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Abstract

Surface segregation and interaction effects of /n and Sb in
(Galn)As/Ga(AsSb)/(Galn)As- “W”-type quantum well heterostructures (“W”-QWHS)
are investigated by high angle annular dark field scanning transmission electron
microscopy with atomic resolution. “W”-QWHs are promising candidates for type-I|
laser applications in telecommunications. In this study, independent (Galn)As and
Ga(AsSb) quantum wells as well as complete “W”-QWHSs are grown by metal organic

vapour phase epitaxy on GaAs substrate. The composition is determined with atomic



resolution by comparison of the experimental data to complementary contrast
simulations. From concentration profiles, an altered segregation in “W”-QWHs in
comparison to single (Galn)As and Ga(AsSh) quantum wells grown on GaAs is
detected. In and Sb are clearly influencing each other during the growth, including
blocking effects of In incorporation by Sb and vice versa. Especially, growth rate and

total amount of Sb incorporated into Ga(AsSh) are decreased by In being present.

1. Introduction

Modern semiconductor lasers emitting in the infrared regime are promising for
application in telecommunications [1]. So called “W”-type quantum heterostructures
(“W”-QWHs) are candidates for laser applications at 1300 nm, which allow more
efficient optical telecommunications. In our case, “W”-QWHs are type-Il laser
systems with an active region consisting of a Ga(AsSb) quantum well (QW)
embedded between two (Galn)As-QWs. The name “W”-QWH is based on the shape
of the resulting band structure. In type-ll laser systems, electrons and holes are
spatially separated in those different QWs and recombination takes place across the
interfaces. Hence, the structure of these interfaces is of major importance for a

device’s performance.

The “W”-QWH was theoretically proposed [2—4], successfully grown [5] and was
already used for a vertical-external-cavity surface-emitting laser emitting at 1200 nm
[6]. To finally achieve efficient laser devices at high emission wavelength,
optimization is based on additional characterization of the structures. First optical
characterization can be carried out by photoluminescence measurements, while
structural characterization is possible by X-ray diffraction (XRD) [5]. To achieve

structural characterization with atomic resolution, high angle annular dark field
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scanning transmission electron microscopy (HAADF-STEM) is suitable. Due to
dominant Z-contrast in HAADF-STEM images, also composition quantification is
possible. This can lead to composition determination at an atomic scale [7,8].
Complementary contrast simulations are a common option to achieve this [9]. These
simulations can precisely match experimental results [10,11]. Given an atomically
resolved composition, effects during growth like surface segregation or interactions

between different elements can be investigated at an atomic level.

Surface segregation was shown to play an important role for the growth of (Galn)As-
[12] and Ga(AsSb)-QWs [13] on GaAs and is especially altering their respective
interfaces. Several models were proposed to describe the resulting concentration
profiles. Among others, these include a phenomenological model by Muraki et al. [14]
and a three-layer exchange model proposed by Godbey and Ancona [15]. The
Muraki model was successfully applied to (Galn)As- and Ga(AsSh)-QWs
characterized by TEM methods [16—19] and is widely accepted. The three-layer
exchange model was originally tailored for describing surface segregation for SiGe/Si
but was also used to describe a material system with simultaneous segregation of /n
and Sb [20]. Furthermore, interaction mechanisms between In and Sb during growth

were reported before [21].

Beforehand, the “W”-QWH were investigated by HAADF-STEM and intensity profiles

obtained were discussed to explore the general structure [22].

In this work, a superior method for local composition determination is applied that is
used to isolate the interaction effects in the “W”-QWH by comparison to single QWs.
The “W”-QWH as well as single (Galn)As- and Ga(AsSb)-QWs are investigated by
HAADF-STEM and through comparison with complementary contrast simulations the

composition of these QWHs is determined on an atomic level. For the composition
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profiles obtained, the Muraki model as well as the three-layer exchange model are
applied to all QWHs to quantify segregation. Growth conditions are kept the same for
all (Galn)As-QWs and Ga(AsSb)-QWs, respectively. Hence, the interaction of /n and
Sh in the “W”-QWH can be investigated. In particular, the influence of Sb on the

surface segregation of /n and vice versa is analysed.

To this end, first experimental methods used are described in detail. A close
discussion of surface segregation and models to characterize it is following. Then,
the determined composition of the QWHs and modelling of their present surface
segregation are shown. Finally, the accuracy of the composition determination and

interaction effects of In and Sb during the growth are discussed.

2. Materials and Methods

The investigated sample includes a single (Galn)As-QW, a single Ga(AsSh)-QW and
a “W”-QWH between GaAs-barriers. It was grown for the purpose of TEM
investigations by MOVPE using an AIXTRON AIX 200 GFR (Gas Foil Rotation)
reactor system (Aixtron SE, Herzogenrath, Germany). The growth was carried out on
exactly oriented, semi-insulating GaAs (001) substrates. As group Il precursors
triethylgallium (TEGa) and trimethylindium (TMIn) were used, while group V
precursors were tertiarybutylarsine (TBAs) and triethylantimony (TESb). The partial
pressures of the precursors which were smaller than 1mbar and the high-purity H,
carrier gas added up to a reactor pressure of 50 mbar. Prior to the sample growth at
550°C [5], the native oxide layer was removed from the substrates by a TBAs-
stabilised bake-out procedure. The V/III ratios were chosen as 5.2 for GaAs, 3.9 for
(Galn)As and 7.4 for Ga(AsSh). In more detail, the ratio of the partial pressure of

TMIn to all group Ill precursors was 0.75, while the ratio of the partial pressure of
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TESD to all group V precursors was 0.808. The growth of the (Galn)As- and
Ga(AsSbh)-QWs in the “W”-QWH took place under the exact same conditions as for
the single (Galn)As- and Ga(AsSb)-QWs. No special gas switching sequence was
applied at the interfaces. This allows to investigate the presence of any interaction
between In and Sb at the interfaces of the “inner” QW, where both elements are
present at the same time.

