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This paper reviews recent developments of microscopic methods that base on a quantitative
analysis of electron micrographs to access subsurface systems at the atomic scale. It focuses
on non-equilibrium diffusion processes that are observed in nanostructured MBE grown ma-
terials if a low growth temperature was used and on local deviations from a stoichiometric
composition of materials. As examples we investigate GaAs/AlAs and Si/GeSi heterostruc-
tures and GaN single crystals. The purpose of the research is twofold. On the one hand it
helps understanding physical processes at the atomic scale. On the other hand we can use
the results to link basic physical knowledge with the performance of semiconductor devices

made from nanostructured materials.

I. Introduction

Over the last decade a microscopic analysis of
nanostructured materials had become both possible and
necessary. Its feasibility 1s coupled to the development
of analytic methods with atomic resolution and sen-
sitivity such as Scanning Tunneling Microscopy (STM)
and High Resolution Transmission Electron Microscopy
(HRTEM). The methodological development is driven
by the quest for a basic understanding of electronic,
structural, optical and thermodynamic properties of
solids at the atomic scale, by a semiconductor indus-
try heading for deep sub-micron technology, including
production of atomically engineered crystalline struc-
tures such as quantum wells, - wires and - dots and
by the growth of new thin film materials such as I1I-V
nitrides, to name a few reasons.

Nanostructured materials often contain large chem-
ical gradients because they are grown at low temper-
atures to avoid intermixing of chemically or other-
wise different components. Therefore, deviations from
a thermodynamic equilibrium and from stoichiometry
are almost unavoidable. They seem to be an intrinsic

property of nanostructured materials. At this scientific

and technological level there is growing need to extract
structural and chemical information at a near-atomic
scale to understand the underlying physical principles
and processes.

In this paper we describe recently developed micro-
scopic techniques that meet this needs and provide ex-
perimental data for the atomic scale structure and com-
position of nanostructured materials. The experiments
to be described access subsurface regions and focus on
non-equilibrium diffusion processes that seem to be typ-
ical for nanostructured materials, if grown at low tem-
peratures, and on local stoichiometrical fluctuations.
As examples we will describe transient diffusion pro-
cesses in low-temperature (LT) grown LT- GaAs/AlAs
- and Si/GexSix, heterostructures and deviations from
stoichiometry in GaN bulk crystals. Relevance of the

investigation for device processing will be documented.
II. Surface and subsurface region

Certainly STM has attracted a lot of attention in
this field because its spatial resolution is better than
0.1 nm. This allows for mapping of individual atoms at
surfaces and for investigations of single defects if located

at surfaces or on the first few adjacent atomic layers!].
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Fig. 1 gives an example. There is no doubt that this
method will continue to contribute with valuable results
to the understanding of atomic-scale processes. In this
paper, however, we focus on HRTEM and related tech-
niques that do not exhibit the spectacular resolution of
STM but offer different advantages. Consequently, we
choose to look at STM and at HRTEM as complemen-
tary methods and not as competing ones.

HRTEM can be used to image individual atomic
columns with a point resolution that recently reached
0.1 nm [2]. A very well established theory allows to ap-
proximate and to predict experimental results with high
accuracy®l.  Standardized sample preparation tech-
niques such as ion milling can be applied to prepare
almost any material for a HRTEM investigation. In
contrast to STM, HRTEM may be used to probe sur-
faces and subsurface regions because the electrons used
for imaging transmit the samples. This is particularly
of interest in cases where buried interfaces need to be
studied with near atomic resolution. As an example
for the ability of TEM to access the subsurface re-
gion we show in Fig. 2 a map of the Si/SiOy inter-
face in a plan-view configuration. The thickness of the
Si-crystal was reconstructed from the lattice image by
QUANTITEM*?]. Since the crystal was covered by a 2
- 4 nm thick amorphous SiOs layer, the image displays
the roughness of the crystalline material at the buried
Si/SiOy interfaces in a similar way as Fig. 1 maps the

atomic roughness of the cleaved GaAs [110] surface.

