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An x-ray diffraction method, based on the excitation of a surface diffracted wave, is described to
investigate the capping process of InAs/GaAs (001) quantum dots (QDs). It is sensitive to the tiny
misorientation of (111) planes at the surface of the buffer layer on samples with exposed QDs. After
capping, the misorientation occurs in the cap-layer lattice faceting the QDs and its magnitude can
be as large as 10° depending on the QDs growth rates, probably due to changes in the size and shape
of the QDs. A slow strain release process taking place at room temperature has also been observed
by monitoring the misorientation angle of the (111) planes. © 2009 American Institute of Physics.
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Self-organized quantum dots (QDs) on semiconductor
surfaces are energy-discretizer features for applications in
many electronic and optoelectronic devices.! Size, shape,
and composition are the most important parameters deter-
mining the discrete energy levels of charge carriers inside the
dots.” Minimization of strain during the initial stages of het-
eroepitaxial growth of lattice mismatched materials plays an
essential role in QD spontaneous formation,™ but their final
parameters also depend on other growth conditions such as
temperature and deposition rates.” In addition, device pro-
cessing also requires embedded QDs on the semiconductor
matrix, which is achieved by deposition of capping layers. It
is an even more complex heteroepitaxial process since face-
ting, segregation, intermixing, and strain-enhanced diffusion
are other phenomena, besides strain release, that also take
place at the cap layer/QDs interface and can drastically
change the QDs morphology and composition.4

To gain knowledge on the mechanisms ruling the atomic
arrangements on these nanostructured systems, great efforts
have been pulled out in the last few years. Surface probing
techniques can provide information of the QDs when they
are on top of the exposed surface® " or after covering by just
a few monolayers,“’12 but precise experimental investigation
of embedded QD systems in the nanometer scale remains
challenging.3 13 Although cross-sectional microscopies are
available techniques for high-resolution analysis,mﬁ16 sample
preparation procedures are, in some cases, very time con-
suming and destructive, which compromises time-evolution
related studies such as thermal induced atomic interdiffusion
and aging processes of the devices. Moreover, these tech-
niques analyze a single QD, or a small number of them, that
are exposed on the cleaved surface. How representative is
this sampling regarding the distribution of QDs determining
the optoelectronic properties of the devices and how does the
distribution change as a function of the cap-layer growth
conditions? These are questions that have not been addressed
yet. Therefore, alternative nondestructive techniques able to
access average structural information on the total ensemble
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of embedded QDs can be very helpful in shedding light on
the capping process.

X-ray Bragg-surface diffraction (BSD) is a particular
case of three-beam multiple diffraction where an extremely
asymmetric reflection, diffracting nearly parallel to the mac-
roscopic surface of the sample, is excited simultaneously
with the symmetric Bragg reflection (Fig. 1). Due to the very
grazing angle of the surface beam, any defect at the crystal
surface may also increase the rescattering condition, a fact
that has been used to investigate surface-finishing and ion-
implantation effects on semiconductors'”'® and, more re-
cently, to directly probe interface strain with atomic reso-
lution in depth on epitaxial films."” These unique properties
of the BSD make it also very suitable, in principle, to inves-
tigate nanostructures on top of semiconductor single crystals.
In this work we exploit this potential of the BSD for studying
the growth and capping of InAs/GaAs QDs.

Samples were MBE grown on semi-insulating GaAs
(001) substrates, with 200 nm GaAs buffer layers deposited
at 580 °C.*° The QDs were formed by deposition of 2.4
monolayers (ML) of InAs at 510 °C and using deposition
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FIG. 1. (Color online) In single crystals undergoing BSD, rescattering pro-
cesses of the surface beam 2 provide a well define streak of the S cone when
scanning the BSD condition, i.e., the intersection of the P and S Bragg
cones, with a collimated monochromatic beam in ordinary diffraction geom-
etry of symmetric Bragg reflections: diffraction cone P, incident beam 1,
and diffracted beam 3.
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FIG. 2. (Color online) Two-dimensional intensity profiles of BSD in a series of samples. [(a) and (b)] Commercial GaAs (001) wafer (a) before and (b) after
9 wm chemical etching of the surface. [(c) and (d)] QDs grown at low rate of 0.007 ML/s (c) before and (d) after capping. [(e)—(g)] QDs grown at high rate
of 0.09 ML/s (e) before and (f) after capping, and (g) also the same sample after 1 year. White bars stand for 100 arc sec.

