
determination of the local distribution of grain
orientations within a nanostructured material.

4. Specimen Preparation for Microscopical
Studies

For optical microscopy as well as scanning
electron microscopy the surface of the
specimen has to be prepared by polishing and
etching [27,28]. Thermal etching plays an
important role especially for ceramics or
materials containing ceramic components.
The threedimensional shape of grains and the
grain size distribution can be determined by
stereological techniques [29].

TEM investigations require specimens with
thicknesses in the range of 10nm to 30nm. The
preparation of such specimens is often an
extremely difficult and time consuming task.
An excellent thin TEM specimen 1is a
prerequisite for a sucessful TEM investigation.
Therefore, much, but not yet sufficient,
attention has been drawn to the specimen
preparation  techniques  [30-32], specific
preparation techniques were evaluated for
cross-section specimens [33,34].

S. Identification of the Chemical
Composition of Grains by Electron
Spectroscopic Imaging

5.1 Fundamentals

Electron  spectroscopic  imaging  (ESID)

[13,35-37] was applied for an efficient and fast

characterization of the chemical composition of

different grains. With ESI, images showing the
distribution of various elements in large
specimen areas (several um®) at high resolution

(2-3nm) [38] can be produced within a short

period of time (less than 1 minute for one

element). ESI is based on the use of an imaging
energy filter. ESI makes it possible to image the
distribution of a certain element via the
characteristic energy losses which an electron
beam may suffer in inelastic scattering
processes with the atoms in the sample. Hence,
Energy  Filtering  Transmission  Electron
Microscopy (EFTEM) has become an important

tool for the microstructural characterization of
composite microstructures.

In this section studies will be focused on
investigations of Si3N4/SiC-composites, which
exhibit desirable materials properties such as
thermal, chemical and oxidation resistance and
thus are suitable materials for high-temperature
applications. Monolithic SisN4/SiC ceramics
were produced by polymer pyrolysis of
polysilazane precursors. In contrast to earlier
studies [36], the composites were crystallized
without the help of sintering additives [39]. The
final grain size of the composites can be
controlled by doping the starting materials with
B or P. B doping leads to nanocomposites
which do not contain any sintering additives, in
contrast to materials produced by the traditional
powder metallurgical method. The preparation
of the bulk material is described elsewhere
[37,39]. After annealing SiC and SizNg
crystallizes out of the amorphous component.

A Zeiss EM 912 Omega TEM has been used
for the investigations. This instrument
represents the first commercially available
EFTEM with an imaging Omega filter [40].
The design of the Omega filter is schematically
shown in Fig. 2a. An imaging filter combines
two  properties: (i) The  symmetrical
arrangement of prisms transfers an image
without distortions to the achromatic image
plane; (i1) the energy dispersion of the whole
arrangement of prisms causes the paths of
electrons with different energies to separate and
to form an energy loss spectrum at the exit
surface of the Omega filter. In this energy
dispersive exit plane, electrons within a defined
energy loss interval AE|<AE<AE; can be
selected by inserting an energy selecting slit.
Only these electrons will contribute to a
magnified “ESI” image which can be produced
by focusing the following lenses of the
projector system to the achromatic image plane.
Elemental distribution images are obtained
using the three-window technique (Fig. 2b).
Two ESI images are acquired in the
structureless background before the edge
caused by inner shell losses. From these two
images the background can be extrapolated for
each pixel and subtracted from the third ESI
image which is acquired above the edge and
contains the element-specific signal. An energy
window width of 30eV was used.
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Transmission Electron Microscopy (TEM)
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CTEM: Conventional Transmission Electron Microscopy

HVEM: High-Voltage Electron Microscopy
AEM:  Analytical Electron Microscopy
HREM: High Resolution Electron Microscopy
EDS: Energy Dispersion X-Ray Spectroscopy
EELS:  Electron Energy Loss Spectroscopy
EXELFS: Extended Electron Energy Loss Fine Structure
FLNES: Electron Energy Loss Near Edge Structure
CBED: Convergent Beam Electron Diffraction
Fig. 1 Different transmission electron microscopy

techniques

Electron transparent specimens were obtained
by mechanically sectioning the bulk specimen
into 3mm discs, polishing and dimpling the
3mm discs, which was followed by a final Ar"
ion beam thinning [33,34]. HRTEM studies
were performed on a JEOL 4000 EX with a
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Fig. 2

point-to-point resolution of 0.165nm [5].

5.2 Experimental Results for Polymer-
Derived Si-Based Nanocomposites

The ceramic materials received after pyrolysis
at 1000°C of the pure and the B- and P-doped
polysilazanes were shown to be amorphous by
X-ray diffraction and by diffraction studies in
the TEM. Elemental distribution images reveal
a homogeneous distribution of the elements Si,
C, N, and B or P with a spatial resolution of
2nm. Upon annealing at elevated temperatures
in nitrogen atmosphere, crystallization of the
amorphous material starts by the formation of
a-Si3Ng grains. In the quaternary system
P-Si-C-N the crystallization of «-Si3N, starts at
1350°C, whereas in the case of B-Si-C-N and
pure Si-C-N the formation of «o-SizNy is
observed at 1400°C. The evolution of the
microstructure of the doped materials during
the transformation of the amorphous into the
crystalline state was investigated by elementar
mapping and selected area diffraction in the
TEM. Heat treatment of the B-doped sample at
1800°C results in the formation of composites
of nanocrystalline o-Si3Ng4 and SiC grains
which are below 50nm in size (Fig. 3) [37]. At
1wt% B doping occasionally large Si3N4 grains
are still formed (Fig. 3), while at a doping level
of 5wt% B all the grains are nanocrystalline.

