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Non-truncated pyramidal In(Ga)As quantum dots (QDs) embedded in GaAs were obtained by a
combination of low temperature/high rate GaAs covering of InAs QDs. We use advanced
transmission electron microscopy to study the composition and mechanics of the objects. Results
from the core region of a sliced QD, and from an entire object, are consistent and complementary
allowing the development of accurate models describing the 3D shape, chemical distribution,
elastic strains and stresses in the QD, wetting layer, and matrix. The measured structure develops
an extremely compressive apex, reaching a vertical stress of —8 GPa and horizontal stress of
—6.2GPa. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804380]

Quantum dots (QDs) are nano-objects exhibiting 3D
quantum confinement of charge carriers. The atomic-like
properties emerging from these systems have been exploited,
for example, for advanced electronics and optoelectronics.'™
Structural aspects, such as the morphology,”® the spatial dis-
tribution of chemical elements,7’8 and the elastic strain,g_l1
influence the electronic confinement properties of the sys-
tem.'?> When QDs are embedded in a matrix, mechanical
strain can also be used to create spatial ordering using ele-
gant bottom-up approaches.'*'3 Therefore, understanding
the physics that correlate strain, morphology, and composi-
tion of QDs is extremely complex, but essential for technol-
ogy.'®!” A necessary but challenging step towards this goal
is to provide accurate quantitative descriptions of the struc-
ture of such small objects.

Here, we combine two techniques of advanced transmis-
sion electron microscopy (TEM) to study coherent In(Ga)As
QDs in a GaAs matrix. Extremely thin (<15 nm) specimens,
where the QDs were sectioned, were prepared to be studied
by geometric phase analysis (GPA)'® of high-resolution
TEM (HRTEM) images. With this, we assess the core region
of the object. Dark-field electron holography (DFEH)'® was
used to study complete QDs embedded in a thick TEM foil.
In both cases, to determine the geometry of the studied QD
and to decouple the chemical strains from elastic strains, we
used finite element methods (FEM) to model the structures.
The accurate characterization of the system obtained here
allows us to provide a precise 3D description of the QD and
surrounding matrix including a compositional map, elastic
strain/stress fields, and elastic energy.

The material was fabricated by molecular beam epitaxy
(MBE). Five monolayers (MLs) of InAs were deposited at a
rate of 0.05 ML/s on semi-insulating (001) GaAs substrates
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kept at 460 °C. This creates a highly strained layer of InAs.
An elastic relaxation process leads to the formation of 3D
island-like pyramidal QDs of square base with edges running
parallel to (010) directions of the crystal matrix.”’ The
exposed facets of the objects are generally of {101} type.*!
Without changing the processing temperature, the QDs were
buried by overgrowing 30 nm of GaAs at a deposition rate of
0.3 nm/s.

Cross-sectional (110) TEM specimens were prepared by
tripod mechanical polishing followed by Ar" ion milling.
The experiments were performed at 200kV in the
SACTEM-Toulouse (Tecnai-FEI) microscope, equipped
with image aberration corrector and rotatable electrostatic
biprism. In a complementary way: (i) high-resolution TEM
micrographs were taken in a thin region of the TEM lamella
(10 =3 nm), where the QDs were partially cut, and strain
maps were obtained with a spatial resolution of 1nm, and
(i1) dark-field electron holograms were obtained in a suffi-
ciently thick region (40 = 3 nm) where we found QDs com-
pletely embedded in the foil. In the latter case, the strain
maps were obtained with a spatial resolution of 2.5nm.
Holograms were recorded after exciting the diffraction vec-
tors g = 111 and g = 111. The high-resolution TEM images
and dark-field electron holograms were analyzed using GPA
Phase 3.5 and HoloDark 1.0 (HREM Research, Inc.), plug-
ins for the image processing package Digital Micrograph
(Gatan Inc.). The measured strain field maps s{f’ (with 1,
j=2x, z being coordinates in the image plane, perpendicular
to the observation axis y) are hereafter presented with refer-
ence to the unstrained GaAs lattice, indicated by the super-
script “rel.” With respect to the GaAs substrate, we define
the coordinate system as x//[110], y//[110], and z//[001],
where the z-axis corresponds to the direction normal to the
surface of the substrate.

