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ARTICLE INFO ABSTRACT

Keywords: We present an electron tomography method for the comprehensive characterization of buried III-V semi-

Electron tomography conductor interfaces that is based on chemical-sensitive high-angle annular dark-field scanning transmission

ﬁ‘terf}"l’ce electron microscopy. For this purpose, an (Al,Ga)As/GaAs multi-layer system grown by molecular beam epitaxy
oughness

is used as a case study. Isoconcentration surfaces are exploited to obtain topographic height maps of 120 nm x
120 nm area, revealing the interface morphology. By applying the height-height correlation function, we are able
to determine important interface properties like root mean square roughness and lateral correlation length of
various interfaces of the (Al,Ga)As/GaAs system characterized by different Al concentrations. Height-difference
maps based on isosurfaces corresponding to 30% and 70% of the total compositional difference at the interfaces
are used to create topographic maps of the interface width and to calculate an average interface width. This
methodology proves differences in the properties of direct and inverted interfaces and allows the observation of

Interface width
Correlation length
1II-V semiconductor

interfacial anisotropies.

1. Introduction

Most modern III-V heterostructure devices require a high level of
control over the quality of their interfaces due to the large impact on
many physical properties like, for example, the electron mobility in
quantum wells [1] or the tunneling behavior in sophisticated hetero-
structures such as quantum cascade lasers [2]. For this reason, an
extensive analysis is necessary to understand the relation between
structure and functionality of interfaces more precisely [3] and thus
enable the development of novel semiconductor devices [4].

In general, planar semiconductor heterostructure interfaces are
characterized by two fundamental properties: the morphological
roughness and the chemical disorder or intermixing. These properties
are typically described by the root mean square (RMS) value of the
roughness and the lateral and vertical correlation lengths as well as the
interface broadening, i.e., the chemical width of the interface [2,5].
Experimental tools to measure these quantities in the case of buried
interfaces are fairly limited. On the one hand, x-ray scattering methods
are able to deliver detailed information about surfaces and interfaces on
a large scale with low spatial resolution [6], and, on the other hand,
spatially resolved methods like cross-sectional scanning tunneling mi-
croscopy are used to observe local variations providing, however,
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two-dimensional (2D) images [7]. Conventional transmission electron
microscopy (TEM) allows to investigate interfaces in cross-sectional
samples down to the atomic limit [8]. Additionally, site-specific TEM
investigations are made possible by using a focused ion-beam (FIB)
preparation technique. TEM images are projections of the illuminated
sample, which inherently provide only partial information, which is
sometimes erroneous due to the missing depth information [9]. This fact
makes it generally challenging to investigate interfaces with roughness
variations on the length scale smaller than the foil thickness or to extract
any anisotropy.

Semiconductor interfaces must be considered as three-dimensional
(3D) objects since almost no real interface is atomically smooth and
chemically abrupt [5]. Consequently, tomographic methods should be
most appropriate to comprehensively characterize the 3D interface
property with respect to roughness and chemical intermixing. Never-
theless, there are very few studies on the tomography of semiconductor
interfaces in the literature. Most remarkable are the works on interfaces
in Si/SiGe multi-layer structures which are based on atom probe to-
mography combined with scanning (S)TEM observations [2,10,11].
These studies present quantitative results on interface profiles and the
3D roughness, including data on the lateral and vertical correlation
lengths at several successive interfaces. In the case of electron
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tomography at planar buried interfaces, the situation appears even more
rudimentary. Here, only investigations of ZrOy/In;Os interfaces by
energy-filtered TEM [12] or the study of SiO3/W interfaces based on
annular dark-field (ADF) STEM are available [13]. The latter work
suggests how chemically sensitive ADF STEM images can be used for
tomographic reconstruction of a III-V semiconductor heterostructure to
extensively characterize buried III-V interfaces.

In this contribution, an electron tomography method is developed
that allows differentiating between the morphological roughness and
the chemical intermixing of III-V semiconductor interfaces by evaluating
isoconcentration-surfaces in 3D space. The method enables a quantita-
tive and spatially resolved analysis of important interface parameters
like the root mean square (RMS) roughness value orys, the lateral cor-
relation length A, or the interface width W.

