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Three-Dimensional Atomic-Scale Tomography of Buried

Semiconductor Heterointerfaces

Sebastian Koelling,* Lucas E. A. Stehouwer, Brian Paquelet Wuetz, Giordano Scappucci,

and Oussama Moutanabbir

Atom probes generate three-dimensional atomic-scale tomographies of material
volumes corresponding to the size of modern-day solid-state devices. Here, the
capabilities of atom probe tomography are evaluated to analyze buried inter-
faces in semiconductor heterostructures relevant for electronic and quantum
devices. Employing brute-force search, the current dominant reconstruction

yields two-dimensional projections and
hence does not resolve the third dimen-
sion of the interface.

Atom probe tomography (APT) with its
capability of imaging the local chemistry
in three-dimensions at the near atomic
scale is a prime candidate for achieving

protocol to generate tomographic three-dimensional images from Atom Probe
data is advanced to its limits. Using Si/SiGe heterostructure for qubits as a
model system, the authors show that it is possible to extract interface proper-
ties like roughness and width that agree with transmission electron microscopy
observations on the sub-nanometer scale in an automated and highly reproduc-
ible manner. The demonstrated approach is a versatile method for atomic-scale
characterization of buried interfaces in semiconductor heterostructures.

1. Introduction

The properties of interfaces are known to have a signifi-
cant influence on the performance of optical, electrical, and
quantum devices.' In his Nobel acceptance speech 20 years
ago, Herbert Kroemer famously noted, the interface is the
device,®! an insight that prevailed."!

Characterizing buried interfaces in heterostructures at the
sub-nanometer scales relevant for the current generation of
nanodevices is challenging. Widely used techniques for atomic-
scale imaging like scanning probe microscopy and electron
microscopy can typically not tackle this issue.®B'!l The former
is restricted to the imaging of surfaces and the latter typically
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atomic-scale characterization of buried
interfaces.”®  However, limitations
arising from the comparatively simple
algorithms to reconstruct APT data are
known to cause significant aberrations
near interfaces, limiting accuracy.!216-18]

One way to address this issue is to
improve APT data reconstruction using
simulations or calibrations from electron
tomography.'”?%  Both approaches are
however time consuming and rely on information not readily
available from an APT analysis.

Here, we propose an alternative approach. Instead of trying
to correctly reconstruct the entire volume analyzed in the
tomography, we develop a protocol that allows us to choose a
set of reconstruction parameters for one interface at a time by
combining brute force search with a simple, standard recon-
struction algorithm® from data exclusively acquired during
APT. We present a fully automated process that is highly repro-
ducible and enables us to characterize interface widths and
roughness on a sub-nanometer scale.

2. Buried Interfaces and the Hemispherical
Constraint in APT Data Reconstruction

The issue typically faced during the analysis of buried interface
in APT is highlighted in Figure 1.

Figure 1a shows a transmission electron microscopy (TEM)
image of a strained silicon quantum well (QW) sandwiched
between two SiggGes, layers. This heterostructure is developed
for spin qubits in gate-defined quantum dots and nanosheet
transistors.>?! For both technologies, sharp and reproducible
interfaces are of utmost importance: in the quantum bit to
achieve uniform valley splitting and hence to enable a scalable
technology for quantum processors and in the transistors to
allow for the controlled formation of nanosheets.32?!

The heterostructure for qubits can readily be analyzed using
APT as shown in Figure 1b—e. Unfortunately, the standard
data reconstruction method, which models the measurement
as an azimuthal projection®’ from a hemisphere onto the
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Figure 1. a) TEM image and b—e) APT reconstructions of the same SiGe/Si QW structure. All APT reconstructions are from the exact same raw data set.
They are reconstructed using different image compression factors (icf) and tip-cap ratios (tcr) as defined in reference [12] and shown in Figure S1 (Sup-
porting Information). Isoconcentration surfaces of 83% Si are highlighted with red dashed lines for convenience. For (b) and (c), the top interface of the
QW is flat and the bottom interface is curved, while for (d) and (e), the bottom interface is flat, and the top interface is curved. The TEM image shows
that both interfaces of the QW are flat. Note, that the overall dimensions of the reconstructed volumes change even when one interface flat is kept flat.