The interpretation of the results in terms of elastic strain
and chemical composition requires a combination of

© 2013 AIP Publishing LLC
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experiments and modeling. Here, we developed analytical
and finite element method based calculations considering the
full anisotropy of the system and materials. When modeling
results obtained by TEM, the thickness of the specimen is a
critical factor which induces elastic relaxation of the sys-
tem.?*** The foil thicknesses were deduced from extinction
fringe contrast excited in the dark-field TEM mode. The
input variables in the models include therefore: (i) the thick-
ness of the TEM foil; (ii) the 3D morphology of the QD; (iii)
the spatial distribution of Ga and In in the In(Ga)As QD and
in the wetting layer (WL); and (iv) the position of the QD
along the thickness of the TEM lamella.

The results from the model were compared to the meas-
ured strains according to a strict protocol. First, the maps of
displacement field u, and u. generated by the code were
averaged over the thickness of the lamella and projected
along the viewing direction. The projected images were used
to generate a virtual high-resolution TEM pictograph formed
by two sets of lattice fringes. The results were then analyzed
exactly as the recorded experimental data, i.e., by defining
the same region as a reference for strain, and the same spatial
resolution for the analysis. Once the agreement between the
measured and calculated strain is satisfactory, by simply
modifying the lateral dimensions and the boundary condi-
tions of the model, we can describe the original bulk
structure.

Figure 1(a) shows, in a region between two QDs, the
map of & of the wetting layer obtained by geometric phase
analysis of a high-resolution TEM image. The positive val-
ues indicate that, along the z direction, the wetting layer has
a larger interplanar distance than the matrix. The horizontal
component &' is null (not shown), the layer is hence pseudo-
morphic to the GaAs lattice along the x direction, i.e., com-
pressively strained in relation to its proper relaxed lattice.
The solid line in Fig. 1(b) corresponds to a vertical profile
extracted from Fig. 1(a). The peak value of strain reaches
about 2%. The shape of the curve is asymmetric, having an
abrupt variation opposed to a more gradual behavior. The
wetting layer is thus not composed of pure InAs, otherwise
an abrupt change of strain at the interfaces of wetting layer/
matrix would be observed.

For 2D layers much thinner than the foil thickness, as
here, the effect of the thin foil relaxation is negligible.**
Therefore, to model the strain in the wetting layer is suffi-
cient to assume a plane stress configuration where o,

5 0 5
distance z (nm)

<— surface

FIG. 1. (a) Map of ¢ obtained by geometric phase analysis of a high-
resolution TEM micrograph of the wetting layer in a region between two
QDs. A vertical profile of the strain map in (a) is displayed in (b) (solid line)
together with the calculated one using Eqgs. (1) and (2) (dashed line). The
values are averaged over a stripe of 30 nm parallel to the surface. Zero in the
distance axis corresponds to the original wetting layer/matrix interface.
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perpendicular to the free surface vanishes. Combining elas-
ticity and Vegard’s law, the &/¢(z) as function of In concen-
tration fj7; (z) reads then as

Srel(z) N aInAs _ aGaAs 5 CIl%GaAS (Z) o n (Z)
zz aGaAs CIlr}GaAs ( Z) WL
~ 0.14£, (2), (1

where CI59A5(z) and C19A%(z) are the elastic constants of
the In,Ga,_,As alloy, @™ and ¢“*$ are the lattice parame-
ters of unstrained InAs and GaAs. The strain profile pre-
sented in dashed line in Fig. 1(b) was obtained by describing
. (z) as a probability density function of lognormal distri-

bution given by

n 1  (inz—p)®
WL(Z) =A——=e 28 | ()

zB\2n

where the best fit to the experiments was found for
A=0.69*0.01, u=1.25=*0.05, and B=0.70 = 0.02. The
maximum value of fi, (z) is 14.3 = 0.5%, and the integration
of the function gives the total amount of In in the wetting
layer. In units of (002) interplanar distance, it corresponds
here to 2.3 = 0.3 MLs of InAs. It means that, from the origi-
nally deposited 5 MLs of InAs, around 2.7 MLs contributed
to the formation of QDs and/or out-diffused from the system.