2. Material and methods
2.1. Sample growth and structure

A well-established AlyGa; xAs/GaAs multi-layer structure is used for
this case study to demonstrate the applicability of electron tomography
for the comprehensive characterization of a compound semiconductor
interface. The sample was intentionally grown for the TEM investigation
by molecular beam epitaxy on a GaAs (001) substrate. After the depo-
sition of a 200 nm thick GaAs buffer layer, a short-period superlattice
with alternating GaAs/Alg 25Gag 75As layers was grown for calibration
purposes. Then, the actual structure to be investigated by electron to-
mography was grown consisting of alternating 50 nm thick AlyGa;.xAs
and 25 nm thick GaAs layers, whereby the Al content was increased in
steps of x = 25% for the first three AlyGa; xAs layers and for the rest
increased in steps of 5% until pure AlAs was reached. The substrate
temperature was fixed at 600 °C, the V/III beam equivalent pressure
ratio at about 20, and the growth rate was 0.15 nm/s for all the layers. As
a result, a multi-layer structure has been manufactured that provides
various coherent interfaces as ideal objects for the tomography study.

A cross-sectional view of the complete microstructure is depicted in
Fig. 1a by showing a high-angle (HA)ADF STEM micrograph of a cross-
sectional lamella prepared by FIB. Using the HAADF imaging conditions
leads to the formation of a chemical-sensitive signal where the measured
intensity is proportional to the thickness as well as the atomic number of
atoms (Z-contrast) in the sample [14]. The HAADF STEM micrograph
demonstrates the increase in contrast for the various (Al,Ga)As layers
from bottom to top in accordance with the nominal concentration
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variation of the layers indicated by the schematic on the left in Fig. 1a.
On a closer inspection, the STEM micrograph already reveals the pres-
ence of a morphological roughness in the upper two GaAs-on-(Al,Ga)As
interfaces. In addition, an atomically resolved HAADF micrograph and
the corresponding intensity line profile of the interface, which is labeled
with a red arrow, are indicated in Fig. 1b and c, respectively. They show
that the interface has a rather large measured width of W = (5.3 +0.3)
nm applying for the evaluation the 10%-to-90%-criterion and a
sigmoidal fit which is commonly used to describe the profile of III-V
semiconductor interfaces [15]:

I(x) = 10/[1 +exp(%x>] @

where L = W/4.39 is a parameter for the interface width and Iy is the
change in intensity corresponding to the change in the composition of
AlyGaj xAs across the interface. The present large interface width,
together with the observed lateral roughness, distinguishes this sample
ideally as a case study.

2.2. Specimen preparation

For the electron tomography investigation, needle-shaped specimens
were prepared out of the compact multi-layer system with the needle
axis perpendicular to the surface by applying the site-specific FIB
preparation technique. For that purpose, a Jeol JIB-4501 dual-beam
(electron- and gallium-beam) microscope was used to perform a stan-
dard lift-out technique [16] with additional thinning steps to obtain a
needle-shaped specimen with a diameter of ca. 250 nm [17-19]. The
result of the final needle is shown in Fig. 2a.

The selected diameter of the tomography needle is a compromise
between achieving electron transparency and having a large probe
volume which, on the one hand, can be reconstructed and further
analyzed. On the other hand, the sample has to fulfill the projection
requirement for electron tomography, i.e., the intensity should be a
monotonic function of the physical property to be measured [20]. In
addition, a linear relationship would allow to quantitatively correlate
the intensity with the chemistry of the sample for a known thickness and
prevents non-linear effects like the cupping artifact [21]. With this in
mind, a wedge-shaped specimen of the same material was prepared
using FIB to verify the linear relationship. Fig. 2b shows two line profiles
of the HAADF intensity across the wedge-shaped specimen with the
related HAADF micrograph given in the inset. The black line profile
corresponds to a GaAs layer and the red to the Alg 95Gag gsAs layer. The
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Fig. 1. (a) HAADF STEM micrograph of a FIB lamella of the multi-layered (Al,Ga)As/GaAs structure and a schematic showing the change of the composition of the
Al,Ga 4As layers. (b) Atomically resolved HAADF STEM image of interface region marked by a red arrow and (c) corresponding intensity profile and a fit based on

the sigmoid function.
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Fig. 2. (a) HAADF STEM image of the tomography needle. (b) Profile of the HAADF intensity across a wedge-shaped lamella for the GaAs and the Alg 9sGag.osAs
layer. The upper x-axis shows the calculated thickness of the lamella based on the known angle of the wedge. The thinnest region of the lamella deviates from the
perfect wedge-shape and is therefore disregarded (gray striped area). A linear relationship between the HAADF intensity and the sample thickness exists up to a
thickness of ca. 350 nm. Therefore, the chosen diameter of the tomography needle (marked by a red dotted line) is within the linear regime.

