Composition determination of multinary III/V semiconductors via STEM
HAADF multislice simulations.

Lennart Duschek!, Andreas Beyer!, Jan Oliver Oelerich! and Kerstin Volz!

"Materials Science Center and Faculty of Physics, Philipps-Universitdt Marburg
Hans-Meerweinstralle 6, 35032 Marburg, Germany,

lennart.duschek@physik.uni-marburg.de, Tel +49 6421 28 25610

Abstract

Knowledge of the microscopic elemental composition of multinary 111/V semiconductor materials is crucial
to the development of functionalized opto-electronic devices. Well-proven composition analysis methods,
such as high resolution X-ray diffraction (XRD), fail to determine the elemental composition when more
than three atomic species are involved. In this work we propose a procedure for the composition analysis
of multinary IlII/V semiconductors at atomic resolution using high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) image simulations. Our method exploits the
dependence of HAADF-STEM image intensities on the atomic number and static atomic displacements
(SADs) at different detector inner angles. Here, we describe the proposed method in detail using Ga(NAsP)

as an example multinary material.



Motivation

A key issue in the development process of any novel functional material, e.g. a new compound
semiconductor material or a device, is to gather information about the exact composition as well as
elemental distribution on atomic length scales. For ternary materials, the method of choice to obtain
laterally averaged information is high resolution X-ray diffraction (HRXRD) [1], where the elemental
composition is determined via the lattice constant of the material by assuming Vegard’s law [2,3]. For
quaternary layers where the former is not possible, Tilli et al. proposed a method that uses the (002)
reflection’s peak intensity of a single XRD measurement combined with the strain of the layer, to
determine the composition of Ga(NAsP) layers with layer thicknesses up to 30 nm [4].The quantitative
analysis of scanning transmission electron microscopy (STEM) images has made a big progress over the
last two decades [5-8]. A comparison of the mean intensity from STEM high angle annular dark field
(HAADF) images with STEM multislice simulations [9] can also reveal the elemental composition of the
TEM specimen [10-12], as well as give information about chemical homogeneity in ternary alloys
[10,13,14] at nanometer length scales. The latter technique uses the fact that the intensity of a STEM
image is proportional to the mean atomic number Z of the atom species [15-17]. With an aberration
corrected microscope, this technique is also suitable for quantifying material composition at atomic length
scales [10,18]. Miiller-Caspary et al. recently showed the use of angular resolved high resolution STEM to
determine the N composition in a Ga(NAs) [19] multi-quantum well structure. The rather straight-forward
interpretation of the so-called Z-contrast images becomes complicated for quaternary or even more-
component semiconductor alloys, which are essential to achieve the desired band-gap/lattice constant
combination for many semiconductor devices, e.g. (Galn)(NAs) or (Galn)(NAsSb) for solar cells [20]. The
images obtained from STEM measurements are always a projection of the crystal’s atomic potentials in
the electron (e”) beam direction. For atomic columns containing more than two different elements, the
ADF intensity is ambiguous as an increasing amount of a low-Z element can always be compensated by a

decrease of a heavier atomic species, preserving the mean atomic number. A method where the additional
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information required to quantify the composition in not atomically resolved STEM HAADF images comes
from the measurement of the strain state of the quantum well, is presented by Grieb et al. in Ref. [21]
with the example of (Galn)(NAs). For this material system, it would in principle also be possible to derive
the atomic composition on each sublattice, group Il as well as group V, from high resolution STEM images,
since each sublattice of this quaternary alloy consists only of a mixture of two atomic species. However,

the method cannot be applied if one sublattice is composed of more than two atom species.

