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The electronic and structural properties of an InyGa;_xAs quantum well (QW) stacking between
AlAs barriers grown on 300 mm (001) silicon substrate by metalorganic chemical vapor deposition
were investigated. Nanometer scale and spatially colocalized characterization combining low
temperature cathodoluminescence (CL) and scanning transmission electron microscopy was
performed. The combined interpretation of luminescence and strain measurement provides an
exhaustive landscape of such complex sample. Particularly, CL analysis highlights luminescent
regions characterized by quasicircular shapes and a peculiar optical emission consisting of a double
peak. The characterizations provide a comprehensive analysis of these specific luminescence
features. These luminescent regions, detected all over the sample, seem to be correlated to local
increases in carbon and indium content in AlAs barriers and in the InGaAs QW, respectively,
induced by local strain variations. These modifications alter InGaAs QW properties and thus its

optical emission efficiency. Published by the AVS. https://doi.org/10.1116/1.5033363

I. INTRODUCTION

Epitaxial growth of III-V materials on 300 mm (001) sili-
con (Si) substrates by metal organic chemical vapor deposi-
tion (MOCVD) is a promising approach for future industrial
integration of both optoelectronic and photovoltaic devices.
Heteroepitaxy allows to benefit simultaneously from both
the silicon technology developed by microelectronic industry
and the unique optical functionality of III-V materials.
Unfortunately, the III-V epitaxial layers grown on Si suffer
from the appearance of numerous structural defects. One
particularly striking example is that of GaAs where its lattice
and thermal mismatch with Si, in addition to its polar mate-
rial property, induce a large amount of complex defects such
as antiphase boundaries, stacking faults, or dislocations."?
Recent studies have demonstrated a possibility of annihilat-
ing antiphase boundaries with very low rates of stacking
faults for 2D GaAs layer growth,™® by annealing Si sub-
strates under hydrogen atmosphere. Nonetheless, a high dis-
location density is still present despite the addition of a
400nm GaAs buffer layer. Such thickness is not efficient
enough to fully annihilate dislocations. Thus, numerous
threading dislocations (TD) can still reach and cross the
InyGa; _xAs quantum well (QW). These local defects dra-
matically impact the active nanostructure efficiency by
changing its electrical and optical properties. In this study,
the In,Ga; (As QW is embedded between two AlAs bar-
riers. AlAs has been chosen to reduce surface segregation of
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indium atoms at QW interfaces frequently observed in
InGaAs/GaAs structures.’

The electronic band structure of such InGaAs QWs heter-
oepitaxial growth is known to be affected by many factors.
First, indium quantity governs band gap energy by following
the Vergard’s law.® Second, carrier confinement in the QW
induces band gap modifications depending mainly of QW
thickness and barrier characteristics. Third, heteroepitaxial
growth induces strain that affects the electronic properties of
semiconductors. In 2D heteroepitaxial growth, biaxial strain
must be taken into account to determine the energy emis-
sion.” In our case, the InGaAs QW will be mainly strained
by the GaAs buffer layer. Fourth, the epitaxial layers suffer
from the incorporation of impurities which can modify radia-
tive luminescence by adding electronic levels within the
band gap.® All these parameters commonly affect the elec-
tronic properties of InGaAs QW. In addition, due to the
growth on Si substrate, the existence of dislocations is able
to induce strong and local modifications in 2D planes such
as strain variations, indium fluctuations,” thickness, and
impurities concentration variations which lead to important
spatial variations of QW emission.

Accordingly, this study conducts an in-depth spatial cor-
relation between strong optical modifications and structural
properties using cathodoluminescence (CL) and scanning
transmission electron microscopy (STEM or TEM).
Complex hyperspectral CL cartography is used to select a
local peculiar luminescent feature detected on the sample
surface. The area of interest is then extracted precisely and
analyzed by transmission electron microscopy in cross sec-
tion to understand the correlation between peculiar optical
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properties and structural characteristics. To spatially corre-
late both characterizations, an experimental method has been
developed'® and improved to study specific emission zones.