ITI. Quantitative high resolution transmission

electron microscopy

Nowadays, many TEM and HRTEM investigations
focus on a microscopic analysis of the structure and
the composition of materials at the atomic scale. Ap-
proaches to access this information can be put together
into two groups. One consists of building specially
dedicated equipment such as energy filtered TEM!]
EELS! or Z-Contrast Microscopy®l. The other one
makes use of the fact that microscopes produce im-

ages. Taking advantage of the wide spread availability

of electron microscopes and the increasing calculation
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speed of workstations and PC’s it has become possi-
ble to analyze these images on a digital basis in order
to extract quantitative information about the atomic
scale structure, composition and thickness of the inves-
tigated materials. Out of the many approaches to quan-
tify HRTEM[~13] Jattice images by image processing,
we specifically report on results obtained by Chemical

Imaging('y and QUANTITEM5I,

Lattice images are electron interferrogramms. This
1s why any quantitative approach to interpret the pat-
tern displayed by a lattice image requires theoretical
guidance. The underlying physical process involved in
lattice image formation is electron scattering at the
crystal potential. Since this potential holds all infor-
mation about the structure, composition and thickness
of the investigated sample it is principally recoverable
from any lattice image. However, experimental param-
eters, such as lens aberrations or the setting of the de-
focus modifies the pattern of lattice images. Thus, it is
a methodological matter whether or not it is possible
to extract the desired information from a lattice image.
In this respect Chemical Imaging and QUANTITEM
exhibit common features as well as distinct differences.
Both methods use images digitized from the negative
of a TEM plate. This offers the advantage that the
image analysis is decoupled from taking them at an
electron microscope. Pattern recognition is employed
to quantify the information content of a lattice image
as shown in Fig. 3. Differences of both methods are
of physical origin. While Chemical Imaging is applica-
ble to crystalline systems with chemical reflections and
makes use of filter characteristics of the objective lens,
QUANTITEM extracts functional dependencies from
the lattice image itself and exploits knowledge of the
extinction distances. Since knowledge of instrumen-
tal parameters such as the defocus setting is not re-
quired, QUANTITEM is principally applicable to any
crystalline materials with coherent interfaces. Details
of the procedures are described in references 5 and 14.

In what follows we will concentrate on the atomic scale
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Figure 1. STM image of a cleaved GaAs [110] surface. The filled state image (a) reflects the positions of the As atoms,
the empty state image those of the Ga atoms. The method allows for mapping of the atomic scale surface roughness and
the detection of single defects. The single AsGa antisite defect can be seen to produce extra electron density in (a) and (b)

proves the absence of a one Ga atom.

roughness of interfaces, on inter diffusion measurements
on a 0.1 nm scale and on a local determination of ab-

solute concentrations.

ITIT.1 Diffusion in LT-GaAs/AlAs/GaAs het-

erostructures

Chemical Imaging was used first to investigate

(151 Figs. 4 and 5

atomic scale diffusion processes
depict the potential of the method: The upper part
of Fig. 4 displays a cross-section TEM image of the
investigated heterostructures, the lower part a lattice
image. Here the compositional change across the LT-
GaAs/AlAs and the AlAs/GaAs interfaces is particu-
larly of interest and it is encoded in the pattern of the
lattice image. It changes from a fine to a coarse pattern
as the interface is crossed from GaAs to AlAs. Chemical
Imaging decodes this pattern change locally to produce
a chemical map as shown in the upper part of Fig. 5.
Average Al composition profiles, as depicted in Fig. 5,

too, can be extracted by averaging the Al composition

along atomic rows parallel to the interfaces. A quan-
titative value for the interfacial width can be obtained
by fitting an error function erf (x/L) to the data, where
x is the distance across the interface and I = 2(Dt)"/?
is a diffusion length. A typical result of the fitting pro-
cedure is shown in Fig. 6. Thus, the diffusion length
characterizes the abruptness of the chemical gradient.
Its finite value indicates the presence of an atomiG scale
roughness that is either caused by the growth procedure

or by Al inter diffusion during growth and during post-

growth annealing.