rates of 0.007 ML/s and 0.09 ML/s. For each deposition rate
two samples were prepared: one without capping and another
with a 30 nm GaAs cap layer grown at the same substrate
temperature of 510 °C. In the samples with no cap layer,
densities of 177 QDs/um? and 360 QDs/um? were ob-
served via atomic force microscopy,21 which implies in an
average volume of InAs material per QD of 4.4 X 103 and
2.1x10° nm?, for the low (0.007 ML/s) and high (0.09
ML/s) deposition rates, respectively. The monolayer thick-
ness of strained InAs considered when calculating these vol-
umes was 0.325 nm. X-ray data collection has been carried
out at diffraction station XRDI, of the Brazilian Synchrotron
Light Laboratory: bending magnetic beam line, focusing mir-
ror, two-bounce Si (111) monochromator with a sagittal 2nd-
crystal, and slit screens. X-ray optics: parallel beam mode
(mirror and sagittal-crystal focalized at infinity). Photon en-
ergy is E=9320 eV, AE/E~1X 107, with effective diver-
gence of 18(vertical) X 24(horizontal) arc sec, and incident
beam size of 0.5 0.5 mm?. Mechanical accuracy is 0.0002°
in both w and ¢ rotation axes; see Ref. 22 for more details on
the used diffractometer.

In our chosen BSD case, the symmetric Bragg reflection
is the 002 reflection, represented by the P Bragg cone in Fig.
1, while the asymmetric 111 reflection, S cone in Fig. 1, is
responsible for generating the surface wave. This choice is
based on the penetration depth & of the surface wave, which
is inversely proportional to its strength. In a general Bragg
reflection geometry with diffraction vector G and surface
normal direction 7 the penetration depth,

Y 6o (1)
Eare® ™

is estimated from the extinction depth definition of the dy-
namical theory of X-ray diffraction (textbooks, e.g., Ref. 23).
V,=0.180 69 nm?® is the GaAs unit cell volume, r,=2.818
X 1078 nm (classical electron radius), and |F(G)|=146.3 is
the structure factor modulus of the 111 reflection for the used
X-ray energy. It provides an intensity attenuation from the

entrance crystal surface as I(z) =1, exp(—pegz) Where g
=21n2/é=72X10"2 nm™' is at least 300 times larger than
the photoelectric absorption coefficient in the GaAs crystal.
Hence, for asymmetric 111 reflections in (001) samples, even
at the incidence angle of the 002 reflection, w=60p,=13.61°,
50% of intensity attenuation occurs in less than 100 nm.
Besides the contribution from the 002 reflection, the
two-dimensional intensity profile of the BSD also shows a
characteristic diagonal streak, the S streak in the inset of Fig.
1, due to the excitation of the 111 reflection. There are two
distinct features to be considered: one is the relative orienta-
tion of the 111 streak and the other is the intensity distribu-
tion along the streak. The first is ruled by the orientation of
the 111 diffracting planes at the sample surface, while the
latter depends on rescattering of the surface wave mainly by
the crystal-truncation-rod (CTR) of the coupling reflection,

the GaAs 111 reflection in this BSD case. To be used as
reference, BSD profiles of a GaAs commercial wafer are
shown in Figs. 2(a) and 2(b), with the 111 streak aligned
vertically. The presence of surface defects in this wafer is
denounced by the slower drop of the streak intensity in the
region below the 002 reflection, which has been removed by
chemical etching, as can be seen in Fig. 2(b), but no change
in the orientation of the streak was noticed. These defects
only enhanced the rescattering of the surface beam when
emerging from the crystal (Aw=w-60,<0).