Il. EXPERIMENTAL PROCEDURE
A. Sample studied

The growth of III-V layers was performed with organo-
metallic source materials in an Applied Materials MOCVD
reactor configured for 300 mm diameter Si (001) substrates.
Before growth, the Si substrate was deoxidized in a
SiConi™ chamber using a NF3/NH; remote plasma.® This
wafer then undergoes a thermal annealing under hydrogen
atmosphere at high temperature to structure atomic steps at
the surface. The grown layers stack is detailed in Fig. 1.
First, a GaAs buffer layer (GaAs No. 1) is grown on Si with
a two-step process: (1) a first nucleation layer of around
30nm grown at low-temperature (350 °C); (2) a second layer
grown at a high-temperature (600 °C) for a total thickness of
300nm. Two thick and intermediate layers, AlAs layer
(55nm) and GaAs layer (GaAs No. 2, 100nm), have been
grown on the GaAs buffer layer No. 1. Finally, an
Ing.1Gagy9As quantum well (6nm) is grown embedded
between two AlAs barriers (Nos. 1 and 2, 10 nm). To protect
upper layers from oxidation, a GaAs capping layer (30 nm)
has been deposited.

B. Experimental details

To investigate the optical properties, the sample is studied
in top view by CL at a low temperature (10 K), thanks to the
use of Attolight CL equipment. The electron beam of the
scanning electron microscope (SEM) is used at 5keV to
excite luminescence which is collected with an in-axis
reflective optical collection system. The optical signal is ana-
lyzed by a spectrophotometer (150 lines/mm grating blazed
at 500nm) and detected on a CCD. By scanning electron
beam on the sample, a hyperspectral image is formed and
recorded, which means that each pixel of the CL cartography
corresponds to a luminescence spectrum. This hyperspectral
image is then treated by fitting each local spectrum using a
sum of Gaussian peaks corresponding to each component of
the luminescence spectrum. The position and intensity map-
pings of each fitted component are used to characterize local
variations of InGaAs QW emission.

The structural properties, such as nature, position of
defects, or variation of well width, were characterized in
cross-section by STEM based on a field-emission-gun (FEG)
electron source. Thin lamellas are prepared with a FIB-SEM
tool (Helios NanoLab 450S from FEI) combining focused
ion and electron beam. First, the sample is locally covered
by carbon and platinum (Pt) layers using gaseous precursors
deposited under the electron beam in order to protect it from
Ga beam damages. Second, to have sufficient thickness dur-
ing etching process, a platinum layer using the ion beam is
deposited. The sample is extracted using a focused ion beam
and etched to realize cross section lamella. Additional TEM
and STEM images were performed in a TEM Titan Ultimate
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Fic. 1. (Color online) Sketch of III-V layers stacking grown on the silicon
substrate.

and TEM Tecnai, respectively, with an incident beam energy
of 200 keV.

To understand the influence of emergent defects on the
QW optical properties, spatially correlated CL and STEM
images have been performed to associate the optical and
morphological properties. For this purpose, a specific experi-
mental method ' is performed by identifying areas of interest
obtained with CL and then by extracting the corresponding
region for STEM analyses. As this technique involves the
use of FIB-SEM, the preparation of thin lamellas for STEM
and TEM images is always performed after top view CL
studies are directly realized on bulk samples. This avoids
additional damages, which can act as nonradiative recombi-
nation center.

Perfect localization on the surface at nanoscale is particu-
larly challenging on 2D layers. To overcome this problem, a
first step consists in marking the sample surface for top view
CL experiments. It is realized by platinum marks deposited
by precursor gas using the electron-beam in the FIB-SEM.
Thus, some triangular Pt marks of 250 nm width and 300 nm
height'® are grown on the surface. A second step of carbon
marks is carried out after CL experiments on specific lumi-
nescent areas previously observed. These are chosen to be
easy to identify under Pt capping of lamellas. Carbon marks
are deposited as Pt ones and measure typically 100 x 200 nm
with 30 nm height. These new carbon marks allow accurate
TEM lamella extraction and thinning at the exact location of
areas of interest.
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FiG. 2. (Color online) (a) Typical spectra measured in CL mapping. CL intensity mapping (expressed in arbitrary unit) (b) at 1.49eV (emission of InGaAs
QW) and (c) at 1.42eV. Circles highlight peculiar optical emission detected at 1.42eV on mapping (c). Mapping (b) shows there is no corresponding optical

variations at 1.49eV.

