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In this work, we have characterized by transmission electron microscopy techniques the structural prop-
erties of InAlAsSb/InGaAs/InP heterostructures, with target applications in high efficiency solar cells.
Previous photoluminescence (PL)' analysis suggested the existence of compositional fluctuations in
the active layer of these heterostructures. 220 bright field (BF)? diffraction contrast micrographs have
revealed strong strain contrast in the InGaAs buffer layer, related to the existence of these compositional
fluctuations. The effect of a decomposed buffer on the growth of the InAlAsSb layer has been analyzed

;;QXLV\Z;?)S: through the simulation of the strain fields in the heterostructure using the finite elements method (FEM).?
High-efficiency These simulations have shown that the strain in the buffer layer due to the compositional fluctuations only
solar cells affects the first few nm of the InAlAsSb layer. The analysis by aberration corrected high angle annular
Multi-junction dark field scanning transmission electron microscopy (HAADF-STEM)* and electron energy loss spec-
HAADF-STEM troscopy (EELS)® of the composition of the InAlAsSb layer reveals that any compositional fluctuation is

only observed as an average effect, rather than in the form of clustering or atomically sharp transitions.
The limitations of these techniques for the detection of small 3D compositional fluctuations are discussed.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Solar energy is one of the most promising energy sources of
this century, because of its carbon-free and inexhaustible nature.
Over the past five decades, the research efforts in this field have
been focused on raising the efficiency of solar cells. Developments
such as the inverted metamorphic (IMM)® solar cell has allowed
reaching efficiencies over 34% under 1 sun (AMO) illumination [1],

* Corresponding author.
E-mail address: nuria.balades@uca.es (N. Baladés).

1 PL: photoluminescence.

2 BF: bright field.

3 FEM: the finite elements method.

4 HAADF-STEM: high angle annular dark field scanning transmission electron
microscopy.

5 EELS: electron energy loss spectroscopy.

6 IMM: inverted metamorphic.

http://dx.doi.org/10.1016/j.apsusc.2016.07.094
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although this design has shown to be limited by dislocations formed
during the growth process [2]. Currently, the multi-junction (M])’
technology based on lattice-matched IlI-V semiconductor alloys is
considered as a very promising technology to enable ultra-high effi-
ciency devices. In these M] systems, each junction is optimized to
match certain wavelength of the incident light through their tun-
able band gap energies, so high energy conversion efficiencies are
expected [3]. In this context, the quaternary InAlAsSb is a promising
alloy for the top junction of the InP-based triple-junction con-
centrator cell design. This material can achieve direct band gaps
ranging from 1.45 to ~1.8 eV, which is expected to provide ultra-
high efficiency in conversion of light under concentrated (AM 1.5D)
illumination [4].

The InAlAsSb alloy is a relatively immature material, and its
structural and optoelectronic properties need to be analyzed in

7 MJ: multi-junction.
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detail. This material is expected to have a bandgap value of about
1.8 eV. However, preliminary studies by the authors have shown
a discrepancy between the bandgap values extracted by PL mea-
surement and by ellipsometry [5]. On the other hand, initial PL
studies of this quaternary layer have revealed a red-shift in the
peak emission energy as a function of the incident power density,
along with a significant deviation from its expected bandgap [6].
These results suggest spatially-indirect recombination related to
compositional fluctuations. In that analysis, the studied InAlAsSb
layers were grown on InP using InGaAs buffer layers. The advan-
tage of using InGaAs buffer layers with regard to other commonly
used materials such as InAlAs is that InGaAs has lower bandgap
and higher mobility than InAlAs, leading to a reduced series resis-
tance value on the final device. In the PL study, the main reason
for using InGaAs buffers is to block the PL emission from the sub-
strate (1.35 eV at room temperature), to avoid overlapping with the
PL emission from the InAlAsSb layer. However, the InGaAs alloy
has a known tendency to spinodal decomposition under certain
growth conditions [ 7-9]. The structural characteristics of the buffer
layer could have an effect on the growth of the InAlAsSb layer,
and potentially on its PL emission properties, therefore it should
be considered in the understanding of the behavior of this alloy.

