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Abstract

Strain analyses from experimental series of nano-beam electron diffraction (NBED) patternsin scanning transmission
electron microscopy are performed for different specimen tilts. Simulations of NBED series are presented for which strain
analysis gives results that are in accordance with experiment. This consequently allows to study the relation between
measured strain and actual underlying strain. A two-tilt method which can be seen as lowest-order electron beam
precession is suggested and experimentally implemented. Strain determination from NBED series with increasing beam
convergence is performed in combination with the experimental realizationvof a~probe-forming aperture with a cross
inside. It is shown that using standard evaluation techniques, the infliuenge of beam convergence on spatial resolution is
lower than the influence of sharp rings around the diffraction disc which occur at interfaces and which are caused by the

tails of the intensity distribution of the electron probe.
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1. Introduction

Strain in multi-compound semiconductor based devices
can either be unfavourable or advantageous/~ ithmight
limit the incorporation of substituent atoms{1]yor it opens
new ways to design electronic devices by/strain engineer-
ing of band gap [2] or carrier mobility 3] 4]) In gen-
eral, the knowledge of the actual strain state of the spec-
imen is of high importance. Typically, the crystal lattice
is strained by a few percent enly and changes occur in
the (sub) nanometer range./~The strain has to be mea-
sured with high spatial resolutionjand with high precision
and accuracy for which“transmission-electron microscopy
(TEM) is a commonly used, tool. Strain can be deter-
mined e.g. from high-resolution (HR) TEM micrographs
(by geometric-phase [5] or peak-pair analysis [6, 7]) or
from scanning TEM (STEM) micrographs [8, 9] as well
as by the usewef holographic techniques [10, 11]. Nano-
beam electrondiffraction (NBED) allows to measure strain
from evaluating the reciprocal distances in series of diffrac-
tion patterns [12-19]. As the recording speed of position-
sensitive detectors (cameras) increased strongly within the
last years, strain measurements with high precision and a
large field of view were demonstrated for scans in 1 and 2
dimensions [20-26]|. The development of NBED precession
(nanobeam precession electron diffraction [27, 28|) can be
seen as a milestone for strain analysis by NBED evaluation.

In all NBED evaluations one or more discs are detected
in each pattern of the series by different algorithms and
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the strain is calculated from the shift of the disc position
relative to the position of the undiffracted disc in the center
of the NBED pattern. Such a shift of the position of a
diffracted disc in reciprocal space corresponds to changes
in crystal lattice distances. The interpretation of the mea-
sured quantity as strain implies the assumption that the
measured shift is a direct effect of the change of the lattice
parameter in the specimen. One therefore assumes that
the measured strain represents the real strain state of the
specimen. A verification of this assumption is difficult to
make as in experiment the real strain state of the specimen
can only be known with limited accuracy.

In this paper, experimental NBED series for an In-
GaAs layer embedded in GaAs were recorded for different
specimen tilts and strain analyses were performed using
disc-detection routines. Multislice simulations of NBED
series were performed and it could be demonstrated that
strain analysis of these simulated NBED series sufficiently
describes the experiment. As the actual strain in the
simulation is known, the strain determination from simu-
lated NBED series allows to directly compare the measured
strain with the underlying real strain. With this tool at
hand, the influence of tilts on the strain determination is
investigated more closely. In addition, modifications from
the standard NBED evaluation are suggested in order to
minimize the deviation between measured and underlying
real strain.

In a separate study the consequences of an increase
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of the beam-convergence are investigated. Common disc-
detection routines as they are suggested in Ref. [16] fail
when the discs in the NBED pattern come too close to each
other or start to overlap. To overcome this, a structured
probe-forming aperture is experimentally realized having
a cross inside the usually round aperture. The detection
of the crosses in the NBED patterns is possible even for
convergence angles which lead to a direct contact of the
discs.

In order to investigate whether higher probe conver-
gence can lead to higher spatial resolution in NBED-strain
analysis, NBED simulations were performed for an ideal-
ized specimen in an additional study. It could be shown
that strain profiles across sharp interfaces are broadened
mainly due to the so-called halo effect suggested in Ref. [29]
which will be explained in detail in Sec. 5.2. Using stan-
dard evaluation methods, the probe-convergence angle has
a smaller influence on the interface broadening compared
to the halo effect.

After introducing the experimental and simulation setup
in Sec. 2 together with a general description of strain anal-
ysis from NBED series, the comparison of experimental
and simulated NBED series for different tilts is presented
in Sec. 3. A more detailed investigation of the influence of
tilt on the measured strain based on simulations is shown
in Sec. 4. Sec. 5 deals with the quantitative evaluation of
NBED series for increased convergence angles.

2. Experimental and simulation details

Details of the experiment are given in Sec. 2.1 whereas
the analysis of the indium concentration and thé specimen
thickness of the investigated specimen can be found in
the Appendix A. Based on the experimental parameters,
simulations are set up which are describedin Sec: 2.2. The
standard procedure how to measuré strainfrom NBED
series is described in Sec. 2.3.

2.1. Ezperimental details

The investigated sample was an' InGaAs layer embed-
ded in GaAs grown by, metal-erganic chemical vapour de-
position (MOCVD (30, 31|) along the [001] direction. The
indium concentration in_thé InGaAs layer was 31 % in-
dium measured using quantitative high-angle annular dark
field (HAADF) STEM/ (details can be found in the Ap-
pendix A). 'AWTEM lamella with [100] electron-beam di-
rection in TEM was prepared by lift-out using an FEI
Nova Nanolab)200 focused-ion beam (FIB). The crystal-
lographic directions are schematically shown in Fig. la.
Low-voltage ion milling was applied afterwards using a
Technoorg Linda IV5 at 400V acceleration voltage [32,
33]. Before TEM measurements, the sample was plasma
cleaned using a Binder TPS 216 plasma cleaner operated
with Ar/O plasma. TEM analyses were performed with
a Titan 80/300 microscope at 300kV acceleration voltage.
For quantitative HAADF STEM a Fischione 3000 detec-
tor was used. Position-averaged convergent-beam electron
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Figure 1(a) Crystallographic directions for the specimen: the
electron-beam direction was always in [100] direction perpendicular
to the [001\growth direction. The directions are valid for both, the
TEMlamella investigated in the experiment and the super cell used
in the simulations. (b) The indium concentration of the super cell
useéd,in the simulations along the [001] growth direction averaged
along the [010] and the [100] directions (each atomic column along
the _[010] or [100] direction is nominally homogeneous). (c) Strain
e5S of the super cell along the [001] growth direction (definition
see text) obtained from the atomic positions of the super cell along
the [010] direction. e5§; is shown as a function of position in [001]
growth direction and in [100] electron-beam direction. (d) Profiles of
the strain of the super cell in [001] growth direction obtained from
the 2D strain map in (c): The blue curve shows the strain from
averaging over the complete thickness, the red curve the strain state
of the top surface layer. Horizontal arrows show the expected strain
value for In 31 Ga ggAs for two cases: unstrained (bulk crystal, lower
line) and biaxially stressed (upper line).

diffraction (PACBED [34]) was used to measure the speci-
men thickness at the positions where the NBED series were
recorded and results in 54+2nm (details of this measure-
ment can also be found in the Appendix A). PACBED im-
ages and NBED-image series were recorded with a Gatan
UltraScan 1000 CCD camera with applied energy filtering
using a Gatan imaging filter (GIF).