To understand the impact of structural defects, nanobeam
precession electron diffraction (N—PED)IO_12 method has been
used to estimate local crystal distortions. In contrast with stan-
dard nanobeam electron, which uses a nearly parallel beam
resulting in a spot size of ~5-6 nm, nanobeam precession uses
a convergent beam (typically around 3 mrad) resulting in a
smaller spot size of about 2-3 nm. The electron beam is pre-
cessed by using the STEM scan coils to obtain more uniform
and numerous diffraction spots. N-PED has been acquired on
a FEI Titan Themis microscope equipped with an X-FEG
source operated at 200keV, and recorded on a 2000 x 2000
Gatan CCD camera. Characterization estimates local crystal
strains €xx, €,; along [110] and [001] directions, respectively,
with nanoscale spatial resolution. For this purpose, a 200 nm
thick specimen has been made to avoid strain relaxation. In
addition to N-PED results, geometrical phase analysis (GPA)
method"*~" is used. It allows to measure strain from high res-
olution scanning transmission electron microscopy (HR-
STEM) images.” An HR-STEM lattice image is characterized
by the presence of strong components in its Fourier transform.
By performing an inverse Fourier transform, phase compo-
nents give information about local displacements of atomic
planes in the plane of images. The field can be derived by
applying the method to two noncollinear Fourier components.
Local strain components can be found by analyzing the deriva-
tive of the displacement field. GPA is less sensitive (3 x 1073
than N-PED (1 x 10, but it is more spatially resolved to
observe local variations at the nanoscale. HR-STEM images
have been done with the FEI Titan Themis microscope with
the same conditions which were stated earlier.

Time-of-flight secondary ion mass spectroscopy (ToF-
SIMS) is performed to estimate indium quantity contained in
the InGaAs QW and to detect impurity presence. ToF-SIMS
analysis was carried out with a Bi’™" jon beam source
(25keV) and a Cs* ion beam for sputtering (1keV) using a
ToF-SIMS V from ION TOF. The ion bombardment was
performed at a 45° incidence angle, and the beam raster size
was defined as 300 x 300 um?.

lll. RESULTS AND DISCUSSION
A. Cathodoluminescence study

The study of InGaAs QW emission by low temperature
CL (10K) highlights complex emission spectra (Fig. 2).

Important intensity and width variations combined with
strong energy shift are detected on the scanned surface [Fig.
2(a)]. QW free-exciton (FE) is the main luminescent line
detected on the CL image. It is ranging between 1.463 and
1.498 eV and is randomly detected on the sample surface
[Fig. 2(b)] whereas other particular spectral contributions at
1.42 eV exhibit a circular shape [Fig. 2(c)]. These particular
luminescent circles have a 1 um diameter with quenching
spots present in the center of all of them. These features are
present on the sample with a density of ~9 x10°cm~2,
which means an average of three circles of 1 um diameter on
6 x 6 um?>.

This FE energy is usually used to determine QW indium
concentration. For this purpose, simulation of electronic
properties has been performed with NEXTNANO software'® by
using an InyGa;_xAs QW of 6nm thickness confined
between two AlAs barriers of 10nm thickness, biaxially
strained on relaxed GaAs at 0K.'” Since the GaAs layer No.
2 is far from the Si substrate, a first approximation is to
assume that the GaAs layer close to QW is not more strained
by Si. By taking into account exciton binding energy
E®*=13meV and valence band degeneracies induced by
biaxial compressive strain on the QW, an In content of 11%
* 1.5% (Table I) was estimated for quantum confinement of
the lowest electron and heavy-hole sublevels transition.

The determined In concentration is in good agreement with
that obtained by ToF-SIMS analysis (12.3% *1.2%). The tiny
difference can be explained by local In fluctuations, QW thick-
ness, and strain variations caused by all defects.>'® Moreover,
ToF-SIMS is not a local measurement contrary to CL.

Figure 3 highlights evolution of CL spectra for three dif-
ferent areas located outside, at the edge, and inside a circular

TaBLE 1. Variation of the gap (e-hh transition) and free-exciton transition
(FE) for different indium concentrations, with exciton binding energy
defined by E** = 13meV. Results obtained by NextNano simulations of
strained In,Ga;  As QW on GaAs, for 6nm QW thickness, between two
AlAs barriers of 10nm thicknesses, at 0K. FE emission values and the
Indium quantities obtained by simulation corresponding to FE emission val-
ues detected on CL image are in boldface.