detector,'>1%l does not allow for a satisfying reconstruction of
the interfaces. As shown in Figure 1 and explained in detail
in Figure S1 (Supporting Information), moving the projec-
tion point (via the image compression factor parameter)'? or
changing the radius of the hemisphere (via the tip-cap ratio
parameter)? either results in a flat top but curved bottom
interfaces (Figure 1b,c) or a flat bottom but curved top inter-
face (Figure 1d,e). This is contradicting TEM measurements
(Figure 1a). Furthermore, the width and length of the recon-
structed volume (and hence the measured width of, e.g.,
the QW) can be changed in conjunction with both a flat top
(Figure 1b,c) or bottom interface (Figure 1d,e).

The fact that the top and bottom interfaces do not appear
simultaneously flat in the same reconstruction using the same
reconstruction parameters is not surprising. APT measure-
ments progress by removing single ions from a tip-shaped
specimen with a radius of 10-100 nm using field evaporation.['
The ions are projected onto a single ion detector of several cen-
timeters in diameter, magnifying the two-dimensional surface
of the tip by approximately a factor of 10°.2l However, the third
dimension, the depth coordinate of each ion is not measured
but instead inferred from the arrival sequence. The previously
mentioned assumption of the tip possessing a hemispherical
cap is however known to be invalid during the analysis of an
interface.l”18]

It has been shown theoretically that the hemispherical con-
straint imposed by the data reconstruction limits the accuracy
of APT,228] particularly near interfaces.®! In practice, the pro-
gression of the hemispherical radius used in the reconstruction
is assumed to be directly related to the progression of the tip
width via the tcr. The tip width can, for example, be measured
by scanning electron microscopy (SEM) as done in this work
for the sample shown in Figure 1 and all others shown in the
Supporting Information.

Unfortunately, simulations show that the effective radius of
the tip’s hemisphere changes notably when the analysis pro-
gresses through an interface leading to a distortion of the field
of view.'8 In particular, the field of view is constricted when
going from a material that needs a high(er) electric field to be
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field-evaporated to a material that needs a low(er) electric field
and is widened in the opposite case (low-to-high evaporation
field).

We will show that this effect is captured by the protocol
introduced here. It is noteworthy that simulations of APT
measurements are challenging and time consuming,['>1819 that
the construction of the input volume for the simulation from
the measured APT data is not trivial and that effects relevant
for practical APT analyses like the impact of the laser pulse on
field evaporation and the formation of complex ions are not yet
captured by simulations.[*’~?% As a result, it is typically not pos-
sible to truly reproduce an APT analysis via a simulation.

As stated above, we postulate that it is possible to obtain
an accurate representation of the interface using the standard
reconstruction by focusing on getting a correct reconstruction
for one interface, and its immediate vicinity, at a time. Effec-
tively, we aim to correctly reconstruct the distorted (either
constricted or widened) interface shown in reference [18]
in Figure 5 and ignore the effects this has on the rest of the
reconstructed data set. As shown in reference [18], the constric-
tion/widening of the field of view around the interface builds
up over a length/depth of several 10 nm in simulated data. As
epitaxial interfaces are typically only =1 nm wide, it is reason-
able to expect that the interface itself and its immediate vicinity
can be reconstructed with only small aberrations. Indeed, we
will be able to show when the image of the interface extracted
from such a reconstruction is close to a faithful representation
of the real interface and when it is dominated by aberrations
induced by the reconstruction. Note that the process presented
here can be applied to smooth interfaces of any width; however,
we are not aware of simulation results for wider interfaces. As
a result, we cannot predict if our postulate that a local optimi-
zation results in a faithful representation of the entire inter-
face can hold as the interfaces’ width increases beyond a few
nanometers.