In Figs. 2(c)-2(g), BSD profiles of the samples with
freestanding and embedded QDs are shown. The change in
the orientation angle of the 111 streak, with respect to the
reference one obtained from the GaAs wafer, is indicated
above each profile. Small changes are observed in the
samples without the cap layer, Figs. 2(c) and 2(e). Evidently,
the diffracting (111) planes at the buffer layer have been
slightly misoriented due to the presence of the freestanding
islands. This misorientation, as well as the amount of diffuse
scattering around the BSD condition, is larger in the sample
with higher density of small QDs [Fig. 2(e)]. Since this mis-
orientation increased with the density of QDs and not with
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FIG. 3. (Color online) (a) Perpendicular lattice mismatch at a dome-shaped
QD/cap-layer interface elastically accommodated by tilting the cap-layer
lattice in a few degrees, angle a. (b) In pyramidal QDs, a more accentuated
slope angle 7 of their facets can induce larger tilt in the surrounding cap-
layer lattice.

their size, the misoriented planes contributing to the 111
streak are those related to the areas around the QDs and not
those lying below them. After capping [Figs. 2(d) and 2(f)],
there is a remarkable change in the orientation of the streak,
from 1.1° to 4.1° and from 1.8° to 10.9°, for the samples
with QDs grown at low and high rates, respectively. The
diffracting (111) planes providing the observed streaks are
therefore in the cap-layer lattice.

Elastic accommodation of lattice mismatch in heteroepi-
taxy on sloped interfaces results, in general, in tilted
epitaxial-layer lattice. By assuming fully strained QDs with
perpendicular lattice constant a | =0.650 nm and facets with
slope angle v, the relationship sin(y—a)=(aguas/a )sin y
would give us an estimative on the relative tilt angle « of the
cap-layer lattice when faceting the QDs, as schematized in
Fig. 3. For sloped facets by y=30° and y=60° the tilt
angles are very close to those obtained from the 111 streaks
in Figs. 2(d) and 2(f), respectively. In these two cases, the
patterns of intensity distribution along the streaks are also
different. Due to the fact that the surface wave must be

coupled by the CTR of the 111 reflection, only a fraction of
the misoriented (111) planes is able to contribute, hence the
magnitude of the tilt angle as well as the facet’s slope direc-
tion can change the intensity patterns along the streaks.

The strain energy accumulated around the QDs, where
the tilted cap-layer lattice met a flat surface, is higher in the
case where the facets have larger slope, e.g., Fig. 3(b). Some
mechanisms can act during or after capping to lower this
energy: thermal diffusion of In promoting composition inter-
mixing to smear the sharpness of the lattice mismatched
interfaces™® and/or flattening of the QDs by strain-induced
segregation of In. BSD analysis carried out in the sample
with QDs grown at a rate of 0.09 ML/s shows that during
capping the strain energy has not been totally lowered and
that a significant amount is still stored in the sample. Within
the time interval of one year, the 111 streak shifted back from
8.1° to 2.8°, as seen in Fig. 2(g), indicating a further but slow
strain-release process taking place at room temperature.

In conclusion, we demonstrated that X-ray BSD is a very
sensitive tool for studying embedded InAs/GaAs (001) QDs
systems. When compared with other X-ray techniques such
as grazing incidence diffraction”'® and scattering,” which
have in practice been applied to systems with exposed QDs
only, the presented method has a few major advantages. (i) It
probes the influence of the QDs on the surrounding atomic
lattices (buffer and cap), making it suitable to investigate the
growth and capping processes by extracting an information
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that no other method has been able to: strain gradings via the
relative misalignment of atomic planes at the QDs interfaces.
(ii) A direct data analysis is possible, as the one used here,
but structure modeling and simulation of scattering (diffrac-
tion) could provide more detailed information on single-
capped QDs systems, as well as extend the applicability of
the method to systems with subsequent layers of capped
QDs. " (iii) Its relatively simple diffraction geometry and
high signal-to-noise ratio (of the 111 streak) imply that the
method is not restricted, in principle, to synchrotron facili-
ties. Moreover, it is feasible for carrying out systematic stud-
ies on several samples as a function of growth parameters
and postgrowth treatments, which is crucial in improving our
understanding on theses nanostructured systems. In the series
of samples analyzed here, the two-dimensional intensity
maps have shown evidences that capping induced stresses
are affected by size and shape of the QDs prior to the cap-
layer growth, and that the residual level of average strain
energy after capping is time dependent, a fact that can be
further investigated via BSD analysis.
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