Intensity

Energy Loss

b

(a) Schematic drawing of the Omega filter used for electron spectroscopic imaging (ESI). A slit

aperture in the energy dispersive plane is used to select a particular energy loss interval. Only
the contribution of the corresponding electrons to the achromatic image is projected to the
viewing screen of the CCD camera below. (b) Three window technique used to produce
elemental distribution images. Two ESI images are acquired in front of the edge and the
extrapolated background is subtracted from the third image which contains the element-specific

signal.
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Bright field image and elemental distribution
images for C and N of a siliconcarbonitride
material doped with 1wt% B. A few large
Si3sN, grains are formed during the heat
treatment at 1800°C. These Si;N, grains are
surrounded by a dense layer of SiC grains
(arrowed).

B could not be detected in the elemental
distribution images owing to its overall low
concentration. In contrast to these results, the
P-doped sample annealed at 1800°C consists of
Si3N4 and SiC with typical grain sizes of about
0.5 - S5um (Fig. 4) [37]. In the Si3N4 grains
nanosized SiC inclusions are formed (Fig. 4),
which is clearly revealed by the C distribution
image.

The resulting  microstructure  of  the
nanocrystalline B-Si-C-N ceramic is mainly
dictated by the presence of B in the material. B
doping shifts the crystallization temperature of
the thermodynamically stable phases to higher
temperatures. B addition thus extends the
existence of the single phase amorphous state

Fig.4  Elemental distribution images for C and N of
a siliconcarbonitride material doped with
Iwt% P. Large Siz;Ng and SiC grains are
formed. Nanosized SiC inclusions (arrowed)
can be detected in the Si;N, grains, while no

precipitates are formed in the SiC grains.
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a SiC
turbostratic BN segregations in the material
doped with 5 wt% B.

to  higher  temperatures. During the
crystallization of SizN4 and SiC B diffuses out
of the crystalline phases, reacts with N and
forms BN which concentrates as sheet-like
turbostratic segregations along the surface of
the SisN4 and SiC grains. The microstructure
with this coating of the grains can clearly be
seen on high resolution micrographs (Fig. 5).
The coating results in a decrease of the mobility
of the grain boundaries and the suppression of
further crystal growth.

6. Determination of Variations in Chemical
Composition

In nanocrystalline materials as well as in coarse
grained composites chemical reactions may
occur, within the material, either by
precipitation or between the different
constituents of the material. Those reactions
result in a change and/or variation of the
chemical composition. Chemical reactions
which occur within a material usually change
the properties.

The local chemical composition can be
determined on a micrometer scale by the well
established microprobe technique [19-21]. The
fine electron probe of an scanning electron
microscope is focused on the surface of the

specimen. Characteristic X-rays emit from the
specimen and quantitative analysis of the X-
rays results in the composition of the materials.
The spatial resolution is determined by the size
of the “pear-shaped” volune in which the
electrons are slowed down by Inelastic
scattering processes. Typically the spatial
resolution results in ~ 1um [19-21].

Analytical transmission electron microscopy
(AEM) allows the determination of small
cylindrical regions of a thin TEM specimen.
The diameter of the cylindrical region is
dictated by the diameter of the probe of the
electron microscope. The smallest probe size
can be obtained within an instrument which
uses a field emission gun as electron source.
For those instruments the probe size results in
< Inm. In a dedicated STEM (operated at
100kV) the probe diameter is 0.4nm [5]. The
composition of the material can be determined

quantitatively from signals resulting from
inelastic  scattering processes witin the
specimen [4,5,10-12].

Over the last five years a remarkable

improvement also took place in AEM owing to
improved detectors [42-44]. The diode arrays in
energy-loss spectrometers are noise free and all
electrons can be detected. Energy dispersive X-
ray spectrometers operate now digitally
allowing the detection of electrons with very
high density.

6.1 Studies Performed with a Dedicated
Scanning Transmission Electron
Microscope (STEM)

The determination of variations in chemical

composition were performed with highest

spatial resolution within a dedicated STEM.

This allows measurements of steepest

gradients. The STEM is equipped with a thin

window EDS detector which allows the
detection of all elements with Z > 4. A newly
fitted digital pulse processor allows to obtain
elemental maps within reasonable acquisition
times. A parallel electron energy-loss
spectrometer (GATAN 666) and a Digiscan

(GATAN) are also atached to the STEM. The

Digiscan allows computer control of the

scanning and acquisition of digital images with

this attachment concentration profiles can be
determined.

In principle it is possible to obtain the

analytical signals with the same spatial

resolution as the image. Atomic column
resolved EEL spectra have been obtained from
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certain interfaces {5,45-47]. The beam current
under these condition is extremely low (less
than 50pA) and therefore a detector with
optimum detection sensitivity IS necessary.
Despite the recent improvements in linear
photodiode arrays (the noise component 1is
much less) a slow scan CCD camera provides a
signal-to-noise ratio which is one order of
magnitude laiger at these low signal intensities.
Another method for the determination of
chemical wvariations {(with =mphasis on
segregation at interfaces) is the so called spatial
difference method {14, 48-50}, see also
sect.11.2. This method deliberately sacritices
some of the spatial resolution in order to
tacilitate the experiment and obtain reasonable
signal level is. It was exclusively used for
studies of segregation at interfaces. Typically a
spectrum 1is acquired from a region 3x4nm”
which contains the interface. The bulk
components contributing to this spectrum are
then removed by subtracting suitably scaled
reference spectra obtained in bulk material near
the interface. This yields the interface sensitive
component of the spectrum. The advantage of
the method is that beam damage is minimized
and that specimen drift can easily be corrected
manually.

More recently an extensive software package
and some changes in the hardware have been
implemented at the Max-Planck-Institut fiir
Metallforschung [48,50]. This allows to scan
the electron beam under computer control and
simultaneously acquire EEL spectra. Thereby
either one dimensional profiles (often sufficient
for interfaces problems) [49] or full two
dimensional images are obtained, where each
pixel contains the full spectral information.
This approach is normally called spectrum
imaging, which has intrinsically the same
spatial resolution as the beam diameter. The
acquisition of such extensive data sets and their
analysis is, however, only feasible with full
computer control.