In (%) 10 11 12 13 14
Eg (eV) 1.5066 1.4956 1.4847 1.4736 1.4631
FE (eV) 1.4936 1.4826 14717 1.4609 1.4501

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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shape feature (cf. Fig. 2). The luminescence spectrum out-
side the feature [Fig. 3(a)] shows a 1.496eV InGaAs QW
asymmetric and broad full width at half maximum (FWHM)
exciton emission. The spectrum is well fitted with a double
Gaussian profile.'” The highest and smallest energy peaks
were attributed to free-exciton (FE) transition and to local-
ized exciton (LE) transition, respectively, which exhibit a
slightly lower energy due to potential modulation. A study
of InGaAs/InAlAs single QW (Ref. 19) has highlighted that
a decrease in QW thickness induces FE and LE FWHM
increases. This effect is due to a larger spread of carrier
wave function, which leads to higher sensibility to interface
and composition fluctuations. In addition, in our case, the
FWHM (full width at half maximum ~22.6 and 60 meV,
respectively, for FE and LE) are even wider because of large
strain variations induced by defects from epitaxy on Si. At
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Fic. 3. (Color online) (a) CL spectrum outside of the luminescent circle (in
Fig. 2) fitted with a double Gaussian profile due to the anisotropic spectral
profile. (b) CL spectrum at the edge of the luminescent circle. (c) CL spec-
trum inside of the luminescent circle, QW intensity decreased in favor of
two narrow peaks (peaks 1 and 2) observed at 1.424 and 1.433eV.
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the edge of the circular feature [Fig. 3(b)], 1.49 eV FE inten-
sity decreases so much that a very weak emission of GaAs
around 1.50 eV can be detected whereas a new emission line
at 1.43 eV appears. Inside the feature [cf. Fig. 3(c)], QW FE
intensity drops; GaAs is still weakly present whereas a
strong double narrow peak appears around 1.43eV (called
peaks 1 and 2, with energies of 1.424 and 1.433 eV, respec-
tively) accompanied with a less intense and larger one at
lower energy. The origin of this peculiar lower energy dou-
blet, spatially detected as a circular shape, will now be
investigated.

In MOCVD growth technique, the most likely defect that
can induce an emission at lower energy is the presence of
impurities. To explore the nature of impurities, ToF-SIMS
profiles were performed on different areas.”® Figure 4
presents a qualitative measurement of different elements in
the sample. As expected, carbon contaminant has been
detected in the first GaAs layer of 30 nm grown at low tem-
perature on the Si substrate. Moreover, carbon concentration
is also found to be very important in both AlAs barriers and
buried thick AlAs layer. Some studies have shown that it is
difficult to grow AlAs or AlGaAs layers with high purity by
MOCVD using trimethyl aluminum (TMAI) as source.'*?
Carbon remains highly incorporated due to the formation of
Al-carbide during cracking process of TMAI precursor. This
explains, in Fig. 4, why a high carbon concentration is
mainly detected in AlAs layers (I~ 800 counts) and less in
GaAs layers (I~ 10 counts) grown at higher temperature.
Consequently, in these III-V layers, carbon is mainly present

. InGaAs layer . AlAs layer

GaAs layer Si

Growth direction
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FiG. 4. (Color online) ToF-SIMS depth profile of the sample drawing in Fig.
1. C, Al, As, and In elements are analyzed until silicon substrate. The corre-
sponding layers of analyzed stacking are drawn to facilitate the reading of
the chemical profile. The growth direction is horizontal. The profile shows a
high C concentration in AlAs layers, as large as the one of the first GaAs
layer grown directly on silicon at low temperature.
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in two ways: (1) a high carbon concentration into AlAs bar-
riers has been detected, so at QW interfaces there is a large
carbon amount which could diffuse into QW or interact with
confined carriers, and (2) the QW also contains carbon even
if the amount is low.