We investigated four samples with a layer spacing
shown in Fig. 4. All growth and annealing steps were
kept constant except the growth temperature of the
LT-GaAs layers. It was varied between 170°C and
250°C. A 10 minutes annealing after growth was per-
formed at 600°C to create a semi-insulating LT-GaAs
layers. The annealing procedure is known to create As

[16]

precipitatest'® that are visible in Fig. 4. The central

GaAs layer was Si doped [610'7 cm™3]. Results on
the atomic scale roughness measurements are shown in
Fig. 7. Gate-drain breakdown voltages were measured

by (V) characterization of the heterostructures. They
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ROUGHNESS OF TWO Si(100) SiO, INTERFACES

Figure 2. Atomic scale roughness mapping of buried Si/SiO» interfaces. Since QUANTITEM measures the thickness of finite
atomic columns, the image is a superposition of two such interfaces. Note that the crystalline material is buried under a 2 -
4 nm thick amorphous overlayer. The experimental lattice image is displayed on top of the surface.

A=foy.uxg, . ..., copg)

Figure 3. Formation of unit cells and image vectors in a pattern recognition procedure. (a) lattice image, (b) definition of
unit cells by introduction of a periodical grid; (c) creation of image vectors that quantify the information content of one unit
cell. The lateral resolution of the method is given by the size of the unit cell [0.3nm x 0.3nm in case of Si (100)]. A lattice
image provides roughly 1000 image vectors. Their dimension is determined by the number of pixels in each unit cell.

are compared with Al inter diffusion data in Fig. 8.
The results of Figs. 7 and 8 can be summarized as

follows:

a) In the LT-GaAs layer closest to the surface, the Al
inter diffusion increases monotonically with decreasing
growth temperature of the LT-GaAs layers.

b) At all other interfaces the Al inter diffusion exhibits a
maximum at a LT-GaAs growth temperature of 190°C.
¢) The Al inter diffusion into the Si doped GaAs is
slightly larger than into the adjacent LT- GaAs if the
samples are grown between 190°C and 270°C. Growth
at 170°C inverts this tendency.

d) The gate-drain breakdown voltages and the Al inter
diffusion exhibit a similar maximum (Fig. 8) in partic-

ular at interfaces adjacent to the GaAs:Si layer.

We consider Al/Ga inter diffusion to be the main
cause for the formation of rough interfaces and we inter-
pret our results in terms of diffusion processes. Al/Ga
inter diffusion is mediated by Ga vacancies on the group
I1I sublattice of the zincblende structurel'®. Therefore,
an increase of the Al diffusion length with decreasing
growth temperature of the LT-GaAs layers requires an
increasing supersaturaturation of the VGa concentra-
tion. Consequently, the observed effects must be at-

tributed to the presence of non-equilibrium point de-
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Figure 4. Upper part: Cross-section TEM-image of the investigated structure. The location of the different layers is indi-
cated. The LT-GaAs layers are grown between 170°C and 250°C and are sources of supersaturated vacancies. The central
GaAs layer is Si doped; [Si] = 6 10'7cm ™. The AlAs and GaAs:Si layers were grown at 600°C. As a consequence of the
growth procedure, the L'T-GaAs layer adjacent to the buffer is annealed during growth and during the post-growth annealing
step. Arsenic precipitation is confined to the L'T-GaAs layers and caused by annealing. Lower part: Lattice image of the first
AlAs quantum well. The transition from a coarse to a fine pattern in the image is caused by a changing Al concentration.