2

6.2 Case Study: Nb Film on Rutile TiO,
Substrate

Thin Nb films were grown by MBE in a UHV
chamber at two different temperatures (50°C
and 950°C) on the (110) surface of TiO; (rutile)
[511. At a growth temperature of 50°C,
reflection energy electron diffraction (RHEED)
revealed epitaxial growth of Nb on TiO, with
the orientation relationship (110) [100] TiO; ||
(100) {001} Nb. Auger electron spectroscopy

(AES) studies revealed that a chemical reaction
occurred at the initial growth state at the
interface between the Nb overlayer and the
substrate. A 2nm thick reaction layer at the
Nb/TiO; interface could be identified. EELS
studies revealed that an abrupt, atomically
sharp transition occurs from the TiO» layer to
the reaction layer [51].

At a substrate temperature of 950°C the Nb
film was completely oxidized during growth.
NbO, grew epitaxially on TiG,. The structure
and the chemicai compositions of the
overlayers have been investigated by RHEED,
AES, CTEM and HRTEM ([51]. With the
dedicated STEM the concentration profiles
could be determined across the NbO,/TiO;
interface for Ti, O and Nb. No “sharp”
transition exists but a transition region with a
width of ~44nm (Fig. 6). The concentration of
O is (about) constant across the interface. In
contrast, the Ti concentration drops from a
constant value in the substrate (according to the
chemical composition of TiOz) to about 6at%
within the NbO; layer. Symmetrically, the
concentration of Nb increases from ~0% in TiO;
to the maximum value in NbO,. If one assumes
that the concentration profile develops by
interdiffusion then the ratio of the diffusion
coefficients results in DN*/D" = 0.56+0.1 [51].
The absolute value of the diffusion coefficient
can be evaluated by including the diffusion
time which is not known very accurately for the
experiments done so far to ~1 h. This results in
D'=(1.120.5)-10°m?s™" and D“"=(0.610.3)-
10 ¥m’s™, respectively. The large error bars
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Fig. 6  Concentration profile across the interfaces

between a TiO, substrate and a NbO, film
grown epitaxially at a substrate temperature of
950°C. Metallic Nb was evaporated at 10-9
Torr on the substrate. No “sharp” transition
exists between NbQO, and TiO,.A transition
layer of ~ 44nm exists.
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result from the uncertainty in the diffusion
time.

Similar measurements were done for other
systems, e.g. interdiffusion of components of a
superconducting ceramic and the substrate [52]
and interdiffusion at Ni/Au multilayers [53].
The concentration measurements within an
AEM can be very accurate for steep
concentration profiles. The technique is, so far,
not applied very often. A main obstacle may be
the complicated specimen preparation.

7. Determination of Local Orientation
Relationship between Grains
7.1 Fundamentals

Recently, attachments to a SEM are
commercially available which allow the
determinatiorn of the relative misorientation

between grain of a fine grained polycrystalline
film (Orientation imaging mapping: OIM)
[23-26]. OIM represents a sequence of
mappings which reveal contrast in different
colours or gray scales based upon precise
knowledge of lattice orientation gradients in the
poiycrystal. The beam of a SEM falls into the
specimen under a steep inclination angle and
the backscattered electrons are detected by a
sensitive CCD camera. From the position of the
backscattered Kikuchi bands on the CCD
camera the relative orientation between the
crystal and the incoming electron beam can be
determined. In the OIM the beam is stepped ( in
two dimensions) over the specimen (with a
selected step width). From the positions of the
Kikuchi bands the relative orientation not only
between the direction of the incoming electron
beam and specific crystallographic axes but
also between different grains can be
determined.

The different orientations can be colour-coded.
For simple lattice structures the Z value of the
coincidence site lattice CSL [54] can be
determined. The accuracy of OIM depends on
the quality of the specimen surface and on the
detection system and on the nature of the
specimen .

7.2 Applications to Copper Interconnects

A copper film was sputtered on a glass
substrate to a thickness of ~ lum at ambient
temperatures. A SEM micrograph of the as
deposited Cu film does not reveal too many
details. The specimen was investigated in an
OIM  and the orientation relationship
determined for the fine grained material. The

results are shown in Fig. 7a [55]. The mean
grain size i1s < lum. At Fig. 7a a colour code
explains the different values of misorientations.
White spots mark all those areas in Fig. 7a
where an overlap of grains occurs.

Annealing at 400°C results in the expected
grain growth. A wide grain size distribution
exists (between 0.5um and 20pm). A texture
develops as can be readily revealed from Fig.
7b [55].
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Orientation imaging microscope (OIM) image
of a lum thick Cu film on a Si wafer. (a) as
deposited at ambient substrate temperature;
(b) annealed at 400°C for Ih. Grain growth
occurs. The colour code in the figure marks
the misorientation (J. Greiser, unpublished
work).

Fig. 7
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8. Measurements of Strains in Materials by
TEM Techniques

Strains in materials can be determined by X-ray
and convergent beam electron diffraction
(CBED). The knowledge of strains (stresses)
present in materials is often essential for
specific material, especially for thin films used
i information technologies. The strains can be
caused by the difference in the thermal
expansion coefficient of different materials
components {56]. Large internal strains
(stresses) may even cause failure. Thermally
induced stresses in polycrystalline alumina
scales formed as oxidation products on metallic
alioys govern the adhesion properties of those
scales on the metallic matrix. In this chapter
measurements of thermally-induced strains in
polycrystalline Al thin films on Si using
convergent beam electron diffraction will be
reported [57].

5.1  Fundamentals

Thermally induced stresses in polycrystalline
Al thin films on Si have been extensively
studied using techniques such as wafer
curvature and X-ray diffraction [58]. However,
these are large area methods and yield results
that are averaged over the sample, rather than
the local values which may be importani for
hillocking, electromigration-induced voiding,
or stress relaxation by grain boundary diffusion.
Convergent beam  transmission  electron
diffraction (CBED) offers the possibility of
achieving much greater spatial resolution
compared to conventional techniques used to
measure strains and stresses, becausc of the
ability to focus an electron probe to very small
size. Despite this promise of improved spatial
resolution, the usefulness of transmission
electron diffraction for strain determination has
been limited because electrons are very strongly
scattered. This leads to an effective failure of
Bragg’s law due to dynamical diffraction
effects, and to a large inelastic background in
the diffraction pattern that sharply reduces the
signal to noise ratio for samples of reasonable
thickness.