In this work, we have studied the structural properties of
InAlAsSb/InGaAs/InP heterostructures in order to shed some light
on the PL characteristics observed previously. In particular, the
compositional distribution in the InAlAsSb layer has been ana-
lyzed with atomic column resolution using HAADF-STEM EELS in an
effort to ascertain the presence of localized compositional changes
(clusters, etc...), which would drastically affect the absorption
properties of the layer. Furthermore, the effect of using InGaAs
buffer layers with phase separation on the strain of the InAlAsSb
layer has been analyzed using the finite element method.

2. Material and methods

The studied samples consist of a 1um thick layer of
Ino_31Alo.69ASO.gzsb0_1g grown on an Ing 53Gag.47As buffer
layer with thickness of 200nm on an InP substrate. The
Ing 31Alg.69AS0.82Sbo.18/INg53Gag47As/InP  heterostructure s
lattice-matched to InP. The lattice constants values are 5.86A,
5.87A and 5.87A respectively. The heterostructure has been
grown by molecular beam epitaxy (MBE),® in an As-Sb Veeco
Gen II system. A specimen has been thinned down to electron
transparency for transmission electron microscopy (TEM)? cross-
sectional analyses by mechanical grinding and Ar* ion milling
using a precision ion polishing system (PIPS)'° with a beam tilt
of 4° and beam energy of 3.5kV. Finally, the specimen has been
plasma cleaned before the TEM analysis to reduce the effect of
the electron beam deposition of parasitic carbohydrates on the
specimen surface [10].

The TEM diffraction contrast study has been performed using
a JEOL 1200EX transmission electron microscope operating at
120kV. The HAADF images and the EELS spectrum images have
been acquired simultaneously using an aberration corrected Nion
UltraSTEM, operating at 100 kV with a convergence semi-angle of
32 mrad. The microscope is equipped with a Gatan Enfina EELS
spectrometer and a HAADF detector with inner and effective outer
semi-angles of 80 mrad and 185 mrad. EEL spectra were collected
using an aperture semi-angle of 36 mrad. The resolution limit of the
microscope is about 0.8 A.

8 MBE: molecular beam epitaxy.
9 TEM: transmission electron microscopy.
10 PIPS: precision ion polishing system.
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Fig. 1. XRD data corresponding to the InAlAsSb/InGaAs/InP heterostructure.

FEM modelling has been carried out in order to simulate the
strain in a three-dimensional heterostructure. The model has been
defined using combinations of three volumes or domains. The first
domains consist of 50 x 50 x 50nm3 corresponding to the sub-
strate and it is assumed to be pure InP. The second one consists
of 50 x 50 x 200nm3 of InyGaj_xAs. In the domain corresponding
to the InGaAs layer, composition fluctuations have been included
introducing a set of sinusoidal functions with different phases along
the growth direction, where In and Ga compositions vary +5% from
their average values (53% and 47% respectively). Vegard’s law has
been applied to estimate the elastic constants values at different
compositions. The third domain consists of 50 x 50 x 200 nm3 of
Ing.31Alg.69ASg.82Sbg 13 Elastic constants have been taken from the
literature [11]. The periodicity of the structure has been chosen
to be 50nm and it has been taken into account by applying the
appropriate boundary conditions. To introduce the misfit at the
interface between the layers and the substrate, the initial strain has
been assumed to be g9 = ”;,‘Jn’l'}[’ , being therefore dependent on the
composition. The basic mesh distribution for finite element calcu-
lation is usually calculated using the Delaunay algorithm, as it can
be applied to all geometry objects. The strain field has then been
obtained from the model by solving the equations of the anisotropic
elastic theory by FEM.

The column to column compositional analysis of the HAADF
images has been carried out by applying the quantitative HAADF
image analysis algorithm (qHAADF)'! available to run using the Dig-
ital Micrograph (GATAN™) software, available from HREM Research
Inc. The qHAADF algorithm to analyse the normalized integrated
intensities in HAADF images was developed by Sergio I. Molina et al.
[12] Here, after an automatic finding of the intensity peaks using 2D
filtering (Bragg, Wiener. . .) and cubic interpolation techniques [13],
the integrated intensities in selected areas of the HAADF images are
measured and mapped.