fects frozen-in during the growth procedure. This in-
terpretation is supported by an earlier investigation on
the formation of As precipitates in LT-GaAs!'®] that in-
dicated the presence of Ga vacancies which contribute
to the Oswald ripening of the As precipitates. In
Fig. 9 we depict the exact heat treatment during sam-
ple growth and the expected VGa concentration pro-
files in case of out-diffusion of supersaturated vacan-
cies. In this picture we neglected contributions from
in-diffusion of vacancies generated at surfaces as ob-
served in referencel’®! | because their contribution to the
Al inter diffusion in our samples can quantitatively be
determined to be small. Certainly, any annealing af-
ter growth will redistribute the supersaturated Ga va-
cancy concentration. Details of the results are pub-
lished elsewherel’™. Here, we address three issues.
First, the experiment proves that with decreasing
LT-GaAs growth temperature an increasing supersat-
In our ex-

uration of point defects can be achieved.

periments the vacancy supersaturation factor varies be-

tween 10 and 100 if the LT-GaAs growth temperature
is reduced from 250°C to 170°C.

Second, we make use of the fact that the supersatu-
ration can be confined to some part of the heterostruc-
ture. This allows to study the impact of diffusion on
electrical properties of devices. In this particular case,
the gate breakdown voltage of a MESFET made from
this structure is either determined by the trap filled
limit voltagel'® of the LT- GaAs layer closest to the
surface or by avalanche breakdown in the GaAs:Si chan-
nel. Recently, pairing of vacancies with Si atoms in

LT-GaAs has been observed experimentally En-
hanced diffusion of SiGa-VGa pair has been predicted

[19]

theoreticallyl29]. However, it was not possible to study
the 1impact of Ga vacancy diffusion on the S1Ga-VGa
pair formation during device processing. Thus, our ex-
periments suggest for the first time that Ga vacancy
diffusion and pairing effects contribute to the avalanche

breakdown in the channel. We study basic physical pro-
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Figure 5. Upper part: Chemical map obtained from a quantitative analysis of the lattice image shown in Fig. 4 by Chemical
Imaging. Lower part: Averaging of atomic columns along the quantum well gives the displayed composition profile across
the interfaces that are of different width. The measurement is relative and requires knowledge of the composition in two
areas at some distance from the interface (100% GaAs and 100% AlAs in this case).

cesses and relate them to the performance of devices.

COMPOSITION PROFILE ACROSS AlAs/LT-GaAs INTERFACE

~4—061+004nm !
Diftusion Length

Al CONCENTRATION [%]
I

R ’ L4 ? ‘ *
DISTANCE IN STEPS OF 0.28 nm
Figure 6. Determination of the Al/Ga inter diffusion length
L =2 (D t)!/? by fitting an erf (x/L) to the data. The
distance across the interface x is measured in steps given by
the size of the unit cells.

Third, the presence of free and internal surfaces and
the finite migration distance of vacancies influence and
limit the diffusion process. The formation of VGa con-
centration gradients is, therefore, expected. In the sam-

ple with the LT-GaAs layers grown at 190°C the sam-

ple surface seems to act as a sink for VGa which is why
less Al/Ga inter diffusion occurs at comparable inter-
faces that are closer to the samples surface (Fig. 7).
In the sample grown at 170°C, however, migration of
vacancies from the LT-GaAs into the GaAs:Si seems
to be a limiting process that causes a larger intermix-
ing at the AlAs/LT-GaAs interfaces compared with the
AlAs/GaA:Si interfaces and, thereby, causes an inver-
sion of the trends observed at higher LT-GaAs growth
temperatures (Fig. 7). We will show in the next para-
graph that the formation of vacancy gradients in surface
proximity can be observed in other materials systems,

too, if grown at low temperature.

In summary we show for the first time that there 1s
a correlation of the Al/Ga inter diffusion and the gate
breakdown voltage in LT-GaAs/AlAs/GaAs:Si based
devices. We attribute this effect to the diffusion of su-

persaturated Ga vacancies and their interaction with Si
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donor atoms. We find evidence for the formation of va-
cancy gradients in surface proximity and a limitation of
the diffusion process by the vacancy migration distance

if the LT-Layer is grown at 170°C.