thickness at each point of the sample could be calculated since the angle
of the wedge is known. The dashed lines represent the ideal linear
relationship of thickness and intensity. The gray striped area in the
graph marks the region where the sample deviates from a perfect
wedge-shape (below a calculated thickness of 175 nm), and this area is
therefore disregarded. The chosen diameter of the tomography needle of
250 nm is marked as a red dotted line. As can be seen in the figure, the
diameter is within the linear regime since the intensities deviate from a
linear relationship at higher thicknesses (from ca. 350 nm for GaAs and
450 nm for Alg g5Gag gsAs). Needles with a diameter of more than 500
nm would still allow obtaining a useful reconstruction for qualitative
analysis. Still, the exact relationship between intensity and composition
would be violated, which is essential for the following interface analysis
[22]. It must be mentioned that the intensity-thickness relationship
strongly depends on the chosen camera length and ADF detector, which
are, in this case, the same settings as for the tomographic tilt series
acquisition (see next paragraph).

Finally, the needle was transferred to a support for a double-tilt to-
mography holder, the EN-holder from Mel-Build corporation, using a
micro-manipulator from Kleindiek Nanotechnik GmbH. The double-tilt
feature of this tomography holder allows compensating small de-
viations of the growth direction to the rotation axis of the goniometer.

2.3. Acquisition of tilt series and reconstruction

The tilt series for electron tomography was acquired using a Cs-
corrected Jeol ARM 200F with an accelerating voltage of 200 kV. The
microscope was operated in scanning mode, and the signal was acquired
using a bright-field (BF) as well as two ADF detectors. A camera length of
3 cm was chosen to obtain an electron acceptance angle of 80-320 mrad
for one of the ADF detectors. All detector signals were recorded, how-
ever, only the mentioned HAADF signal of the ADF detector was used for
the reconstruction. Due to a higher contrast, the signal of the BF detector
was used for the probe tracking of the automatic tilt series acquisition,
which was controlled by the STEM recorder software from System In
Frontier Inc.

The scanning array has a size of 2048 x 2048 pixels with a pixel
dwell time of 20 ps and a pixel size of 0.33% nm?. A condenser aperture of
30 um was inserted to obtain an appropriate focus depth. A tilt series
from —85° to +85°, which is the maximum possible tilt of the holder,
with 2° tilt steps was carried out, leading to a tilt series with a total of 86
micrographs which facilitates only a very small missing wedge effect
[20]. The small tilt steps of 2° were used since a larger number of mi-
crographs in the tilt series improves the resolution of the tomogram,
which is described by the Crowther criterion [23]. After each

goniometer tilt, the acquisition started with a delay of at least 90 s to
reduce the total sample drift during the scanning process. An extract of
the tilt series is depicted in Fig. 3a. Complementary selected area
diffraction patterns were recorded to correlate the orientation of the
crystal with the rotation angles and hence the orientation of the final
tomogram. Two of these diffraction patterns are shown as an inset in the
figure. They also show the advantage of using a double-tilt tomography
holder: The [001] growth direction could be matched with the rotation
axis of the goniometer. In this way, every zone axis (ZA) perpendicular
to the [001] direction could be reached by only rotating around one axis.
Remarkably, the images along the ZA provide a clear contrast between
crystalline and amorphous parts of the needle edges (cf., Fig. 3b)
indicative for the channeling effect [24,25]. Nevertheless, the effects are
small and do not have a significant influence on our analysis.