3. Results and discussion

The sample has been initially studied by X-ray diffraction (XRD)
in order to verify the crystalline structure. Fig. 1 shows the XRD
obtained from the InAlAsSb/InGaAs/InP heterostructure. For this
sample, the InAlAsSb epilayer peak appears within 380" of the sub-
strate peak. Assuming that the layers are coherently strained, this

11 qHAADF quantitative HAADF image analysis algorithm.
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Fig. 2. a) 220BF TEM micrograph of the InAlAsSb/InGaAs/InP sample, revealing the presence of strain contrast in the InGaAs and InAlAsSb layers. Intensity profiles taken
from the InAlAsSb b), the InGaAs c) and the InP d) layers, along the regions marked with blue rectangles in Fig. 2a). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

value corresponds to an out of plane lattice constant mismatch
with respect to the substrate of 1490 parts per million (ppm) or
alternatively, less than 0.15% lattice mismatch, which allows a con-
siderably amount of epitaxial material to be grown without any
defects.

Fig. 2a shows a 220 bright field (BF) TEM micrograph of the
InAlAsSb sample with the InGaAs buffer layer, where no dislo-
cations or any other structural defect can be found. As it can be
observed, the InGaAs layer exhibits some contrast oscillations,
more intense in the [110] direction than in the growth direction
[001]. Some contrasts can also be found in the InAlAsSb layer,
although these are not so evident. Intensity profiles have been taken
and averaged from the blue rectangles included in Fig. 2a in the
InAlAsSb active layer (Fig. 2b), in the InGaAs buffer layer (Fig. 2c)
and in the InP substrate (Fig. 2d). These profiles show that the lat-
eral contrast variations found in the ternary layer are stronger than
those found in the InAlAsSb layer and in the InP substrate. These
contrast oscillations are associated with lateral strain variations,
which are postulated to relate to composition fluctuations. The
presence of composition fluctuations in InGaAs and other ternary
semiconductor compounds obtained by epitaxial growth have been
widely reported in the literature [8,9,14,15] and they have been
attributed to a process of spinodal decomposition [ 16]. These com-
positional fluctuations depend on the growth temperature, the
alloy composition and the growth rate [17,18] and some authors
believe that they are thermally activated [19,20]. With regard to
the quaternary InAlAsSb layer, it should be mentioned that strain
contrast as strong as that found in the InGaAs layer has not been
observed. This indicates that possible compositional fluctuations in
the quaternary layer, as those suggested by the PL measurements
[6], would not cause such large variation in the lattice parameter
through the structure than in InGaAs.

The existence of composition fluctuations in the InGaAs buffer
layer derived from the diffraction contrast analysis above could
affect the growth of the active quaternary layer. In order to shed
some light on the effect of some heterogeneities in the buffer layer
on the InAlAsSb layer, we have simulated the strain of the het-
erostructure by FEM modelling. For this, we have built a model
formed by three different domains: the InP substrate, the InGaAs
buffer layer and the InAlAsSb active layer, as described in the
Methods section. In the domain corresponding to the InGaAs layer,
composition fluctuations have been included introducing a set of
sinusoidal functions with different phases along the growth direc-
tion, where In composition varies between 53 + 5% and Ga between
47 +£5%. The amplitude of these compositional fluctuations in the
InGaAs layer is an important parameter to be set in this model.
However, despite the fact that this material has been widely stud-
ied in the literature, experimental estimates of this amplitude
parameter have not been published. Studies of InGaAs/InP systems
have shown that the amplitude of the fine modulation wavelength
decreases with growth temperature, In concentration or thickness
increase [14]. McDevitt et al. found an increase in the fine mod-
ulation wavelength with growth temperature in InGaAsP grown
on InP, regardless of their composition [21]. Bartel et al. found a
parabolic increase of the fluctuation amplitude in InGaN systems
when the In concentration is increased [17]. Nevertheless, these
studies do not include a quantification of the magnitude of small
compositional fluctuations. This is due to the complexity of the
compositional distribution, given that it is expected to consist in
3D small variations. In this sense, Ga enrichment areas about 4-6%
over the nominal composition have been reported in InGaAs graded
buffers grown on offcut wafers, measured using Moiré fringe spac-
ing [22]. In order to investigate the effect of strong composition
fluctuations in the InGaAs buffer layer on the growth of the InAlAsSb
layer, we have considered In fluctuations relatively high, of +5%,
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and of the same order of magnitude of that obtained in Ref. [22].
These composition variations induce a strain of 5% on the top sur-
face of the buffer layer before including the quaternary layer. This
is a considerable value, because strain variations of about 3% are
able to induce the formation of structural defects in InGaAs/AlGaAs
quantum dot (QDs) [23], although dislocations have not been found
in our study. However, we have found a strong reduction in the
strain values of the InAlAsSb layer with the distance to the InGaAs
surface, as shown below.