The sample described above was conventionally prepared for cross-sectional TEM
investigations in [010]-direction. Mechanical grinding and polishing was carried out
with a Multiprep™ system (Allied High Tech Products, Inc., Rancho Dominguez, CA,
United States) down to a thickness of approximately 20 ym, whereas the final
thinning and polishing through Ar-ion bombardment took place with a precision ion
polishing system (model 691 Gatan, Inc., Pleasanton, CA, United States). To limit
amorphous layers, the acceleration voltage was gradually decreased from 5 kV to 1.2
kV with an inclination angle of the ion beam on the sample surface of 6°. Due to this
preparation procedure, the resulting TEM sample shows a wedge shape, i.e. a
thickness gradient. Prior to STEM investigations, the sample was plasma cleaned to
remove contaminations (model 1020 E. A. Fischione Instruments, Inc., Export, PA,
United States).

HAADF-STEM investigations were performed with a double Cs-corrected JEOL
JEM2200FS (JEOL Ltd., Tokyo, Japan) at 200 kV acceleration voltage. The
convergence semi-angle of the electron probe of @ = 21.3 mrad was formed by a
condenser aperture with a size of 40 um. The JEOL EM-24590YPDFI dark-field
image detector was detecting electrons scattered to an angular range of 63-252
mrad, 60-240 mrad and 62-248 mrad for the evaluated STEM images of the single
(Galn)As-QW, the single Ga(AsSh)-QW and the “W”-QWH, respectively. This angular

range was determined by measuring the shadow of the detector on a CCD camera to
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identify the inner angle [23] while the outer angle is four times the inner angle.
Slightly different detector angles are most likely caused by slight changes in the
excitation of the filter lenses in different sessions. Each STEM image is the average
of ten images with a dwell time of 3 ys per pixel which have been aligned using the
software Smart Align [24]. Additionally, the images were normalised to the impinging
beam with the help of a beam image [25] on a CCD camera.

To be able to determine the composition of the QWs, complementary image
simulations were performed with the software package STEMsalabim [26] which is
based on the multi slice method [27]. Chromatic aberration is taken into account by a
defocus series [28] of 7 different defoci centred at Af = 0 nm with a full width half
maximum of 7.5 nm [11]. Thermal diffuse scattering is incorporated by the frozen
phonon approximation [29] with 10 different atomic configurations per defocus. Each
atomic configuration represents a thermal vibration by statistically displacing atoms
from their resting positions. All main parameters for the image simulation
corresponding to experimental conditions are found in Table 1. 20 different super
cells with a size of 5 x 5 x 80 unit cells (X x Y x Z) were simulated. For ten of them,
(Galn)As was simulated for In concentrations ranging from 0% to 45%. Likewise, ten
super cells of Ga(AsSb) with Sb concentrations from 0% to 45% were simulated. In
all super cells, In respectively Sb were statistically distributed while fixing the
concentration in the whole super cell to the desired value. All super cells were

relaxed by valence force field relaxation [30] to consider static atomic displacement.

Electron energy 200 kV
Aperture angle 21.3 mrad
Two-fold astigmatism 0 nm

Cs 2 um

Cs 5 mm

Cc 1.5 mm

Table 1: Parameters used for simulation of (Galn)As and Ga(AsSb) with varying
composition. The parameters were determined from the electron microscope used.
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3. Segregation models
Surface segregation is well known for Ill-V heterostructures both grown by molecular
beam epitaxy (MBE) [12] and by MOVPE [14]. After its first observation [31,32] and
further studies [12] several models to describe it were developed. Moison et al. [33]
came up with a thermodynamic model that worked well for high temperatures and
small bulk layer concentrations. For lower temperatures, Dehaese et al. [34]
proposed a kinetic model that is equivalent to the one by Moison et al. for higher
temperatures. However, both models are only working for small bulk concentrations
[35,36]. Muraki et al. [14] used a phenomenological model in which for every layer a
certain fraction S (segregation coefficient) of incoming atoms is segregating to the
surface layer while the rest is incorporated into the crystal. With this, for every layer
the concentration x(n) of the segregating element in layer n can be described as

xg(1—S") :1<n<N (1)
xo(1=SMHS*"N:n>N

x(n) = {
where x, is the final concentration of the segregating element and N is the total
number of deposited layers. The segregation model by Muraki et al. was used for
several studies of segregation in IlI-V heterostructures by TEM, especially for
(Galn)As [17-19]. In the case of Sb segregation, there are also studies available [37].
Additionally, the Muraki model was applied to /nAs/GaSb super lattices [38]. In all
these cases, the Muraki model gives a reasonable description of the experimental
findings.