The process has four steps. First, sets of reconstruction
parameters resulting in the steepest possible interfaces are
identified. Second, the interfaces in these reconstructions are
mapped. Third, the radial symmetry in the interface maps is
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evaluated. Fourth, the interface that shows the lowest radial
symmetry of all the steepest interfaces is deemed to be the best
choice.

3. Finding the Steepest Interfaces in the APT
Reconstruction Data Space

As indicated in Figure 1, choosing nonoptimal reconstruction
parameters leads to an artificial bending of the interface in the
reconstructed volume. As a result, in a one-dimensional pro-
file along the axis perpendicular to the interface, the interface
will broaden. It is thus straightforward to postulate that, for a
typical epitaxial interface that is at most a few nm wide, the
optimal reconstruction parameters are the ones that lead to the
sharpest interface along the perpendicular axis.

It is shown in Figure 2 and Figures S2—S4 (Supporting Infor-
mation) that for the standard reconstruction algorithm used
in this work,121] this postulate can be considered a necessary
criterion for finding a good interface, but it is not sufficient to
select a single best reconstruction of any given interface. When
looking at one interface at a time and fixing the tcr, one can
always find an icf leading to a steepest interface and vice versa.

The process used to create Figure 2 and Figures S2—S4 (Sup-
porting Information) includes four steps. First, reconstruction
parameters are found that align the normal of the interface
with the z-axis. Second, the volume is reconstructed for a fixed
tcr parameter while varying the icf. The steepness of the inter-
face is evaluated for each reconstruction by fitting a sigmoid
function using the approach introduced in reference [30]. This
process is repeated for as long as the current interface width
is smaller than a given threshold (e.g., less than 150%) of the
smallest width found so far. Third, the tcr parameter is changed
and the process is repeated until the list of all tcrs is exhausted.
Fourth, the process is repeated for the entire list of tcrs on the
next interface.

a)
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The first step in the process is carried out by reconstructing
the APT data set using standard parameters (for a LEAP
system: icf = 1.65, tcr = 1, and the radius evolution deducted
from a SEM image of the tip) and a zero-degree angle for both
tilt angles of the tip.'¥! The interface is then constructed using
the approach described in the next section. The best fit plane
through the interface is calculated and the angles between the
normal of the interface and the depth/z-axis are found. These
angles are utilized to define the alignment between the tip and
the detector in the standard reconstruction protocol?'®l and
ensure that all subsequent reconstructions have the normal
of the interface well aligned with the z-axis by default and as
a result have a one-dimensional profile along the z-axis that is
perpendicular to the interface.

The second step in the process is the brute force step for
finding the optimal icf at fixed tcr. As in the first step, a set
of initial parameters is chosen, and the APT data are recon-
structed based on this choice and the tilt angles extracted in
the first step. A one-dimensional profile of the data is calcu-
lated by standard methods'? and a generalized sigmoid/expit
function:

S(2)= " +b 0
(1+e ’ ]

where h is the height of the interface (the concentration dif-
ference), b is the base concentration (the concentration on the
side with lower z coordinate), z, is the center position of the
interface, and 7 is a measure for the interface width—is fitted
to the interface of interest. The interface width is defined as
47.3% This is the 12-88 width of the interface, meaning the
distance it takes to go from 12% to 88% of the concentra-
tion difference (h) in s(z). The 47 interface width is divided
by the overall length of the reconstructed volume (L) and as
such used as a measure for the interface width. The process

b) 0.07

— tcr=0.89
—ter=0.91
— ter=0.93
— tcr=0.95
0.061 _ tcr=0.97
tcr=0.99
tcr=1.00
ter=1.01
0.05 ter=1.03
— ter=1.05
— ter=1.07
— ter=1.09