Fig. 3 shows the strain maps calculated with regard to the InP
substrate in the growth direction in planes parallel to the growth
plane [001], for different positions in the InAlAsSb/InGaAs het-
erostructure: at the InAlAsSb/InGaAs interface (a) and at 5 nm (b),
10nm (c) and 15 nm (d) from the buffer layer. As it can be observed,
the strain in the quaternary layer at the interface is around +1%.
However, and as it can be observed, when moving upwards in the
structure the strain in the quaternary layer is rapidly reduced to
values of around 40.4%, 0.15% and 0.05% for the distances showed
in Fig. 3, respectively, being practically negligible at 50 nm (about
9.5 x 1074%). In light of the results obtained, it can be concluded
that the strain due to the composition fluctuations in the InGaAs
layer affects only the initial monolayers of the InGaAs layer. The
chemical potential of the growth surface at the beginning of the
InAlAsSb growth could be affected by small distortions, leading
to light compositional fluctuations. Nevertheless, this influence is
not significant with respect to the total volume of the quaternary
layer (which is 1 wm thick) given that the PL emission analyzed
previously is expected to originate from the overall InAlAsSb layer.
Therefore, our results suggest that, in terms of strain propagation,
the composition fluctuations predicted by the PL measurements
[24] are not expected to be caused by the spinodally decomposed
InGaAs buffer layer.

In order to obtain further information on the composition dis-
tribution of the InAlAsSb layer both at the interface with the InGaAs
layer and in regions far from the interface, an analysis by aberra-
tion corrected HAADF has been carried out. In HAADF, the intensity
obtained is, to a good approximation, proportional to the sum of the
square of the atomic numbers (Z) of the atoms in a given column,
providing useful compositional information. Fig. 4a shows a HAADF
image taken along the [110] zone axis of the InAlAsSb/InGaAs inter-
face. As it can be observed, clear intensity variations that could
be correlated to compositional fluctuations are not found either
in the InGaAs layer or the InAlAsSb layer. In order to analyse in
more detail the intensity in the image, the gHAADF algorithm has
been applied [12]. In this work, this algorithm is used to calcu-
late the integrated intensity around the cations (I¢) and the anions
(I3) columns in the material, and Fig. 4b and c shows the obtained
intensity maps, respectively. As it can be observed, small fluctua-
tions in the intensity values are found both in the InAlAsSb and the
InGaAs layers. In order to compare the dispersion of the obtained
results, we have calculated the correlation coefficient C, (defined
as the ratio between the standard deviation and the mean intensity
value) in the ternary layer, the quaternary layer and the substrate
and we have obtained a value of C, ~2% in all layers. Thus, the
fluctuations observed in the regions of interest are of the same
order of magnitude than those found in the InP substrate, which
has uniform composition, therefore they can be related to small
variations in the sample thickness and fall into the error of the mea-
surement. Because of this, no significant composition fluctuations
can be derived from the developed HAADF analysis. Different spec-
imens with variable thickness have been analyzed, studying both
regions close to the interface and regions far away from it, obtaining
the same result. It is worth mentioning that, as it can be observed,
the intensity in the ternary layer is higher than in the quaternary
layer everywhere, what is related to a higher average Z number
in InGaAs than in InAlAsSb. This is something widely observed in

HAADFimages, and it is related to the cross-talk between the atomic
columns. In our study, we focus on finding variations in intensity
within each of the layers that could evidence composition fluctua-
tions. In these variations, the difference found between the average
intensity of the ternary and the quaternary layers are not expected
to have any effect.