Recently, it has been proven possible to address
these limitations and measure lattice parameters
with very high precision and very high spatial
resolution in the TEM by measuring the
position of higher order Laue zone (FHOLZ)
lines in CBED patterns, and matching these
positions to appropriate computer simulations
which include corrections for dynamical

diffraction effects [8,35,57]. ESI allows one to
remove most of the inelastic background from

‘the patterns and to more easily quantify the

intensity and position of diffraction features
(see sect. 5.1).

8.2 Local Strains in Al films deposited

onto Oxidized Si Wafer
[111] fiber-textured Al films were grown on
oxidized Si wafers to a thickness of
approximately 0.22pm by UHV evaporation at
room temperature. Tensile strains were induced
in the Al by cycling the samples to T=450°C
for 20 minutes in forming gas. This is expected
to generate an equibiaxial stress of
approximately +250 MPa in the Al film at room
temperature immediately after annealing.
Specimens for TEM were prepared by cutting 3
mm disks from the wafers with an ultrasonic
core drill. The disks were thinned from the
backside to a thickness of 100um,
subsequently, the samples were dimpled to a
thickness of approximately S5pm and then a
window was chemically etched in the Si
substrate in the dimpled region, creating a
large, uniform-thickness area of Al thin tilm for
examination in the TEM.
CBED pattems were collected on a Zeiss EM
912 Omega TEM (see sect. 3) [35]. In order to
reduce contamination, the specimens were
cooled during observation to temperatures
ranging from -50°C to -149°C. Electrons
suffering thermal diffuse scattering have energy
losses too small to be removed by the filter;
therefore cooling also improved the visibility of
the HOLZ lines even in filtered patterns.
The Al <233> zone axis (10.02° from [111]),
was chosen as having the best combination of
number and contrast of HOLZ lines, proximity
to the surface normal, and minimum
dynamicity. Measurements were performed on
grains of various sizes at this zone axis. The
average grain size of Al was in the order of
0.5um. Some abnormally large grains can
easily be identified. The HOLZ line
arrangement near the center of the (000) disk
fora lpm grainat T =-50°C and a 2pm grain
at T=-50°C and T = -150°C are shown in
Figs. 8a-c, respectively. The lattice parameters
giving the best fit to Fig. 8¢ were used to
calculate the full dynamical simulation shown
in Fig. 8d. Movements of the HOLZ lines are
visible both between the two grains at the same
temperature and with temperature for the same
grain.
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[233] zone axis HOLZ line arrangements near the center of the (000) disk for (a) grain size |

um, T = -50°C; (b) grain size 2um, T = =50°C; and (c) grain size, t = —150°C; (d) dynamical
simulation using best-fit lattice parameters for (c).

If perfect [111] texture and equibiaxial strain
are assumed in the film, the expected lattice
distortions in the Al are satisfied by a trigonal
unit cell given by deupic = Arigonal and Leupic=90°
=> Qurigonat # 90°. The [233] zone axis of such a
unit cell still displays mirror symmetry, which
is clearly not the case for the patterns presented
here, nor for any other [233] pattern observed
for these films. Reasons for this deviation from
mirror symmetry include tilt of the [111]
direction from the grain surface normal,
dislocation effects on the strain field, and
inhomogeneities in the sample, as well as any
other nonequibiaxial strain and nonplane stress
sources.

Although deviations from perfect [111] texture
are certainly present, the deviations are
generally small (<10°). Misorientations of such
a magnitude are insufficient to generate the

observed deviations from mirror symmetry.
Therefore, the lattice parameters were refined
according to a model of biaxial (but not
equibiaxial) strain, using the bulk Al lattice
parameters at the appropriate temperature as
reference. The data for four different grains at
T=-50°C, and for one grain at various
temperatures, are shown in Fig. 9a and 9b. The
principal strains deduced from the biaxial
model (shown as filled symbols) are compared
to the best fits for an equibiaxial model
(squares) in these two graphs. The nonequal,
biaxial model typically improved the goodness
of fit, as measured by ¥, by approximately two
to four over the equibiaxial case, and by several
times the measurement error.
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(a) Principal biaxial (filled symbols) strains determined for 4 different grains, compared to best-

fit equibiaxial strain (squares). Grain sizes are 1 pm, 1 pm, 2 um and 0.5 um, for Grain 1-4,
respectively. (b) Best-fit principal biaxial (filled symbols) or equibiaxial (squares) strains for

Grain 3 as a function of temperature.

Clearly, significant deviations from the simple
equibiaxial strain, perfect [111] texture model
are required to produce the symmetry breaking
observed in the experimental patterns. No
correlation of strain state with grain size is
apparent, although this is perhaps not
unexpected given the small number of
measurements presented and the variations in
the environment (exact orientation, orientation
of neighboring grains, etc.) of each grain.
Finally, no absolute calibration of the
unstrained lattice parameter in the Al film was
available, so the absolute values of the strains
presented in Fig. 9 are somewhat uncertain. The
relative changes for the different measurements,
however, are expected to be very reliable.

9. Composition of Internal Interfaces

It is extremely difficult to measure the chemical
composition at, and close to, an intact internal
interface.  Of course, Auger electron
spectroscopy (AES) yields extremely valuable
results at fractured interfaces [22]. However, it
1s not easy to assign the segregated species to a
specific interface area. Auger spectroscopy
averages the composition of segregated
elements over large fractions of the interface. It
is,  therefore,  desirable to  perform
measurements also at intact specimens with

high spatial resolution. This can be done with
high spatial resolution only with AEM in an
TEM which is operated with a very fine probe.
It is well established that EELS and EDS are
useful tools for the study of the composition of
grain boundaries.