2.2. Simulation Details

NBED simulations for a GaAs super cell with an In-
GaAs layer in the center along the [001] growth direction
were performed using the absorptive-potential multislice
approach [35, 36] in the STEMsim program [37]. The super
cell used had dimensions of 100 unit cells in [001] direc-
tion and 50 unit cells in [010] direction and 50 pixels per
unit cell, both in [001] and [010] direction. The distance
between the central disc and the 004 disc in the simulated
NBED patterns was approximately 200 px - this value was
not varied in the presented simulations. An InGaAs layer



in the center of the super cell was created by replacing
Ga by In atoms with a maximum concentration of 31 % in
accordance with the HAADF-STEM results. The indium-
concentration profile of the embedded InGaAs layers is
shown in Fig. 1b. The super cell was relaxed using valence-
force field calculations with the LAMMPS code [38, 39]
causing static-atomic displacements (SADs) [40-42] as well
as surface-strain relaxation [43-45]. The strain with the
definition 5 = % along the [001] growth direction
was derived from the atomic distances d of the relaxed
super cell (with dg,as being the distance at the border of
the super cell). The strain £5§; averaged in [010] direction
is visualized in Fig. 1c as a function of the position in [001]
growth direction as well as the position in [100] electron-
beam direction. Visible fluctuations in the highly strained
central layer are caused by SADs. The blue profile in
Fig. 1d shows the strain along the [001] growth direction
averaged over the complete thickness of the super cell.
The maximum strain in the central InGaAs layer is higher
compared to the value which would be obtained from In-
GaAs bulk material (lower horizontal arrow in Fig. 1d)
and smaller compared to the strain observed for the biaxial
strain state corresponding to an infinitely thick specimen.
(upper horizontal arrow in Fig. 1d). The reason is that
the elastic relaxation of the super cell partially reduces
the tetragonal distortion of the InGaAs lattice.

In the simulations, different beam tilts were applied
to the same super cell which is equivalent to sample tilt:
An NBED line scan in the simulation was performed by
scanning over the central 80 unit cells along the |00
direction with 3 scan points per unit cell. For each scan
point the NBED pattern was stored after a spegitmenithick-
ness of 55 nm to make the simulation comparable to the
experimental measurements. The thickneSs was thé same
for all simulations in this study.

It was shown in a previous study [46] for individual
undiffracted NBED discs that experimental effects have to
be considered in the simulationfin order to achieve results
for disc detection which are“comparable to experiment.
Such effects are Poisson neise and the recording process by
a CCD camera. The following consideration is explained
in detail in Ref. [46].[ The intensity in the background of
the discs within the energy*filtered experimental NBED
pattern is rather constant. Thus, a constant background
of 300 counts is added/to the simulation and the average
disc intensity“of,the central disc is scaled to a value of ap-
proximately 4000 counts. In experiment, the sharp borders
of the discs are‘blurred by the recording process with the
pixelated CCD camera with a scintillator on top. This ef-
fect was taken into account by considering the modulation-
transfer function (MTF) [47] of the used CCD camera.
The MTF was obtained experimentally as described in
Ref. [47, 48]. The Poisson distribution of the incoming
electrons as well as additional noise in the experimental
image is taken into account by randomly distributing N,
electrons with the probability given by the raw simulation,
where NN, is chosen so that the noise characteristics of

experiment and simulated images are similar [46]. The
individual steps are performed in the following order: 1.
Distributing electrons to simulate noise, 2. applying the
MTF to take the recording system into account, 3. adding
background and scaling the disc intensity.

2.3. Measuring strain from NBED series

The strain was calculated for simulated and experimen-
tal NBED profiles in the same way. Each NBED image
contained the central 000 disc as well as the 004 disc.
If not stated differently in the texti only the strain in
[001] growth direction was calculated by evaluating the
disc positions of the 000 and the 004 discs. For both
discs, position and radius were set/manually and refined
from a single image using the radial-gradient maximization
algorithm as suggested in"Ref. [16]7” Then, the radius was
kept constant and the. dise positions were fitted for the
complete series using the same detection algorithm or the
cross-correlation method [16]. The strain £¢p1 in growth
direction was calculated by [16]
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with.Rgps being the distance between the central disc and
the 004 disc within an (unstrained) GaAs region and Aoy
being the deviation from this value caused by the change of
the lattice parameter in strained regions. This analysis was
suggested in Ref. [16] denoted as SANBED for strain-
analysis by nano-beam electron diffraction. This abbrevi-
ation is kept in this paper as long as no modifications to
the originally suggested method are made.

In the presented study, strain is evaluated for differ-
ent parameters, such as the applied specimen tilt. To
compare strain profiles of different series, the precision
is measured from each profile as done e.g. in Ref. [29]:
The precision is defined as the standard deviation obtained
from the first 30 to 50 points in the strain profile (which
lie in a region of nominally unstrained GaAs) from which a
low-order polynomial fit was subtracted. This subtraction
was performed to only consider short-range variations of
the measured strain.

3. Simulation of NBED series for strain analysis

In Sec. 3.1, experimental NBED series are compared
to simulated ones in terms of strain analysis using the
SANBED method. The results suggest that the strain
analysis from simulation is able to reproduce characteristic
details within the experimental strain profiles. In Sec. 3.2
the strain measured from these simulated NBED series is
compared with the known underlying strain used as input.

3.1. Comparison of experiment and simulation

An experimental tilt series of six different specimen
tilts was performed and for each tilt, six NBED series
were recorded, not from the same specimen position but



all stemming from regions very close to each other. The
applied semi-convergence angle was 2.6 mrad. The speci-
men tilt is characterized by two angles, b and ¢, measuring
the rotation between the incident beam direction and the
[100] direction. These two angles gives the location of the
center of Laue circle (a; b; ¢) with a = 0. Four tilts were
applied primarily in [001] growth direction with values for
band cof: (1) (b=0.4;¢c=0.2), (2) (b=0; c=1.2), (3)
(b=0; ¢c=1.6) and (4) (b = 0; ¢ = 3.1). Additionally,
two relatively large tilts were applied perpendicular to the
growth direction: (5) (b = 10.5; ¢ = 1.5) and (6) (b = 16;
c=1.5).

The strain along the [001] growth direction was deter-
mined by the SANBED method as described in Sec. 2.3
using the radial-gradient maximization method [16]. The
black curves in each subfigure in Fig. 2 show the six exper-
imental strain profiles for the given specimen tilt. From
the profiles for tilt (1) in Fig. 2a it becomes obvious that in
the GaAs regions the measured strain is not constant but
shows fluctuations with regions of positive strain (hills)
and those with negative strain (dips). Whereas some fea-
tures change over the six scans (as those marked with R1
in Fig. 2a), others appear characteristically in all scans,
such as the strain dips next to the InGaAs layer, marked
with R2. The changing features might be explained by
slightly different orientations at the six scan positions. But
the characteristic features seem to be connected with the
distinct properties of the investigated sample, the imaging
conditions (including the sample tilt) and the evaluation
conditions (disc-detection procedure and possibly Choice
of evaluated disc).

For the tilts (2-4) in Fig. 2b-d, the 004 discAS generally
more excited so that the deviations betweeny the single
scans are smaller, as the precision for detectingithe disc
is better. The following characteristic.featuresobviously
change for the different tilts: 1. thetappearance of strain
dips next to the InGaAs layer, 2.\ theydifference in the
average strain level on the left and the right-hand side
of the InGaAs layer (for tilt"*(1),"the strain on the right-
hand side is lower, for tilt{(4)t is vice versa) and 3. the
maximum strain in the" InGaAs/layer (which is approx-
imately 4% except for tilt (1) where it is significantly
lower). Figs. 2e and fishow comparable profiles for the
two tilts (5) and/(6) which are characterized by a high tilt
angle b. These profiles/are very similar to each other but
clearly differ from those in Fig. 2a. This shows that a high
tilt (b = 10 +16) perpendicular to the growth direction
reduces the appearance of strain features but the shape of
the profile is less sensitive to the amount of tilt.