The IMOD software package [26] was used to manually align the
micrographs with high precision so that the central needle axis is also
the rotation axis of the Radon transformation. The final tomograms were
calculated by simultaneous iterative reconstruction technique (SIRT)
algorithm using 60 iterations. For this purpose, the ASTRA toolbox [27,
28] python scripts were implemented into the Amira Avizo software.
The latter was used to execute the Python script, visualize the 3D data
and extract the isosurfaces. The Avizo software was also utilized for
post-processing of the reconstructed data. The 3D non-local mean filter
(NLMF) was applied for denoising the tomographic data. The NLMF is a
new filter that reduces the noise without affecting fine structures and
textures [29]. Additionally, the voxels (3D pixels) were binned to further
increase the signal-to-noise ratio. In this case, the voxel volume after
binning is 0.66° nm>. The isosurfaces were transformed into topographic
maps and analyzed by the open-source software Gwyddion [30].

3. Results and discussion
3.1. Tomogram of heterostructure

The reconstruction of the complete AlyGa;xAs/GaAs multi-layer
system results in a 3D dataset consisting of voxels with different in-
tensities, which are based on the Z-contrast of the original HAADF tilt
series. This data set can be visualized in various ways. A typical 3D
representation of the reconstructed tomography needle is given in
Fig. 4a with a partial cut exposing the interior and revealing the stacking
sequence of the various AlyGa;.xAs (blue and green) and GaAs (red)
layers. The outer surface of the tomography needle is modulated due to a
preferential sputtering of the AlyGa;.xAs layers during the FIB prepara-
tion process. A 2D slice with a finite thickness of one voxel, i.e., 0.66 nm,
is taken from the center of the reconstruction, which reflects the voxel
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Fig. 3. Extract from the tomographic tilt series. (a) HAADF STEM micrographs at different tilt angles are shown. For two of the tilt angles, diffraction patterns are
given, which were used to correlate the tilt angles with the crystal orientation of the specimen. The zone axis (ZA) is given for the micrographs, whereby the
asterisked ZAs are not exact since the tilt of these micrographs is off by 1° (b) Magnified HAADF STEM image of the edge of the tomographic needle taken precisely in
the [110] ZA, and another image with a tilt of 2° deviating from this ZA condition. Only in ZA condition, a contrast between crystalline and amorphous GaAs
is visible.
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Fig. 4. Reconstruction of the multi-layered AlyGa; xAs/GaAs structure. (a) 3D representation of the tomogram. (b) Slice of the reconstruction revealing the presence
of a morphological roughness. (c) Line profile extracted from the center of the reconstruction [cf. the red line in (b)]. (d) Line profile across the center of interface C
[cf. yellow line in (b)].

intensity variations across the different layers (cf. Fig. 4b). The layers thickness are possible and already allow a simple analysis of the in-
with high intensity (bright layers) correspond to GaAs due to the higher terfaces, subtracting any projection problem. However, extracting line
mean atomic number compared to the AlyGa;.4As. This slice qualita- profiles at every position of the many interfaces to evaluate possible
tively illustrates the presence of a morphological interface roughness, as fluctuations of the interface position and width would not be feasible.
it is, for example, clearly visible for the interface labeled C. If an in- Therefore, in the following, isosurfaces are created to allow a complete
tensity profile through the center of the slice vertically across all in- qualitative and quantitative analysis of the interface properties. Iso-
terfaces is extracted (marked by a red arrow), the changes in voxel surfaces are surfaces following a constant value of voxel intensity. Due to
intensities are obtained (Fig. 4c). The changes are equivalent to the in- the direct correspondence between voxel intensity and chemical
crease in Al-concentration in the different layers and therefore reflecting composition, these isosurfaces are also isoconcentration-surfaces.

the composition of the AlyGa;.xAs layers. Fig. 4d shows the intensity
profile of the single Al.95Gao.0sA/GaAs interface. This profile reveals 3.2. Analysis of the morphological roughness using electron tomography
the presence of a chemical width of W= (2.81+0.02) nm at this

interface position. Due to the slice thickness of 0.66 nm, there is obvi- Fig. 5 summarizes the procedure for creating a topographic height
ously no projection problem in this case in contrast to the analysis given map of the III-V interface. Due to the presence of both, morphological
in Fig. 1, and the value corresponds to the pure chemical intermixing. roughness and chemical width, the position of the interface needs to be

Since the voxel intensities reflect the composition of the sample in 3D defined first. It is appropriate to indicate this position at half of the voxel
space, basically, the interfaces are comprehensively charted. In this intensity difference between adjacent layers in the tomogram. For this
sense, slices in varying positions and orientations with any selected purpose, the mean voxel intensities of the neighboring (Al,Ga)As and
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(c) topograhic map of interface C

Fig. 5. Creation of topographic maps. (a) Isosurface at the intermediate voxel intensity of the Al 95Gag osAs/GaAs interface (labeled as interface C). (b) Schematic of
the rasterization process used to transform isosurfaces into height maps. (c) Final topographic map for interface C after background subtraction. The subtracted

background is shown as an inset.