0.04

0.03

bottom interface width/full length

0.02

1.4 15 16 17 18 19 20
icf

14 15 16 1.7 18 19 20
icf

Figure 2. a) Top and b) bottom interface width of the QW shown in Figure 1 as a function of tcr and icf. The width of the interfaces is shown relative
to the length of the overall volume to account for the different overall length of the various reconstructions (see Figure 1). The icf is changed in steps
of 0.02 and to within the error of the method, both interfaces can reach the same width for any given tcr.
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is then repeated for the next reconstruction of the same APT
data using a different icf until the measure of the interface
width in the current reconstruction (47/L) is wider than the
steepest/thinnest interface found in all previous reconstruc-
tions multiplied by some threshold value (the threshold is
1.5 and the icf is changed by +0.02 after every fitting step to
generate Figure 2). Once the threshold is reached, the process
is repeated by lowering the icf starting from the initial value
(in steps if 0.02 in Figure 2) until the threshold is reached a
second time. This maps out the curve for one tcr shown in
Figure 2. Note, that this process relies on the fact that mini-
mizing the measure of the interface width as a function of the
icf is a convex optimization problem and hence the search can
be sped up by using, for example, Newton’s method or Gra-
dient descent.}!

In the third step, the entire process in step two is repeated
for a list of tcr values, creating all the curves for one interface as
shown in Figure 2a.

The fourth and final step is to repeat both steps 2 and 3 for
all parallel interfaces of interest in the reconstructed volume
creating the data shown in Figure 2a,b.

The process described in this section identifies several
potential sets of reconstruction parameters for each interface.
The parameters can be selected from the data in Figure 2, for
example, by using the steepest/thinnest interface for each tcr.
To find the most accurate representation of each interface, the
interface is mapped out in the following step and then a second
selection criterion is introduced.
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4. Constructing an Interface from APT Data

Deciding which of the sets of reconstruction parameters
selected in the previous step results in the most accurate inter-
face mapping, requires creating a detailed map of the interface.
The map is generated in three steps, as illustrated in Figure 3.

First, using the reconstructions and the analyses from the
previous section, the immediate vicinity of the interface is
filtered from the APT data set. For this work, we filter along
the z-/depth axis using the interface position and two to three
times the (417) interface width on both sides to create the inter-
face volume. Figure 3a shows a filtered volume. For illustrative
purposes, we chose a cube-shaped volume with a much longer
z-extend than usual.

Second, a Voronoi tessellation®>% is calculated from the
point data within the interface volume as shown in Figure 3b.
For all subsequent steps, the Voronoi tessellated data are used.
The tessellation can be viewed as a smoothing operation that
“spreads out” the detected ions to a finite volume rather than
representing them as zero-dimensional points. Effectively, each
point associated with an ion is replaced by a three-dimensional
polyhedron enclosing the volume that is closer to this par-
ticular ion than any other ion in the reconstructed analysis
data. Figure 3b shows the Voronoi tessellation of the point
set in Figure 3a; the insets in both Figure 3a,b highlight the
differences.

Third, a grid is defined in the plane perpendicular to the
filter in step one. In this work, this is always the x,y-plane as

c)

Figure 3. a) Interface construction from a set of points (represented as small spheres). b) A Voronoi tessellation is calculated and c) an x,y-grid is
dividing the volume in cells of 3 X 3 nm spaced 1 nm apart. d) For each cell, an elemental profile is generated based on the Voronoi tessellation and
fitted using a sigmoid function. e,f) The inflection points of the sigmoid functions can then be used to represent the position of the interface at the
center-position of each 3 x 3 nm cell.
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shown in Figure 3c. For each cell of the grid, a profile along
the z-axis is created based on the Voronoi tessellation and fitted
using the sigmoid function as discussed above.*”! The set of
sigmoid functions is used to represent the interface and cal-
culate the interface positions. We find that we can use cells as
small as 3 x 3 nm? in the x,y-plane and still have all fits reliably
converge to the resulting profiles using the Levenberg—Mar-
quardt algorithm.?*3%] The data set shown in Figure 3 is split
into 3 x 3 nm? cells spaced 1 nm apart and thus partially over-
lapping to create the map shown in Figure 3e,f. This results in
36 x 36 profiles and hence 1296 fit functions for the Germa-
nium profiles that represent the interface. Figure 3d exemplary
shows two of the profiles and the respective sigmoid fits. The
maps in Figure 3e,f are generated by mapping the inflection
point of the sigmoid function for each cell.