In this work, we propose a new procedure for the compositional analysis of multinary semiconductor
alloys. This procedure aims to find the best fit between experimental and simulated high resolution STEM
images, and allows for more than two elements on one atomic column. Here we will focus on the
procedure itself without providing application examples, which will be subject of upcoming publications.
The method exploits the different behavior of the scattered intensity at the positions on and off the atomic
columns (in the background), respectively, and at different detector inner angles in simulated ADF images.
We apply the procedure to the model system Ga(N,AsiooxyPy), @ 1lI/V semiconductor with a cubic zinc-
blende crystal structure, the composition mixture solely occurs on the group V sublattice. It is important
to note that the N incorporated in the material evokes crystal distortions called static atomic
displacements (SAD) that have influence on the ADF intensity [22]. The SAD are the key to our method as
we will show in the next section. The Ga(NAsP) material system was chosen as an example, as it has a
tremendous application potential in the integration of optically active photonic devices on Silicon
substrates [23-25]. However, the method presented here can be applied to any multinary crystalline
material, where composition affects the scattered intensity at distinct spatial positions and/or at different

detector angles.

Method
In the method presented here, we compare HAADF STEM intensities from a set of multislice STEM

simulations, split into group 1lI, V and background (BG) positions, i.e. the positions between the atomic
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columns. The set contains numerous simulations with systematically varied N and P composition for the

chosen example of Ga(NAsP).

The super cells used for the multislice simulations were 5 x 5 unit cells (approx. 2.5 nm x 2.5 nm) wide and
have a thickness of up to 60 unit cells (approx. 30 nm) in the electron beam direction, fitting in the typical
thickness range of conventionally prepared TEM specimens of around 15 nm - 30 nm. Both the N and the
P atoms were distributed randomly on the group V lattice positions of a GaAs matrix and the resulting cell
was relaxed via a valence force field (VFF) routine [26]. Structural relaxation is important when trying to
match simulations as closely as possible to the real specimen. The SAD have a huge influence on the local
intensity distribution [27] and thus are a key element for this technique. To underpin this statement the
complete procedure will also be carried out with a simulation set built from unrelaxed super cells. The
numerical simulations were performed with the STEMsalabim software package [28] based on the
multislice algorithm of Kirkland [29,30]. This software package is designed for highly parallelized
simulations on high-performance computer clusters. A more detailed description on the technical
implementation and scaling of this code can be found in Ref. [28]. Thermal diffuse scattering (TDS) was
taken into account using the frozen lattice approach [31], where the atomic positions get displaced
statistically (Gaussian distribution) from their resting positions. Geometric aberrations were chosen to fit
the parameters of a spherical aberration corrected microscope, namely the JEOL JEM-2200 FS, with C¢ = 2
um, C5 = 5mm,Af = -2nm, and a convergence semi-angle of 24 mrad. Chromatic aberration was
taken into account with a defocus series as proposed in Ref. [32-35]. A two dimensional Lorentzian
function with a full width at half maximum of 36 pm was convoluted with the image to model the source
size of the electron gun [32]. Furthermore the detector sensitivity was determined and applied to the
simulation as proposed by LeBeau et al. in Ref. [7]. This was done to match the simulations as closely as

possible to experimental STEM images.



The sampling of the simulation set was chosen to be in the range of experimentally reasonable
compositions of N (0 - 20 %) and P (0 - 30 %) with a step size of 2 %, resulting in 150 single concentration
steps. For each concentration point, a defocus series with 7 defoci and 10 phonon configurations (TDS),
was calculated. A new set of phonon configurations was used for each defocus, resulting in 70 independent
phonon configurations for each concentration point. With this, a total of 10500 simulations was
performed. Each result was stored as a compressed binary file using NetCDF [36]. To save disk space, the
phonon configurations for each defocus were averaged leading to a file size of approx. 500 MB per
simulation. The total amount of file space covered by the complete simulation set sums up to roughly 750
GB. The simulation time for one concentration point parallelized over 128 computing nodes was about 11
hours. Assuming that the simulation time scales almost linearly, the simulation time on a single desktop
PC with 8 computing cores would take 26400 hours or approximately 3 years. With the computational
resources of a mid-sized cluster, on the other hand, the total simulation time for the whole concentration
map is about 2 weeks, since many simulations can run simultaneously. Besides the long simulation time,
the file size of one concentration point is about 4 GB which means that only one file at a time fits into the
memory of a common desktop computer with 8 GB of RAM. By using the principle of selective data loading
and parallelizing this step to the 8 threads of a modern desktop machine, a processing time of approx. 5

min was achieved to gather information from the whole simulation set.