The red and blue curves in Figs. 2a-f show the strain
profiles from evaluating the simulated NBED series. Sim-
ulations were performed as described in Sec. 2.2 and both,
disc detection and strain determination, were applied iden-
tically to those for the experimental series. The indium
distribution and the strain in the simulation were chosen to
describe the experiment as well as possible. Nevertheless,
a perfect agreement between simulation and experiment

strain in %

experiment |f

simulation

strain in %

strain in %

20 -10 0 10 20 20 -10 0 10 20
distance in [0 0 1] in nm

Figure 2: (a-f) Strain profiles from the analysis of the position shift of
the 004-NBED disc for six different specimen tilts (1-6) characterized
by the center of Laue circle (a; b; ¢). With a = 0, the tilts can be
described by following tilt angles: (1) (b= 0.4; ¢ = 0.2), (2) (b = 0;
c=12),3) (b=0;¢c=1.6), (4) (b =0; c=3.1), (5) (b =10.5;
¢ =1.5) and (6) (b = 16; ¢ = 1.5). The legend shown in (d) is valid
for (a-f): Black curves show experimental data (six scans), coloured
curves show the corresponding data from simulations.
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Figure 3: (a) Precision of the strain profiles from Fig. 2 for

experiment (blue crosses) and simulation (circles). The red crosses
show the mean values of all experimental scans for for an individual
tilt (1-6), the red error bars show the standard deviations. (b)
Double-logarithmic plot of the precision of simulated strain profiles
for different noise levels. The four colors indicate the tilts (1-4). The
horizontal line is placed at a precision of 5-10~%.

cannot be expected as the experimental conditions and
sample properties depend on many parameters and might
change even between two scans. However, also in the
simulation the characteristic features which appeared in
experiment are visible: 1. The appearance of strain dips
next to the InGaAs layer are at least similar to those from
experiment. 2. The difference in the average strain level
is qualitatively comparable to the experimenty.3. Also in
the simulation, the maximum strain within theyInGaAs
layer is reduced for tilt (1). The tilt (4)Wwith ¢ = 3.1 in
growth direction leads to a weak excitation ofithe 004 disc.
This affects the strain detection in.experiment as well as in
the simulation as it becomes obvious from the large errors
close to the interface at the left-hand side (Fig. 2d).

Fig. 3a shows the precision of,the strain as defined in
Sec. 2.3 for the simulations (circlés) and the experimental
scans (blue crosses; the red grosses show the mean values
over all scans for-a~certain/tilt (1-6), red error bars the
corresponding standard,deviations). Within the variation
of the single scansytheprecision for all tilts is in the range
of 6-12-10~**Q@byiously, tilting the sample perpendicular
to the [001] growth direction (tilts (5) and (6)) leads to
a better precision. Here, the 004 disc is more homoge-
neously illuminated since the dynamic electron interaction
with reflections outside of the systematic row is reduced.
The precision is comparable to values found in literature -
there, precision is calculated to 7-9-10~* for experimental
SANBED |16] and 9-13-10~* for simulations of SANBED
[29]. Values for strain precision for other NBED techniques
of 10-10=% [49], 7.5-10~% [50] and 6-10~* [14] are published.
For comparison, precession NBED reaches a precision of

2-5-107* [51].

Of course, precision depends on the amount of noise
applied to the simulation. Fig. 3b shows the calculated
strain precision for the simulated NBED series where the
strain determination was performed for different numbers
of electrons N, resulting in various Poisson-noise levels.
For very low N, starting at 1000 electrons, the discs are
hardly detected resulting in poor precision - with values
up to 100-10~%. But with increasing N., the precision
value exponentially decreases to approximately 5-10~% for
N, =106 electrons. For higher N,, theprecision is improv-
ing only slowly.

In conclusion, the presented simulations of NBED se-
ries do not describe the experiment in every detail but
show strain characteristics as they occur in experiment.
The strain profiles behaye similaryin terms of tilting and
show a comparable precisiomm=Consequently, it can be
assumed that the important properties which lead to char-
acteristic strain features il experiment are described by
the used simulations. “Fheérefore, simulations can be used
in the following™to directly compare the strain profiles
measured, from NBED series with the real strain which
is underlying in the simulation.

3.2. Measured strain vs. actual strain

Figilc shows the actual strain along the [001] growth
direction of the super cell. The atomic layers which are
close to the bottom and top surfaces show a higher strain
along the [001] direction as also relaxation in [100] electron-
beam direction occurs (surface-strain relaxation, e.g. see
Ref. [44]). Fig. 1d shows strain profiles from averaging
the strain in Fig. 1c along the [100] electron-beam direc-
tion over the complete super cell (blue) as well as the
strain profile of just the first layer (red). As the strain is
not homogeneous along the beam path, it is important to
know whether the SANBED method gives a strain profile
which is in acceptable agreement with the true profile av-
eraged along the electron-beam direction: The comparison
of the strain profiles derived from simulated NBED series
in Fig. 2 with the actual strain profiles from the super cell
in Fig. 1d suggests that a maximum strain in the InGaAs
layer is measured which is comparable to the average strain
over the complete thickness of the super cell (blue curve
in Fig. 1d). This result is in agreement with results from
a previous study on nanoporous gold [52]. Consequently,
in the following comparisons the measured strain is always
compared to the strain averaged over the super cell which
is denoted as real strain.

4. Influence of tilt on the measured strain

In Sec. 3.1 it was shown that different beam tilts lead to
different shapes of the strain profile with strain features -
such as dips - occurring with different strength. For further
investigation simulations are compared for different tilts:
For a tilt series in [001] growth direction in Sec 4.1 and for a
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Figure 4: Strain from simulated NBED series for a tilt series in [001]
growth direction defined by the tilt angle c¢. (a,b) Strain profiles
for different values of ¢ are represented by different lines colors. In
(a) no additional tilt perpendicular to growth direction was applied
(b = 0), in (b) a tilt angle of b = 14 was set. Solid black profile
shows real strain. (c-f) Profile characteristics vs. tilt angle ¢ in [001]
direction for b = 0 (blue) and for b = 14 (red): (c) Strain in the
InGaAs layer, (d) difference in strain level between left and right
GaAs region, (e) strain difference between region on the left-hand
side of the InGaAs layer to the substrate, (f)strain difference between
region on the right-hand side of the InGaAs layer to the substrate.
Error bars show standard deviation. The yellow horizontal line in
(c,e,f) shows expected value from real strain.

constant absolute tilt pointing towards.different directions
in Sec. 4.2.

4.1. Influence of tilt: Inclination angle

Simulations of NBED series comparable to those from
Sec. 3.1 were performed for various tilts in [001] growth
direction. Resulting strain profiles are shown in Fig. 4a
and b where each profile (color) shows the strain for a
different tilt expressed by the value of the third component
of the applied denter of Laue circle 0 < ¢ < 3.5. The
tilt perpendicularyto the growth direction was b = 0 in
case of Fig.\4ayand b = 14 in case of Fig. 4b. Fig. 4c
shows the average measured strain in the center of the
InGaAs layer as a function of the applied ¢ for the two
cases, b = 0 (blue) and for b = 14 (red), respectively.
Error bars show the standard deviation from averaging
the strain in the InGaAs layer. At scan points for tilt
angles ¢ which hardly excite the investigated 004 disc (low
tilt angles 0 < ¢ < 0.6 and high tilt angles 3 < ¢ < 3.5)
the intensity distribution in the 004 disc was in some cases
not sufficient for disc detection. Those data points - only
approximately 1% of the total number of data points -
where excluded from the profiles. In consequence, very

large error bars such as for ¢ = 3.1 in Fig. 4c are caused
by the low number of valid scan points. Obviously, the
average strain fluctuates around the real-strain value of
approximately 3.8 % (horizontal yellow line).