Note, that profiles in the Voronoi tessellation are generated
by creating cuts along the z-axis every 0.03 nm and use all ions
whose associated polyhedron is in contact with the cut plane to
calculate the concentration at the particular z-coordinate (i.e.,
depth).

5. Finding the Interface with the Lowest
Reconstruction Aberrations

In order to find the interface that is the least distorted by the
standard APT reconstruction utilized here, we make use of the
cylindrical symmetry that the standard reconstruction imposes
on the measured data.l'®! As a result, aberrations introduced by
the reconstruction in a plane perpendicular to the z-axis, like the
interfaces mapped in the previous section, show circular sym-
metry. Note, that there is no reason for the underlying mate-
rial to show any symmetric features with respect to the position
that was arbitrarily chosen to be the middle of the reconstructed
data set during the tip preparation and the APT measurement
process. Furthermore, it is important to realize that the focus
on circular symmetries limits the application of this part of
our process to interfaces imaged such that their normal axis is
closely aligned with the tip axis. For interfaces with a different
alignment, other symmetries would be expected.

We use the Fourier—Bessel transform, also known as the
zero-order Hankel transform,B3%l to decompose the interface
maps into spherical waves around the middle of the recon-
struction. The interface map with the lowest spectral density
between 0 and Inm™! in this decomposition is the interface
with the lowest spectral power density in radial waves with
wavelength of more than 1 nm in real space. We postulate that
this interface is the least affected by reconstruction artifacts and
hence the optimal interface to use to characterize the under-
lying material, the sharpest interface with the least distortions
introduced by the reconstruction.

Figure 4 exhibits the evaluation of interfaces for the data set
shown in Figures 1 and 2. Additional results are outlined in Fig-
ures S5-S8 (Supporting Information). Note, that in agreement
with simulations, 'l the reconstructed top interface has a wider
field of view (67 nm) than the reconstructed bottom interface
(64 nm).

Each of the 12 interfaces, selected as the steepest from each
of the 12 convex tcr curves in Figure 2, is mapped four times

Adv. Mater. Interfaces 2022, 2201189 2201189 (5 of 10)
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using the algorithm described in the previous section with dif-
ferent cell sizes and step width. For each of the four selected
sets of mapping parameters, the interfaces are ranked from the
lowest spectral density (best interface) to the highest spectral
density (worst interface). Figure 4a,d shows the ranking results
for the top (4a) and bottom (4d) interface of the QW.

While the ranking is not the same for each choice of param-
eters, there are clearly interface maps that consistently rank
high and others that consistently rank low for the maps of both
top and bottom interface. This is in-spite of the fact that even
the maps for the best (Figure 4e) and worst bottom interfaces
(Figure 4f) look alike to the eye. The average RMS roughness
for all 12 of the sharpest top and bottom interfaces at a fixed tcr
and the respective standard deviations evaluated using cells of
3x 3nm?and a 1 nm step, a cell of 3 X 3 nm? and a 2 nm step,
a cell of 4 x 4 nm? and 1 nm step, a cell of 4 X 4 nm? and 2 nm
step in the interface mapping procedure is shown in Table 1,
row 1.

The standard deviation between different interfaces char-
acterized with the same parameters is 10 pm or less and the
observed change between difference choices for the cell size
and step results is also on the order of a few 10 pm.

The data in Figure 4e,f clearly show that the map of the
bottom interface is dominated by radial features and hence by
aberrations caused by reconstruction artifacts. For the interface
maps of the top interface shown in Figure 4b,c, radial features
are not dominant but rather localized near the edge of the field
of view. We can think of two reasons to explain the discrepancy.

