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SUPPLEMENTARY NOTE 1: APPLICATION TO MECHANICALLY DEFORMED

ALUMINUM

The described method was also tested within a dislocation network of a mechanically
deformed Aluminum sample as an alternative material system. As typical for face centered
materials, perfect dislocations are expected to have Burgers vectors b corresponding to
1
2
⟨110⟩ crystal vectors [1].

The specimen slab was prepared from the bulk with surfaces close to the (011) crystal
planes by means of focused ion beam milling. The TEM lamella was rotated by roughly
9 degrees from the [011] zone axis into the (200)-systematic row condition. A 4D-STEM
dataset was acquired in this orientation using the same instrumentation and parameters as
described in the main text with the following exceptions: the dwell time was 50ms and a
roughly 8 times lower beam current was used (for no special reasoning).

An annular dark field (ADF) image calculated from the 4D-STEM dataset is shown
in Supplementary Fig. 1a. Within this image several dislocations can be seen as linear
features. Furthermore, some fairly coherent precipitates can be noticed as dark and bright
round features ranging from 5 to 30 nm diameter. The dislocation marked by the white
arrow was selected for subsequent analysis. The direction of the dislocation line is parallel
to [111]. The resulting (q, x)-plane in Supplementary Fig. 1c was obtained from the 4D-
dataset averaging the data points in the red rectangles in Supplementary Fig. 1a and 1b
perpendicular to the red arrows. Its x-direction corresponds to the [211]-crystal direction
and its q-direction is oriented along the reciprocal space (200)-direction.

Possible Burgers vectors compatible with the g · b criterion for this dislocation are
1
2
[±1±1 0] and 1

2
[±1 0±1]. As described in the Methods section of the main text (q, x)-planes

were simulated for these Burgers vectors by means of the propagation of the Darwin-Howie-
Whelan equations. The resulting (q, x)-plane for Burgers vectors with positive x-component
are shown together with the mean squared errors resulting from comparison of the calcu-
lated and experimentally obtained (q, x)-planes in Supplementary Fig. 2. The (q, x)-planes
for Burgers vectors with negative x-component can be obtained by simply flipping the q-
direction of the presented calculated (q, x)-planes and are not further discussed here, as they
obviously differ strongly from the experimental (q, x)-plane.

For an individual Burgers vector the mean squared error maps already show a sufficiently
well recognizable global minimum identifying the depth of the dislocation and the specimen
thickness, but the type of dislocation cannot be uniquely determined in this case, due to
the midplane ambiguity. For the edge-type dislocation with Burgers vectors b2 = 1

2
[110]

(Supplementary Fig. 2d) and b4 =
1
2
[101] (Supplementary Fig. 2h) significantly lower mean

squared errors (2656 resp. 2728) are observed than for the mixed-type dislocations with
Burgers vectors b1 = 1

2
[110] (Supplementary Fig. 2b; MSE=3024) and b3 = 1

2
[101] (Sup-
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Supplementary Figure 1. Aluminum sample overview. a Annular dark field (ADF) image in
(200) systematic row conditions with evaluated area marked by red rectangle (the red arrow marks
the spatial direction x). The white arrow indicates the direction of the dislocation line (parallel
to [111]) of the evaluated dislocation. The crystal-directions are indicated. b Diffraction pattern
averaged over all scan coordinates within the red rectangle of a (the red arrow marks the reciprocal
space direction q). The diffraction pattern display has been flipped and rotated to match the scan
coordinate system. c Resulting (q, x)-plane.

plementary Fig. 2f; MSE=3150). Thus, the observed dislocation already can be classified
as edge-type, while a further discrimination between both edge-type dislocations is not
supported by the data. For both edge-type dislocations b2 and b4 similar thicknesses of
t = 242 nm resp. t = 240 nm and similar distances of the dislocation from the closest speci-
men surface have been determined (b2 is found d = 20 nm after the entrance surface while
b4 is found t− d = 22 nm before the exit surface).