Results

In the following paragraph, we will first explain the transformation of the multislice simulation set into
composition maps that represent the integrated STEM intensity on distinct spatial positions. Afterwards
we will discuss the simulated composition maps, built from the unrelaxed as well as the relaxed super

cell set, for a high angular range of 6, =71 - 174 mrad which will we be referred to be the HAADF

in-out

regime from now on. We will then investigate the composition maps for a low angular range, namely
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0., _ oue = 34 — 136 mrad and will refer to this as low angle ADF (LAADF) regime. In the LAADF regime

we will also look at the composition maps built from the unrelaxed and the relaxed super cell set with a
focus on the angular dependence of the SAD effect. In the end, composition maps will be combined and

a sanity check of the presented algorithm with three exemplarily chosen Ga(N,As;q.x.,Py) compositions is

performed.

The basis of the presented method is a set of simulations with systematically varied N - P concentration as
explained in the previous section. Every red mark in Figure 1 represents a full STEM multislice simulation.

With given simulation parameters, including the detector range 6.

in - oue @Nd sensitivity 6, chromatic as

well as geometric aberrations, and sample thickness t, a HAADF image is formed. The atomic column
positions are found by a 2D peak finding algorithm, implemented in a custom MATLAB script and divided

into group Il and V atomic column positions. Afterwards, the BG positions are determined by finding the

center of mass between 4 neighboring atomic columns (Figure 1).
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Figure 1: A scheme of the composition set is depicted on the left side. Every red mark
represents a full STEM multislice simulation. With given parameters an image can be
formed, as displayed on the right side with examples of group Il (red), V (blue), and BG
column positions (green), and integration radius r.

The intensity of the different atomic columns is obtained by averaging the intensity values in a fixed radius
r around the column position. The radius r is chosen in a way that it is big enough to cover the major part
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of the atomic column but does not interfere with the surrounding peak integrations. In this work an
integration radius of 24 pm was chosen. By averaging the integrated column intensities over approx. 160

columns, three independent mean intensity values T (N,P) for group I, TV(N,P) for group V, and TBG(N,P

i
) for the background positions are obtained for each N, P concentration. Applying this procedure to every

simulation in the simulation set, with otherwise fixed parameters, three independent maps I, , 5 are

created which we will call composition maps from now on. Figure 2 (a) - (c) visualizes all three composition

maps for a fixed 6. with the help of color-coded maps. First we want to focus on the influence of N

in-out
and P concentration on the STEM intensity. To visualize the effect of the composition on the intensity of
the different atomic column positions, it is easier to look at the normalized intensities of the composition
map rather than the absolute intensities. The normalized intensity of a composition map, using the
example of a group V column, is calculated via:
TV(N,P)

Figure 2 (a) - (c) shows the normalized composition maps of group Il (a), group V (b), and BG positions (c).
Since the sampling of the maps is finite (2 %), the intensity between two composition points is linearly
interpolated. All composition maps depicted in Figure 2 are built for the HAADF regime. A strong influence
of the N composition on the relative intensity deviation is noticeable for the group Il column, which is
counter-intuitive since it consists of Ga only, while the influence from the P concentration is negligible.
This feature is an immediate consequence of the SAD effect and is in very good agreement with the
expectation. An N atom on the group V sublattice distorts the crystal locally, resulting in smaller bond
lengths to its neighbors. Therefore, the Ga atoms bound to the N atom get distorted from their resting
position. Consequently the channeling effect [37] of the beam on a well-aligned atomic column is
drastically reduced and the total column intensity of the group Il sublattice is spread to a wider region.