Generally, the value of carbon acceptor binding energy in
bulk sample is 26 meV.? However, in the QW case, binding
energy depends on the QW width, contaminant position, and
strain applied on QW.'7**2% Some previous studies high-
light that acceptor binding energy (Eg) will increase for on-
center acceptors in a narrow quantum well,'”** whereas it
will decrease for on-edge acceptors (or outside) of the QW,
i.e., at interfaces (or in barriers). This is possible if excitons
remain confined in the QW and impurities are at interfaces
or in barriers. In this case, exciton interactions with impuri-
ties are lower and, consequently, reduce the binding energy.
Furthermore, Eg in the QW case will decrease when the
compressive strain increases.”> As InGaAs QW is biaxially
strained by GaAs, the binding energy is smaller than the one
of GaAs/AlGaAs QW (Refs. 17, 23, and 24) (the most stud-
ied case). For different luminescent circles of our sample,
we detect a difference energy between the double narrow
peak of AE = |[Peak 1 — Peak 2| = 11 = 2meV. Therefore, to
obtain such small AE value, the most likely possibility is
that free-excitons are bound to acceptors located at interfaces
or even in barriers. Assuming that peak 2 is free-excitons
(FE) emission of the InGaAs QW. Thus, peak 1 is bound
excitons (BE) to carbon impurities located at interfaces or in
barriers. Consequently, the smallest emission at 1.418eV
could be associated with localized exciton.

As carbon contaminant is present everywhere in the sam-
ple, such FE-BE doublet should be detected on the main
peak at 1.49eV. Nonetheless, FE at 1.49eV has a broad
emission line, and its BE emission linked to carbon is not
discernable (located on-center or on-edge), whereas for FE
at 1.43 eV, as its emission is narrow, its BE emission linked
to carbon located on-edge of QW (Eg = 11 £2meV) is
discernable.

The QW certainly also contains carbon located in the QW
center. On-center carbon in a 6 nm QW thickness and taking
into account compressive biaxial strain of an InGaAs QW on
GaAs will give Eg > 28 meV.?**® Such a line has not been
detected on CL spectra for exciton line at 1.49eV or at
1.43eV. A very low carbon concentration inside QW proba-
bly does not allow its detection. Moreover, the probability
for a free-exciton to be trapped at an impurity is smaller in
QW compared to bulk case’* due to shorter life time. The
most likely hypothesis is that since interfaces (or barriers)
have a higher carbon concentration than in the QW center,
then the free-excitons are more likely to be trapped by car-
bon at interfaces (or in barriers). The intensity of BE linked
to on-edge carbon is already low [Fig. 3(c)], so BE emission
linked to on-center carbon is not detected in our case.
Circular zones exhibit luminescent lines with very small
FWHM, indicating a local area with a consistent composi-
tion, a stable QW thickness, and good hetero-interfaces.

The sample exhibits two FE energies (1.49 or 1.43eV)
depending on probed regions. These two QW excitons can

042901-5

be detected on the same pixel due to the electron interaction
volume (~250 nm diameter) and diffusion length. They will
give a small signal from one or the other depending on the
probed region position as shown in Figs. 3(a)-3(c). In addi-
tion, from Fig. 2(c), it can be observed that the luminescent
shapes are not perfectly circular but tend to be it. This effect
is probably also caused by interaction pear and carrier diffu-
sion. As the interaction pear diameter is large, it tends to
smooth the true shape of the luminescence area. Concerning
carrier diffusion process, it is limited here due to the high
defect density. By averaging with the interaction pear, this
gives rise to a quasicircular area. The origin of spatially cir-
cular shape located at 1.43eV QW energy will now be
investigated.

B. Morphology and precession results

The structural properties were investigated by STEM and
require preparation of thin lamellas. The FIB-SEM tool was
used to realize a TEM lamella in cross-section (Fig. 5) that
includes the middle of the luminescent circle observed on
CL intensity mapping. Using spatial correlation between the
CL intensity mapping and STEM [Figs. 5(a) and 5(c)], it can
be assumed that TD crossing the QW are present on all sam-
ples, inside and outside of the circular shaped areas.
Threading dislocations inducing strain variations could be
involved in luminescent quenching area located in the mid-
dle of luminescent circles. Theoretically, strain can be pre-
dicted in 2D layers but not local strain variations induced by
the presence of defects. For this reason, N-PED method was
used to determine the local strain modification. N-PED strain
mappings measure local distortions of the crystal in the plane
of the lamella, so here in [001] growth direction (g,,) [Figs.
6(b) and 6(c)] and in [110] plane direction (&) [Fig. 6(d)].
Although the cross-section does not allow one to analyze all
directions of the plane, here mappings confirm the presence
of strong strain variations in the area of 1 um on both sides
and in the centered area.