The Burgers vectors of these two dislocation types just differ by the sign of their com-
ponent along the electron beam direction (here close to ez ∥ [011]), i.e. b2,z ≈ −b4,z. When
the small differences in thickness and in distance from the next surfaces between both cases
are neglected, the relevant derivative of the displacement field u2(x, z) resulting from a b2

-type dislocation located in a certain distance after the entrance surface and the relevant
derivative of the displacement field u4(x, z) of a b4-type dislocation located in a similar
distance before the exit surface have a mirror symmetry along the specimen midplane at
z = t

2
in respect with each other:

∂

∂z
(g · u2(x, z)) ≈

∂

∂z
(g · u4(x, t− z)) . (1)

For a centrosymmetric structure like Aluminum, it can be shown that the diffraction
intensities resulting from scattering of these two cases are indeed identical [2]. Thus, no
difference in the resulting (q, x)-plots is expected and both cases are indistinguishable in
diffraction patterns.
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b Mean squared error (minimum: 3024)

d Mean squared error (minimum: 2656)

f Mean squared error (minimum: 3150)

g Calculation h Mean squared error (minimum: 2728)
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Supplementary Figure 2. Comparison of calculated (q, x)-planes for different Burgers vec-
tors with the experimentally observed plane (cf. Supplementary Fig. 1c). a, c, e, g
Calculated (q, x)-planes for optimal parameters of thickness t and depth d. b, d, f, h Mean
squared error maps between experimental and calculated intensities for different values of speci-
men thickness t and dislocation depth d. a, b Data for Burgers vector b1 = 1

2 [110], t = 244 nm,
d = 20 nm. c, d Data for Burgers vector b2 = 1

2 [110], t = 242 nm, d = 20 nm. e, f Data for
Burgers vector b3 = 1

2 [101], t = 242 nm, d = 225 nm. g, h Data for Burgers vector b4 = 1
2 [101],

t = 240 nm, d = 220 nm.
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SUPPLEMENTARY NOTE 2: ALTERNATIVE THICKNESS DETERMINATION

Beside the type and position of the dislocation the specimen thickness is a further pa-
rameter, which must be determined by the method reported in the main text. In order to
verify the obtained thickness, we utilized off-axis electron holography (EH) as an alterna-
tive method of thickness determination. With EH it is possible to reconstruct the spatially
resolved phase shift φ(x, y) the electron wave experienced during its path through the spec-
imen relative to a wave passing through vacuum. When the specimen is oriented away from
strongly scattering orientations (kinematic diffraction conditions) this phase shift is given
as

φ(x, y) = σV t(x, y), (2)

where σ is an interaction constant (here σ ≈ 7.29 mrad
Vnm for 200 kV acceleration voltage), V

is the mean inner potential of the material, and t(x, y) is the local thickness [3].

400 nm

b Phase

−π

+π

B
A

400 nm

a Amplitude

A
B

Supplementary Figure 3. Reconstructed holograms. a Amplitude. b Phase. The positions of
the dislocations A and B have been marked by the red crosses. Please note the phase wrapping at
values of ±π. The absolute phase shifts relative to the vacuum area at the positions A and B have
been obtained by unwrapping the phase, however the phase wraps have been left in b for display
purposes. The amplitude and phase images have been rotated to match the specimen orientation
in Supplementary Fig. 5.

A series of electron holograms has been acquired using the FEI TITAN 80-300 Berlin
Holography Special operated at 200 kV in Lorentz-mode. The specimen was oriented such
that bending contours were minimized in a region reaching from the vacuum to the inves-
tigated dislocations in order to achieve kinematic diffraction conditions. The series was
reconstructed and averaged using the Holoaverage package [4, 5] with a reconstruction aper-
ture of 0.06nm−1 radius. The resulting reconstructed amplitudes and phases are shown in
Supplementary Fig. 3 (compare Supplementary Fig. 5 for a dark field image). The vac-
uum region is located at the right hand side, the steep increase in phase on the left hand
side corresponds to the sapphire substrate. Furthermore, some Fresnel fringe artifacts are
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observable towards the right hand side.
Additionally, CBED patterns where acquired at several positions in thinner specimen

areas of 60 nm to 120 nm thickness in (0002) systematic row conditions. The mean inner
potential of V = 15.3 ± 1.0V was estimated by relating the observed phase shift at the
positions of the CBED patterns with the specimen thickness obtained from comparison of
the CBED patterns with simulations. It should be noted, that the value of the mean inner
potential is very sensitive to the specimen surfaces [6] and doping [3] (the specimen has no
intentional doping in this area). This value of the mean inner potential is within the range
of values reported in the literature (e.g. 12± 2V[7], 13.8± 0.6V[8], 16.7± 0.3V [9]).