First, the top interface is imaged when going from a low evap-
oration field to a high-evaporation field material (see Figure 5b
in reference [18]), while the opposite is true for the bottom
interface (see Figure 5a in reference [18]). It is possible that arti-
facts are more pronounced in the second case. Second, the QW
is only 6-7 nm wide and the top layer is hence still present on
the apex of the tip when the bottom interface enters the field of
view. The simulations shown in reference [18] indicate that the
field of view during the measurement changes for a few 10 nm
around the interfaces. This means that it takes a few 10 nm of
material evaporation for the tip analyzed in APT to find a steady
shape after passing through an interface. It is hence likely that
the tip does not revert to its steady shape before passing the
bottom interface causing additional distortions.

High-angle annular dark-field scanning-TEM (HAADF-
STEM) images of the QW show an interface width of =0.7 nm
for the top and 0.8 nm for the bottom interface. The APT
reconstructions shown in Figure 4b,e have an interface width
of 1.3 nm for the top and 1.1 nm for the bottom interface. We
expect the STEM images to be reliable both in terms of the rela-
tive widths of the interfaces and the absolute interface width on
the scale of the TEM lamella thickness (=50 nm).%

Two issues are hence apparent: first, the interfaces appear
wider in APT than in HAADF-STEM and second, the top inter-
face appears wider than the bottom interface, which is the
opposite of the HAADF-STEM result. We address these two
issues in the following.

Artificially limiting the field-of-view (FoV) and a density cor-
rection along the z-axis can both alleviate the radial features
visible on the bottom interface and create a qualitative agree-
ment with HAADF-STEM, as shown in reference [30]. As the
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Figure 4. Evaluation of: a—c) the top and e,f) bottom interface maps of the data set in Figures 1 and 2. a,d) The ranking shows the best of the 12 inter-
faces selected from Figure 2 on the left and the worst on the right. Each interface is mapped four times with a different cell sizes and step width and
four rankings are generated using the power spectral density of the Fourier—Bessel transform. The reproducibility of the ranking is shown in (a) and
(d). The best interface is the one with the smallest average rank and its map is shown in (b, top) and (e, bottom). The worst interface is the one with
the largest average rank and its map is shown in (c, top) and (f, bottom). For each interface, the implied field of view is indicated. The differences in
field of view between top and bottom interface agree with expectations from simulations.']
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Figure 5. Evaluation of: a—c) the top and e,f) bottom interface maps of the data set in Figures 1 and 2 when using only the inner 4 cm of the detector
and rescaling the depth axis based on density.’% a,d) The ranking shows the best of the 12 interfaces selected from Figure 2 on the left and the
worst on the right. Each interface is mapped four times with a different cell sizes and step width and four rankings are generated using the power
spectral density of the Fourier-Bessel transform. The reproducibility of the ranking is shown in (a) and (d). The best/worst interface is the one with
the smallest/largest average rank and its map is shown in (b/c, top) and (e/f, bottom). For each interface, the implied field of view is indicated. The
differences between top and bottom interface agree with expectations from simulations.l"®l
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Table 1. Results for the RMS roughness and interface width found for the different sets of samples discussed in the manuscript showing both the in-
between reconstructions of the same sample variations (rows 1, 3, 5) and the in-between APT analyses on the same sample variations (rows 2, 4, 6).
The roughness is calculated for all four parameter sets used for the interface construction shown in Figures 4 and 5 and Figures S4-S17 (Supporting

Information).