However, it was shown that in certain cases the Muraki model breaks down and the
fluid three-layer exchange (F3LE) model proposed by Godbey and Ancona [15] can
offer a better description. This was found initially for SiGe/Si where extended tails in
the concentration profile, i.e. a slow decay of the concentration, were present [39,40].

Additionally, this was reported for a material system where both /n and Sb
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segregation are taking place and competing with one another [20]. In contrast to the
previous models where only exchange between two layers is considered, in the F3LE
model exchange can take place between the three topmost layers and an infinite
surface diffusion rate is assumed. When the growth of new layer s starts, the
exchange takes place between the topmost layer s and the second topmost layer s-1
and between the second topmost layer s-1 and the third topmost layer s-2. Once
layer s is fully grown, layer s-2 is not included in the exchange mechanism anymore
and a new layer starts to grow. Hence, growth and exchange take place
simultaneously.

For better readability, the following equations describing the F3LE model are given
for the case of In/Ga but can analogously be used for Sb/As. The composition of the

three topmost layers taking part in the exchange program is given as

© 4y _ L (2)
XIn + XGa - ;

Xo 4 xEY =1 (3)

Xo P +x5P =1 (4

Here, X\o)ca. Xooroa: Xoyes denote the concentration of /n respectively Ga in the

topmost, second topmost and third topmost layer, t is the time and t is the time
needed to complete the growth of one monolayer. Note, that group Il and group V
lattices are treated separately. The concentrations of /n in all three layers underlie

mass balance equations:

dx® (5)
dt =&, + Es,s—l
axe (s)
T = kg5 1+ Es—l,s—z



(s-2)
X~ _ (7)
dt — Hs—-2,5-1

Here, &;, = f is the In incorporation rate and E; ; describe the exchange process.
Thereby, E; ; is given as

_ b y®pl-1) (i-1) (D)
Ejioa =P X X0 ¥ — PoXpo VX (s)

with exchange probabilities P, and P, that are described as P, = v,e~F1/¥T and
P, = v,e %/¥T_E, and E, are surface and bulk energy, while v; and v, are vibrational

frequencies. They describe a combination of surface and bulk lattice vibration and

are normally chosen as 1013 1/5 [34,41]. T is the temperature and k the Boltzmann
constant.
In this work, both the Muraki and the F3LE model are used to describe the

composition profiles of the different QWHs.

4. Results
In a first step, composition maps of the QWHs are determined from the experimental
HAADF-STEM images. The resulting concentration profiles are used to investigate
the surface segregation taking place during the growth of QWHs by MOVPE.
Therefore, both Muraki and F3LE model are fitted to the concentration profiles.

4.1 Composition determination

To be able to determine the composition of the QWHs from the HAADF-STEM
images, first experimental images and the simulated composition series are carefully
matched considering detector sensitivity [42] and source size [11]. Here, the source
size parameter fitted is not only representing the source size of the electron source. It

also involves the influence of amorphous layers that have been introduced by sample



preparation. These amorphous layers, lead to a general redistribution of intensity
from the peaks to the background which can be inherently modelled by the source
size parameter. Additional influences of amorphous layers [43] are not taken into
account. Consequences following from this will be discussed later.

The composition of each atomic column is determined by a comparison of Voronoi
intensities [8] of simulation and experiment. By using Voronoi intensities, the
influence of surface relaxation of thin TEM samples [44—46] on the intensity assigned
to atomic columns is reduced. For composition determination, the local thickness of
each atomic column is taken into account. A detailed description and discussion of

the composition determination procedure can be found in [47].
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Fig. 1: HAADF-STEM images of the single (Galn)As-QW (A) and the single
Ga(AsSb)-QW (C). The intensity in both images is normalized to the impinging beam.
Magnified insets show the high resolution. Composition maps of the single (Galn)As-
QW and the single Ga(AsSb)-QW are shown in (B) and (D), respectively. The
number of In respectively Sb is given per atomic column with atomic resolution. Note,
that the total number of atoms per column (i.e. the thickness) is not constant within
the image. Negative compositions are explained in the main text. Growth direction is
from left to right.

The HAADF-STEM images of the single (Galn)As-QW (Fig. 1A) and the single
Ga(AsSb)-QW (Fig. 1C) together with the composition maps derived are shown in
Fig. 1. In the composition maps, for the (Galn)As-QW (Fig. 1B) only group Ill columns
are shown. For the Ga(AsSh)-QW (Fig. 1D), only group V columns are shown. The
absolute number of In atoms or Sb atoms per column is given while the thickness of
every atomic column differs. In both cases, the mean concentration of /n or Sb is
varying around zero in the GaAs barriers. The thickness ranges from 25 to 31 atoms
per atomic column in the case of (Galn)As and from 24 to 28 atoms per atomic
column in the case of Ga(AsSb). The thickness maps are not shown.

For the “W”-QWH, HAADF-STEM image (Fig. 2A) and the composition maps of In
where only group Il columns are shown (Fig. 2B) and Sb where only group V

columns are shown (Fig. 2C) are presented in Fig. 2.
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Fig. 2: HAADF-STEM image of the “W”-QWH (A). The intensity is normalized to the
impinging beam. A magnified inset shows the high resolution. The composition of In
is shown in B, while the composition of Sb is presented in C. Again, note the varying
thickness of the atomic columns. Negative compositions are explained in the text.
Growth direction is from left to right.
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Here, the thickness of the atomic columns ranges from 10 to 19 atoms per atomic
column as the total field of view of the HAADF-STEM image is roughly twice as large
as in case of the single QWs. The thickness of every atomic column is determined by
using the other sub lattice given a negligible influence of cross scattering [47].