The smallest deviation to this nominal strain for b = 0
is choosing ¢ approximately between 1 and 2.5. Fig. 4d
shows the difference between the strain level within the
GaAs region at the right end of the profile to the strain
level at the left end of the profile. For b = 14 differences
in the strain levels do not occur. For b = 0 differences in
the strain levels can be positive or negative dependent on
the value of ¢. Figs. 4e and f show the dip depth which
is the strain difference between the GaAs région close the
InGaAs layer and the GaAs regiomfar away from the layer.
Fig. 4e shows this differencé for the,regions on the left-
hand side of the InGaAgs“layer and Fig. 4f for those on
the right-hand side. The horizontal yellow line shows the
expected value from” the real strain - which is not zero
but slightly negative. It seems that the strength of the
increase or decrease ofsstrain changes periodically with ¢
where a negative value (dip) appears more often than a
positive one (hill)«"The results suggest that the shape
of the profile - and consequently deviations to the actual
underlying strain - strongly depend on the applied tilt. For
the simulated case, a good agreement to the real strain
would“be obtained for ¢ =~ 1.8. It is important to note
thatuthe suggested tilt is valid in case of the used specimen
thickness. It may vary for thicker or thinner specimen.

4.2. Influence of tilt: Azimuthal angle

Simulations of an NBED series were set up with a
defined absolute tilt of 7mrad pointing towards different
directions: the tilt is precessing around 360° in 32 equidis-
tant steps resulting in 32 NBED patterns for each scan
point of the series.

Figure 5a shows two strain profiles from evaluating the
004 disc and 004 disc for a tilt perpendicular to the [001]
growth direction. One NBED pattern from the series is
exemplarily shown in Figure ba with the tilt visualized by
an arrow (b ~ 2, ¢ = 0). The strain level on the right-
hand side of the InGaAs layer is slightly negative for the
evaluation of the 004 disc (red profile) and positive in case
of the 004 disc (blue profile). The green profile shows the
real strain in all Figures 5a-c.

Figure 5b again shows the strain profiles from evalu-
ating the 004 and the 004 discs but now from two NBED
patterns. For each NBED pattern, an individual tilt was
applied which strongly excites the 004 disc (b = 0, ¢ ~ 2)
or the 004 disc (b = 0, ¢ =~ 2), respectively. Here, the
strain features appear mirrored: the strain dip on the left-
hand side of the InGaAs layer in the red profile (004 disc)
appears on the right-hand side in the blue profile (004
disc).

Fig. 5¢c shows strain profiles originating from a different
way of evaluation: the strain was calculated from the
distance between the 004 and 004 discs (opposite-discs
evaluation) instead of the distance between the 004 (or
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Figure 5: Strain profiles for tilts of 7mrad pointing/towards different
directions. The green profile shows the real strain in/(a-c). Other
profiles show strain from evaluating disés marked by circles in the
NBED patterns. (a) Both curves (red“and blue)stem from a single
image series with a tilt in [010] diréetion (b ~ 2, ¢ = 0, single-disc
evaluation). (b) Each curve was evaluated from an individual image
series where the tilt was chosen'to strongly excite the evaluated disc
(b =0, c = 2 (blue), ¢ = 2i(red)y single-disc evaluation). (c) The
red curve stems from oppgsite-discs evaluation where each disc was
taken from an individual image series with a tilt that strongly excites
the evaluated disc (b*=-0; e~ 2/ (series 1), ¢ ~ 2 (series 2)). The
black curve corresponds to opposite-discs evaluation from a single
image series with atilt in [010] direction (b~ 2, ¢ = 0).
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Figure 6: The strain precision for the profiles in Fig. 5 (left) and
Fig. 7 (right) where the figure number is given next to each data
point. Colour representation: Tilts that strongly (|c| = 2, red) or
weakly (¢ = 0, blue) excite the evaluated disenin Fig. 5. Green
and black curves show precession-likelsummation of many tilts for
different n. Marker type: data from single-disc (circles) or from
opposite-discs (squares) evaluation.h, In Fig. 7 only the profiles
corresponding to single-disc evaluation are’shown.

004) disc and the ¢enter of 'the NBED pattern (single-
disc evaluation), The red profile in Fig. 5¢ shows the
evaluation for $trongly excited 004 and 004 discs from two
individual NBED patterns: the position of the 004 disc was
determingd frorh,a Series with b = 0 and ¢ =~ 2, the position
of the Q04 disc from a series with b = 0 and ¢ ~ 2. The
black profile shows the strain from evaluating the same
opposite discs but for a single NBED pattern without a
tilt in [001] growth direction (b = 2 and ¢ = 0). Both
profiles show less strain features compared to the single-
disc evaluation in Fig. 5a and b. The comparison of the red
and the black curve in Fig. 5¢c shows that the evaluation
from two images, both tilted towards opposite directions
(le] = 2) does not lead to a significant broadening of the
strain profile compared to the case for ¢ = 0.

The left part of Fig. 6 shows the precision of the mea-
sured strain from the considered profiles where the num-
ber next to each data point corresponds to the profile
in Fig. ba-c from which the precision is calculated. For
the single-disc evaluation the upper and lower end of the
black error bars show the individual evaluations for the
004 and the 004 disc, the data points show the average
value. The precision is not significantly better for the case
of the strongly excited disc (red) with |¢| = 2 compared
to the weakly excited disc (blue) with ¢ = 0 in this simu-
lation. The precision for opposite-discs evaluation (square
symbols) is improved with respect to single-disc evaluation
(circles).

In the following, NBED patterns are formed by sum-
mation of different numbers of simulated NBED patterns
for different azimuthal tilts. The presented simulation for
InGaAs is similar to the one published in Ref. [29] for
silicon in [110] electron-beam direction where image noise
was ignored. The black curves in Fig. 7 show strain profiles
from evaluating the 004 disc from NBED patterns, each
created by the sum of n differently tilted NBED patterns
(n = [2,4,8,16,32]). For each summation, the n tilts
were always equidistant and the tilts in [001] and in [001]
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Figure 7: Black curves show strain profiles from single-disc evaluation
of precession-like summation of n equidistant tilts (see text for
explanation). The green profiles show the real strain.

direction (b = 0; |c¢| = 2) are always part of the series.
In analogy to (non-discrete) electron precession, this sums
mation over discrete tilts is denoted as precession-like in
the following. To keep the evaluations comparable; in all
summed patterns the same number of electrons N, for the
simulation of noise was used. Obviously, the measured
strain profiles in Fig. 7 are very similar for all ny The green
profiles in Fig. 7 show the real strain for.comparisen.
The green circles in the right partsof Fig. 6'show the
precision for the five profiles in Fig 7, As visible from the
NBED patterns in Fig. 7, the intensity distributions within
all NBED discs become more and more homogeneous with
increasing n. The green cirgles inithe right part of Fig. 6
show the precision for thefive profiles in Fig. 7 in case of a
single-disc evaluation with the 004 disc. Obviously, the
precision of the strain measurement is not significantly
improved with inereasing number n of summed images.
An explanation could be that summing more images not
only leads to a mere liomogeneous intensity distribution
in the 004 dise,- but also to a distribution of intensity
into all othery/discs. Consequently, the Poisson noise in
the evaluationjof the 004 disc increases which reduces the
precision. As those other discs are not evaluated, the
summation of many images does not lead to a better pre-
cision. Calculating the strain from opposite discs gives
a better precision as shown by the five square markers
directly below the green circles in Fig 6. This result shows
that for the described simulation with an azimuthal tilt of
7mrad in combination with the used single-disc detection
algorithm, precession-like summation is not significantly
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Figure,8: Experimental strain profiles from NBED series using (a)
precession-like summation of 12 tilts and (b) rocking-beam with two
tilts in [001] and [001] direction. NBED patterns are exemplarily
shown in (a) and (b). Red curves show evaluations from opposite
discs, black curves single-disc evaluations. The green curves show
the strain from a standard SANBED evaluation without tilt.

affected by the number n of tilt angles (for 2 < n < 32)
in terms of a reduction of appearing strain features or a
strong improvement of the precision.

