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Interpretation of phase and strain contrast of TEM images of In Ga;_,AsGaAs quantum dots
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Transmission electron microscogf EM) observations were performed on capped single and vertically
stacked 1gsGay sAs/GaAs quantum dots. Cross-sectional images were obtained both {GHeand (011)
zone axes. In th€011) zone axis the dots exhibit a lens shape, whereas if00® zone axis their shape is
more likely to be a truncated pyramid or a truncated cone. We demonstrate that, due to the chemical sensitivity
of the (001) zone axis, it is possible to distinguish, from the phase contrast features of high-resolution TEM
(HRTEM) images, the regions where In is located and consequently get more reliable information about the dot
shape. By performing HRTEM simulations, we discuss the experimental conditions under which the compo-
sitional signal is observable.[100] plan-view samples were investigated by conventional TEM in the multi-
beam zone axis condition. The contrast features of the images were correlated to the strain fields in the
three-dimensional islands. We show that the different diffraction contrast observed in our samples is due to
coherent superposition of the strain field of dots having different sizes along the stack.
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I. INTRODUCTION contrast images are then calculatéd?* Besides their com-
plexity, these methods need arpriori assumption about the
The continuous search for improved electronic and opticatiot shape, size, and chemical composition.

performances of semiconductor devices has stimulated the Cross-sectional high-resolution images can be used to ob-
study of quantum dot$QD’s).>? Different techniques have tain further experimental data to be introduced, as input pa-
been used for their fabrication. Among these, the selframeters, in the theoretical simulations. The current literature
assembled growth has been proven to be particularlghows that much information about the shape and size of the
successfil* as it allows the reproducible realization of dots is generally deduced from cross-sectional high-
quasi-zero-dimensional semiconductors of excellent strucresolution TEM (HRTEM) images obtained in th€011)
tural quality. Dots stacked in vertically organized columnszone axis-'?? Nevertheless, much care is required in the
are required to increase the optical density of the active menterpretation of these images, since the strain contrast is
dium and to change the emission wavelertjtheir size and  overlapped to the phase contrast and no structural difference
shape are critical parameters for controlling the optoelecbetween dots and matrix is observed in {B&1) zone axis.
tronic properties of the devicédn fact, the ground-state and The effects of the strain relaxation due to the specimen thin-
excited-state emission as well as the intersublevel transitionsing to reach electron transparency must also be taken into
strongly depend on these parameters. In order to tailor newccount?
devices based on such nanostructures, it is crucial to control In this paper the issue of the chemical and strain contri-
the shape of the dots and the extent of the wave-functiotution to, respectively, the HRTEM cross-sectional and plan-
confinement. To this aim, different structural techniques areview diffraction contrast images is addressed by a detailed
used, such as atomic force microscOpffM, scanning tun- TEM investigation performed on {Ga __,As/GaAs quan-
neling microscopy (STM), and transmission electron tum dots. This work is separated in two sections. In Sec. Il
microscopy (TEM). The AFM and STM techniques are we try to elucidate the results of a HRTEM investigation of
commonly used to study uncapped quantum dots, whereas stacked IgGa ,As/GaAs quantum-dot heterostructure.
the TEM investigation is fundamental to obtain structuralWe discuss and compare the cross-sectional HRTEM images
information on capped quantum dots, i.e., on real devices. lof a six-fold stacked InsGa, sAs/GaAs quantum dot speci-
particular, two-beam and on-zone multibeam plan-view im-men, obtained in bottD01) and(011) zone axes. Finally, we
ages are routinely used to investigate such structiré$in support our results with high-resolution image simulations.
spite of the great deal of information that can be derived, thén Sec. IV we show the plan-view images obtained from
interpretation of the diffraction contrast from such images issingle and vertically stacked quantum dot samples. A corre-
very difficult, due to the convolution of strain contrast and lation between the TEM diffraction contrast and the local-
composition-dependent contrast. This makes the experimeiieed strain field of the single and vertically stacked dots is
tal determination of the QD’s shape still rather proposed in order to explain the contrast differences between
controversiaPt>151®Theoretical calculations are often used single and stacked dot images. We show that in the vertically
in order to evaluate the contribution of the strain field to thestacked dots, the strain fields associated with dots belonging
TEM images as opposed to the compositiodalependent to different layers coherently superpose along the stack. If
contrast. To this aim, sophisticated algorithms, generallythe size of the dots in the stack varies, such superposition
based on finite element analyses, are used, in which thieduces a modulation of the total strain field, resulting in a
strain field is firstly modeled, and the electron diffraction modification of the electron-diffraction conditions.
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Il. EXPERIMENTAL a) Plan-view