An apparently negative composition of /n in the Ga(AsSb)-QW and an apparently
negative composition of Sb in the (Galn)As-QWs is determined. This is caused by the
local thickness determination that uses the other sub lattice. Consequently, the
increased intensity of the other sub lattice due to compositional changes leads to a
wrong thickness determination of the group Il sub lattice in the Ga(AsSh)-QW and
the group V sub lattice in the (Galn)As-QWs. Hence, the composition is determined
for a wrong thickness which is assumed to be higher than the actual thickness. This
leads to unphysical negative compositions. However, since all QWs in the “W”-QWH
are ternary the same composition determination procedure can still be used and the
negative concentrations in the other QW can be omitted. So, the /In composition is
trustable everywhere but in the GaAsSb-QW, while the Sb composition is only wrong
in the GalnAs-QWs. In GaAs barriers, the mean concentration of /n or Sb determined
is almost zero as expected.

4.2 Surface segreqgation

From the composition maps, concentration profiles of the QWHSs can be obtained by
averaging the composition of each lattice plane considering the local thickness of
each atomic column. This yields a layer-by-layer concentration profile of the QWHs.
For the single (Galn)As-QWs and the (Galn)As-QWs in the “W”-QWH, the
concentration profiles are shown in Fig. 3. The “error bars” do not give the accuracy
of concentration determination but instead they give the standard deviation of the
concentration per lattice plane. As discussed in previous work [22], this standard

deviation reflects a Poisson-like distribution of In in the QWs considering the
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experimental noise present in the measurement. The experimental noise can be
determined in the GaAs barrier and could be subtracted to reveal the actual chemical
fluctuation of the ternary materials assuming quadratic addition of standard
deviations. However, this was not done in the given profiles.

The concentration profile of the single (Galn)As-QW clearly shows surface
segregation well known for IlI-V heterostructures [16]. In a first step, the Muraki
model is fitted to all (Galn)As-QW of the (Galn)As-QWs in the “W”- using the
Levenberg-Marquardt algorithm [48]. The concentration profiles together with the
fitted models are shown in Fig. 3. As inset, the fitting parameters of the Muraki model
are given together with the R%value of the fit. For better visualization, for every
concentration the data point (0/0) was added. However, this does not change the fit

of the Muraki model.
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Fig. 3: Muraki model fitted to the composition profiles of the single (Galn)As-QW (A),
the first (Galn)As-QW in the “W”-QWH (B) and the second (Galn)As-QW in the “W”-
QWH. The concentration of In is given as fraction averaged over one atomic layer
considering the local thickness of each atomic column. Shown error bars do not
indicate the error of composition determination but the standard deviation per lattice
plane. Fit parameters are given as insets.
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To specify the different interfaces, for each QW the first interface in growth direction
is called lower interface, while the second interface in growth direction is called the
upper interface. This nomenclature is chosen based on the geometry during growth.
For the single (Galn)As-QW (Fig. 3A), a very good description of the concentration
profile is achieved with the Muraki model. This is true for both the lower and the
upper interface. The segregation coefficient determined as S = 0.68 + 0.03 is in good
agreement with the value of S = 0.65 + 0.05 found by Piscopiello et al. [17] for
(Galn)As also grown by MOVPE at 550°C.

Furthermore, the Muraki model is fitted to all the (Galn)As-QWs in the “W”-QWH. For
the first (Galn)As-QW in the “W”-QWH (in growth direction, Fig. 3B), the same
segregation coefficient as for the single (Galn)As-QW was found (S = 0.68 + 0.07).
However, the fit is not describing the data as well as in the previous case. Especially
at the upper interface where the concentration decreases and the Ga(AsSb)-QW is
already grown, the concentration profile is not well matched.

For the second (Galn)As-QW in the “W”-QWH (Fig. 3C), the segregation coefficient
determined is slightly lower S = 0.62 + 0.07 but within the errors the segregation
coefficients of both (Galn)As-QWs agree. Again, the data is not well matched by the
Muraki model everywhere: Lower (growth on Ga(AsSb)) as well as upper interface
(followed by GaAs) of the concentration show some deviations from the Muraki
model.

The Muraki model is also applied to the Ga(AsSb)-QWs. For the single Ga(AsSb)-
QW (Fig. 4A), the Muraki model is reasonably describing the concentration profile of
Sb in the QW. In case of the Ga(AsSb)-QW in the “W”-QWH (Fig. 4B), the Muraki

model is also matching the Sb concentration profile reasonably.
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Fig. 4: Muraki model fitted to the composition profiles of the single Ga(AsSb)-QW (A)
and the Ga(AsSb)-QW in the “W”-QWH (B). The concentration of Sb is given as
fraction averaged over one atomic layer considering the local thickness of each
atomic column. Shown error bars do not indicate the error of composition
determination but the standard deviation per lattice plane. Fit parameters are given
as insets.

Since the Muraki model is not matching all concentration profiles additionally the
F3LE model by Godbey and Ancona is considered to describe the concentration
profiles. This model is chosen because in previous studies it has been shown that the
F3LE model can describe concentration profiles in certain cases where the Muraki
model fails.