In case of structures where the composition changes
only along one spatial direction, as this is the case for
the InGaAs layer in GaAs presented here, only the strain
along this direction is of interest (here, the strain in [001]
growth direction). The idea of precession-like summation
would then be optimized for a rocking beam with two
tilts only in [001] and [001] direction instead of a full
precession circle. The experimental implementation of the
rocking beam as well as the precession-like summation was
done using scripting as demonstrated in the appendix of
Ref. [46]. Three different experimental setups were com-
pared. First, a precession-like summation of 12 tilts lying
on a circle with 30° between them with an absolute tilt
of approximately 7mrad. A corresponding NBED pattern
is shown in the left inset of Fig. 8a. Second, a rocking
beam between two tilts, with 7mrad in [001] and [001] di-
rection (corresponding NBED pattern in Fig. 8b). Third,
a standard NBED setting without any tilt (corresponding
NBED pattern in the right inset of Fig. 8a).

The black profiles in Figs. 8a and b show the strain for
single-disc evaluation of the 004 and the 004 disc. The



red profile shows the opposite-discs evaluation, for (a) the
precession-like summation and (b) the rocking beam case.
The green curves in both figures (a,b) show the evaluation
of the standard NBED series without tilt from opposite-
discs evaluation. In Fig. 8a, the position of the strained
layer in the 004 profile is shifted relatively to the one in
the 004 profile. This shift is caused by a misalignment
as the beam tilt (controlled by the rotation center for
the Titan microscope) led to a small shift of the probe
on the specimen which could not entirely be corrected.
For the summation of two tilts in Fig. 8b, the effect is
obviously smaller. Similar as for the simulation in Fig
5b, the black 004 profile in Fig. 8b shows a hill on the
left-hand side of the InGaAs layer where the black 004
profile shows a dip. The strain profile from opposite-
discs evaluation (red) is more flat with less strain features
compared to the standard evaluation (green). It is im-
portant to mention that in this experimental realization
of the rocking-beam concept only a single scan was eval-
uated for each type of method. As shown in Sec. 3.1,
there might be deviations between line scans carried out
at slightly different specimen positions. The fact that
the profiles in Fig. 8 do not perfectly show the expected
symmetries can be attributed to this. Concluding, the
suggested rocking-beam approach has the potential to sig-
nificantly optimize strain measurements from NBED disc-
detection. The presented experimental implementation
via scripting is mainly limited by the restricted access to
the microscope’s alignment procedures over an external
software. However, the positive results suggest further
development in this field.

5. Towards high-convergence SANBED

The strain analysis by the SANBED method is lim-
ited by the maximum convergence/angle as free space in
between the NBED discs is necessary to guarantee a detec-
tion of the discs by the suggestediroutines. In consequence,
for materials with relatively large)lattice constants, the
convergence of the probe‘hasto be’reduced down to very
low angles which might undesirably increase the probe
size and possibly decrease the’discs’ shape. Therefore, it
would be beneficial to perform NBED strain analysis also
at higher convergence angles.

In Sec. 5.1 therealization of strain analysis for higher-
convergence NBED. for experiment and simulation is pre-
sented by these of a special probe-forming aperture with
a cross in its’center. Sec. 5.2 deals with the question
whether a higher convergence angle - and consequently a
smaller probe size - in general improves spatial resolution
in case of standard evaluation techniques.

5.1. Structured probe-forming aperture

Depending on the combination of material system and
applied probe convergence, discs in the NBED pattern may
overlap. The standard methods for disc detection might
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Figure 9: (a) Schematic of a crogs-aperture design: a 7.5 pm thick Pt
foil was fixed on a_copper ring/and a cross pattern was etched into
the foil using a fo¢used-ion beam. SEM images show two preparation
steps. (b) SEM image of the final cross structure. (c) Black-white
image from, conversion.of the SEM image in (b) which was used as
aperture fanction in the simulation.

fail ‘as the border of the discs become less defined and
the intensity difference between inside and outside of the
dise ¢éan become completely non-trivial. Furthermore, the
intensity distribution within the overlap region strongly
depends on local specimen parameters such as thickness
and chemical concentration. In order to investigate also
series of higher convergence, an approach was applied uti-
lizing an idea that was theoretically suggested in Ref. [53]:
the usage of a structured probe-forming aperture. Instead
of a round aperture, an aperture with a cross inside was
used, which creates characteristic crosses in the centers of
all NBED discs. By detecting these crosses, the disc-edge
regions do not have to be considered for detection of the
positions of the discs.

For the experimental implementation, a 7.5 um thick
platinum foil (Goodfellow, type PT000210) was attached
on top of a copper ring as shown in the schematic in
Fig. 9a. The copper ring was made by gluing two TEM
grids (each with a central 1.5mm hole) on top of each
other for better mechanical stability. In order to guarantee
electrical conduction, gold was deposited on the final struc-
ture using vacuum deposition. The structure shown in the
scanning-electron microscopy (SEM) image in Fig. 9a and
b was cut into the foil by focused ion-beam etching. The
visible outer ring has a diameter of 50 ym to be comparable
to the standard hole aperture in our microscope. The
cross’ ridges have a width of approximately 12 % of this
diameter. After plasma-cleaning of the fabricated aper-
ture, it was mounted into the C2-aperture holder.

Fig. 10a shows experimental NBED patterns for three
different semi-convergence angles of 2.6, 3.3 and 4.7 mrad
where the first two patterns show separated discs but the
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Figure 10: (a) Experimental NBED patterns using the cross aperture
for semi-convergence angles of 2.6, 3.3 and 4.7 mrad. (b) The central
NBED disc in vacuum was recorded and a patch slightly larger than
the visible diameter was cut (vacuum disc). (c) The outer part of
the vacuum disc shown in (b) was covered by a smooth mask as only
the central cross should be tracked. The outside level was set to the
mean intensity at the mask’s radius.

third one shows discs which start to overlap - those discs
could not be evaluated by the standard disc detection
procedure. The sample was tilted to slightly excite the
004 disc. For all cases, the characteristic cross is visible
in all discs. The relative rotation between the cross’ arms
and growth direction is approximately 45° but it slightly
changes with convergence setting as visible from Fig. 10as