DIFFUSION IN LT-GaAs/AlAs/GaAs/AlAs/LT-GaAs
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Figure 7. Measured Al/Ga inter diffusion length at the

interfaces of the investigated structure. Their location is
measured from the surface of the crystal. The growth tem-
perature of the L'T-GaAs layers is indicated. For simplicity
no experimental errors are plotted. They are typically of
0.1nm as shown in Fig. 8. Note the monotonic increase
of the diffusion length at the first LT-GaAs/AlAs interface
and the occurrence of a maximum at all other interfaces for
a LT- GaAs growth temperature of 190°C.

BREAKDOWN VOLTAGE AND DIFFUSION IN LT-GaAs/AlAs/GaAs
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Figure 8. Dependence of the gate breakdown voltage on the
growth temperature of the L'T-GaAs. Tayer. The results are
compared with the Al/Ga inter diffusion length measured at
the second GaAs:Si/ AlAs interface. The graph shows the
accuracy as to which the diffusion length has to be measured
to observe this correlation.
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Figure 9. (a) variation of the growth temperature dur-
ing sample growth.(b) Model of the assumed Ga vacancy
concentration in the structure. In the LT-GaAs closest
to the buffer the initial vacancy supersaturation is redis-
tributed during sample growth. A post-growth annealing
step changes the vacancy distribution in all layers. Note
that we expect the lowest vacancy concentration in the
GaAs:Si layer. Yet the Al/Ga inter diffusion is the largest
at AlAs/GaAs:Si interfaces if the LT-layers are grown above
170°C (Fig. 7). This requires a larger mobility of the va-
cancies in GaAs:Si that we attribute to SiGa-VGa pairing
effects.

II1.2 Diffusion in Si/Ge025 Sio 7s /Si het-

erostructures

Application of Chemical Imaging is restricted to ma-
terials with chemical reflections such as Al, Gaj_,As!5]
or TngAl;_,Asl21,22] The recent introduction of
QUANTITEM allows to apply quantitative HRTEM
to general crystalline materials systems. QUANTITEM
has been used to investigate the roughness of the buried
Si/Si04 interface (Fig. 2) and the Ge inter diffusion in
the MBE-grown Si/Geg 25510.75/S1 heterostructure that
is shown in Fig. 10. This structure was grown at low
temperature (500°C) to study transient diffusion phe-
nomena that we expect to occur in surface proximity.
Fig. 11 depicts a Ge composition map extracted from
a lattice image by QUANTITEM. Averaging of the Ge
concentration along atomic rows parallel to the quan-

tum wells allows for an extraction of averaged composi-
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tion profiles as shown in Fig. 12. Two conclusions can
be drawn from the figure: First, the interfaces are not
atomically abrupt but extend over roughly 1nm. Sec-
ond, the Ge distribution is symmetric with respect to
the growth direction, proving that in this case growth
of S1 on Geg 2551 75 or vice versa does not result in a
different interfacial width. However, the existence of a
diffusion tail formed by Ge concentrations smaller than

1% cannot be excluded for sensitivity reasons.

Sulme S Si/Ge,Si, 50 nm Buffer

Figure 10. Cross-section TEM image of the Si/Geg.25 Sig.75
heterostructure used to investigate the influence of a free
surface on the out-diffusion of supersaturated vacancies.

Next, we concentrate on the width of the quantum
wells after growth and after annealing of this structure
at 800°C in an argon atmosphere for 5h (Fig. 13).
It can be seen that a nominal layer thickness of bnm
could be reproduced within ~0.5 nm and that there is
a tendency that layers closer to the buffer are broader
compared with those close to the surface. This indi-
cates some Ge/Si inter diffusion during growth of the
sample. After annealing the quantum well width in-
creases and the amount of broadening depends on its
position below the sample surface. It is expected that
Ge diffusion in silicon is mediated by the Si vacancy at
800°C3]. Therefore, a dilution of supersaturated va-
cancies in surface proximity and probably also towards
the buffer layer is likely to cause the depth dependence
of the quantum well width. A quantitative descrip-
tion of the out-diffusion process that includes strain
relaxation effects will be given elsewherel®!l. Here, it
is particularly of interest that both, the LT-GaAs lay-
ers as well as the Ge/Si heterostructure is a source of

supersaturated vacancies which become mobile during
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annealing at temperatures higher than the growth tem-
perature.