For this, the resulting partial differential equations have to be solved and fitted to the
concentration profiles. Fitting is performed with the Nelder-Mead method [49].

The time to grow one monolayer 7 is determined from the growth time for the QWs
which is 11s in case of the (Galn)As-QWs and 13s in case of the Ga(AsSb)-QW's and
the number of layers as determined by the Muraki model.

The results for the (Galn)As-QWs are shown in Fig. 5. For the single (Galn)As-QW
(a), a very good description can be achieved. In case of the first (Galn)As-QW in the
“W”-QWH, the data is also described well by the model with slightly changed
energies. For the second (Galn)As-QW in the “W”-QWH, the description is less

accurate at the interfaces.
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Fig. 5: F3LE model fitted to (Galn)As-QWSs. The results for the single QW (A) and the
first (B) and second (C) QW in the “W”-QWH are shown together with the parameters
used. Energies are given in eV. The parameter N describes the layer after which In
deposition stops.

For the single Ga(AsSb)-QW, also a very good description of the concentration
profile by the F3LE model is possible (Fig. 6(a)). In case of the Ga(AsSb)-QW in the

“W”-QWH, the agreement of model and data is reasonable considering the small

amount of data especially at the interfaces.
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Fig. 6: F3LE model fitted to single Ga(AsSb)-QW (A) and Ga(AsSb)-QW in the “W”-
QWH (B). The fitting parameters are given as insets. Energies are given in eV. The
parameter N describes the layer after which Sb deposition stops.

5. Discussion
Below, the results for both composition determination and surface segregation are

discussed.
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5.1 Accuracy of composition determination

The composition determination of the different QWHs is performed on an atomic
scale. Composition determination by comparing experimental and simulated STEM
intensities is a statistical process. Different z-height distributions of the substitute
atoms can yield the same Voronoi intensity which leads to an inherent uncertainty.
For a given atomic column, its composition can be determined with single-atom
accuracy with a certain probability depending on material system and thickness.
However, if the number of analysed atomic columns is large enough, the overall
composition is determined correctly [47].

For composition determination, the local thickness of each atomic column is
considered. Additionally, the simulation includes static atomic displacements and
accurate modelling of the electron microscope. However, there are still several
parameters which were not thoroughly considered in the evaluation process: surface
relaxation, amorphous layers on the samples and inelastic scattering.

The surface relaxation of thin TEM samples can have a severe influence on the
intensities used for quantitative STEM evaluations [45,46]. This influence is reduced
by the use of Voronoi cells as already stated above. Additionally, the influence of
surface relaxation is picked up by local thickness treatment that factors in the local
intensity of each column. If surface relaxation changes Voronoi intensities locally, this
leads to a thickness determination deviating from the real one. Finally, this also has
an influence on the concentration determination. However, for the QWs investigated
surface relaxation plays a minor role, since the strain is comparably low.
Furthermore, a thorough consideration of surface segregation is not trivial since the
actual sample structure and geometry, e.g. QW width, composition and sample

thickness, affects the way surface relaxation alters the intensity [45].
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Amorphous layers occur both on top and bottom of the crystalline centre as ion
bombardment during sample preparation is destroying the crystalline sample. For
GaAs based materials prepared in the same way as in this work, the thickness of the
amorphous layers both on top and bottom was found to be 3.5 nm [50]. Hence, the
thickness of the amorphous layers present on the investigated sample is expected to
be in a similar range. Both amorphous layers lead to an increase of the detected
scattered intensity whereby the influence is larger for smaller detector angles. The
true crystalline thickness will be smaller than the one determined without considering
amorphous layers. However, if different amorphous materials behave very similar for
their intensity increase as proposed for the case of Si and Ge by Grieb et al. [51],
then the concentration finally derived should not change. Besides the general
intensity increase, the amorphous layer on the top surface also broadens the beam
and leads to enhanced cross scattering compared to a fully crystalline sample.
Taking into account amorphous layers for quantitative STEM in general and for
thickness determination in particular can be achieved by considering them in
simulations or removing them on the experimental sample by very low voltage ion
bombardment [52]. Simulation involving methods can be based on position averaged
convergent electron beam diffraction for the determination of crystalline thickness,
e.g. like suggested by Grieb et al. [51].

Inelastic scattering is not considered for the simulation when comparing experimental
and simulated intensities. However, inelastic scattering is less important for high
angles used here [53] so the measurements in this work performed for an angular
range above 60 mrad are not affected.

In the composition maps, non-zero concentrations of /n respectively Sb in GaAs
regions are present. On the one hand, these can be caused by the determination of

the local thickness as discussed in detail elsewhere [47]. On the other hand, the non-
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zero concentrations are a consequence of the material system investigated. The local
thickness of each column is determined through Ga or As columns with a precision of
one atom by comparison of its Voronoi intensity to simulations. The atomic nhumber of
the column is the main factor for the scattered intensity of that atomic column. If the
thickness of a column is increased by one Ga or As column, the total atomic number
Z of that column is increased by 31 or 33, respectively. In comparison, replacing a Ga
atom by an In atom or As by Sb increases the total atomic number of that column by
only 18. Hence, one additional Ga or As atom (i.e. changing the thickness) has a
larger impact on the intensity of that column than changing the composition: The
“‘composition sampling” of the intensity is smaller than the “thickness sampling” of the
intensity. Since all thicknesses and compositions are found by matching intensities of
simulation and experiment, this leads to non-zero compositions of columns in GaAs.
Of course, the same effect is also happening in QWs. An ideal material system for
composition determination consists of materials where the influence of a thickness
change is smaller than that of a composition change. The small deviation from zero
of the mean concentrations in GaAs is most likely caused by the presence of the
amorphous layer. For further discussion of the composition determination, also see
[47].