=<001 .
The samples under study consist of G# _,As/GaAs 2 GaAs matrix

single and six-fold stacked quantum dots grown by metal-
organic chemical vapor depositidMOCVD) on (100) ex-
actly oriented GaAs substrates by the well-known Stranski-
Krastanov method. The growth was performed by a
horizontal LP-MOCVD reactofAIXTRON 200 AlX), oper- x =<010>
ating at 20 mbar. Trimethyl galliuniTMGa), trimethyl in-
dium (TMIn), and pure arsine (As§jl were used as source
materials; palladium purified 41 with a flow rate of 7 sim, b) Cross-sectional view
was used as carrier gas. The nominal In/Ga ratio was chosen y =[100] GaAs matrix
equal to 0.5. After the growth of 100 nm of an undoped L
GaAs buffer layer, the dots were grown by depositing 4
monolayers(ML'’s) of In,Ga, _,As; in the stacked samples InGaAs | dot
the dots were separated by GaAs spacers, 5 nm thick. Finally
a GaAs cap layer, 30 nm thick, was deposited after a growth
interruption time of 60 s under the Aslow. Further details
about the growth conditions are reported elsewRére. ®  Zone axis: <001> =z
TEM investigations were performed by using a JEOL
4000 EX electron microscope, with an interpretable resolu- FIG. 1. Schematic view of an §3Ga, sAs dot embedded in the
tion limit of 0.16 nm. Cross-sectional specimens were pre5aAs matrix in both plane-views) and cross-sectional geometry
pared by mechanical grinding down to about 1@@n, (b). Th(? Zone axis direct_ion_use(_j in the TEM observation as well as
dimple grinding down to less than 3@m; finally the elec- the main crystallographic directions are evidenced.
tron transparency was reached by ion milling with 4 k\?Ar
ions. Since the angle between 1) and(011) zone axes more likely to be a truncated pyramid or a truncated cone, as
is 45° and the typical inclination angles of a high-resolutionderived both from the mass contrast and from the phase con-
transmission electron microscope are abo@0°, the cross- trast.
sectional specimens were prepared by gluing face-to-face In the (011) zone axis, the hexagonal array of the bright
two slices of samples rotated by 45°, one with respect to thgpots preserves the same features in both th€dn ,As
other. dots and the GaAs matrix: only slight variations in the rela-
[100] plan-view images were obtained in the on-zonetive intensity of the spots can be noticed. Therefore, in spite
bright-field (BF) imaging condition.(001) cross-sectional of the good quality of the high-resolution image, it is not
samples were also investigated in order to study the sizstraightforward to extrapolate reliable information about the
distribution of the dots along the stacking direction. Figure 1dot shape. On the contrary, in t§801) zone axis a clear
shows a schematic view of the dots in both plan-viewand  difference in the spot array between theGia, _,As dot and
cross-sectional geometi). The zone axis as well as the GaAs matrix can be observed. This difference was experi-
main crystallographic directions are evidenced. mentally maximized by properly adjusting the objective lens
defocus. In particular, in the GaAs lattice, the spots are ar-
ranged in squares with a slightly weaker spot in the middle;
IIl. CRITICAL ISSUES IN THE INTERPRETATION OF in the InGa, _,As lattice the weak spot almost disappears. It
PHASE CONTRAST IMAGES follows that in the GaAs matrix the visibility of the 220
lattice fringes(at 45° with respect to the growth directiois
predominant whereas in the,Ba, _,As dots the 200 lattice
Figures 2a) and 2b) report the high-resolution images of fringes, parallel and/or perpendicular to the growth direction,
a single column of six fold stacked dots obtained in the  prevail. Therefore it is possible to distinguish between the
(001 and (b) (011) zone axes, respectively. Both imagesregion where In is confined and the surrounding areas; this
show the good structural quality of the layers and a goodillows us to get a more accurate evaluation of the dot dimen-
stacking of the dot columns. Besides, relevant differencesions and more reliable information about their shape. As a
can be immediately noticed. In tH811) zone axis the dots further remark, it is worth noting that the wetting layer con-
appear like flat islands, of lens shape, with an average lateréfast is very faint in the first two layers, where the dot for-
size of about 20 nm and an average height of about 4 nnmation processstill at the early stageshas not completely
Moreover, the dots essentially show only a darker contraspccurred, whereas it almost disappears in the uppermost lay-
related both to the heavier In atoms and to the strain fielders, where the dots are fully developed, indicating a complete
therefore, an overestimation of the dot size together with amigration of the In towards the dots. In our opinion this
erroneous evaluation of the shape can occur. information, fundamental for the understanding of the elec-
Further information about the dot shape can be obtainettonic behavior of the quantum dots, cannot be obtained with
by a comparison of the HRTEM images in t§@01) and the same accuracy in tR@11) zone axis. However, even in
(012) zone axes. In the image in Fig(é? the dot shape is this projection much care must be taken in the interpretation