GaAs layers are exactly determined by histogram formation, and the
intermediate intensity of these two mean values was calculated. Sub-
sequently, an isosurface is generated based on this intermediate voxel
intensity. As an example, Fig. 5a shows the isosurface for interface C,
indicating the presence of a morphological roughness. To allow a
quantitative analysis, the isosurface needs to be transformed into a
topographic height map using the Gwyddion software package. There-
fore, in the next step, the irregular 3D mesh is projected onto a 2D array,
as schematically shown in Fig. 5b. Each pixel of this array is thereby
reproducing the average height value of the mesh point above. In dense
regions, where more vertexes fall into one pixel, the height value was
averaged, whereas, in sparse locations, where no vertex falls into one
pixel, the intensity value was interpolated from close pixels. Using this
rasterization, the topographic map is finally obtained and is exemplary
given for interface C in Fig. 5c. A background intensity, which is shown
as an inset, was subtracted to counteract tilts of the surfaces with regard
to the projection plane, avoiding systematic errors during the analysis.

Fig. 6a represents the results of the topographic mapping of the top
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four interfaces between AlAs and GaAs (labeled A, B) as well as between
Alp.95Gag gsAs and GaAs (labeled C, D, cf. Fig. 4b), visualizing the 2D
spatial distribution of the morphological roughness.

Strong differences in the magnitude of the roughness are visible
between direct AlyGaj.xAs-on-GaAs and inverted GaAs-on-AlyGaj.xAs
interfaces, cf. line profile of interface A and B shown in Fig. 6b. Smooth
interface structures with height variations in the order of a few
Angstrom are detected for the direct interfaces, whereas the height
variations of inverted interfaces are up to more than an order of
magnitude higher. For a more precise quantification of the roughness,
the root mean square (RMS) value ogys is calculated as follows:

(2)

N is the number of pixels, z, the height value of the n-th pixel and z
the average height. RMS values have been determined for each interface
over the whole 120 nm x 120 nm area of the topographic maps with the
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Fig. 6. Analysis of the topographic maps. (a) Topographic maps of the upper four interfaces labeled A, B, C, and D with the root mean square value for each of the
interfaces, respectively. The insets for interfaces B and D show the same topographic maps but with a blown-up scaling from —0.5 nm to 0.5 nm. The black scale bar
corresponds to 20 nm. (b) Height profile extracted at interface A (black line) and B (red line). (c) Calculated RMS values for all investigated direct and inver-

ted interfaces.
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result for the upper four interfaces of 0.98 nm and 0.97 nm for the
inverted and 0.14 nm and 0.12 nm for the direct interfaces, respectively.
The RMS values for all investigated interfaces are summarized in the
graph shown in Fig. 6c¢.

In agreement with the topographic mapping, the RMS values are
always higher for the inverted compared to the direct interfaces with the
highest difference at the upper two AlAs/GaAs and Al 95Gag gsAs/GaAs
interfaces. This difference in roughness between direct and inverted (Al,
Ga)As/GaAs interfaces has also been observed by others (see, for
instance, Ref. [31]).

The error Az, for the height values z, in the topographic maps is
estimated by the amplitude of the noise of these maps. The waviness
with low frequency is attributed to the roughness of the interface,
whereas height fluctuations on a small scale with high frequency are
attributed to noise. The amplitude of these fluctuations is about Az, =
0.1nm. Consequently, the error of a calculated height difference be-
tween two positions is about 0.14 nm. The error of the total RMS
roughness Aogys is expected to be lower than the error of a single height
difference calculation.