In general, the composition determination method used is giving an excellent
agreement of the composition of the (Galn)As-QW with the composition determined
by XRD and a reasonable agreement for the Ga(AsSb)-QW. The deviations in case
of Ga(AsSh) could be explained by a stronger oxidation of the surfaces of the TEM

specimen in the Sb containing layer [54].
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5.2 Interaction of In and Sb during growth

Since the growth conditions of the single QWs and the QWs in the “W”-QWH are
exactly the same, a comparison of the resulting concentration profiles of the QWs
gives insight into the influences of In and Sb on each other during the growth.

First, the single (Galn)As-QW and the two (Galn)As-QWs in the “W”-QWH are
compared to each other.

All (Galn)As-QWs have the same maximum /n concentration of x = 0.2 but the
shape, i.e. the surface segregation, differs depending on the material at the interface
that is either GaAs or Ga(AsSb).

In case of the single (Galn)As-QW, the Muraki model gives an adequate description
of the concentration profile obtained and the surface segregation present as was
already reported in several cases before [16—18]. Additionally, the segregation
coefficient obtained is in good agreement with results published before for a
(Galn)As-QW grown by MOVPE at the same growth temperature. This supports the
validity of both concentration profile and segregation coefficient determined. In
contrast, the F3LE model does not give a satisfying fit to the concentration of the QW
so it can be stated that only the two topmost layers are included in the exchange
process taking place during (Galn)As growth.

In the following, descriptions of the segregation for the (Galn)As-QWs in the “W”-
QWH are referring to the segregation for the single (Galn)As-QW where all interfaces
consist of GaAs. To allow for quantitative comparison, the Muraki model is slightly
modified. For the lower interface, a segregation coefficient S, is used while the upper
interface is described by segregation coefficient S,. This is motivated by the
inequivalence of lower and upper interface. The resulting model is

x(1=S") :1<n<N (9)

x(n) = {x0(1 —SMST N in >N
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so that both interfaces can be treated independently. In Fig. 7, the fits obtained for
the (Galn)As-QWs in the “W”-QWH are shown. Both give a good description of the
concentration profiles at both interfaces. The resulting segregation coefficients at
both interfaces differ from each other which is discussed hereafter.
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Fig. 7: Modified Muraki model with two different segregation coefficients fitted to the
concentration profiles of the first (A) and the second (B) (Galn)As-QW in the “W”-
QWH. In both cases, a reasonable description of both interfaces is reached. Fit
parameters are given as insets.

The first (Galn)As-QW in the “W”-QWH shows a very similar segregation at the lower
interface. This is supported by the segregation coefficients determined with the
Muraki model (S} = 0.74 + 0.04). Since both QWs are grown on GaAs under the
same growth conditions this is the expected result. A decrease in concentration takes
place when the In supply during growth is stopped. Depending on the present
segregation, this concentration decrease can take place slowly as it is the case for
the single (Galn)As-QW. In contrast, the first (Galn)As-QW in the “W”-QWH shows
an abrupt decay of /n concentration. Consequently, a smaller segregation coefficient
for the upper interface of S} = 0.31 + 0.15) is connected to this abrupt decay. Since
only a limited amount of data points is used for fitting, a larger error results. The
abrupt decay is in agreement with results published by Sanchez et al. [21] who found
blocking of incorporation of segregating /n by Sb. The growth of Ga(AsSh) on the first

(Galn)As-QW can stop In incorporation. So, the blocking of segregating /n leads to
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an abrupt interface. While the segregation at the lower interface of the first (Galn)As-
QW in the “W”-QWH is the same as for the single (Galn)As-QW, the upper interface
is altered and surface segregation is suppressed due to the interface to the
Ga(AsSb)-QW in the “W”-QWH.

In line with blocking of /n incorporation by Sb, the lower interface of the second
(Galn)As-QW in the “W”-QWH deviates from the one of the other (Galn)As-QWs that
is dominated by segregation. It does not show the same degree of surface
segregation and is more abrupt (S’ = 0.58 + 0.06). This can be explained by the fact
that this (Galn)As-QW is grown on Ga(AsSbh) instead on GaAs.

Furthermore, this is connected to blocking of /n incorporation. The amount of Sb still
present from the growth of the Ga(AsSb)-QW has to drop below a certain value
before the growth of the second (Galn)As-QW can start. Once this value is undercut,
the incorporation of /n already offered and presumably floating on the surface can
begin which leads to a more abrupt interface and less surface segregation
developing.

The concentration decrease at the upper interface is taking place with a higher
segregation coefficient again (S!/ = 0.76 4+ 0.06). This surface segregation is similar
to the single (Galn)As-QW as both QWs are followed by GaAs. However, the
segregation coefficient is slightly increased. This can be connected to the growth on
already strained layers in the “W”-QWH. Summarized, the surface segregation of the
second (Galn)As-QW in the “W”-QWH at the lower interface is changed due to the
Ga(AsSbh)-QW it is grown on and the Sb blocking /n incorporation until the Sb content
has undercut a certain value whereas the upper interface remains almost

unchanged.
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All'in all, the (Galn)As-QWs in the “W”-QWH are severely altered with regard to their
surface segregation where they have interfaces to the Ga(AsSb)-QW but show the
same surface segregation as in case of the single (Galn)As-QW otherwise.