Keeping the integration radius r constant, the integrated intensity gets smaller accordingly. With
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increasing N concentration, this effect becomes stronger and the corresponding group lll column intensity
decreases. Additionally, the mean atomic number Z on the group V sublattice decreases when the N and
the P composition increases, and consequently the group V column intensity decreases. This can be
observed in the map of group V depicted in Figure 2 (b). The BG intensity, shown in Figure 2 (c), shows no
significant N - P dependency. Distortions induced by N mainly lead to increased diffuse scattering at lower

angular regions [38], hence, we also do not expect any influence on the BG for the detector range chosen

for Figure 2.

norm. Intensity

P03 02 01 o o1 02 o30EN

a) C I b) oV c) ®BG

relaxed

30

25
20
15

unrelaxed

10

P-Concentration [%]

5

0

0 5 10 15 20
N-Concentration [%]

HAADF

Figure 2: Normalized composition maps for the different atom column positions (llI, V) as well
as the background (BG) for 0,,, _,,,, = 71 - 174 mrad derived from the relaxed (a) - (c) and

unrelaxed (d) - (f) super cells are shown. The values of the color scale represent the relative



deviation of the scattered intensity of a single composition point to the mean value of the
map. The composition axes from subfigure (d) correspond to all subfigures in the figure.

From the previous observations, we conclude that the SAD effect projects information about a group V
element (N) on the group Il lattice intensity. This splits the information from one mixed sublattice to
different spatial positions and thus enables us to investigate a material system like Ga(NAsP). In fact, if we
would neglect the SAD effect or choose a multinary material system without SAD effect, the information
about the individual elements would be mixed on one sublattice. To prove that the SAD effect is
responsible for the behavior of the group Ill, a simulation set with unrelaxed Ga(NAsP) super cells was
created. The set was sampled coarser with steps of 5 % in N and 10 % in P - direction. Figure 2 (d) - (f)
shows the three composition maps built from the unrelaxed super cells. The impact of N on the group Ill
intensity, observed in Figure 2 (a), is not visible anymore in the unrelaxed composition map in (d). Since
the concentration change solely happens on the group V lattice, this is the only map where we can find
the influence of N and P concentration on the intensity. Map (e) is nearly identical to the one observed in
Figure 2 (b), representing the decreasing mean atomic number Z of the group V sublattice. Because of TDS,
the BG map (f) also follows the decreasing mean atomic number Z. This means that a composition
quantification is impossible with the maps built from the unrelaxed super cells. As local distortions evoke
an increase of diffuse scattering in lower angular regions, hence, we will investigate the corresponding

maps, relaxed and unrelaxed, for the LAADF regime, in the following.
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Figure 3: Normalized composition maps for the different atomic column positions (llI, V) as

well as the background (BG) for 8, _ ., = 34 - 136 mrad derived from the relaxed (a) - (c)

and unrelaxed (d) - (f) super cells are shown. The Background shows a much stronger
influence on the N - composition compared to Figure 2. The composition axes from subfigure
(d) correspond to all subfigures in the figure.

Figure 3 (a) - (c) shows the composition maps for the LAADF regime built from the relaxed super cells. The
course of the group Il map for the low detector inner angle is very similar to the map of the large detector
inner angle. Also group V (b) shows the same trend that is observed in Figure 2 (b). However, it should be
pointed out that the color scale of the maps changes. The largest deviation from the mean value can be
found at the background positions (c). This drastically depends on the N - composition which can be
attributed to the SAD effect. The Ga atoms are shifted away from their ideal column position to the off-

column positions. The on-column intensity is spread in a wider region, adding more intensity to the