For each convergence angle, six line profiles of 160 steps
over 40 nm were recorded. The strain evaluation was per-
formed as follows: After acquisition of the series along.a
line scan, the central disc was recorded without"Specimen
(vacuum disc). A squared patch slightly larger than the
disc diameter was cut around the 000 and the 004 discs
in all images and around the vacuum disc/ The relative
positions of the discs were finally determined/from cross
correlating each disc patch with the patch of the vacuum
disc. To be sure that the cross correlation is dominated by
the inner cross and not by the.dise.édge, a mask based on a
circular window function with a smooth edge was applied
to all patches. The maskswas rotationally symmetric with
the shape of an error function; starting in the center, the
mask value is 1 up/to the mask radius R,, = f,, - Rq with
the estimated disc radius Ry and a factor 0 < f,, < 1.
At the distance Ry, a the transition region follows with a
width of 30%uof the discs radius in which the mask value
drops from 1'te approximately 0. Due to the symmetry of
the error function the mask value is 0.5 at the distance
R,, + 15% - R4. To avoid the cross correlation to be
affected by the mask radii itself, the factor f,, for the disc
patch was chosen differently than for the vacuum disc. It
turned out that best strain profiles were obtained for an
fm for the diffraction-disc patches between 20 % and 55 %
in combination with an f,, for the vacuum disc being 1.4-
1.6 times larger. The vacuum disc is exemplarily shown in
Fig. 10b without masking and in Fig. 10c with an applied
mask with a factor f,, = 50 %.
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Figure 11: Visualization of the applied mask with a smooth edge.
Shown is a 1-dimensional profile from_.the center. of the mask to
a distance 1.2 times the estimated disc radius R;. The transition
region where the error function drops fréom 1 to 0 has a width of
30 % of the discs radius. The mask radius which is the onset of the
transition region is R,, = fmRy with _a factor f,,, = 0.6 in this
example.
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Figure 12: Strain measured from NBED series for experiment (left
column, a-c) and for simulations (right column, d-f) for semi-
convergence angles of 2.6 mrad (a,d), 3.3mrad (b,e) and 4.7 mrad
(c,f). For experimental data, the strain from single line scans is
shown (black) as well as from the average over all single scans (blue).
In case of the simulations, the green profiles show the real strain in
the super cell and the red profiles the strain measured from simulated
NBED patterns with a cross aperture. The black dashed curves show
standard SANBED results from simulations with a hole aperture -
this method expectedly did not work for a convergence angle of 4.7
mrad.



For the three convergence angles Figs. 12a-c show the
experimental strain from all single scans as well as for the
average of all scans. A mask factor of f,,=40 % for the disc
patches and of f,,=65% for the vacuum disc were used.
Obviously, the characteristic strain features on both sides
of the InGaAs layer are not identical for the convergence
angles. As shown in Sec. 3.1, this effect is very sensitive
to the exact crystal orientation. As the beam settings
had to be changed for changing the convergence angle,
the profiles for different convergences can probably not
be compared in terms of exact zone axis or excitation of
the discs. But Figs. 12a-c show that with the used cross-
aperture approach a strain analysis is possible even for
high convergence angles with contacting discs (Fig. 12c¢).

For a comparison with simulations, the NBED series
was simulated using multislice simulations. To mimic a
realistic probe, the SEM image shown in Fig. 9b was re-
duced to a black-white image shown in Fig. 9c. With black
interpreted as 0 and white as 1, the image was used as
aperture function in the simulation. For a better compar-
ison to experiment, the aperture was rotated to achieve a
relative rotation between growth direction and the cross’
arms of 45°. The strain determination was identical to
the evaluation of the experimental series by applying a
mask with factor of f,,=40% for the disc patches and
of f=60% for the (simulated) vacuum disc. The re-
sulting strain is shown by the red profiles in Figs. 12d-
f.  Obviously, the profiles are in good agreement with
the real strain shown by the green curves. The identical
simulations were performed with a standard hole apérture
instead of the cross aperture. The disc detection for the
highest convergence angle expectedly failed. /Theistrain
profiles for 2.6 and 3.3 mrad semi-convergenice angle are
shown in Fig. 12d-e by the black dashed/ine. Deviations
of the obtained profiles to the real strainiare ofithe same
magnitude compared to those for the red profiles which
confirm the applicability of the cross aperture.

5.2. Spatial resolution: a theoretical consideration

In this section the prin¢iple effect of beam convergence
on the spatial resolution of the NBED technique is inves-
tigated by means of simulations. As shown in Sec. 5.1, the
disc-detection routines used/for SANBED are not able to
detect overlapping discs, so the crystal lattice limits the
size of the appliediprobe convergence angle. Furthermore,
propagation through the specimen and channelling in the
crystal might\also affect spatial resolution. To overcome
these effects and to restrict the focus on the influence of the
probe convergence, an idealized simulation was designed
which neglects all crystal effects and only contains inter-
faces between two regions each having different abilities
to shift the central disc. The ability to shift the central
disc can be seen in analogy to the amount of strain in a
crystal which leads to a shift e.g. of the 004 disc. This was
accomplished by a simulation similar to those presented
in Sec. 3 with an empty supercell reduced to a single
slice (region A) which does not contain any atoms but
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Figure 13: (a) Schematic of the Simulation: NBED patterns are
recorded for a series where the probelis scanning over a thin region
B inside the surrounding region ‘A. Both, region A and B do not
contain any specimen (vacduum)/but région B contains an electric
field. Shown are four scan“positions of the electron probe: Within
region A the central disc is in the center of the diffraction pattern
(i,4v) and within region B the disc is shifted (7). Close to the
interface in region/A the eleetron probe is leaking into the field region
causing the halo effect % (b) Line profiles through the intensity of
simulated electron probes as a function of the distance to the probe’s
center. Different line colors show semi-convergence angles between
2-7Tmrad. For better visibility, the intensity axis is enlarged from
0.2nm away fromthe center.

an.inserted region B in which a constant electric field was
added as shown in the schematic in Fig. 13a. The strength
of\this field was chosen to shift the disc by a maximum
of 200 urad assuming a direct connection of transferred
momentum Ap and the field strength E times the thickness
of the super cell ¢ [54]:

—€
=Rt
v

Ap (2)

where v is the velocity of the beam electrons.

NBED simulations were performed for semi-convergence
angles of the used probe between 2 and 7mrad in steps
of 1mrad. The applied defocus for each convergence an-
gle was chosen to maximize the intensity in the center
of the probe. This defocus Af as function of the semi-
convergence angle ;. is shown in Fig. 15 and can be
parametrized by the equation

Af(bse) = cpegc (3)
with the coefficient ¢, = -0.6 m’;;’:iz for the used accelera-
tion voltage of 300kV and a spherical-aberration constant
of 1.2mm.

Line profiles through the intensity of simulated elec-
tron probes as a function of the distance to the probe’s
center. Different line colors show semi-convergence angles
between 2-7mrad. For better visibility, the intensity axis
is enlarged from 0.2nm away from the center.

Fig. 13b shows line profiles through the intensity of
simulated electron probes. The higher the convergence,
the closer the intensity is concentrated at the center of
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Figure 14: Profile of the shift of the NBED disc due to the influence
of the electric field inside region B (see schematic in Fig. 13a) for,
different semi-convergence angles (line color). The black profiles in
a-c show the ideal shift which is directly proportional to the field
strength. (a) Expected optimum disc shift from convolution of the
black profile with the intensity profiles of the electronsprobes. (b)
Disc shift for a scan over the regions A-B-A determined by the disc-
detection routine. Dashed-green profile shows the case for.an electron
probe with a semi-convergence angle of 2.6 mrad for, which’the tail
of the electron probe was cut off (meaning of.tatlhere: all intensity
outside the first minimum of the probe). This completely removes
the halo effect. (c) Comparison to a strainh measurement (for 2 mrad
semi-convergence angle only). The redsprofiles show the cases shown
in a and b: for convolution with the probe inténsity (dashed) and
from disc detection (solid line). The blue curve shows the measured
shift of the 004 disc in case offa GaAs super cell with a thickness
of 10nm containing strain ofimaximum /1.44 % instead of an electric
field in the region B.
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Figure 15: Applied defocus which maximizes the intensity in the
center of the probe as function of the probe’s semi-convergence angle.
Red data points: measurement from simulated probes. Solid line: fit
of the data points parametrized by equation 3.

the probe. One can assume that the disc-detection rou-
tine itself has an influence on the spatial resolution with
which the sharpness of an interface can be measured. The
sharpest interface for a measurement with a given electron
probe is given by the convolution of the interface with
the shape of the probe intensity. The black profiles in
Figs. 14a-c show the ideal shift of the CBED disc given by
Eq. 2. The coloured curves in Fig. 14a were derived from
the convolution of this ideal curve with electron probes
with semi-convergence angles between 2 and 7mrad. For
all probes the profiles are broadened’but the deviation
from the ideal (black) curve is decreasing,with convergence
angle. The broadening effect can be'describéd by the term
¢ which is the sum of the abselute deviation between the
broadened profile and the idealy(black) profile divided by
the sum of the ideal profile: This value was calculated
over the spatial region from'=5mm to 5nm. For the semi-
convergence angles 2-7 mradiin Fig. 14a, ¢ has the values
in % of: 6.9, 4.6, 3.5, 2.8, 2.4, and 2.1.