Thus, we see that a supersaturation of point de-
fects during MBE growth is a common phenomena if
the growth temperature of the layers is low. Any pro-
cessing of such material might reveal unusual effects
that can be related to non-equilibrium diffusion phe-
nomena by use of heterostructures as marker layers for
the point defect diffusion and by application of quanti-
tative HREM.

IV. Convergent beam electron diffraction

(CBED)

Quantitative HRTEM can be used to map the com-
position and the materials thickness at the atomic scale.
Presently, it is desirable to implement this principle for
more complex systems such as hexagonal structures.
This is a methodological matter. Principally, however,
QUANTITEM is no spectroscopic method. Knowledge
of the samples composition in two areas in the field of
view is required. In case of quantum well structures this
information can easily be provided, e.g. RBS may pro-
vide sheet concentrations in a quantum well and quan-
titative HRTEM its width. This procedure was used for
calibration of the Ge concentration in our Ge/Si het-
erostructure. However, there are other situations where
the materials composition may vary locally in an unpre-
dictable manner. For example, in new materials such as
bulk GaN compositional fluctuations are expected be-
cause bulk GaN is grown under exotic conditions (Ga
rich, growth temperature: ~1500°C, hydrostatic nitro-
gen pressure: ~1.5 GPa). Here, a local determination
of the absolute concentration is desirable but cannot be
provided by quantitative HRTEM at this point.

In order to contribute to a solution of this problem
we explored the chemical sensitivity of CBED. Capa-
bilities of this method has recently been reviewed[?5].
Quantitative image analysis procedures for CBED pat-

[26]

terns are currently being developed As to our
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shown in Fig. 10. The experimental lattice image is displayed on top of the surface.

knowledge, however, no attempted has yet been made
to use CBED patterns for the determination of the ab-
solute composition, particularly of bulk GaN. Fig. 14
shows that the experimental CBED pattern recorded
along a [1-100] zone axis of bulk GaN can be repro-
duced by image simulation. The Fig. also depicts that
an incorporation of the six native point defects into
the simulation, that change the crystal stoichiometry,
causes significant deviations from the experimental pat-
tern. Particularly, the presence of Ga interstitials (Ga;)
and Gap antisite defects introduces distinct and strong
deviations from the experimental pattern. In fact, we
measured in different areas of bulk GaN single crystal
different CBED patterns experimentally(?]. They are
shown in Fig. 15 and compared with simulations. It
can be seen that we can simulate the thickness depen-
dence of the CBED pattern. Also, we can match the
two different experimental images, taken at the same
crystal thickness but in different extended defect free
areas, with one certain set of simulation parameters by
the introduction of GaN antisite defects. In this case,
thickness and composition can hardly be confused and
the 1mage matching could not be achieved by the in-
troduction of another native point defect into the sim-
ulation. We also show that the incorporation of nitro-
gen vacancies changes the CBED patterns only slightly.
Thus, the chemical sensitivity of CBED strongly de-

pends on the scattering power of the involved defects

that changes the extinction distance. It is rather unex-
pected to detect such a large deviation from the stoi-

chiometric composition of bulk GaN.

Ge CONCENTRATION IN AS—GROWN Si/GeSi/Ge
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Figure 12. Extraction of a Ge concentration profile by av-
eraging the Ge concentration along atomic columns parallel
to the well. Fitting of two erf (x/L) allows for a quantifica-
tion of the interfacial - and the well width. Note that the
averaging reduces the error bars to the size of the dots.