Apart from that, the RMS value is not sufficiently meaningful in order
to describe the characteristic lateral length scale defining the average
spacings between interfacial steps. The height-height correlation func-
tion (HHCF) is used to extract this characteristic length by evaluating the
in-plane correlation length, which is defined by the average squared
difference in height z of two points separated by distance 7, H(r)
(]2(z) — 2(¢ + 7)|) [32,33]. The one-dimensional HHCF for discrete
pixels is specified as:

M—m

Z (Zn+m.1 - Zn,l)z

=1 n=1

Hx (Tx) = (3)

1
N(M —m)
where m = 7,/A,. Ay is the discrete sampling interval (pixel size), M is
the size of the pixel array in x-direction and N the size in the perpen-
dicular direction. It is well established that the HHCF can be phenom-
enologically described by [34]:

nies e ()"

where o, is the one-dimensional RMS value, A, the correlation length
and h, the Hurst parameter. The HHCF function is plotted for the in-
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terfaces C and D along the two crystallographic directions x = [110] and
x = [110] in Fig. 7a and b, respectively. After fitting the curve according
to Eq. (4), the fit parameters reveal a lateral correlation length of
(13.3+0.1) nm and (13.7 + 0.3) for interface C along the [110] and
[110] direction, and (3.77 + 0.04) nm and (6.9 £ 0.1) nm for interface D
along the [110] and [110] direction, respectively. These fit parameters for
all interfaces along both directions are summarized in Fig. 7c and d,
respectively. The evaluation of the retrieved data shows that a consid-
eration of all parameters describing the interface is necessary since they
do not have to be correlated. The one-dimensional roughness o, agrees
well with the previously determined RMS values ogrys and shows no
indication of anisotropy since the values along the [110] and [110] di-
rection are very similar to each other. In contrast, the correlation length
Ay of the direct interfaces is systematically higher along the [110] di-
rection compared to [110] direction, whereas in the case of the inverted
interface, this anisotropy is not detectable. Due to the higher roughness
values of the inverted interface, such anisotropy can smear out, or the
measured area of the tomogram is not large enough to detect it. The
direct interface with its very low roughness rather shows the known
property of a step-terrace system and thus an anisotropy along the
different crystallographic (110) directions. Taking these interface pa-
rameters into account also helps in assessing conventional TEM exami-
nations. Interface profiles can only be accurately measured in a single
projection if either the roughness is very small or the projected sample
thickness is thinner than the correlation length. Obtaining sample
thicknesses below the correlation length can be very challenging,
especially if the preparation needs to be site-specific which highlights
the advantage of this tomographic analysis.

It should also be noted that the creation of reliable isosurfaces was
not possible for the Aly25Gag75As/GaAs interfaces due to the low
HAADF contrast. The precision of the isosurfaces depends on the in-
tensity gradient at the interface. The larger the gradient, the less affected
is the position of the isosurface by noise. Consequently, the noise needs
to be always significantly smaller than the expected change of intensity
at the interface. This can be achieved, for example, by increasing the
dwell time of the scan or adapting the camera length for different
acceptance angles of the HAADF mode.
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Fig. 7. Height-height correlation function of (a) interface C and (b) interface D along the [110] and [1-10] direction, respectively. The fit parameter (c) 6, and (d) A,
of the HHCF function (cf. Eq. (4)) is plotted for all investigated interfaces along the [110] and [1-10s] direction, respectively.
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3.3. Analysis of the chemical intermixing using electron tomography