Fig. 14b shows (with-the same meaning of the line style
as in Fig. 14a) the shift of the central disc for a scan over
the regions A-B-Armeasured using disc detection. Ob-
viously, these profiles are broadened much stronger com-
pared tosthosefrom probe-convolution in Fig. 14a. Devi-
ations‘between different convergence angles are negligible
compared to the absolute deviation to the black curve.
Thewcorresponding ¢ values in % for the semi-convergence
angles 2-7mrad are: 35.4, 30.1, 27.7, 26.2, 23.5, and 22.8.

The strong deviation between the measured disc po-
sition and the black curve in Fig. 14b can be explained
by the fact that the electron probe interacts with region
B even for scanning positions within region A far away
from the interface - and vice versa. In consequence, the
shape of the NBED disc is influenced as it was described
in Ref. [29] and denoted there as halo-effect: The electron
probe is not an ideal spot but has a spatial extension with
the shape of an Airy function as the intensity distribution
mathematically results from the Fourier transform of the
probe-forming hole-shaped aperture. The outer parts of
the function (the tail) for a scan position in region A leaks
into region B, thus the resulting NBED pattern contains
a contribution of a shifted disc stemming from this region.
As the probe’s tail corresponds to high spatial frequencies
of the probe forming aperture, the outer part of the elec-
tron probe contains information formed by the sharp edge
of the aperture. Consequently, the shifted contribution to
the final overlay NBED pattern is not disc-shaped but ring-
shaped and, according to this aspect the effect is called a
halo. An NBED disc without visible halo from region A
is shown in Fig. 16a. Fig. 16b shows a disc from region B
with a characteristic halo visible on the left-hand side of
the disc.

In order to check whether the broadening actually stems
from the halo effect, a modified simulation was performed.
The probe’s tail was cut away at the first intensity mini-
mum to avoid leaking of intensity from region A into region
B. As a consequence, an NBED disc with defined edges is
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Figure 16: NBED discs from simulations: (a-c) the central disc from
an empty super cell with an electric field as shown in the schematic
in Fig. 13a and (d) the 004 disc from a GaAs super cell. The semi-
convergence angle was 2mrad in (a,b,d) and 2.6 mrad in (c¢). Scan
positions: (a) within region A (no field), (b) in region B (electric
field), (c) region A, (d) region B (with strain). Lower images show
magnified quarter marked by the dashed boxes in the upper images
with square-root of intensity.

not observed. Instead, the intensity is radially decreasing
as shown in Fig. 16¢c. The disc-detection was therefore
performed by cross correlation using the NBED disc of
the first scan position instead of a ring-shaped mask. The
dashed-green profile in Fig. 14b shows the shift measured
from this simulation for 2.6 mrad semi-convergence angle:
The profile is hardly to distinguish from the ideal (black)
curve showing that the observed broadening stems«from
the spatial expansion of the electron probe and the halo-
effect. As visible from the coloured curves in<Fig. 14b;
the broadening caused by the halo effect is similar for
all convergence angles. The broadening an roughly be
described by a convolution of the ideal (black)-profile with
a Gaussian function with o=1.2 nm.

Due to the negligence of crystalé@ndpropagation effects
the presented simulations might“overratethe influence of
the halo effect on the interface broadening. In order to in-
vestigate how realistic the simulations are in terms of inter-
face broadening, a standard simulation with a GaAs super
cell was performed for/a semi-convergence angle of 2 mrad.
The super cell had,a thickness of 10 nm in electron-beam
direction and contained™a” strain distribution along the
scan direction with exactly the same shape as the field
distributiongin the“previous simulation. The maximum
strain in region’ Brwas chosen to cause an expected shift
of 200 urad of\the 004 disc (approximately 1.44 % strain).
Fig. 16d shows the 004 disc from the NBED pattern from
region B: the disc is shifted with a halo visible on the
left-hand side. The measured shift of the 004 disc from
scanning over the regions A-B-A is shown by the blue
curve in Fig. 14c. The red curve in Fig. 14c shows the
results from disc detection for the idealized simulations
with an electric field for 2mrad (identical to the red curve
in Fig. 14b). Obviously, both profiles obtained from disc
detection, the blue and the solid-red one, show a compara-
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ble broadening which indicates that the used model system
with an electric field realistically describes the interface
broadening by the halo effect. The green curve in Fig. 14c
shows the result of the 004 disc detection in GaAs in
case of a cut-off probe tail. The broadening completely
vanishes but oscillations occur as the probe now resolves
single atomic columns.

For both curves, the red one (electric field) and the
blue one (strain in GaAs), the broadening caused by the
halo effect is so strong that the maximum disc shift of
200 prad in the center of the well is nét reached. In case
of a strain analysis a wrong maximum, strain would be
measured. In the following, the/influence of the halo on
NBED strain analyses from different diffraction discs is
evaluated. Fig. 17 shows the measured strain determined
from disc-detection based/on the simulation of the strained
layer in GaAs for a semi-convergence angle of 2 mrad. The
black curve shows the input,strain, the coloured curves
the strain from evaluating the 004 disc (blue), the 008
disc (red) and the 00(12)"disc (green). The dashed curve
shows the stramm™from a simulation with reasonable noise
in the NBED “patterns, the solid curves show the strain
from a simulation without noise. The broadening of the
profile for the*004 disc ((=36 %) is stronger than for the
008"dise™(¢=22 %). The broadening outside the central
layer is_further decreased for the 00(12) disc as it can
be seen’ from the zoomed inset in Fig. 17. The ¢ value
of 22% for the green curve is not increased compared
to the red curve as the deviation from the black curve
is stronger within the layer - which shows that the disc
detection becomes difficult for weakly excited discs as it
is the case for the 00(12) disc. That the broadening for
the evaluation of the 008 disc is reduced compared to the
lower order 004 disc can be explained by the fact that
the distance between the diffracted disc belonging to the
material under the center of the electron probe and the
halo increases for higher order discs. Due to the spatial
separation of halo and disc in the NBED patterns, the
used detection routines can find the disc position more
accurately. Otherwise, the detection is hindered as the
electron intensity drastically decreases for higher order
discs. The strain precision for the profile evaluating the
008 disc is 1.5 times worse than for evaluating the 004
disc. The precision for evaluating the 00(12) disc is even
more than 4 times worse than for evaluating the 004 disc.
Nevertheless, the spatial resolution of the NBED strain
analysis based on the used detection algorithms can be
improved by evaluating higher order discs.