InGaAs dot

& Zone axis: [100] =y

» X =<010>

A. Experimental results
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B. Discussion

The influence of the composition on the phase contrast in
the (001) zone axis is basically due to a particular set of
lattice reflections, which are sensitive to the atomic content
of the crystal unit celf® In the zinc-blende structure of I1I-V
semiconductors, the chemical information is carried by the
200 reflections, since their intensity is proportional to the
square modulus of the difference between the scattering fac-
tors of the group-lll and group-V elementd »§q|f,
—fy|?). Indeed, it has been recently demonstrétéaiat |,
is linearly proportional to the stoichiometric ratian ternary
alloys such as fGa _,As. The contribution of the chemi-
cally sensitive reflections to the high-resolution images of
I1I-V semiconductors is maximized by viewing the sample
just along the/001) zone axis. Vice versa, in the more com-
monly used(011) zone axis the contribution of the 200 re-
flections, which are indeed very faint, is hidden by the 111
reflections (;1,|f;+fy|?) which are the strongest ones
and closest to the transmitted beam.

Since different parameters, such as specimen thickiness
and objective lens defocus play an important role in the
determination of the phase contrast in high-resolution im-
ages, HRTEM simulations were performed by using the Ce-
rius 2 softwaré® in order to have theoretical feedback for the
experimental results and to check how the experimental con-
ditions influence the effect of the 200 reflections to the HR-
TEM images.

Under dynamical conditions, the intensity of the 200 re-
flections depends on the sample thickn&dsr this reason, a
preliminary investigation of the thickness dependence of the
200 beam intensity was carried out by propagating the elec-
tron beam through crystal slices of increasing thickness and
visualizing the amplitude of the 200 beams. Also, the inten-
sity of the 220 beams was calculated as, in{(h&l) projec-
tion, they mostly contribute to the phase contrast image. The
relative weight of the 200 reflections with respect to the 220
ones discriminates the intensity of the compositional signal.
Figure 3 reports the plots of the intensities of the 200 and
220 reflections versus thickness, foa) GaAs and (b)
In,Ga _,As bulk crystals. ThdR=200/220 intensity ratio is
also reported in Fig. @) for GaAs and IgGa, _,As. It is
evident that the 220 reflections, which are “structural” re-
flections, are predominant for GaAs, even oscillating as a
function of the thickness. The 200 “chemical” reflections
have a stronger intensity for J&a, _,As. As a result, the
plot in Fig. 3c) shows that, on averag® is higher for
In,Gg _,As than for GaAs. On the basis of these results,
HRTEM simulations were performed at two significant
sample thicknesses: 175 A, wheR is maximum for