In a final step, electron tomography was used to determine the
chemical intermixing at each interface position in order to obtain a
comprehensive picture of the 3D structural interface property. As
schematically shown in Fig. 8a, any III-V interface has a gradient in
composition, and hence several isoconcentration-surfaces at different
voxel intensities can be created. Accordingly, the height differences of
isosurfaces of the same interface corresponding to different concentra-
tion values are used to evaluate changes in the interface width. Here,
isosurfaces corresponding to 30% and 70% of the total compositional
difference were generated and then rasterized as shown schematically in
Fig. 8b. Subsequently, the topographic height maps of the 30%-iso-
surfaces were subtracted from the height maps of the 70%-isosurfaces.
As a result, height-difference-maps are obtained, which spatially mea-
sure the interface distance L3gy_70%. On the other hand, the interface
width W is typically defined in the literature by the distance at which the
concentration changes from 10% to 90% of the total difference. These
specific isosurfaces were not created due to the larger influence of noise
on isosurfaces corresponding to these compositions. Instead, a sigmoidal
profile of the concentration change across the interface was assumed so
that the width Lsg-709 can be extrapolated to the interface width W by
using the resulting factor 2.6. The spatially resolved interface width
maps of interface A, B, C, and D are depicted in Fig. 8c showing a random
distribution of the spatial change of the interface width. A strong spatial
variation of the chemical widths for interfaces A and C can be recog-
nized, as it has already been mapped for the case of the RMS roughnesses
(cf. Fig. 6a). Furthermore, the maps reveal higher average interface
widths W for the inverted interfaces A and C, i.e., 7.3 nm and 3.9 nm,
compared to the direct interfaces, i.e., about 3 nm, for the direct in-
terfaces. The magnitude of the variations measured by the standard
deviation of the width within the full area of the maps is significantly
larger for the inverted (1.5 nm and 1.1 nm) compared to the direct in-
terfaces (0.5 nm). These results also emphasize very clearly the strength
of the electron tomography interface characterization in comparison to

(@) o
voxel intensity A 100%
70%
30%
0% z
L30%»70“/a
© interface B

interface A

W =(7.30 + 1.50) nm

W =(3.03 £ 0.52) nm

(b)
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conventional TEM, in particular for interfaces with large variations in
the physical and/or chemical width.

4. Conclusion

In conclusion, it was demonstrated that a comprehensive determi-
nation of interface properties can be achieved using electron tomogra-
phy based on HAADF STEM. For this purpose, a method was developed
to extract topographic height maps and interface width maps using the
3D tomographic reconstruction of an (Al,Ga)As/GaAs heterostructure
and exploiting isosurfaces corresponding to different Al concentrations.
This method allows the quantitative 3D characterization of interfaces by
determining the RMS values and lateral correlation lengths as well as
maps of the interface width W. The strength of this methodology lies in
the fact that all important interface characteristics can be extracted at
once and that interfacial anisotropies can be revealed due to the
spatially resolved maps. Depending on the sample volume to be inves-
tigated, it is feasible to reconstruct interfaces on different length scales
up to atomic resolution. In addition, due to the FIB target preparation,
the analysis is position-dependent with high spatial resolution and thus
allows the investigation of specific regions of a sample.

The approach using electron tomography based on HAADF competes
well with other tomographic approaches such as atom probe tomogra-
phy or EDX tomography. Whereas atom probe tomography has excellent
chemical sensitivity and in-depth resolutions below 0.1 nm, the lateral
resolution is worse with up to 1 nm [35]. The isotropic resolution of
electron tomography may therefore be advantageous for the analysis of
highly 3D interfaces. In EDX tomography, significant longer acquisition
times are necessary to obtain a sufficient signal-to-noise ratio (x-ray
counts), allowing a quantitative interface mapping. Typically higher tilt
steps and smaller scan arrays are chosen for compensation, which
worsens the spatial resolution compared to electron tomography [36].
However, EDX tomography becomes particularly useful in terms of high
chemical resolution, especially if the HAADF contrasts between similar
materials are insufficient or if the sample contains unknown elements,

70%
c
Re]
| ©
- o
Lago-70%(XY) S
<
H
\ o
30% =
interface C interface D
10 nm
8 nm
6 nm
4 nm
2 nm
0 nm

W =(3.89+1.1)nm W =(3.04 + 0.53) nm

Fig. 8. Creation of interface width maps. (a) Scheme of the concentration (voxel intensity) gradient at an interface. (b) Scheme showing the spatially resolved
determination of the interface width using two isosurfaces. (c) Interface width maps of the upper four interfaces. The mean interface width Was well as the standard

deviation is given for each interface. The scale bar corresponds to 20 nm.
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which is less problematic for III-V heterostructures.

In general, one can state that the presented technique can be trans-
ferred to other material combinations as long as a sufficient high
chemical sensitive contrast is available to allow the formation of iso-
surfaces in the 3D reconstruction. Consequently, this method can be
applied to investigate buried interfaces of other III-V heterostructures
such as (Al,Ga)N/GaN or (In,Ga)N/GaN systems where the knowledge
about the interface roughness is crucial as it is the dominant source for
scattering influencing the carrier mobility.
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