In conclusion, in case of NBED-disc detection using
standard evaluation routines, the halo effect strongly re-
duces the spatial resolution when scanning over an in-
terface which is in agreement with former studies [29].
Compared to this effect, the influence of the probe’s con-
vergence angle on spatial resolution is much weaker and
even negligible for semi-convergence angles larger than ap-
proximately 3mrad. The broadening of strain profiles
caused by the halo effect is decreasing for the evaluation
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Figure 17: Strain from NBED-disc detection for a scan over a 10 nm
thick GaAs super cell with a strained layer inside (strain distribution
shown by the black curve). Coloured curves show the results from
evaluating the 004 disc (blue), the 008 disc (red) and the 00(12) disc
(green). Simulations were performed with noise (dashed curves) and
without noise (solid curves).

of higher order NBED discs.

6. Summary

The first part of this study in Sec. 3 dealt with the
simulation of NBED series for strain analysis using the
SANBED [16] method. In Sec. 3.1 experimental strain
profiles for an InGaAs layer in GaAs recorded for differs
ent specimen tilts were compared to strain profiles ob-
tained from a simulated crystal. The comparison indicated
that the used simulations in general are able to describe
an experimental strain measurement. It was,shown that
the maximum strain in the InGaAs layer represents the
strain in the crystal averaged over the complete thickness
of 55 nm in case of a strong excitation of the’evaluated 004
disc. An excitation of the 004 disc improved the precision
and reduced the occurrence of strain features. Even better
results were obtained when thé specimen is additionally
tilted perpendicular to the J001] growth direction. Based
on this validated simulations, in,Sec. 4 the dependence
of characteristic strain-features on the applied specimen
tilt was investigated more closely. Sec. 4.1 shows that the
measured averaged ‘strain in' the InGaAs layer as well as
the occurrence of strain dips next to the layer strongly
depend on the applied/tilt in [001] growth direction. In
Sec. 4.2 it turned out that the evaluation of the 004 disc
and the 004 diSc result in two different strain profiles. A
similar effect occurred for the same evaluation from two
separate NBED patterns each with a tilt that strongly
excites the evaluated 004 disc or the 004 disc, respectively.
The best agreement with the underlying strain was ob-
tained for evaluating the distance between the opposite
discs, 004 and 004, which also improved precision. Based
on simulations it was shown that in case of a precession-like
setup where the NBED pattern stems from a summation
of up to 32 discrete tilts lying on a circle (with the tilt to-
wards [001] direction being always part of the summation),
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the number of tilts does neither significantly influence the
strain profile nor the precision for the evaluation of the 004
disc. Consequently, a rocking-tilt method was suggested
which reduces the number of tilts to two: towards the
[001] and [001] directions. It was realized in an experi-
ment by scripting, allowing to tilt the beam, to back-shift
the diffraction pattern and correct for beam movement,
resulting in an NBED pattern combining the two tilts. It
could be shown that this rocking-tilt method indeed gives
less strain artifacts compared to the standard, non-tilted
experiment.

In Sec. 5 the increase of the prebe-convergence angle
on the strain measurement was investigated. In Sec. 5.1,
a probe-forming aperture with”an, additional cross inside
was experimentally realized.” As theyaperture’s cross was
visible in all discs within“the NBED patterns, the cross
was detected instead of‘the complete disc and strain could
be evaluated for different convergence angles - even for the
case when discs started to overlap.

In Sec. 5.2 it is diseussed whether higher convergence
angles can theoretically increase the spatial resolution. NBED
simulations fordifferént convergence angles for an idealized
specimen were performed: The super cell did not contain
any atoms but” an inserted region with a homogeneous
electrie“field which shifted the central NBED disc. It
turnedvout that for the used disc-detection routines the
spatial resolution is strongly reduced for all convergence
afigles in a way that the influence of beam convergence
becomes almost negligible. It was proven that the strong
reduction of the spatial resolution can be explained by the
halo effect [29] caused by the fact that intensity far away
from the center of the electron probe leaks into distinct
specimen regions thus leading to an overlay of information
from different spatial positions within the NBED pattern.
It could be shown that the halo effect is weaker for the 008
and the 00(12) disc due to the separation between disc and
halo in the NBED pattern. Consequently, in case of the
used detection routines, spatial resolution can be improved
by evaluating higher order NBED discs.
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Appendix A. Measurement of the indium concen-
tration and the specimen thickness
for the investigated specimen

In order to determine the indium concentration in the
investigated specimen, a chemical analysis of the InGaAs
layer was performed using quantitative HAADF STEM.
This technique is based on a direct comparison of the
HAADF-STEM intensity averaged over a crystal unit cell
with multislice simulations. A detailed explanation of the
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Figure A.18: Quantitative HAADF-STEM concentration analysis
of the investigated specimen. Shown are the derived maps for
(a) HAADF intensity, (b) specimen thickness and (c) indium
concentration as well as (d) the average indium concentration as
profile (standard deviation shown in gray). The dashed boxes in (a)
mark the regions of pure GaAs used for interpolating the background
intensity (see text). The scale bar below (a) is valid for (a-c).

simulations and the evaluation can be found in Ref. [55,
56]. Fig. A.18a shows an HAADF-STEM image in which
the dashed boxes mark regions of pure GaAs. Based on
the intensity in these two regions, the background inten-
sity is interpolated to the complete image and the lo-
cal thickness is derived from a direct comparison with
simulated intensities for pure GaAs. As it can be seen
from Fig. A.18b, the thickness within the evaluated im-
age is almost constant (color scaling between 61-62T1m).
With known thickness at every image point, the indium
concentration is derived from the comparison of the HA-
ADF intensity to simulations for different cengentrations.
The indium-concentration map and its averaged profile are
shown in Fig. A.18c and Fig. A.18d, Tespéctively. The
indium concentration on both sides of the central InGaAs
layer is artificially decreased due‘to ‘ayreduction of the
HAADF-STEM intensity. The reason for this effect is
a long-ranging surface-strain. field caused by the relax-
ation of the lamella along(ther100] electron-beam direc-
tion. This is connectedswith the bending of the (001)
lattice planes which leads to a reduced electron channelling
and consequently to.less HAADF intensity [44]. The con-
centration values in the surface-strained regions do of course
not represent the real indium concentrations. But, due to
the symmetry,of the layer structure, the central part in
the InGaAs should not be affected by the surface strain
fields (see e.g.}[56]). The central indium concentration is
approximately 31 %. The linearly interpolated lattice con-
stant of InGaAs with 31 % indium is 2.2 % larger compared
to GaAs for bulk material - but in case of tetragonal distor-
tion, the lattice constant in growth direction in the InGaAs
layer can be up to 4.3 % larger (biaxial case) compared to
the GaAs substrate.
The quantitative HAADF-STEM analysis was performed

at a position on the TEM lamella slightly different to
those where the strain-measurements were performed. The
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Figure A.19: PACBED evaluation to, estimate the specimen
thickness. (a) Experimental PACBED image with a schematic
in which three regions are” pointed yout where the intensity
characteristically changes with thickness (yellow, numerated with
1-3). (b) Simulation of PACBED images for GaAs for thicknesses
between 30 nm to 75nm.

thickness in thewreégion where the experimental NBED se-

ries were recorded was determined using PACBED. Fig. A.19(a)

shows an experimental GaAs PACBED image of this re-
gion. "PACBED simulations for GaAs in [100] electron-
beamrdirection were performed using the absorptive-potential
multislice approach [35, 36] in the STEMsim program [37].
Ateomparison to simulations which are shown in Fig. A.19(b)
gives a thickness of 5442 nm. As the changes in the PACBED
pattern are small, the specific regions in the pattern where
characteristic changes occur are schematically shown in the
enlarged pattern in Fig. A.19(a).
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