10



background. With increasing N content the group Il intensity decreases and more intensity is scattered
into the background, which is especially visible in low angle regions. To underpin this finding, we will
present the corresponding composition maps derived from the unrelaxed cells in the following, where we
do not expect the previous behavior of the group Il intensity, since every atom is still on its resting position
in the crystal. The composition maps built from the unrelaxed simulation set for the LAADF regime are
depicted in Figure 3 (d) - (f). No significant changes compared to the composition maps built from the
unrelaxed simulation set shown in Figure 2 (d) - (f) are noticeable except that the color scale is slightly
different. The change of intensity still occurs on the group V lattice only, originating from the change of
mean atomic number Z by intermixing from N and P with As. To sum up the observations gained from
Figure 2 and Figure 3, we saw that the lattice distortion evoked by N yields information about a group V
element on group Il positions. Furthermore, information about the N concentration can be extracted from
the off-column positions at low detector angles. Also, the intensity scales with the percentage of the
element that is responsible for the lattice distortion. This enables us to determine the N and P

concentration independently from each other.

In the following paragraph, we want to present an algorithm that combines the gained information from

different column position as well as from different 9. to determine the composition of the sample.

in-out

The main goal of the algorithm is to find the smallest deviation between input values T op (6.

11,86 @in - o) AN

the composition maps 1, 5-(8,, _ ,.,.)- Therefore, the first step is to build the deviation maps for the

individual composition maps via:

< exp
|Illl(gl'n - out) -1 11 (ein - out)l

Illl(ein - out)

A
LBy o) =
Figure 4 shows the deviation maps I, é BG for exemplarily chosen input values T exp 6.

111, V,BG\" in - out)

obtained from a Ga(NsAs;sP,o) simulation for the HAADF as well as the LAADF regime with a thickness
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chosen to be 20 nm. When using real STEM images the sample thickness has to be determined very
carefully to account for thickness difference caused by sample preparation. Many different methods have
been proposed to determine the sample thickness, for example by comparing HAADF intensity to
adequate multislice simulations [12] or using electron energy loss spectroscopy (EELS) [39]. The color scale
in Figure 4 now represents the relative deviation between the input value and the composition maps,

starting at O (in dark blue) for perfect agreement.
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Figure 4: The deviation maps for an example Ga(NsAs;sP,0) composition are displayed for the
individual atomic columns in the HAADF (a) - (c) as well as the LAADF (d) - (f) regime. The
color scale represents relative deviation between the input values and the corresponding
composition map. The composition axes from subfigure (d) correspond to all subfigures in the
figure.
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Map II?I(HAADF) (a) shows the smallest deviation for an N concentration of approx. 5 % which is

independent of the P concentration. The same behavior can be seen in the II?I(LAADF) (d) map. With this
information, we certainly know that the input intensities have to come from a material with approx. 5 %
N but have no information about the P content up to now. The Maps from Ié(HAADF) (b) and Ié(LAADF)

(e) both show the smallest deviation on a diagonal line with slightly different slopes but both crossing the

A

1 (LAADF) (a) & (d) and I)(HAADF)

20 % P point. If we would now combine the maps from II?I(HAADF) &1

& 13 (LAADF) (b) & (e) without the IBAG (c) & (f), the information would be sufficient to determine the input

composition to 5 % N and 20 % P. But this is just the case for the example of Ga(NAsP) with N having a

tremendous influence on these maps. Additional information will enhance the accuracy of the

determination. Thus, we define the total deviation map Itoﬁal as follows:

M

Z 11?1(9,') + IIA/(GJ') + IBAG(Q]‘)
A J=1

Itotal = 3-M ’

where the used detector ranges are represented by 6,...6,,. There is the option of weighting the individual
deviation maps 11111936 with respect to each other, which will be tackled in further studies. This total

o g . . T . 7 €X
deviation map now represents the combined relative deviations between the input values [, V‘;G(Hm —out

11 éBG(Gin_ oue) for different detector ranges. In this total deviation map we

) and the deviation maps 1
can now identify the global minimum of all individual maps at once, which gives us the N and P

concentration with the best agreement between input values and individual deviation maps. To check if