A comparison of the single Ga(AsSb)-QW and the one inside the “W”-QWH shows
huge differences. The concentration of Sb in the Ga(AsSb)-QW inside the “W”-QWH
is significantly decreased. Apparently, the growth of Ga(AsShb) on (Galn)As (in
combination with In possibly still floating on the surface) decreases the incorporation
of Sb even more severely as the other way around. This is in agreement with findings
reported by Sanchez et al. [21]. They found an GaSb layer on (Galn)As that was
intended to contain 100 % of Sb to have an Sb concentration of only 5%. A possible
explanation would be disruption of the surface coverage of Sb by the floating In layer
since a critical amount is needed [13].

Additionally, the QW inside the “W”-QWH has a noticeably smaller width than the
single one (10 vs. 13 atomic layers). Here, the combination of a (Galn)As-QW before
the Ga(AsSb)-QW, In possibly still floating on the surface and a (Galn)As-QW grown
afterwards (i.e. newly incoming /n floating on the surface) is limiting the incorporation
of Sh, i.e. the growth rate of Ga(AsSb) is changed by the floating layer of In. This
could also be connected to the critical surface coverage of Sb needed.

The Muraki model gives a reasonable description of the concentration profile of the
single Ga(AsSbh)-QW and the Ga(AsSb)-QW in the “W”-QWH. Sb surface
segregation was described by the Muraki model before [37] so that the single
Ga(AsSh)-QW is expected to be describable by the Muraki model. The Ga(AsSh)-
QW in the “W”-QWH has two interfaces to (Galn)As-QWs (lower and upper interface)
which is in contrast to the (Galn)As-QWs in the “W”-QWH that have interfaces to two

different materials. Hence, the Ga(AsSbh)-QW in the “W”-QWH can be described by
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the Muraki model with one segregation coefficient while the (Galn)As-QWs in the
‘W”-QWH cannot as has been shown above.

Schowalter et al. [16] empirically related the segregation efficiency to the lattice
mismatch between the materials grown. A smaller lattice mismatch leads to a smaller
segregation coefficient, i.e. a more abrupt interface.

This relationship was tailored for single QWs and can therefore not easily be applied
to QWHSs where strain builds up and additional interaction between elements is
present as outlined above.

Haxha et al. [20] showed that the F3LE model can be used to describe both /n and
Sb segregation of Ga(AsSb)/InAs grown by MBE. Here, next to the single QWs we
apply it to the “W”-QWH grown by MOVPE. The F3LE model can be used to describe
the growth of the first (Galn)As-QW in the “W”-QWH and also the second (Galn)As-
QW in the “W”-QWH in presence of Sb with reasonable agreement. Additionally, the
Ga(AsSb)-QW in the “W”-QWH is reasonably described. Hence, the description of
the growth is possible when incorporating three layers. The energies describing the
exchange between layers are slightly changed compared to the single QWs used as
a reference pointing to different growth behaviour in presence of In/Sbk.

The results from the F3LE model support the statements made about the growth

before.

6. Summary
Concentration profiles of single (Galn)As- and Ga(AsSb)-QWs as well as of the
whole “W”-QWH were determined on an atomic level by STEM and complementary
contrast simulations. With these concentration profiles, growth in general and surface
segregation in particular was investigated with regard to influences of In and Sb on

each other. Several findings were made: (i) Surface segregation plays a decisive role
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in growth of “W”-QWH. (ii) In and Sb alter surface segregation of each other so that a
holistic description by existing models is not possible. (iii) Different segregation
coefficients are needed to describe the interfaces of the (Galn)As-QWs in the “W”-
QWH as they differ for interfaces to GaAs and to Ga(AsSh). (iv) On the one hand, Sb
is blocking In incorporation both after and before the growth of (Galn)As. (v) On the
other hand, In is changing the growth of Ga(AsSb) altering both the total amount of
incorporated Sb and the growth rate.

In conclusion, surface segregation and interactions between /n and Sb during the

growth of “W”-QWHs were revealed using atomic resolution STEM.
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Figure captions

Table 1: Parameters used for simulation of (Galn)As and Ga(AsSb) with varying
composition. The parameters were determined from the electron microscope used.

Fig. 1: HAADF-STEM images of the single (Galn)As-QW (A) and the single
Ga(AsSb)-QW (C). The intensity in both images is normalized to the impinging beam.
Magnified insets show the high resolution. Composition maps of the single (Galn)As-
QW and the single Ga(AsSbh)-QW are shown in (B) and (D), respectively. The
number of In respectively Sb is given per atomic column with atomic resolution. Note,
that the total number of atoms per column (i.e. the thickness) is not constant within
the image. Negative compositions are explained in the main text. Growth direction is
from left to right.

Fig. 2: HAADF-STEM image of the “W”-QWH (A). The intensity is normalized to the
impinging beam. A magnified inset shows the high resolution. The composition of In
is shown in B, while the composition of Sb is presented in C. Again, note the varying
thickness of the atomic columns. Negative compositions are explained in the text.
Growth direction is from left to right.