In our case, crystal distortion of InyGa;_xAs QW depends
on indium quantity and biaxial strain applied by GaAs. The
possibility of carbon-induced electronic properties modifica-
tions is neglected. Strain ¢,, of InyGa;_xAs QW can be

expressed with the following relation:”"'?
2C, 2Cy,
€7 == &x T I +—" fXIn (1)
Cn Cl11 (Xin),
where
areal _ areal
. = In,Ga;_,As GaAs (2)
XX areal ’
GaAs
theoretical atheoretical
_ “InyGaj_4As GaAs
f(xln) - gtheoretical : (3)
GaAs

Here, aff*gei®, s the lattice constant (no strained) obtained
by Vegard’s law for a specific indium quantity Xy, of
In,Ga;_4As; ag‘ggrs"““al is the lattice constant of GaAs (no
strained); and Cj; is the elastic stiffness constant of

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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FiG. 5. (Color online) Spatial correlation of the optical and structural properties: (a) CL intensity mapping (top view) shows a local optical emission. Rectangle
corresponds to the extracted area comprising the local emission. (b) Drawing of extracted layers used for a cross section lamella. (c) Corresponding STEM

image of thin lamella. Rectangle shows the position of local emission.
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Fic. 6. (Color online) (a) STEM image reconstructed from selected intensity spots of diffraction patterns (precession data acquisition); (b) corresponding: ¢..
strain mapping in [001] direction with scale bare adjusted to observe local strain in GaAs layer, (c) PED e.. strain mapping in [001] direction with scale bare
adjusted to observe local strain variations in InGaAs QW, and (d) PED strain mapping ., in [110] direction. (e) Integrated &,, and .. strain profiles of AlAs

barriers along the STEM image.
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InyGa;_xAs. g, and g, correspond to strain in growth [001]
and [110] directions, respectively. In the case of a fully
relaxed layer, a™¥ = atheoretical with g = f(x,), so
€, = f(Xm). For a layer in biaxial strain and perfect epitaxy,
there is an adaptation of lattice parameter in [110] direction
and  aff’G, Ay = AGoas; thus, &, = 0, and finally
€, = (1 +%> f(xim). The lattice constant afeoretics

theoretical
> AGaAs

become &, = 0 and g, = (1 —|—zccﬁ>f(x1n) > 0 (tensile

(compressive biaxial strain); therefore, strains

strain). The lattice mismatch between AlAs and GaAs is
around f =0.121%. For a small lattice mismatch, asjas = ag
and ¢,,[AlAs] = 0.0176% = 0. This means that no strain
induced by the GaAs buffer will affect AlAs. Nevertheless,
AlAs barriers surrounding InGaAs has a larger lattice param-
eter. Thus, &,,[AlAs] strains tend toward zero near GaAs
whereas it increases at InGaAs interfaces.

N-PED technique is mostly used to observe long range
strain variations. Unfortunately, it uses a probe size of
2-3 nm. The probe size convolution leads to a degradation of
strain resolution for very thin layers as for the case of the
InGaAs layer. Consequently, InGaAs values and variations
of strain observed on N-PED mappings will not be exploited.
For InGaAs strain values, additional measurements by GPA
are performed [Fig. 7(b)]. Figures 6(a)-6(e) show STEM
image reconstructed,27 N-PED results of the area of interest,
and AlAs strain profiles. The GaAs buffer layer is chosen as
reference for N-PED strain calculations. Strong strain modi-
fications are used to delimit A, B, C, D, and E areas. Area
boundaries are mainly delimited by threading dislocations
which cause significant strain variations.

Strain mappings in Figs. 6(b)-6(e) highlight some abnor-
malities in the AlAs barriers deformation. In Fig. 6(c),
important color variations on &,,[AlAs] are linked to strain
modifications and can be observed on the profile in €,, in
Fig. 6(e). &,,[AlAs] is not completely equal to zero as theo-
retically expected. In Fig. 6(e), strain tendency is &,,[AlAs]
~ 0.21% extracted from Fig. 6(c) for A, C, and E areas.
However, B and D areas highlight higher strain ¢,, [AlAS] ~
0.37%. A similar behavior is visible for e [AlAs] in Figs.
6(e) and 6(d). In theory , £ [AlAs| = 0%. In Fig. 6(e),
exx[AlAs] tends toward a negative strain for A, C, and E
areas [extracted from Fig. 6(d)] whereas &, [AlAs| tends

—=—C area
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—
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—
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toward a postive strain for B and D areas. Overall, AlAs
strain mappings highlight that B and D areas have different
strains from others areas (A, C, and E). As AlAs barriers are
close to InGaAs QW,; thus, their strain modifications could
affect InGaAs QW properties. B and D areas are probably
linked to the luminescent circle emission. Thereby, N-PED
mapping [Fig. 6(e)] highlights that the quenching center of
the luminescent circle is located in the C area.