9.1 Fundamentals

For determining the quantitative chemical
composition of the specimen with high spatial
resolution, both EELS and EDS can be used.
The relative merits have been discussed in
detail elsewhere [60]. Briefly, EDS is more
suitable for heavy elements (Z > 20) whereas
EELS is the method of choice for light
elements. A typical example of an EEL
spectrum 1s shown in Fig. 10. In the sampled
volume the detection limit is typically below
lat% of an impurity element. This might not
seem very good, because there are several
methods which can find impurities at the ppm
level [19-22]. However, those methods average
over large volumes whereas the STEM is aimed
at high spatial resolution. The sampled volumes
can be very small, of the order of a few ten nm’
(Inm beam diameter and 30nm specimen
thickness are typical). Such a volume only
contains a few hundred to thousand atoms.
1at% of that yields then a few atoms. In fact a
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Fig. 16 Typical EEL spectrum outlining the different
energy intervals, The example was acquired
for Si.

single atom has been detected [61]. For
applications in materials science it is of large
interest to specify the composition of an
internal interface. Considering the geometry a
segregation of typically 1 atom per nm?
interfacial area can be detected [62,63]. While
this is the thermodynamically relevant unit, it is
easier to consider the equivalent number of
monolayers (ML). This value will depend on
the exact definition of one monolayer, but a
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typical detection limit is 0.1 ML. In favourable
cases it can be one order of magnitude better
and even in worst case scenarios a full ML of
impurity segregation will be detected.

While EDS might appear easier, it suffers from
a number of drawbacks. Exact quantification is
much more difficult than for EELS. Beam
broadening in the specimen degrades the
ultimate spatial resolution. Most important is
its limitation to only determine chemicai
composition. EELS on the other hand contains
a wealth of extra information. Since the energy
resolution in an EELS spectrum is well below 1
eV, a number of spectral fine structures can be
observed. Each absorption edge arising from an
inner shell has superimposed on it two types of
fine structure. The energy-loss near edge
structure (ELNES) dominates from the edge
onset up to about 30eV, whereas the extended
energy-loss fine structure (EXELFS) is
responsible for intensity modulations from
there on up to several hundred eV above the
edge onset [11,12].

One can view the excited electron as a wave
which is scattered in the crystal at neighbouring
atoms. The interference at the location of the
excited atom decides the intensity measured in
a spectrum. The mean free path for the excited
electrons within the solid are short. For
EXELFS this means that only paths with single

real space

Fig. 11  Explanation of the fine structure of energy loss edges. The electron is excited from an inner
shell into an unoccupied state above the Fermi level. The spectrum fine structure (ELNES and
EXELFS) can be understood in terms of the electronic band structure and the unoccupied
density of states. A picture in real space uses the scattering of the excited electron of its
neighbours and the interference. Both pictures are equivalent for large clusters. For details see

text.
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scattering events have to be considered. The
measured spectrum can be analyzed and yields
the radiai distribution function. However, this
method is not used very often in the electron
microscope because the achievable signal-to-
noise ratio is not sufficient. For ELNES the
mean free path becomes longer, so that multiple
scattering has to be considered (Fig. 11).
ELNES is therefore complex and cannot be
analyzed directly. From this picture it is clear
that the ELNES depends on coordination
number, bond distances and bond angles.
Multiple Scattering calculations for clusters
vield the expected ELNES for a given
arrangement of atoms. This approach is
amenable to interfaces [64], where the more
traditional band structure calculations are
unfeasible, because the low symmetry requires
large supercells, which are in most cases
beyond the current scope of computing power.
ELNES can also be viewed as transitions from
occupied inner shell levels into unoccupied
states in the conduction band (I'ig. 11). In this
view the transition rate and therefore the
measured spectrum is proportional to the
unoccupied density of states (DOS) in the
conduction band. Selection rules apply, because
under typical experimental conditions only
dipole transitions are allowed. K-shell
excitations probe the p-unoccupied DOS,
whereas L-shells are a sum of s- and d-DOS.
Furthermore the local DOS has to be
considered because of the high localization of
the initial state.

Changes in the ELNES are observed for
different oxidation states (chemical shifts,
white line intensities) and coordination [50].
The first is a more atomic effect whereas the
latter depends on the environment of the probed
atom. The ELNES can be used to determine the
bonding, electronic structure and real space
structure. The interpretation makes use of
reference spectra which for some classes of
material can be used as fingerprints, i.e.
specific structures in the ELNES correspond to

specific structural units. A more complex way
of interpretation compares ELNES calculated
for model structures with experimental data.
This yields valuable insight into the
correspondence of spectral features and real
space structures. The important point about
ELNES is that it contains information about the
three dimensional atomic arrangement and
therefore  compiements the information
obtained from imaging, which is limited to two
dimensional projections.

In the lower energy-loss region from 0 to about
50eV interband transitions and plasmon
excitations occur. From such spectra the
complex dielectric function of the material can
be deduced. All other optical properties of the
material can then be determined. The interband
transition strength (which is proportional to the
joint density of states including selection rules)
contains information about the electronic
structure of valence and conduction band [65].

9.2 Detection of a Monoatomic Layer of Ti
at the Cu/Al203 Interface

Small amounts of Ti improve the adhesion of
Cu to Al203 remarkably [66]. Therefore,
fundamental studies were performed for a
better understanding of this phenomena.
Substrates of a-Al203 (with the surface plane
parallel to a (0001) basal plane were
sputtercleaned (sect. 11). Then Ti layers of
various thicknesses were evaporated [66,67] in
an MBE operated in UHV. Subsequently, a Cu
overlayer of ~ 1um was deposited. In this paper
results are reported for the Cu/Al203 interface
with an intermediate layer of Ti with a nominal
thickness of 1 nm.