FIG. 2. Experimental HRTEM images of a sixfold stacked |n, Ga _,As and minimum for GaAs, and at 621 A, where
Ing sGap sAs/GaAs quantum dot sample, obtained in tag(011)  the opposite condition occurs. GaAs angGa,_,As bulk
and (b) (001 zone axes. crystals were used for simulations, without taking into ac-

count strain effects, since our aim was simply to qualitatively
of the high-resolution image, since the effect of the dot straicompare the phase contrast of the experimental and simu-
field and of the strain relaxation, due to the sample thinninglated images. For each thickness value, through-focus series
is always present. For this reason it is extremely difficult towere obtained by varying the objective lens defocus from
apply quantitative analyses, generally performed on un—400 A to +400 A in order to see how the spatial frequen-
strained structures;?®to such images. cies of the diffracted beam@00 and 22Dare filtered by the
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FIG. 3. Plot of the intensity of the 200 and 220 reflections ver-
sus crystal thickness fdm) GaAs and(b) Iny sGa, sAs single crys-
tals; (c) R=200/220 intensity ratio versus thickness for GaAs and

INg sGap AS.

FIG. 4. HRTEM through-focus images calculated for GaAs and
IngsGay sAs at crystal thicknesses of 175 (&) and 621 A(b).

Through-thickness simulationgnot reported here, for
electron microscope. These results are reported in Fig@s. 4 brevity saké demonstrated that at few specific thickness val-
and 4b). The comparison between the GaAs andues[whereR is almost the same for GaAs andGg, _,As,
In,Ga, _,As lattice images clearly shows that for each se-see the graph in Fig.(8], the difference between GaAs and
lected thickness, it is possible to tune the defocus conditions,Ga, _,As is not so striking, like in the two cases discussed
which are most sensitive to the different chemical composiabove. This inconvenience can be, anyway, experimentally
tion of the two materialgfor example, at=175A ande solved by moving to an adjacent region of the specimen with
=—400A or e=-2857A and att=621A and e= a sightly different thickness, which is always available due to
—400A). In particular, att=175A ands=—400A the the typical wedge shape of TEM specimens.
simulated images fit well the behavior of the experimental Since GaAs layers can cover the top and bottom surfaces
ones. This should be possible, in principle, at any otheof the InGa _,As quantum dot, their contribution to the
thickness value, in the range allowed for high resolution. HRTEM images could hide the compositional signal. In or-
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FIG. 5. (001) cross-section TEM images of
the single(a), uniform (b), and nonuniform(c)
vertically stacked dot sample.

der to check this hypothesis, HRTEM simulations were alsdo modified growth conditions that allowed us to improve the
obtained from sandwiched structures, consisting of two exguality of the stacked structures in terms of the vertical size
ternal GaAs layers and a middle,®a, _,As layer; the total  uniformity.
thickness of the GaAs layers was chosen equal to about 20 As a result, during TEM experiments in plan-view geom-
nm, the real thickness of the,/Ba _,As dots. These simu- etry, the transmitted electron beam experiences the effect of
lations were compared to those obtained from a layer ofhe strain fields associated with “families” of dots having
GaAs having the same thickness of the sandwiched structurdifferent sizes along the stack. Figure@)6 6(b), and &c)
The results of these simulations showed that also in this casehow the on-zone plan-view BF images corresponding to the
closer to the real experimental conditions, it is still possiblesame sequence of samples reported in Fig. 5. The three im-
to distinguish between the heterostructure, containingaiges show striking differences in the contrast pattern. In par-
In,Ga _,As material, and the pure GaAs. ticular, for the single dofFig. 6(a)] and the rather uniform
stacked dot§Fig. 6(b)] the contrast is characterized by an
external dark region, of nearly circular shape, with a bright
spot at the center. The stacked dots with a nonuniform size
along the stack show a completely different feature, i.e., an
A. Experimental results intensity modulation, resulting in a flowerlike pattern. Fig-
In Fig. 5 we show the cross-sectional low-magnificationt"S €d), 6(€), and &f) display the contrast line scan per-
images obtained from three samples, consisting, respectivel{Prmed along th€010 directions, i.e., the intensity modula-
of a single(a) and sixfold stacked dot layefs(b) and §c)].  uon along the dashed lines in FiggaB-6(c). A main central
The comparison between the images of the vertically stacke@1@XImum is observed in the line-scan profiles of Figs) 6
quantum dot samplefFigs. 5b) and 5c)] shows that, al- and @) whereas Fig. @) shows three maxima of compa-
though the dimensions of the bottomost layers are nearly thE2P!€ intensity, the external ones being lightly weaker and
same, the situation is quite different for the topmost ones. IIFYmMMetric with respect to the central one.
particular, the sample in Fig(® shows dots which are ver-
tically aligned without extended defects and with a rather
uniform size(only the topmost dots exhibit a little enlarge-
men). Conversely, the sample in Fig(c) exhibits a strong As mentioned before, it is well known that the white
increase of the dot size. This important difference is relatecnd/or black diffraction contrast in the TEM images is due to