A

the algorithm is self-consistent, a sanity check was performed, with the results of I, |

depicted in Figure

5. For this check, simulated images for fixed N-P compositions, namely Ga(NsAs;sP,) (a) & (d),

Ga(N15As¢5P40) (b) & (e) and Ga(N4pAsgoP1o) (c) & (), were created and treated like experimentally acquired
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A

images. The maps [,

| are depicted as contour plots with a spacing of 1%, which means that every N-P

point included in a colored plateau surrounded by a black line has the same total deviation from the input
values within a tolerance of 1%. This leads to distinct areas, which represent N-P compositions that differ

around a chosen uncertainty. The red crosses represent the total minima of the map obtained using the

procedure described above. Figure 5 (a) - (c) shows I 8 created with the relaxed composition maps. The

total’

total minima of the maps (a) - (c) show perfect agreement with the chosen input compositions, which
demonstrates that the algorithm is self-consistent. The area around the global minimum is elongated
elliptically, with a larger radius in the P-axis with approx. 4% uncertainty and a smaller radius along the N-
axis with approx. 2% uncertainty. This indicates that the P content is harder to determine accurately

compared to the N content, due to the bigger difference in atomic number and the SAD induced by N.

The sanity check was also performed with the composition maps built from the unrelaxed super cells with

A

tota] depicted in Figure 5 (d) - (e). A very broad diagonal stripe that

the resulting total deviation maps I
represents 1 % uncertainty around the input composition is visible in every map. This means that every
composition within that stripe is equally possible for this set of input values. Since the group Ill and BG
intensities (Figure 2 (d) & (f)) from the composition maps created from the unrelaxed super cells show no
significant dependency on the N or P content, the total deviation maps It(ﬁal are dominated by the course
of the group V maps (Figure 2 (e)). With this intensity information it is not possible to determine the
composition of a material with different elements mixed on one sublattice accurately. Furthermore, the
overall gradient of the maps built from the unrelaxed super cell set, shown in Figure 5 (d) - (f), is less steep

than the maps created with the relaxed super cell set depicted in Figure 5 (a) - (c).
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Figure 5: Sanity Check of the algorithm with three different input compositions. The total
deviation maps show a minimum area of total deviation around the input composition. The
red cross marks the global minimum of the map and thus the calculated N-P composition. The
black lines represent plateaus with 1 % error steps. The composition axes from subfigure (d)
correspond to all subfigures in the figure.

In summary, the sanity check performed with the composition maps built from the relaxed super cells
shows that it is possible to determine the concentration of a quaternary semiconductor alloy with STEM
image intensities, even when the intermixing of the atoms solely happens on one sublattice. This is
possible because the SAD effect evoked by N projects information about a group V element (N) onto the

group lll sublattice.

Of course, the algorithm will be applied to experimental images in the future with the goal to gain highly

resolved information on the composition for quaternary semiconductor alloys.
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Summary

In this work, we presented a method to determine the composition of a quaternary 1l1/V semiconductor
alloy by comparing its HAADF STEM images to a set of STEM image simulations with systematically varied
elemental composition. The simulation cells were prepared carefully, including VFF relaxation to account
for SAD effects. Due to the high number of simulations needed for a profound simulation set, the
simulations had to run on a high performance computing cluster. For the model system Ga(NAsP), the N
atoms change the group Il column intensity provoked by the SAD effect, since this behavior is not visible
using unrelaxed simulation cells. With the information from the group Il sublattice and the group V
sublattice, it is already possible to determine the composition. Additional measurements, especially at

lower detector angular ranges, improve the accuracy of the method presented here. Therefore, we

in - out tO take care of all dependencies at once. In the

combined deviation maps 11”,3'36 from multiple 6
end, we presented a successful sanity check with three exemplarily chosen Ga(NAsP) alloys to check
whether our algorithm is self-consistent. With this we could show that it is possible to determine the
concentration of a quaternary semiconductor alloy via STEM images at atomic resolution without further

information from any supplementary method. This method has great potential to be implemented in the

standard workflow when investigating semiconductor alloys with STEM.
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