The composition in the heterostructure has also been analyzed
by EELS. Elemental distribution maps corresponding to the area
of the InGaAs/InP interface marked with a green rectangle in the
HAADF image of Fig. 5a) have been obtained by the analysis of
the core loss spectrum signals. Fig. 5b) shows the normalized ele-
mental map corresponding to the In M5 ionisation edge (onset
at 443.1eV). This map has been obtained by integrating the edge
intensity over a 89eV window after subtraction of the decaying
background using a power-law fit over a region immediately in
front of the core loss edge, and then normalizing it with the aver-
age In signal in the substrate. Fig. 5¢) shows a map of t/\, (where t
is the thickness of the sample and A the inelastic mean free path),
showing that the analyzed area correspond to a thin region of the
sample with a small thickness gradient. As it can be observed in
Fig. 5b), small variations in the In My 5 signal can be observed with
Cv ~6.8%. However, small fluctuations of the same magnitude are
also found in the InP substrate, with Cv ~5%. The In composition in
the InP substrate is known to be homogeneous and therefore the
small fluctuations observed in the active layer are not thought to
be related to real composition changes but to the inherent error
of the measurement. The variations found both in the InGaAs and
the InP layers are of the same order of magnitude, and this indi-
cates that they do not show significant compositional changes in
the InGaAs layer, which is the same result derived from the HAADF-
STEM analysis. Fig. 5d shows a HAADF image of the InAlAsSb layer,
and Fig. 5e shows the normalized In M4 5 signal maps corresponding
to the area included in the green square marked in the image. Fig. 5f
shows a map of t/\, showing that the analyzed area correspond to
a thin region of the sample. Although small fluctuations have again
been observed in the In signal obtained from the InAlAsSb layer in
Fig. 5e (Cv ~6.4%), these variations also fall within the error of the
measurement, therefore compositional changes are not evidenced
from the EELS analysis employed here.

In the analysis carried out by HAADF and EELS, data pointing
to the existence of compositional fluctuations in the InAlAsSb and
the InGaAs layers studied have not been clearly obtained. However,
the analysis by diffraction contrast of the structure has shown clear
strain contrast in the InGaAs layer, likely related to the existence of
compositional variations. Also, previous studies by PL point to the
existence of compositional fluctuations in the InAlAsSb layer [6].
The reasons for the results obtained could lie in the projected 2D
nature of the analyses developed by most TEM techniques, given
that in these analyses the 3D features of a specimen are projected
on a 2D plane. Because of this, the composition of each atomic col-
umn is averaged through the specimen thickness. If the regions
of different composition have a small size in comparison to the
specimen foil, when the electron beam is channelled through a
particular atomic column of the material, it can go through sev-
eral of these domains. Even when the data collection is different in
HAADF and EELS, this effect can produce that in both techniques
the results only show an averaged value corresponding to part or
the whole atomic columns in the specimen thickness. This average
value could be similar for different regions of the specimen, and
thus the results would not exhibit possible 3D small compositional
fluctuations present in the material. The magnitude of the compo-
sitional variations in the structure is also an important parameter
to be taken into account. For example, the difference between the
number of In atoms in an InxGa_xAs specimen foil 30 nm thick in a
[110] projected cation column when its composition x varies from
0.53 to 0.59 is only of three atoms. Therefore, the detection lim-
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d)

InAlAsSb

Fig.5. a) HAADFimage of the InGaAs/InP interface; b) normalized In M4 5 signal map corresponding to the region marked with a green rectangle in a); c) t/\ map corresponding
to the region marked with a green rectangle in a); d) HAADF image of the InAlAsSb active layer; e) normalized In My signal map corresponding to the region marked with
a green rectangle in d); e) t/\ map corresponding to the region marked with a green rectangle in d). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