Evaluation RMS roughness Interface width
Top Bottom Top Bottom
6 cm detector: 3x3,1 0.151 £ 0.004 nm 0.171£0.007 nm 1.30 £ 0.04 nm 1.10£0.03 nm
12 steepest interfaces of 3x3,2 0.150 4 0.010 nm 0.169 + 0.008 nm
optimization step in Figure 2
(in-between APT reconstruction 4x4,1 0.130 £0.005 nm 0.162 £0.008 nm
variations) 4x4,2 0.131+0.005 nm 0.161£0.008 nm
6 cm detector: 3x3,1 0.151+£0.012 nm 0.154 £ 0.009 nm 1.29+£0.08 nm 1.08 £ 0.02 nm
Five interfaces of Figure 4 and 3x3,2 0.151+0.011 nm 0.154+0.009 nm
Figures S4-S7 (Supporting
Information) (in-between 4x4,1 0.130 +0.011 nm 0.1310.007 nm
measurement variation) 4%4,2 0.130 £0.010 nm 0.132 +£0.009 nm
4 cm detector: 3x3,1 0.089 £ 0.007 nm 0.087 £ 0.003 nm 1.01+0.03 nm 0.71+£0.02 nm
12 steepest interfaces of optimi- 3x3,2 0.086 +0.008 nm 0.087 % 0.003 nm
zation step in Figure S2 (Sup-
porting Information) (in-between 4x4,1 0.069 0.007 nm 0.070 £ 0.002 nm
APT reconstruction variations) 4x4,2 0.068 +0.008 nm 0.068 +0.003 nm
4 cm detector: 3x3,1 0.081£0.003 nm 0.086 = 0.008 nm 1.00 £ 0.06 nm 0.71£0.03 nm
Five interfaces of Figures S8-S11 3%3.2 0.081 +0.002 nm 0.085 + 0.007 nm
(Supporting Information) '
(in-between measurement 4x4,1 0.061+0.001 nm 0.068 +0.009 nm
variation) 4x4,2 0.060 £ 0.003 nm 0.067 £0.008 nm
4 cm detector, density corrected: 3x3,1 0.100 +0.003 nm 0.097 £ 0.006 nm 0.70 £ 0.03 nm 1.02+£0.04 nm
12 steepest interfaces of Figure 3x3,2 0.096 + 0.005 nm 0.097 +0.006 nm
S3 (Supporting Information)
(in-between APT reconstruction 4x4,1 0.072 £ 0.005 nm 0.084 £ 0.006 nm
variations) 4x4,2 0.071+0.005 nm 0.081+0.007 nm
4 cm detector, density corrected: 3x3,1 0.096 +0.018 nm 0.088 £0.010 nm 0.67+£0.03 nm 1.03+0.03 nm
Five interfaces of 3x3,2 0.081+0.009 nm 0.086 +0.011 nm
Figures S12-S16 (Supporting
Information) (in-between 4x4,1 0.059 +0.006 nm 0.064 £ 0.008 nm
measurement variation) 4x4,2 0.061+0.005 nm 0.063 £0.006 nm

interface fitting and construction method introduced above is
derived from the method introduced in reference [30], we can
use the same method to rescale the depth-/z-axis and correct
for the density variations to first order on a limited field of view
and redo the entire analysis.

The effect on the interface mapping created by limiting the
FoV using a virtual detector size to 4 cm is shown in Figures S3,
S9-S13 (Supporting Information). The effect of the density
correction on this limited FoV data set is shown in Figure 5 and
Figures S4, S14-S17 (Supporting Information). All measures
for the interface width and the roughness resulting from these
analyses are summarized in Table 1.

Figure S18 (Supporting Information) shows the measured
interface width as a function of the detector size. In agree-
ment with the previous work,*% a reduction of the FoV to about
half the detector radius results in matching interface widths
between APT and HAADF-STEM. This shows that up to 75%
of the data set acquired in APT cannot be reconstructed with
sufficient accuracy to characterize buried interfaces on an Ang-
strom scale due to the limitations of the standard reconstruc-
tion algorithm even when resorting to a local reconstruction of
the volumes near the interfaces.

Adv. Mater. Interfaces 2022, 2201189 2201189 (8 of 10)

Table 1 highlights the reproducibility of the method. With the
measured, the interface width having errors of significantly less
than 0.1 nm and the measured RMS roughness having errors
of around 0.01 nm or less both when comparing the result of
different measurement and different reconstructions.