In the sample, high carbon contamination in AlAs layers
was identified by ToF-SIMS (Fig. 4). Carbon doping in
AlAs was intensively studied because it produces property
modifications.”'*®?° Carbon atoms preferably occupy As
site. However, the covalent radius of C atoms is smaller
than that of As atoms. At a high doping level (10'*~10"°
cm ™), it induces lattice contraction and introduces a ten-
sile strain in the C-doped AlAs layers. It has been found
that GaAs/AlGaAs interface presents a higher carbon con-
tamination trapped during growth.’>*! Accumulation of
carbon on GaAs layer near GaAs/AlGaAs interface would
come from the difference of solubility between both mate-
rials. In Figs. 6(c), B and D strain areas highlight a GaAs/
AlAs interface with steep profiles which could be induced
by carbon accumulation. The origin of these steep profiles
comes from a small decrease in ¢,, strain [shown by arrows
in Fig. 7(a)]. This drop of ¢,, involves a sudden lattice con-
traction, coherent if GaAs/AlAs interfaces present an inter-
mediate layer such as AlGaAs:C with a high carbon
concentration (aajGaasc < aalas.c)- The strain drop occurs
at GaAs/AlAs interface only. Indeed, Figs. 6(b)-6(e) show
a positive strain increase in barriers of both g, and ¢,,. An
AlAs positive strain value is possible for particular cases
with higher carbon concentration.’” This means that a
higher carbon concentration inside the barriers is probably
present for B and D areas. These local modifications of B
and D areas could explain the luminescent circle emission.
The B and D areas seem to be locally delimited by thread-
ing dislocations. The C-enrichment in some parts of the
sample seems to be induced by particular strain modifica-
tions caused by dislocations in the volume. Dislocations
are already present during growth process and induce
locally significant deformations which are able to modify
species concentration. As a reminder, cross-section strain
mapping does not allow to analyze a single luminescent
circle in all directions of the plane. Thus, extrapolations

-1.50 1.8

Strain €, (%)

-4.7

[£4]
T

Fic. 7. (Color online) (a) ., strain profiles extracted from C and D areas of the region indicated in Fig. 6(c). (b) ¢.. strain obtained by GPA. (c) Corresponding

HR-STEM image associated with Fig. 7(b).
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are done on tendencies shown in two-dimensions obtained
by N-PED and GPA.

Previously, the double peak has been associated with BE
and FE InGaAs QW emission, but the origin of such low
free-exciton energy (FE = 1.433eV) inside luminescent cir-
cle has not been fully explained. Four main ways are able to
shift an emission energy: impurities, thickness, strain, and
indium content. First hypothesis: impurities incorporated in
the QW center are not considered here because no increase
in binding energy (AE = FE — BE > 28 meV) has been
detected'”** as previously mentioned. Second hypothesis:
an increase in QW thickness leads to a decrease in quantum
confinement. However, STEM and TEM images show a uni-
form thickness of QW. Third and fourth hypotheses: a strain
reduction or an increase in indium concentration could also
lead to a shift in energy. One of these two hypotheses is
probably responsible for the decrease in FE energy.
Unfortunately, some previous studies highlight the complex-
ity to dissociate effects of strain and In fluctuations.>* >
Figure 8(a) shows ¢,, strain variations of InGaAs on GaAs as
function of indium content determined using Eq. (2) for dif-
ferent relaxation rates from completely biaxial strained (0%)
to fully relaxed cases (100%). Unfortunately, as mentioned
earlier, N-PED strain values for InGaAs QW are underval-
ued due to probe size convolution. To reach atomic resolu-
tion, additional GPA measurements were performed. Figure
7(b) shows GPA measurements of the D area, with an
extracted Strain €,,(ma) [InGaAs] = 2.3%. By reporting this
value in Fig. 8(a), such high strain can be obtained only for
an InGaAs layer biaxially strained on GaAs with In
~ 16.5%. We notice that, in the range of In =~ 11% * 1.5%
previously determined by CL, no such high strain value can
be determined even in partially relaxed cases. Using
NextNano software, the FE emission energies of InGaAs
QW (6nm) are simulated for various indium content.
Results of the simulation are presented in Fig. 8(b). Both
limit cases have been plotted in Fig. 8(b) showing FE of a
biaxially strained QW in red and a fully relaxed QW in blue.
By relating the previously determined indium content (In
~16% in Fig. 8(b), a free exciton energy of 1.43eV is
obtained and corresponds to the exciton energy measured in
luminescent circles. In addition, FE,~0.16 =~ 1.43€eV takes
place only when on-edge-carbon-bound-exciton exists.
Therefore, it seems to indicate that the significant increase in
carbon concentration into AlAs barriers is also directly
related to the local increase in indium concentration.