Cross-sectional specimens were prepared and
then investigated by HRTEM, ESI (sect. 5) and
AEM (sect. 9.1). A conventional TEM
micrograph did not reveal any features
indicating the presence of Ti at the interface;
similarly HRTEM studies did also not allow the
identification of Ti at the interface.
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Fig. 12 Ti‘segregii'on ;t Cu/oZ-Al_»O, _

interface. Nominally 1 monolayer of Ti was evaporated on the

o-AlLOs substrate prior to the deposition of Cu. (a) Micrograph formed with electrons which
underwent plasmon losses. The bright line at the interface indicates the presence of segregated
atoms, (b) Micrograph formed with the L23-edge of Ti. The micrograph indicates that Ti is
present at the interface and that the Ti distribution is not homogeneous. A quantification of the
data is complicated (J. Plitzko and J. Mayer, unpublished data).

ESI (sect. S5) allows a qualitative and
semiquantitative detection of Ti. Fig. 12a
shows a micrograph which was taken with
electrons which underwent a plasmon loss of
40 eV [68]. The light contrast at the interface
demonstrates the presence of an element
different from those of the adjacent crystalline
parts (Cu, Al, O). An elemental mapping image
taken at the Ti L.23 edge is shown in Fig. 12b
[69]. Light contrast at the interface
demonstrates the presence of Ti at the Cu/a-
Al,Oj; interface. The different signal intensities
at different interface regions suggests that the
Ti is not distributed homogeneously at the
interface. A semiquantitative  evaluation
suggests that a variation of the Ti content by a
factor of 3 along the interface is possible.

The same area of the interface was investigated
in a dedicated STEM. The specimen was tilted
until the interface lied parallel to the incoming
electron beam. The electron probe (diameter
0.4nm) was stepped perpendicular to the
interface with stepwidth of 0.1nm and the X-
rays analyzed by the EDS systems (Fig. 13). An
abrupt change from Cu to Al203 is determined,
the profile changes within a width of only
0.2nm from O to the value of the bulk. Ti can
readily be detected at the interface. A
quantitative evaluation reveals that the amount
of Ti results in (0.5+0.1) monolayers [69].

From the semiquantitative observation of Fig.
12b it was concluded that the Ti concentration

varies by a factor of 3 along the interface. At
present time it is not clear at which area of the
interface the measurements of Fig. 13 were
made - in regions of high or low Ti
concentrations,

ESI studies give only semiquantitative results.

.- AlaOg3

— (v

cancentratonn larh, anits]

T T T T Y T T T T
] 2 4+ & hi 1Y
distance {pm}

quantitative evaluation, (05 2L monotavers Ty
Fig. 13 Line scan perpendicular to interfaces between
Cu and ALO;. Nominally 1 monolayer of Ti
was deposited on the «-Al,O; prior to the
evaporation of Cu. The electron beam of a
dedicated STEM was stepped with a step
width of 0.1nm across the interface and the
EDS spectra was recorded. The histograms
show that an abrupt change occurs from «-
ALO; to Cu and that Ti is segregated at the
interface. A quantitative evaluation reveals
that 0.5£0.1 monolayers of Ti segregated at
the interface at the investigated area of the
interface.
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Those observations are essential for getting an
overview of the elemental distribution.

Detailed studies have to be performed with a
dedicated STEM. Future studies at identical
interface segments by ESI and STEM will
resolve the open questions.

10. Atomic Structure of Internal Interfaces

10.1 Fundamentals and Instrumentation

To resolve the internal structure of materials at
the level of interatomic spacings high-
resolution transmission electron microscopy
(HRTEM) was employed [4-7]. According to
the theory of Abbe, resolving interatomic
spacings of a crystal requires to form
interference images including the transmitted
wave and (at least) the first order diffracted
beams. In practice one prefers to tilt the object
such that the viewing direction corresponds to a
low-indexed zone axis. Given that the
microscope provides sufficient resolution, the
interference image then shows a superposition
of several sets of interference fringes. For
objects of simple crystal structure one may
interpret these images in terms of projected
atom positions.

Interference images of sufficient contrast
require special HRTEM instruments, which
provide sufficient mechanical and electrical
stability, highly coherent illumination of the
object, and an electron optics with relatively
small lens aberrations. Presently, there exist
two families of HRTEMSs, one with an
acceleration voltage of 300kV and 400kV.
These instruments possess a point-to-point
resolution of ~ 0.15nm. Information for smaller
distances can be retrieved by special techniques
such as focus variation techniques [71] and
holography [71,72} if a very coherent
illumination system is applied (field electron
gun). High voltage electron microscopes of the
newest generation which possess a point-to-
point resolution of ~ 0.1A. High-voltage
instruments are successfully applied for
studying the atomic structure of interfaces [73].
Regardless of the point resolution [imit the
image may exhibit even smaller spacings,
which must not be interpreted, however, in
terms of ‘projected structure’. The minimum
spacing that one can observe in HRTEM
images is referred to as ‘information resolution
limit’. The instruments with an acceleration
voltage of 300 to 400kV possess an information
resolution limit of 0.13nm for LaBg cathodes,
the information resolution limit can be < 0.Inm

for field emission instruments. For a high-
voltage electron microscope the information
limit is at ~ 0.08nm [73].

10.2 Interpretation of HRTEM Images by
Digital Image Recording and Image
Processing

A direct interpretation of HRTEM images of
crystal defects with respect to the atomic
structure 1s restricted to rare cases, such as thin
specimens, imaging conditions free of phase
reversals, or low strain fields. In practice,
dynamic electron diffraction and aberrations of
the electron optics lead to a complex
relationship between the image and the
structure of the object. For example, in the
region of a crystal defect the image patterns
representing projected atom columns may
appear displaced against the true positions. To
interpret HRTEM images ‘safely’, therefore,
one compares them with simulated images of
model structures. Frequently, the software
package EMS is employed to perform such
calculations [74]. While formerly it was
common practice to compare experimental and
simulated images by visual inspection, we have
now developed procedures to evaluate image
intensities quantitatively, by means of digital
image processing [73,75].
A valid structure retrieval under dynamical
electron diffraction and non-linear image
conditions requires detailed numerical image
simulation and image matching to the
experimental image. Correspondingly, the
microscopy equipment must be extended by
devices for digital image recording or off-line
digitization of negatives. For the processing of
the digital images powerful computer hardware
and software is required to handle large data
fields on disk and in memory and to run time-
consuming programs for oft-line image
restoration, structure model generation and
image simulation.