At this point we stress that image matching by
visual inspection 1s commonly used in HRTEM and
CBED. However, this is not a quantitative method. It is
for this and for experimental reasons that we cannot yet
give absolute numbers for defect concentrations. Also,
the introduction of defect complexes involving GaN an-

tisite defects will cause similar CBED patterns.
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Figure 14. Comparison of an experimental CBED image taken along a [1-100] zone axis with an image simulation. From
visual inspection it can be seen that detailed agreement can be achieved. It is also shown that an introduction of native
point defects into the image simulation causes significant changes of the CBED pattern. These patterns hold the information
about the local (~2 nm lateral resolution) stoichiometry of the GaN crystal.
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Figure 13. Width of the Ge quantum wells after growth and
after annealing at 800°C in an argon atmosphere. The small
Si/Ge inter diffusion in surface proximity and probably also
in the proximity of the buffer indicates that the surface and
the bulk grown silicon are sinks for out- diffusing vacancies.

Thus, we conclude that CBED is potentially suit-
able to provide local information of the absolute chemi-
cal composition of crystalline materials. In case of bulk
GaN, we give evidence for the presence of a large (range
of %) Ga supersaturation that varies locally. The su-
persaturated Ga atoms seem to occupy nitrogen sites
forming GaN antisite defects or defect complexes that

contain GaN antisite defects. It is striking that the-

23]

oretical calculations!?8] cannot explain the presence of

the large (102° cm?) native defect concentration in bulk
GaN. Instead, the calculations predict the formation of
N vacancies and Ga interstitials with concentrations up
to 1017 cm~3. Provided that the theoretical result holds
qualitatively, our experiment suggests that a reaction
Ga; + Vy — Gay is energetically favorable. We spec-
ulate that the large hydrostatic pressure during growth
and cooling of the bulk GaN crystals strongly influences

the formation of native point defects.
V. Conclusions

In this paper we review some of the recent achieve-
ments of quantitative HRTEM. Up to now quantita-
tive HRTEM 1s one of the rare tools that accesses the
subsurface region with near atomic resolution and sen-
sitivity. Here, we concentrate on the investigation of
non- equilibrium diffusion processes that occur during
processing of MBE grown samples if the sample growth
was performed at low temperatures. The increasing
diffusion with decreasing LT-GaAs growth tempera-
ture in LT-GaAs/AlAs/GaAs:Si heterostructures docu-
ments a large deviations from the thermodynamic equi-

librium. Vacancies are frozen-in during sample growth

and supersaturation factors can reach 100 in LT-GaAs.
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CBED2H-GaN[1-100]
Comparison: Experiment/Simulation
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Figure 15. Bulk GaN crystals exhibit optically different yellow and transparent areas. Experimental CBED patterns taken
from such areas are distinctly different as shown in the image. For the listed set of simulation parameters it is possible to
simulate the thickness dependence of the CBED pattern as well as the compositional change but only if attributed to the
presence GaN antisite defects. The simulation also shows that the presence of VN hardly can be detected as long as no

quantitative image analysis is applied.

A transient diffusion process from supersaturated va-
cancy concentrations causes a depth dependence of the
diffusion coefficient close to free or internal surfaces.
In the LT-GaAs/AlAs/GaAs:Si heterostructures we ex-
ploit the initial spatial separation of the vacancies from
the Si donors to show that vacancy diffusion affects
the Si concentration by redistribution and/or donor-
vacancy pairing. Therefore, the diffusion process mod-
ifies the breakdown voltage of rectifying devices that
contain LT-GaAs layers.

We provided a glimpse on future areas that might
help to develop this new field of activities. Apart from
implementing QUANTITEM for more complex struc-
tures, we find that CBED is well suited to complete
quantitative HRTEM because of its ability to measure
absolute compositions locally. We document this abil-
ity of CBED by proving evidence for a local deviation

from the stoichiometric composition of bulk GaN.

It is the purpose of our investigations to extend our

knowledge to a point that allows a quantitative extrac-
tion of the formation - and migration enthalpies or of
the supersaturation of native point defects, to name
a few physical quantities. However, our approach not
only aims for a better understanding of physical pro-
cesses on an atomic scale. It also helps to link this fun-
damental knowledge with the performances of devices

made from nanostructured materials.
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