N-PED shows that the quenching center of the lumines-
cent circle corresponds to the C area in Figs. 6(c)-6(e). This
area has a smaller strain than B and D areas. During growth
on Si, the II-V layers are subjected to high strains.
Nevertheless, some parts could be subjected to higher strains
than others and locally layers should have to release it with
an array of dislocations around this area. In particular cases,
these areas promoted C- and In-enrichment. At the end of
the growth, a little compressive strain area still subsists (the
center) and is surrounded by a larger less strained area with
C- and In-enrichment (higher positive AlAs strain values).
As the center is more strained than around, its gap is higher.
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FiG. 8. (Color online) (a) Amount of theoretical indium quantity as a func-
tion of ¢&,,[In,Ga;_ As] for different rates of strain reduction. (b) Variation of
the free exciton (FE) emission energy as a function of indium quantity incor-
porated in the In,Ga; As QW.

Lower gap is more favorable for carriers’ recombination so
the center seems always quenching the luminescence.

Consequently, it has been shown that 1 um luminescent
areas highlight strong strain modification (higher positive
strain values for &, [AlAs| and &,,[AlAs]) characteristics of
local carbon enrichment in the AlAs barriers. Local
C-enrichments seem to be promoted by local strain modifica-
tions around threading dislocations. These strain modifica-
tions cause at the same time a C-enrichment in AlAs barriers
and an In-enrichment in the InGaAs QW. Therefore, the
double peak emission of the luminescent circles is identified
as FEp~o16=1433eV and on-edge-carbon-BEy, ~0 16
= 1.424 eV emissions. In regards to the FWHM and the con-
stant energy of these two peaks, areas of higher strain have a
more stable In-composition and constant strain, all promoted
by local C-enrichment in AlAs barriers.

IV. CONCLUSIONS

For the direct III-V heteroepitaxy on Si substrate by
MOCVD, CL investigation of InGaAs QW highlights
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specific double peak emission characterized by a constant
energy emission lying on specific luminescence shapes of
1 ym diameter. The double peak emission is separated by a
low binding energy Eg = 11 =2meV. ToF-SIMS experi-
ments have detected the presence of a high amount of carbon
in AlAs barriers. Carbon is known to remain incorporated in
AlAs growth with TMAL precursor in MOCVD growth.
Dislocations are highlighted by (S)TEM images. Their pres-
ence during the growth process induces locally significant
strain variations delimited by threading dislocations.
Luminescent circular shapes present different strain charac-
teristics. It is highlighted that they correspond to a higher
strain area surrounding a less strained area in AlAs barriers
and InGaAs QW. These strain modifications can explain the
increases of C concentration in AlAs barriers and of In con-
centration in InGaAs QW, thanks to a local modification of
In and C incorporation rate. This leads to local increases of
In concentration up to 16% emitting at a lower energy
(1.433eV) as proved by theoretical calculations. Therefore,
the double peak corresponds to free-exciton and to on-edge-
carbon-acceptor-bound to exciton emissions of QW in
regions of higher strain and are linked to increases of C and
In concentrations in barriers and QW, respectively.

The tendency of III-V heteroepitaxy on Si is to reduce
the buffer layer thickness and to trap most defects therein.
This study highlights the impact of strain fluctuations
induced by dislocations on the nanostructure homogeneity
intended for opto and electronic devices as optical emitters
or transistors. It leads to interest in strain variations con-
tained in buffer resulting from modifications in a QW struc-
ture. Finally, it has been shown in a peculiar case how strain
modifications enhanced by the presence of threading disloca-
tions can modify the local optical properties of an InGaAs
QW embedded between two AlAs barriers, in particular,
how the III-V layers are chemically modified.
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