Software was developed in the field of structure

retrieval belongs to the fields of: (i) noise

suppression at interface regions without
structural distortions [76], (ii) strain field

mapping at smooth interfaces [77], (iii)
iterative digital 1mage matching between
simulation and experiment for automatic

refinement of interface models in complex
systems [78-817; (iv) pattern location and misfit
analysis at grain boundaries and phase
boundaries [82], and (v) focus series
reconstruction to correct the imaging aberration
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for perfect crystal areas [83].

As a result of this applied image processing,
guantitative numbers for structural parameters
(e.g. volume expansions at interfaces) or even
individual atomic coordinates at interfaces or
dislocations can be given. The software also
provides confidence intervals for the retrieved
crystal structure coordinates, adapted to actual
situation with respect to the specimen or image
quality. Currently, the precision of atom
location varies from 0.01 to 0.04nm depending
on the elemental composition, crystal structure
and projected atomic distances. Also details of
the specimen preparation process, amorphous
layers on the specimen or misalignment of the
specimen and microscope have a big influence
of the attainable precision.

It is aimed to provide this precision throughout
in future which would match the requirements
of comparing the experimentally retrieved
structures to subtle details from theoretical
atomistic simulations.

The actual list of successful (partial or full)
structure retrieval by off-line image processing
includes grain-boundaries in Cu, NiAl, ALO;,
SrTiO3 and ZrO; and phase boundaries (metal-
ceramic interfaces) in Nb/Al,Os3, Cu/AlLO5 (see
the case study in the next section) and
AUMgALO; [5].

1l. Structure and Composition of the
Cu/AlLO; Heterointerface
1i.1 Film Growth, Orientation Relationship
and Structure of Thin Films

Thin films of Cu were grown by molecular
beam epitaxy (MBE) on (0001) «-AlLOs
substrates [84]. The deposition was carried out
at a substrate temperature of 200°C in UHV
conditions. A single crystalline I.1um thick Cu
film was formed on the o-AlLO;. Cross-
sectional and plan-view TEM investigations
confirm the well defined orientation
relationship indicated by in situ RHEED
streaks, whereby the close-packed planes and
close-packed directions between Cu and -
AlLO; are parallel: (111)Cu [110]Cu |
(0001)AL,05 [1010]ALO;.

HRTEM micrographs of the Cuw/Al,O5 interface
edge-on illustrate that both, the close-packed
planes and close-packed directions of Cu and
Al O; are parallel to one another. The lattice
image shown in Fig. 14 was taken along the
{211]Cu and {2T10]JALO; zone axes with a
high-voltage high-resolution TEM (JEOL-
ARM 1250). The (022) Cu planes with a

spacing of 0.128nm are readily visible. The (T
I11) Cu planes and (0006) Al,Os; planes are
parallel to the interface. The Cu/Al,Os interface
is atomically flat and reveals a sharp transition
between the a-Al,O3; substrate and the copper
overgrowth. The interface is devoid of possible
reaction phases between Cu and «-Al,Os. This
is ascribed to the low substrate temperature of
200°C and the UHV conditions used during
growth.

The specimen was tilted by 30° in the
microscope and the same area was investigated
with the [110]Cu and [1010]Al,O; directions
parallel to the incoming electron eam (Fig.
14b). The same results are obtained as for the
first orientation (Fig. 14a).

The epitaxial orientation relationship leads to a
mismatch of about 7%  between the
corresponding spacings of the adjacent Cu and
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Fig. 14 (a) Lattice image of the atomically flat Cu/a-
AIR20O3 interface taken along the [211]Cu and
[2T10]AL,O; zone axes reveals no misfit
dislocations. The clearly resolved (022) Cu
planes have a spacing of 0.128nm; (b) After
tilting the same area of the Cwa-AlLO;
interface into the [110]Cu and [1010]AlL,O,
zone axes the [T11]Cu, [TT1]Cu and [002]Cu
planes can be imaged.
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a-Al,O; lattices. In order fo minimize the
interfacial energy either mistit dislocations can
accommodate the lattice disregistry or the two
lattices form a strain-frec incoherent interface.
It was shown that the CwALO; interface is
strainfree and incoherent [67,84].

11.2 Atomic Structure of the Cu/a-Ah O3
Interface

The HRTEM investigations described above
demonstrate that the interface is atomically flat;
thus, the (0001) plane of a-Al>Os;, which
consists of an alternating stacking sequence of
oxygen and aluminium layers, could be either
terminated by an oxygen or aluminium layer at
the interface. Then, either Cu-O bonds or Cu-
Al bonds are expected to establish across the
Cu/AL O3 interface. The type of bonding can be
determined by EELS studies of the fine
structure of the Al, O, and Cu itonization edges
[14,85]. The ELNES of an ionization edge
contains the information about local
coordination and electronic structure. Thus,
local changes of the oxidation state of Cu at the
interface due to bonds with the oxygen
sublattice of o-AlLO3; or a metallic interface
bonding between Cu and the Al-sublattice will
modify the ELNES.

The measurements were carried out on the VG
HB50! dedicated STEM. The spectra were
recorded by applying the spatial difference
technique [14,49,50]. The interface was aligned
edge-on and spectra recorded in the substrate,
in the film and at the interface with the beam
scanning an area of 3x4nm’. All spectra were
corrected for dark current and read-out pattern
of the parallel detector. The pre-edge
background was extrapolated by a power law
and subtracted from the raw data. The EEL
spectrum of the interface was corrected
following the method described in ref. [49,50]
for both the bulk substrate and film
contributions which are present due to the
width of the measured area. The remaining
difference spectrum represents the ELNES of
interfacial atoms possessing a different
oxidation state and/or environment compared to

the bulk.