6. Conclusions

We have introduced a new, fully automated process to char-
acterize buried interfaces in a highly reproducible manner by
systematically reducing APT-related artifacts. It is based on
the idea that aberrations caused by the algorithm used to con-
struct the tomography volumel'2131626 can be overcome or at
least decreased by focusing on creating a tomography of only
the interface and its immediate vicinity using a brute force
approach and two rating criteria to select the best image of the
interface.

The process progresses in four steps. First, the normal of the
interface is aligned with the z-/depth axis of the reconstructed
volume. Second, brute force is used to find the set of reconstruc-
tion parameters that result in the steepest possible interfaces,
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the first criterion. Third, the interfaces in these reconstructions
are mapped using a Voronoi tessellation of the acquired point
data. Fourth, the radial symmetry in the interface maps is eval-
uated. The interface that shows the lowest radial symmetry of
all the steepest interfaces is deemed to be the best choice, the
second criterion.

As shown in Table 1, the process results in highly reproduc-
ible characteristics for the roughness—showing errors on the
orders of 10 pm both within and between samples—and the
width of each interface—showing errors on the sub Angstrom
scale—even when the interface maps are dominated by aberra-
tions related to the data reconstruction. Note, that this implies,
that the aberrations are systematic errors that can potentially be
corrected by a more advanced reconstruction algorithm. By arti-
ficially limiting the field of view of the measurement, we can
sort out the aberrations and find consistent results when com-
paring APT and HAADF-STEM imaging, in agreement with
the previous work.[¥!

The framework introduced here is flexible and can readily
be applied to APT data sets that image a suitably aligned inter-
face. The sigmoid function used to fit the interface can be
replaced with other step functions. Furthermore, delta layers!*”
or multiquantum wells®® can be analyzed using double or
multisigmoid functions or other multistep functions, respec-
tively. The power spectral density of the Fourier—Bessel trans-
formation employed here to evaluate the symmetries of each
interface map is only one of a number of potential evaluations
that can be done to find the “best” of the interfaces selected
from Figure 2. Reisfeld’s generalized symmetry transform®
and the fast radial symmetry transform! are two other poten-
tial candidates allowing for a similar evaluation that can be used
to supplement or support the evaluation criterion chosen here.
The generalized symmetry transform in particular may allow
to evaluate interfaces that are not perpendicular to the z-/depth
axis by enabling the search for nonradial symmetries.?*! Fur-
thermore, the local reconstruction/brute force/rating approach
for interfaces can readily be applied to new data reconstruction
algorithms currently in development.[!8-2024

7. Experimental Section

Atom Probe Tomography: Samples for APT were prepared in a FEI
Helios Nanolab 660 dual-beam scanning electron microscope using
a gallium-focused ion beam at 30, 16, and 5 kV. A 150-200 nm thick
chromium capping layer was deposited on the sample via thermal
evaporation before FIB irradiation to minimize the implantation of
gallium ions into the region of interest. APT was carried out in a LEAP
5000XS tool from Cameca. The system utilizes a picosecond laser to
generate pulses at a wavelength of 355 nm. For the analysis, all samples
were cooled to a temperature of 25 K. The experimental data were
collected at a laser pulse rate of 200-500 kHz at a laser power of 8-10 p).

Data Treatment: For the Voronoi tessellation, the reconstructed data
sets were exported to Python 3.9.2 and then tessellated using the scipy.
spatial.Voronoi class of SciPy 1.6.2. Profiles were fitted using the scipy.
optimize.curve_fit class of SciPy 1.6.2.

Si/SiGe Heterostructure Growth: The Si/SiGe heterostructures were
grown on a 100-mm n-type Si(001) substrate using an Epsilon 2000
(ASMI)-reduced pressure chemical vapor deposition reactor equipped
with a Silane gas cylinder (1% dilution in H,). The Sij;Ge 3 strain-relaxed
buffer below the quantum well was grown at a temperature of 625 °C,
followed by growth interruption and quantum well growth at 750 °C.
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