IV. CORRELATION BETWEEN PLAN-VIEW
DIFFRACTION CONTRAST AND STRAIN FIELD

B. Theoretical model

Single dot layer Stacked dot layers

R
—_— e~

UNIFORM DOTS NON-UNIFORM DOTS

FIG. 6. [100] plan-view images obtained in
the on-zone BF imaging conditions from the
single (a), uniform (b), and nonuniform(c) verti-
cally stacked dot sample. The contrast line scans,
performed along th€010) directions on both im-
ages, are also reportéd)—(f).

d) \/\ e) f)

0 10 20 30 nm 0 10 20 30 nm 0 10 20 30 nm
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the inhomogeneous lattice strain associated with the threevhere the derivatives of the stress fields on the right-hand

dimensional3D) islands?® This induces a local variation of side are calculated gt=0. By using the series expansion in

the lattice planes orientation, resulting in a local modificationEq. (4), Eq. (3) becomes

of the electron-diffraction conditions. The different contrast

observed in the single and stacked dot samples is a quite 1

general feature observed in many other samples, regardless 2 2 St P (x.2)f B
" . ’ =0 a=0 B! ay

of the adopted growth conditions. This allows one to hypoth-

esize that the only parameter which affects the contrast pat- S B (@)

tern of plan-view images is the extent of dot size uniformity — DD etBtlf(x,z)B . Vi=0.

along the stacking direction. We believe that the strain field =0 a=o p! y y=0

associated with dot families of different sizes overlaps, in- )

ducing a modulation of the strain along the stacking direc-

tion, which results in a modification of the electron- This is a power series which makes it possible to find the

diffraction condition. boundary conditions on the plang=0, at any order ir.

In order to test this hypothesis, we have studied the effedtence by requiring that all the coefficients of the power se-
of the linear combination of the strain fields associated withries are zero a recursive formula is found which provides an
dots of different dimensions. The exact strain field in cappedxplicit form for the boundary condition to be satisfied with
guantum dots is generally calculated with the finite elementhe functionse“(x,y,z).
method. However, at first approximation we assumed it is In the case of stressors having a simple parallelepiped
equal to the strain field felt by quantum dots induced byshape, the first-order expansion of the hydrostatic component
stressor® of simple parallelepiped shape. In this approxima-of the stress field is given biyhy=tcr§§,)+--- , Where
tion we can calculate the quantum dot strain field by using

Pole

y
y=0

the analytical method reported in Ref. 31. The strain field by 7
calculated in this way is consistent with one obtained with Tty ~ ~ g 9o(1+ Xy (2 dy(—%,2)+ ¢y(X,2)]
finite element method calculations.