The Aljs3 and Cupps edge spectra recorded
from the «-Al,O; substrate, the Cu/ALO;
interface and the Cu film lead to a difference
spectrum which remains zero within the
detection limit. This means that no interface
specific component exists within this energy-
loss region. Since the Alp,3 ELNES is known
to be sensitive to subtle changes in local Al
coordination [85], e.g. tetrahedrally and
octahedrally coordinated Al in oxides have
been distinguished by ELNES studies [14,85],
this result indicates that Al does not change its
local coordination and so is not involved in
bonding at the interface.

In Figure 15 the measured Cuy, 3 spectra of the
Cu-film (Ic,) and the interface (Iir) are
presented. The difference spectrum of the
interface (Alr) is shown in Figure 15c¢. The
spectrum was obtained by Al = Iir - al¢y,, with
the scaling factor a = 0.4. Since no electron
transitions occur in a-Al,Oj3 within that energy-
loss, contributions of bulk a-Al,O3; need not be
considered. The difference spectrum of the
interface reveals a Cup3 ELNES which is
clearly different from bulk Cu. At an energy-
loss of 933eV a L; white line is observed for
interfacial Cu-atoms. White lines are typical for
transition metals and their oxides and arise
from electron transitions from 2p-states into
empty 3d-states [85]. In metallic Cu® all 3d
states are occupied and no white line exists in
the ELNES (see Fig. 15a), which means, Cu
atoms at the interface must possess empty 3d-
states. Taking into account that no interface
specific component exists for the Al 3 edge
the empty 3d-states in Cu must result from a
charge transfer between copper and oxygen at
the Cu/Al,Oj interface and/or a hybridization of
Cu-3d and O-2p states. Comparing the
interfacial Cup 23 ELNES (Fig. 15¢) to reference
spectra of Cu,O (nominally Cu'") and CuO
(nominally Cu”", Fig. 15d,e) indicates that the
nominal oxidation state of Cu at the interface is
Cu'", since no chemical shift, which is typical
for Cu2+, is detected.
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Fig. 15 Cup,; ELNES acquired in a region of 3x4
nm2 in (a) the Cu-film and (b) at the Cw/Al,O;5
interface. The (c¢) difference spectrum, which
contains the interface specific component
shows a white line at 933 eV for interfacial Cu
atoms due to Cu-O bonds at the interface.
Reference spectra of (d) Cu,O and (e) CuO
indicate a nominal Cu'" oxidation state for Cu
atoms at the Cu/Al,O; interface.
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Examination of the Ok interface difference
ELNES indicates that oxygen has changed its
local environment at the interface. A direct
comparison of the difference spectrum with the
bulk a-Al;O; shows a broadening of the main
peak at 540eV and a shift to slightly lower
energy-losses. At approximately  532eV
electron transitions cause a shoulder in the
difference spectrum which is not present in
bulk a-Al;Os. At the same energy-loss a peak is
observed in the Ogx ELNES of bulk Cu,O
owing to transitions into a hybridized Cu-3d-O-
2p state. Furthermore, the peaks above 550 eV
change their shape compared to those observed
in the Ox ELNES o-AlOs.

The interface specific components found in
Cuy 3 and Ok edge imply the presence of ionic-
covalent Cu-O bonds across the interface.
Image simulations of experimental HRTEM
micrographs were then carried out under the
assumption of Cu-O bonds at the interface as
found by our ELNES studies. A reasonable
atomistic model of the interfacial region must
result in realistic interatomic spacing across the
interface. The best agreement between the
experimental and simulated interface image
(Fig. 16) was achieved for an average projected
bonding distance of 0.2nm + 0.03nm between
the terminating oxygen layer and copper layer.
The individual atomic columns fluctuate by the
denoted error bar of £0.03nm around the mean
monolayer position. The projected bonding

Fig. 16 (a) Experimental and (b) simulated image of
Cu/a-ALO; interface. The positions of the
atomic columns are indicated in the
simulation. (c) shows the difference image
between (a) and (b).

distance of 0.2nm between the terminating
oxygen layer and copper layer at the interface
appears realistic considering the minimum
interatomic spacing in CupO to be 0.18nm. The
experimental HRTEM micrograph is presented
in Fig. 16a and the corresponding atom
positions of the interface model are indicated in
the simulated image shown in Fig. 16b.
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12. Conclusions
It was shown that different characterization

techniques allow the determination of
important  microstructural  parameters  of
nanomaterials. A broad  variety of
complementary techniques is available. The
different TEM  techniques allow the

characterization of crystalline materials down
to the atomic dimension. This characterization
comprises the structure, the chemistry and the
bonding on the atomic level. Furthermore, grain
misorientation and strains can be determined. In
order to gain an optimum in information,
constant advancement of the techniques is also
required.

The increasing resolution with which structural
and compositional information can be obtained
also means that the information is extracted
from smaller volumes. Hence, a good
correlation between macroscopic properties and
the underlying structures on an atomistic level
can only be obtained for model systems, like
planar bimaterial interfaces or layered
structures with different components. As an
example, we have discussed the results
obtained on the Cuw/AlL O interface. We have
shown that information can not only be
obtained on the local arrangement of the atoms
at the interface, but also on the interfacial
chemistry and the type of chemical bonding at
the interface. The inherent problem of TEM is
that for real materials with complex
microstructures it may be very critical to infer
predictions on macroscopic properties from
only a few local areas with nm-size dimensions.
Another critical question is as to how much the
preparation of the thin TEM specimens may
induce artefacts or give non-representative
sections through the overall microstructure.
Both questions have to be kept in mind in any
careful interpretation of TEM results.
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