The obtained phase shifts at the approx. positions of dislocations A and B are φA =

15.55 ± 0.39 rad resp. φB = 18.49 ± 0.34 rad, which corresponds to specimen thicknesses
of tA = 139.5 ± 9.7 nm resp. tB = 166 ± 11 nm. These values are within the errors of the
thicknesses obtained by the method in the main text, thus support the observed thicknesses.
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SUPPLEMENTARY NOTE 3: INFLUENCE OF WINDOW SIZE

For denser dislocation networks, specimens with a higher density of defects, or cases
where the specimen properties are not constant over a larger region, it becomes necessary
to reduce the spatial extent of the investigated area (represented by the red rectangles in
Fig. 1b and 1d of the main text). Here, we investigate how a smaller spatial extent will
influence the described method.

We cropped the experimental data of the (q, x)-plane for dislocation A presented in the
main text symmetrically around the dislocation. The full spatial extent of the original
dataset in x-direction was 89 nm. This extent was reduced to 61, 41, 21, and 11 nm and
was compared to simulated (q, x)-planes calculated for these spatial extents. The resulting
mean squared error maps for dislocation depth d and specimen thickness t are shown in
Supplementary Fig. 4.
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Supplementary Figure 4. Mean squared errors (MSE) for dislocation A for different spatial
extents in x-direction. a 89 nm extent (same extents as in the main text). b 61 nm extent.
c 41 nm extent. d 21 nm extent. e 11 nm extent. The data of the MSE map in a is identical to
Fig. 2c of the main text. It is repeated here for convenience with a slightly different color coding
to improve comparison with the maps in b-e (here between MSE 300 to 2500, compared to MSE
500 to 3000 in Fig. 2c). f MSE values for the lowest three minima (blue: global minimum, orange:
2nd lowest minimum, green: 3rd lowest minimum)

For all tested extents the same global minimum at a thickness of t = 132 nm and dislo-
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cation depth of d = 55 nm is identified. Even better MSE values are observed for an spatial
extent of 41 nm. Probably, spatial variations of the specimen properties like the observed
thickness gradient in this specimen area or the influence of dislocation D as discussed in
the main text cause stronger deviations from the calculated data. Also the discrimination
between the global minimum and the other minima is stronger in the cases of 41 nm and
61 nm extent. For smaller spatial extents the MSE value at the global minimum as well as
the MSE difference to the second lowest minimum worsens, however even for 11 nm extent
the second lowest minimum exhibits an MSE value which is still ≈ 25% larger than the value
of the optimum.

Overall the described method behaves fairly robust even for spatial region of small extent.
However, the required spatial extents for a robust 3D dislocation classification will ultimately
depend on the systematic row, the material, and also the thickness, as the features of
the (q, x)-plot will become less distinct for thicker specimen, which can be already seen
comparing the datasets for dislocation A and B in the main text.
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SUPPLEMENTARY NOTE 4: COMPUTATIONAL DEMANDS

The calculation time for the simulation of the Ig(x,−k; t, d) intensity arrays described in
the methods section of the main text asymptotically scales with O(Nx ×Nk × (tmax/tstep)×
Nd × N2

g ), where Nx is the number of positions, Nq is the number of lateral wave vectors,
and Nd is the number of dislocation depths probed. The number of beams Ng will even
enter quadratically, however can be hardly compromised for accuracy reasons. Furthermore
tmax is the maximal thickness included in the simulation and tstep the step size. Separate
simulations have to be done for each Burgers vector and dislocation line direction in question,
except where the cases are identical due to crystal symmetry. However, often the number of
possible (non crystal-symmetric) cases of Burgers vectors is quite small (e.g. 2 for dislocation
A, 3 for dislocation B).