Fig. 3: Muraki model fitted to the composition profiles of the single (Galn)As-QW (A),
the first (Galn)As-QW in the “W”-QWH (B) and the second (Galn)As-QW in the “W”-
QWH. The concentration of In is given as fraction averaged over one atomic layer
considering the local thickness of each atomic column. Shown error bars do not
indicate the error of composition determination but the standard deviation per lattice
plane. Fit parameters are given as insets.

Fig. 4: Muraki model fitted to the composition profiles of the single Ga(AsSb)-QW (A)
and the Ga(AsShb)-QW in the “W”-QWH (B). The concentration of Sb is given as
fraction averaged over one atomic layer considering the local thickness of each
atomic column. Shown error bars do not indicate the error of composition
determination but the standard deviation per lattice plane. Fit parameters are given
as insets.

Fig. 5: F3LE model fitted to (Galn)As-QWs. The results for the single QW (A) and the
first (B) and second (C) QW in the “W”-QWH are shown together with the parameters
used. Energies are given in eV. The parameter N describes the layer after which In
deposition stops.

Fig. 6: F3LE model fitted to single Ga(AsSb)-QW (A) and Ga(AsSb)-QW in the “W”-
QWH (B). The fitting parameters are given as insets. Energies are given in eV. The
parameter N describes the layer after which Sb deposition stops.

Fig. 7: Modified Muraki model with two different segregation coefficients fitted to the
concentration profiles of the first (A) and the second (B) (Galn)As-QW in the “W”-
QWH. In both cases, a reasonable description of both interfaces is reached. Fit
parameters are given as insets.
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Table(s)

Electron energy 200 kv
Aperture angle 21.3 mrad
Two-fold astigmatism 0nm

Cs 2 um

Cs 5mm

Cc 1.5 mm




-10.08
+10.075
0.07

10.065

0.06

0.055

0.05

0.04

0.03

0.08

0.07

0.06

0.05

0.04

0.03

Intensity [fraction of beam]

0.045

0.035

Intensity [fraction of beam]

12

10

sdastiie

® eo

seess

e:“
segaiise
- . a8 -
oo .‘

#In atoms per column

#Sb atoms per column



0.035

0.03

0.025

0.02

0.015

¥

Intensity [fraction of beam]

#In atoms per column

[ty e

SR

%;T.gr;;'ﬂ "I‘ it

Sttt et

Siie

il

o St
lages T
ittt
tette et
o

+$3%: *,

e

#Sb atoms per column



Concentration

0.15

0.1

0.05

-0.05

S5=0.68+0.03

N=22+0.4
Xx.=0.2+0.01
R"=0.98

Concentration

10 15

# Layer

Concentration

0.4 , b __ |
0.3} H
02 — )\ . ] ‘ ‘ . °
0.1 /e 1 I | L4
YR S=0.68+0.07
0 14 N=20.6+0.6
[ x.=0.21+0.01
R”=0.93
-0.1 == N R B
0 3 10 15 20

# Layer

©
-_

S$=0.62+0.07
N=21.2+0.5
x_=0.2+0.01
R“=0.93

10 15 20

# Layer

25



Fighre(s)y 3 025~

025F -

"
N
T
I

o
o
o (@)
INIII T 11 T 1T T 1

o
N
@)
|
I

0.2F | .
0.155- o 1 ¢ 1 s N

©

LN
|
®

0.1}

Concentration
Concentration

S=0.33+0.09  QL045+012 | -

N=12.9+0.2 \ S N=9.8+0.3 !
0% x,=0-170.01 1 -0.05F x =0.12+0.01 :

: R%=0.97 : [ R®=0.96 ]
R T T PR TR SR T I SR SR S T _01 T T B T B Lo
0 5 10 15 o 2 4 6 8 10

# Layer # Layer

0.05}




Concentration

o
~

.
Fi al<c) a 0.4 ettt A} ettt
refs) r : r

|
©
w
LI

025F o1l l ]

0.2F

T
Le
o

L 2
®

o
N
1
i
.

0.15

T T T T

lx=02"
N =23
E, =06
E,=06
7=0.5
R%=0.98

Concentration
o
1
|

-
Concentration

PR R 1 PRE T TR T T T T T N T T SO TN 1 1 1
0 5 10 15 20 25
# of Layer

20 0 5 10 15 20



# Layer

1 1
K] (Q\| K] ~ K] o ) ~
N o A o o o o
o o o nﬂ !
--—
f o
} @ i
} ® |
— v ° | 4 9
—
v ° | © (-
™ NN~ ® o
i y mw.AnU o o 7
© V e« ST o o~ ]l 8
Tl -— oV | oV +
, ﬂ x Z W W ~ X
|— ] |5
m..._ 11 o
0 0
& O
ir © ¢

UolJeJjuUs2uUO0)



Concentration

0.3}

s, =0.74+0.04

S RS B I

Concentration

S, ~0.58+0.0
S,=0.78+0.06
N=20.1+0.7

82=O.3‘Ii0.15
N=21.6+0.3

# Layer # Layer

X,=0.22+0.0° ] ,=0.240.01 ]
L IR. .=(.).9$ T B ] O 1 T |R. .=(.).9?. IR ]
10 15 20 0 5 10 15 20 25