We developed the functions describing the surface profile, T xy(= 2| by (=X, —2) + py(X,—2)]

tf(x,z) [the stressor pattern, with tHféx,z) periodic func-
tion such that- 1< f(x,z)<1 andt maximum amplitude of FxyOOLEy(=2X) + Sy ) [+ xy (L y( =2, —%)
the profile modulatiohin a Fourier series: the stress tensor +oy(z,—x) 1}, (6)
is then calculated by superimposing the stress field associ-_

ated with each cosine component. Since the amplitude of thwith

relevant Fourier components are much smaller than the cor-

responding wavelength, we looked for a solution of the elas- L,tu

ticity equations by(U,v)= JLr W2t (Lt 9)21y2
2 T _
(1+v)Vee+V'V Tr(o)=0, (1a " Ly+u .
U= —=—.
V.0=0, (1b) W G uEy?
having the form of a series expansion L, andL, are the dimensions of the dot. In E&) the stress

field diverges along the border of the box where, however,
“ the displacement field is continuous.
o(x,y,2)= Z t“c*(X,y,2), 2 The strain tensors is then obtained by applying the
«=0 Hooke’s law. With this method we found that the hydrostatic
whereVT is the transpose of the gradient vecWrand v is  Strain component is constant inside the dot region and zero
the Poisson’s ratio. The boundary conditions are given by th@utside. This is consistent with the results obtained by other
requirement that no net force acts on the free surface Methods in capped quantum d&ts® A small strain modu-

=tf(x,2)], lation is found at the edges of the dots.
It is worth noting that the displacement vectors related
0=0oV[y=tf(x,2)]= 09— toVf, ©) to the strain tensog by the well-known equation
wherey is the unit vector along the positiwedirection. . :E ﬂJr au; ®
For the same reasons that in E2) the stress field at the o20ax,  axi)”

free surface can be expanded in a series aroun@®, we . . .
P oA Only the strain components leading to a local variation of

obtain ) L
lattice planes that are parallel to the electron beam give rise
ST 9B to contrast in the TEM plan-view images, namely,, ¢,
o x.tf(x,2),z]= >, > _'ta+l3f(x,z)l3 p 7 £z, ande,, [see Fig. )]. Since the off-diagonal compo-
p=0 a=0 B! J y=0 nents are smaller than the diagonal terms, in our discussion

(40  we consider only the term,,+e,,.
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FIG. 7. Plot of the calculated strain componenig+ ¢, for 0

two dots having different sizes along the diagonal direction. The
open circlega) and open up triangle) display the strain field of .20
the big (dot A) and small dot(dot B), respectively. The close
squaredc) represent the coherent superposition of the strain field - 4
associated with dot A and dot B, resulting in a modulation of the '
strain field.

Lp/Ls =04 Lp/Ls =0.2

Firstly, we considered a simple model with only two
stacked quantum dots of different size. We label the bigger ,,
dot as “dot A” and the smaller dot as “dot B.” In Fig. 7 we
plot the calculated strain componest,+ ¢,, along the di-
agonal of dots for the two dots. In dot Brig. 7(a)], the
dilated region is larger than dot Brig. 7(b)]. As a conse-
quence, the electrons transmitted at the center of the stacke .

o

=20

e) f)

qguantum dots(aroundx=z=0) feel a strain dilatation in Y% » o 2 @ w20 o0 20 a0
both quantum dots, whereas the electrons at the edges of the
dots(at about 15 nm far from the cenjdeel a strain dilation FIG. 8. Contour plot of the calculated strain field {+¢,,) for

in dot A and a strain compression in dot B. The resultingsingle (a) and vertically stacked quantum ddt®—(f) as a function
strain field felt by the electrons is the coherent superpositionf the ratio between the sizék, andLg) of the two dot families.

of the strain fields associated with the two ddfgy. 7(c)]. A The superposition between the strain fields associated with each
main maximum occurs at the center of the structure due téamily induces a modulation of the field which becomes more and
the combination of the strain field related to expanded remore evident with increasing the difference in the size of the two
gions[Figs. 7a) and 7b)], whereas the secondary maxima families.