We performed the calculations on a desktop workstation equipped with a single AMD
Ryzen 9 3900X 12-core processor and 32 GB of RAM. The simulation is CPU limited and
runs parallel on the 12 cores. The propagation of the Darwin-Howie-Whelan equations is a
very efficient simulation compared to e.g. multislice calculations: the simulation used to find
the depth of dislocation A in the main text required 812 seconds with Nx = 100, Nk = 321,

Nd = 41, Ng = 11, tmax = 200 nm, and tstep = 0.1 nm (for a single Burgers vector). The
simulation for a single Burgers vector in the Aluminum case described above required a
similar time of 913 seconds with Nx = 50, Nk = 241, Nd = 61, Ng = 9, tmax = 300 nm, and
tstep = 0.1 nm.
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SUPPLEMENTARY FIGURES

500 nm

sapphire
substrate

GaN-film

vacuum

Supplementary Figure 5. Large area specimen overview. Annular dark field image with
20 mrad to 103mrad detection angle, obtained along the [0110] zone axis: Overview of specimen.
The sapphire substrate is visible to the left hand side. The region investigated in the main text is
marked by the white rectangle.

10



Reciprocal coordinate, q (nm-1)
Po

si
ti

o
n
, 
x
 (

n
m

)
Depth, d (nm)

T
h
ic

kn
e
ss

, 
t 

(n
m

)

Reciprocal coordinate, q (nm-1)

Po
si

ti
o
n
, 
x
 (

n
m

)

(2110)(2110) (0000)

a Experiment b Calculation c Mean squared error
(2110)(2110) (0000)

Supplementary Figure 6. Comparison of (x, q)-planes for dislocation B under (2110)-
systematic row condition: a Experimental intensities (repeated data from Fig. 3a of the main
text for convenience), b Simulated intensities for a thickness of t = 137nm, a depth of the disloca-
tion core of d = 105 nm, an incident beam tilt of τ = 0.51mrad, a Burgers vector of b = 1

3 [2110],
and a line vector parallel to [14 7 7 15], c Mean squared error map between experimental and cal-
culated intensities for different values of specimen thickness t and dislocation depth d; uncolored
points indicate untested points or diverged fits, white cross labels parameters used in b. In com-
parison to Fig. 3 of the main text and Supplementary Fig. 7 the achievable mean squared errors
are significantly larger for all thicknesses and depths.
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Supplementary Figure 7. Comparison of (x, q)-planes for dislocation B under (2110)-
systematic row condition: a Experimental intensities (repeated data from Fig. 3a of the main
text for convenience), b Simulated intensities for a thickness of t = 172nm, a depth of the disloca-
tion core of d = 90 nm, an incident beam tilt of τ = 0.81mrad, a Burgers vector of b = 1

3 [1120], and
a line vector parallel to [14 7 7 15] (optimal parameter set for this Burgers vector), c Mean squared
error map between experimental and calculated intensities for different values of specimen thickness
t and dislocation depth d (uncolored points indicate untested points or diverged fits, white cross
labels parameters used in b).
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a Dislocation A: MSE for depth d = 55 nm

c Dislocation B: MSE for depth d = 85 nm

b Dislocation A: MSE for thickness t = 132 nm

d Dislocation B: MSE for thickness t = 172 nm

Supplementary Figure 8. Profiles of the mean squared error (MSE) between experimental
and calculated intensities. a Dislocation A: MSE for different values of specimen thickness t

and for a constant value of dislocation depth d = 55 nm used in the simulation. b Dislocation A:
MSE for different values of dislocation depth d and for a constant thickness t = 132 nm used in the
simulation. c Dislocation B: MSE for different values of specimen thickness t and for a constant
value of dislocation depth d = 85 nm used in the simulation. d Dislocation B: MSE for different
values of dislocation depth d and for a constant thickness t = 172 nm used in the simulation. For
a full MSE map see Fig. 2c of the main text for dislocation A and Fig. 3c of the main text for
dislocation B.
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Supplementary Figure 9. Calculated elastic convergent beam electron diffraction patterns
of unstrained GaN. a Incident beam tilt of τ = 5.1 mrad (cf. Fig. 2a of the main text for
x ≈ −40 nm), b Incident beam tilt of τ = 3.1 mrad (cf. Fig. 2b of the main text for x ≈ +40 nm).
The CBED patterns have been simulated by the Bloch wave method for a specimen thickness of
t = 132 nm. In contrast to the calculated data shown in the main text, these pattern are not
convoluted by the modulation transfer function of the detector, nor an empirical background was
added to them.
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