Figures 2(a) and 2(b) are maps of ¢/ and ¢ of a QD,
obtained from geometric phase analysis of a high-resolution
TEM micrograph. Positive ¢/ values are delimited in a tri-
angular region corresponding to the 2D projection of a py-
ramidal structure. Tensile peak values appear in the upper
area of the object, and negative ones are identified above the
apex and below the base of the triangle. The & component
is predominantly positive. It emerges from an epicenter situ-
ated in a region corresponding to the upper area of the trian-
gle in Fig. 2(b). Figures 2(c) and 2(d) provide a visualization
of our calculated strain maps. Profiles extracted from the

FIG. 2. Maps of (a) &/ and (b) &’/ obtained by geometric phase analysis of
a high-resolution TEM micrograph of a QD. The regions I, II, and III delim-
ited by the full lines were used to extract the profiles in Fig. 3. The calcu-
lated strain maps are in (c) for &' and (d) for &'¢/. The triangles depicted by
full white lines in (c) and (d) indicate the boundaries of the QD considering
a vertical cut passing through its apex.
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FIG. 3. Profiles of (a) &/ and (b) &/ extracted from the experimental and
calculated images in Fig. 2. Black lines refer to experimental profiles and
red lines for the calculated ones. The zero stands for the QD/matrix interface
in (a) and for the central axis of the QD in (b).

regions I and II, delimited by the full lines in Fig. 2(a), are
plotted in Fig. 3(a) along with the corresponding calculated
ones. The values of ¢/ in region I decrease from the upper
region of the QD to its base. In region II, the maximum of
strain is close to the QD/substrate interface. Fig. 3(b) shows
the profiles extracted from the selected area in Fig. 2(b). The
values of ¢ are smaller than ¢/, as consequence, the sig-
nal/noise ratio is lower.

The calculated profiles show the quantitative agreement
between the model we propose and the experimental data. In
the calculations, the QD is centered in a 10 nm thick foil, and
embodied by a four-fold pyramidal volume of 9nm height
and a square base with side lengths of 28 nm parallel to in-
plane (010) directions. In contrast with the original structure,
having {101} facets with (111) edges before GaAs over-
growth,zo’21 the buried QDs are characterized by {203}
facets with (332) edges.

The In distribution Cg(x,y,z) in the QD is here
described by

z L
CQD (X Y,z ) Cbase (f}acet( ) Cbase) Limy

it

3)
where the origin coordinate (0,0,0) situates at the center of
the QD base andj}am( z) = c}';m +(1— C/If‘(‘m,t)\/7 gives the
In dlstnbutlon along the facets. The constants c; N eer = 0.25
and cbm = 0.4 stand for the In concentration in the facets
and the base of the object for z=0. Comparing experiment
with a series of finite element method calculations (not
shown) where we varied the composition, shape, and dimen-
sions of the QD, we estimate our precision to be *5% for
the In composition, =0.5nm and *2nm, respectively, for
the height and lateral dimensions of the QD.

In the second part of our experiments, we used dark-
field electron holography to study a complete QD embedded
in the TEM foil. The technique allows imaging larger fields
of view and, consequently, provides an enhanced perception
of the general picture. The results are exposed in Figs.
4(a)—4(c). They show roughly similar strain distributions to
the ones found by high-resolution TEM (Fig. 2); however,
for example, in Fig. 4(a), the slightly compressive & ol
regions in the right and left sides of the tensile epicenter are
well portrayed. It is the same case for the compressive areas
above and below the QD in Fig. 4(b), and for the continuity

Appl. Phys. Lett. 102, 173115 (2013)

FIG. 4. (a) &<, (b) sgﬁ’, and (c) sg’ components of the QD strain field

XX

mapped by dark-field electron holography. The corresponding calculated
maps are shown in (d) for &’ ¢l (e) for egf’ , and (f) for sfé” .

xX

between QD and wetting layer. We also highlight that the
distribution of shear strain &, which presents relatively
lower intensities, is well discerned in Fig. 4(c). The image
presents an inverse mirror symmetry with respect to the cen-
tral vertical axis of the QD.

The finite element method model developed to describe
the high-resolution TEM results is applied here to verify its
consistency. The only modification was the QD dimensions,
to account for the larger base length of 34 nm and height of
11 nm of the observed object. The calculated strains are con-
fronted to the experiments in Figs. 4(d)—4(f) showing the
agreement of the model we propose with the fabricated struc-
tures. We can now consider that our model describes cor-
rectly the strains and the distribution of chemical elements in
the system. Therefore, we explore the calculations to provide
not only the 3D shape and the distribution of composition in
the QDs but as well the real stresses and decouple elastic and
chemical strains. Elastic strains are defined with respect to
the relaxed state of material with the specific composition at
any given point of the volume.

To present the results for the bulk structure, we extended
the matrix surrounding the QD to a distance equivalent to
twice its base-diagonal. Symmetry conditions allowed us to
calculate results from one quarter of the structure. The lower
boundary plane in the substrate was set to have zero vertical
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displacement. The In relative composition (Eq. (3)) is plotted
in Fig. 5(a) where z is the vertical symmetry axis of the QD.
The concentration of In increases from the base of the QD to
its apex, and from the center to the facets in the upper part of
the QD. The average In concentration (C) obtained by the
integration of Eq. (3) over the QD volume is given as

(€)= (HTLZ> 14J0 r - J%(lﬁ)y Cy (x,y, 2)dxdyd:z.