are generated by the combination of regions where the struc-

ture is expandedin the bigger dot A and regions where the trast of Fig. &a). Therefore, folL,=Lg, the contour plot of
structure is compresse@h the smaller dot R It follows, the two vertically stacked layers coincides with that of the
therefore, that the combination of strain fields associatedingle dot[Fig. 8@)], since, in this case, we have the coher-
with dots of different dimension&he size of dot A is ap- ent superposition of strain fields associated with quantum
proximately twice that of dot Binduces a modulation of the dots having the same size, so that no superposition between
strain[Fig. 7(c)] which results in a correspondent modulation expanded regions and compressed regions occurs. When the
of the electron-diffraction conditions. ratioLg/L 5 decreasefigs. 8¢)—8(f)], i.e., when the differ-

At this point it is interesting to analyze how such a modu-ence between the dot dimensions of the two families in-
lation changes as a function of the size of the two db{s  creases, the modulation of the strain field becomes evident.
and Lg). In Figs. 8a) and 8b) we display the calculated A flowerlike pattern is found only fok g /L,<0.5. This sug-
contour plot ofe,,+&,, for a single and two stacked dots of gests that in the study of vertically stacked dot samples, the
same dimension. The white and black zones correspond, relan-view diffraction contrast can be used to obtain informa-
spectively, to expanded and compressed regions, whereas ttien about the uniformity of the dot sizes along the stacking
different gray-scale zones display intermediate conditionsdirection. This is fundamental to fabricate a quantum dot
As expected, in the single d¢Fig. 8@)] strain dilation is laser of high quality.
observed into the island whereas strain concentration occurs Our model is readily extended to the real case of Fig) 5
at the edges. As a consequence, the transmitted electram which the sample consists of six dot layers whose size
beam is diffracted in a different way at the center and at thehanges continuously from the bottom to the top layers. A
edges of the quantum dots resulting in the diffraction con+ealistic calculation was performed by employing two six-
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40
materials at a nearly atomic resolution with useful chemical
information is very suitable for the observation of quantum

D}Lﬁ 081, dot systems. In particular, we demonstrate how misinterpre-

} used. Among these, the possibility of viewing heterostructure
La

20

- tations in the evaluation of the actual shape of the dots can
occur when HRTEM investigations are performed only in
D the (011) zone axis. Moreover, we explore the influence of
5 \ Lc=04L, many experimental parameters to assess the general validity
D of the chemically sensitive HRTEM investigations for the
case InGa _,As quantum dot buried in a GaAs matrix.
D‘ The results of the calculations developed in Sec. IV are
found to describe, even though in a qualitative way, the
FIG. 9. Contour plot of the calculated total strain field,(  Strain modulation of single and sixfold stacked dots with a
+¢,,) for a six-layer model. We considered the dot dimensionssurprisingly good accuracy, elucidating the diffraction con-
such thatLg=0.8_, andL-=0.4L . trast observed in the plan-view TEM images of our samples.
A more quantitative analysis would require advanced simu-
layer models. We assumed three dot familgsB, and C lations of the TEM images in which the modeled strain field
with Lg=0.8L, andL-=0.4L, (Fig. 9. We found againa is used as an input for the dynamical electron
strain modulation in which we can distinguish a centralscattering>***"*8This is a very complicated issue to ad-
maximum and four weaker secondary maxima. dress due to the complex structure of our samples. Neverthe-
It is clear that the calculated strain patterns are not perless our experimental observations and theoretical results
fectly identical to the TEM contrast. The remote areas sursuggest that the different diffraction contrast can be due to a
rounding the dots are dark in the strain field contour plotscoherent superposition of the strain fields associated with
reflecting a small strain intensity, whereas the correspondingots of different sizes. This induces a modulation of the total
areas in the TEM images are bright. This is not surprisingstrain field, resulting in a modification of the electron-
because in one case we look at a strain pattern and in th#ffraction conditions. Therefore, from the plan-view diffrac-
other case at a diffraction contrast. However, the goal of oution contrast we can get information about the uniformity of
model is to show that the coherent superposition of strairihe dots in the stack and of the variations of their relative
fields associated with quantum dots of different sizes inducesizes.
a modulation of the total strain field that must result neces-
sarily in a modulation of the electron-diffraction contrast. ACKNOWLEDGMENTS
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