its of the techniques used in the composition measurements play
an important role. In order to obtain an estimation of the detec-
tion limit in our HAADF experiments, we have extracted some
approximate compositional information from the HAADF inten-
sity values obtained in our study considering the method proposed
by Mukherjee et al. [15] For the InP substrate, we have obtained
a variability of £2% in the measured In composition, that can be
considered as the error of the method. This means that indepen-
dent clusters with In enrichments smaller than 2% could not be
measured with this experimental conditions. In EELS, considering
that in the InP layer the In average counts recorded represent a
composition of 100% In, we have obtained a variability of 6%In, indi-
cating that clusters with composition smaller than this could not
be detected. Ideally, to establish detection limits in HAADF or EELS,
the measurements should be done with alloys chemically homo-
geneous such as binary compounds. However, even the atomic
order of the atoms in an atomic column with the same compo-
sition could affect the value of HAADF intensity images limiting the
accuracy of the measurement [25]. Using an automated process of
HAADF image processing, it has been found that the measurement
of individual column ratios in AlAs/GaAs has an overall standard
error of 5-6% [26]. In some studies, the use of image simulations
has allowed determining elements composition with a high accu-
racy. Thus, the comparison of experimental and simulated HAADF
images has allowed the measurement of N compositions in GaNAs
quantum wells with an accuracy of 1% [27], and the observation of
variations of two atoms in pure Au films [28]. The quantification of
the compositional distribution by HAADF when the material is an
alloy with more than one type of element in each sublattice such
as InAlAsSb has additional difficulties. Although the electron beam
is expected to channel through the atomic columns, often it can
be displaced briefly to the neighbouring atomic columns (known
as the cross-talk). In the resulting HAADF image, the information
from different atomic columns (each with non-uniform compo-
sitional distributions) can be mixed. This has been faced in the

literature by using a combination of TEM techniques to measure
the composition [29-31]. With regard to EELS, usual compositional
measurement accuracies are around 10% [32]. However, by using
careful methodologies including the determination of the noise
performance of the detection system and the influence of differ-
ent instrumental configurations on the quantification results, the
detection of Cr concentrations in Al,03 down to 0.03% for a given
optimal determined set of analysis parameters has been reported
[33]. Although this technique seems more promising for the anal-
ysis of quaternary alloys, the detection of small 3D compositional
fluctuations would require an optimization of the specimen thick-
ness taking into account the size of the rich and poor volumes in
the material. However, for the appropriate analysis of the material,
retaining some bulk-like shape is needed, otherwise the sample
does not reflect accurately the as-grown properties of the material,
due for instance to thin film relaxation, surface chemical changes
(oxidation) or defects created during sample preparation (dislo-
cation, heavy ion implantation etc.). While ultra-thin samples are
possible for test cases (such as those mentioned above), in the case
of real layers the usable thickness range is somehow limited. The
use of techniques of analysis that provide 3D elemental informa-
tion on a material at atomic scale would be of great importance for
the analysis of a complex system such as the InAlAsSb quaternary
alloy. The analysis by Atom Probe Tomography of this material is
in progress in order to quantify the compositional distribution in
the heterostructure. This will allow, on the one hand, setting detec-
tion limits for the HAADF and EELS experiments developed, and on
the other hand, understanding the PL behavior of this novel alloy,
allowing the progress of M] solar cells.

4. Conclusion

The analysis by diffraction contrast TEM of an
InAlAsSb/InGaAs/InP heterostructure has shown the presence
of strain contrast likely related to composition fluctuations in the
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InGaAs buffer layer, and not in the InAlAsSb active layer. Simula-
tions using FEM modelling of the strain in the quaternary layer due
to compositional fluctuations in the buffer layer have shown that it
only affects some few nm of the InAlAsSb layer grown close to the
interface with the buffer layer. This indicates that the effect of the
InGaAs buffer on the compositional distribution of the 1 wm thick
InAlAsSb layer is expected to be small, and likely not responsible
for the PL behavior observed previously in this alloy. The analysis
by aberration corrected HAADF and EELS of this sample has not
shown significant composition fluctuations in the InAlAsSb and
InGaAs layers, confirming that if present, any chemical effect if
extremely small. The projection of the 3D features of a sample
on a 2D plane that occurs in TEM analyses could be an important
limitation for the analysis of 3D small compositional fluctuations
in semiconductor heterostructures.
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