H)L 0
“)
For the studied QDs where L/H~3.1, c‘)I‘{‘lCe[ =0.25 and

In

e, = 0.4, the (C) =0.53. The average composition of the
dots is In0_53G30_47AS.

Figure 5(b) gives the general picture of the in-plane dila-
tation defined as %(8,” + ¢,y). The distributions of out-of-
plane stress o, and in-plane stress, given by 1 (0w + 0yy),
are shown in Figs. 5(c) and 5(d). The contour plots in the
stress maps represent the regions of iso-value, giving a clue
on the spatial distribution of stresses. In contrast to the ten-
sile strains obtained by geometric phase analysis of high-
resolution TEM images and by dark-field electron hologra-
phy, Fig. 5 shows that the true elastic strains and stresses in
the QD are predominantly compressive. At the apex com-
posed of pure InAs, values rise to a maximum in-plane com-
pression of —4% or —6.2 GPa. In a counter intuitive manner,
even if the system is free to relax over the free surface of the
wafer, i.e., towards the z-direction, the local configuration of
the structure makes o,, considerably higher than the in-plane
stress at the apex, achieving up to —8 GPa. Elsewhere, the
QD is also characterized by a hydrostatic compression of the
lattice, however, with the in-plane stress higher than a,,.

(a) In composition

(b) Dilatation

2%
3C 30

0%

0
-2%

-4%
&
50 \l/x

25 50
25
0 () 0 (nm)

(C) Out-of-plane stress (GPa) (d)

In-plane stress (GPa)

o

0

b N & & A b S L o
A
/

50
25 50

25 25
0 () 0 (nm)

FIG. 5. 3D finite element method calculations presented for a quarter of the
structure showing (a) the In distribution; (b) the in-plane dilatation of the lat-
tice; (c) the out-of-plane stress a,,; and (d) the in-plane component of stress.
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Finally, we have calculated the average density of elas-
tic energy E of the structure, and compared it with an island
with a homogeneous Ing 53Gag 47 As distribution of chemical
elements over the QD volume. Calculations show that E
within the QD is 7.75% lower for the homogeneous case. If
we take into account the surrounding GaAs (defined in Fig.
5) the trend is similar, with a reduction of 4.4% with respect
to the experimental configuration. To explain this phenom-
enon, we must consider the particularity of the QD formation
and overgrowth processes.

After InAs deposition, the strained 2D layer develops
into 3D pyramids by the Stranski-Krastanow mechanism,
allowing the material to restore its bulk lattice parameter at
the apex and the edges of the object. During the initial stage
of the GaAs deposition, GaAs preferentially covers the wet-
ting layer between QDs. The intermixing of Ga and In in the
base of the structure has the effect of modifying the QD
shape and allows the reduction of the mismatch at the QD/
substrate interface.'®?>%% The relatively low GaAs growth
temperature used here avoids a dissolution of the pyramid
apex enriched by In.”>*® As a consequence, once completely
covered, the largest difference of lattice parameters between
the QD and surrounding material is introduced at the apex of
the structure. Due to the disproportionate difference of ma-
trix/apex volumes, extremely high compressive stresses are
generated in this limited spatial region of the QD. This phe-
nomenon causes a substantial increase of the strain energy of
the system. The final structure therefore results from an intri-
cate interplay between thermodynamics and kinetics effects
intimately related to the QD formation and overgrowth
regimes.

In conclusion, we used high-resolution TEM and dark-
field electron holography to study the composition and
mechanics of In(Ga)As QDs embedded in GaAs. The results
obtained from a core region of the QD and from a complete
object are consistent and complementary. We observed
InGaAs alloying in the central region of the QD while its
apex and outer facets contain a high In concentration. This
situation, which would be favorable from a thermodynamic
point of view for an uncovered QD, develops extremely high
compressive stresses when covered by GaAs. We attribute
the creation of this structure to the QD formation and GaAs
overgrowth at the relatively low temperature. We developed
a precise and accurate finite element method model describ-
ing the 3D distribution of elastic strains and stresses in the
QD, wetting layer and their vicinity. The given analytical
description of the In distribution for the QD and wetting
layer provides as well a flexible adjustment of a finite ele-
ment method model for QDs grown at other regimes than
studied here.
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