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Scanning transmission-electron microscopy study of InAs/GaAs quantum dots
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We present results obtained from a scanning transmission-electron microscopy study of InAs/GaAs quantum
dot ~QD! layers. It is shown that the QD’s are embedded within an InxGa12xAs confining layer following
overgrowth with GaAs. Using energy dispersive x-ray analysis~EDX! the QD dimensions can be measured
with reasonable accuracy and are not affected by strain contrast. In QD bilayers where the dots are uncorrelated
along the growth direction, a comparison of the indium EDX signals from the confining layer and a dot allow
us to estimate the compositions of these regions as In0.07Ga0.93As and In0.31Ga0.69As, respectively.
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Self-organized III-V semiconductor quantum dots~QD’s!
have been extensively studied over the last few years
cause they promise improved laser operation,1 but these im-
provements have not yet been unequivocally dem
strated.2–4 One possible reason for this is the size distribut
of the three-dimensional~3D! islands~roughly 10%!, which
may negate the advantages of a true zero-dimensional
sity of states. The size distribution can be seen directly
scanning tunneling microscopy5 ~STM! and atomic force
microscopy6 ~AFM! of uncapped QD’s and indirectly in th
large inhomogeneous linewidths evident in photolumin
cence measurements of capped dots.7 In principle, cross-
section transmission-electron microscopy~TEM! can give
structural information on capped QD’s, but in practice TE
images are formed by a convolution of strain contrast w
atomic number~Z! dependent contrast that leads to overe
mates of the dot dimensions and, despite a large bod
information on QD’s, we are still unable to answer som
basic questions concerning their size, shape, and comp
tion. Yet these measurements are crucial if modeling of
structures is to reach the same level of maturity that ex
for quantum well structures. In this paper we present sc
ning transmission-electron microscopy~STEM! measure-
ments on QD layers that resolve some of these proble
Using the high spatial resolution and compositional sensi
ity available with energy dispersive x-ray analysis8 ~EDX!
we are able to make detailed estimates of the size and s
of the QD’s and avoid the problems associated with str
contrast. In addition these results show that overgrown Q
do not conform to the conventional Stranski-Krastanow p
ture of a 3D island on top of a 2D wetting layer~WL! but the
dots lie within an InxGa12xAs confining layer~CL! that has
the same thickness as the dot height. The EDX meas
ments also allow us to deduce the compositions of the Q
and the CL.

The samples were grown by solid source molecular be
epitaxy on GaAs semi-insulating~001! substrates using As4.
The V III ratio was 14 and the InAs growth rate was 0.
mmh21. The GaAs buffer layer was grown at 580 °C a
then the substrate temperature reduced to 520 °C for gro
PRB 580163-1829/98/58~16!/10127~4!/$15.00
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of two monolayers~2 ML! of InAs that form the 3D islands
The dots were then overgrown at a rate of 1mmh21 with 200
Å of GaAs at 520 °C and finally capped with 300 Å of GaA
grown at 580 °C. Both single and bilayer QD samples w
grown to investigate the effects of vertical stacking of t
dots. The separation of the bilayers was varied from a no
nal 50 to 300 Å.

Figure 1~a! shows a scanning transmission micrograph
a bilayer sample showing two well-defined correlated Q
layers with a nominal 150 Å spacing. From the contrast,
islands are estimated to have a lateral dimension of 400
height of 115 Å, and an average lateral separation of 600
However, such images are subject to both atomic num
~Z!-contrast and strain contrast that may exist within t
GaAs as well as the 3D islands, leading to overestimate
the dot size. Figure 1~b! shows an EDX InKa linescan~ex-
cited by a 10-Å-wide 100-kV beam with 10-Å steps! along
the growth direction through the dots. The height of t
peaks indicates that the In content of the dots is the sa
while the peak separation of 126 Å is in reasonable agr
ment with the intended layer separation. Taking the f

FIG. 1. ~a! STEM image of an InAs/GaAs QD bilayer showin
a pair of correlated dots separated by 150 Å. Also shown are E
linescans~of length 640 Å! taken along~b!, and perpendicular~c!,
to the growth direction, which indicate that the dot dimensions
approximately 64 Å high and 300 Å across.
R10 127 © 1998 The American Physical Society
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width at half maximum~FWHM! of the peaks as an estima
of the dot height we obtain a value of 64 Å. The dot late
dimension was estimated to be 300 Å by performing a lin
can along the direction of the WL@Fig. 1~c!#. The EDX
measurements are always smaller than those estimated
the TEM contrast but are considered to be more accu
because they are not subject to strain effects. It is also
dent from Fig. 1~b! that there is indium present in the regio
between the QD layers. This has important consequence
electronic coupling between dot layers and will be the s
ject of another paper. The dimensions obtained for th
capped dots are considerably smaller than those ded
from STM measurements that we have made on a serie
uncapped samples grown at different substrate temperatu5

From these measurements we estimate the dot height t
'85 Å and the diameter to be close to 600 Å. This indica
that there may be a significant change in the dot size w
overgrown with GaAs. Xie, Chen, and Madhukar9 have re-
ported transfer of indium into the adjoining barrier regio
during deposition of the GaAs cap and Garciaet al.10 have
reported reductions in island heights of up to 50% dur
overgrowth.

The accuracy of the EDX measurements will, of cour
depend on the resolution of the technique. To determ
this we have performed linescans across
GaAs/AlAs/Al0.2Ga0.7As heterostructure as shown in Fig.
The ~Al,Ga!As system was chosen because the interfaces
thought to be abrupt~within 2 ML! and the system un
strained. The linescan detecting the AlKa emission clearly
shows the two interfaces and easily distinguishes the dif
ent ~Al,Ga!As layers from the GaAs. The AlAs thickness
100614 Å, deduced from the FWHM of the@Al # signal, is
in excellent agreement with the intended thickness and
measured from the contrast~strain is absent in this system!.
A value for the ultimate resolution of the EDX techniqu
can, in principle, be obtained by performing linescans
increasingly narrow AlAs layers but our preliminary me
surements indicate that the resolution is close to 20 Å
significantly smaller than the size of the QD’s. In additio
theL andK lines for In, Ga, and Al are sufficiently close th
in these thin samples thickness corrections are unneces

The role of the WL in self-assembled QD’s has not be
completely elucidated but it is thought that it acts as an e
cient source of photogenerated carriers that are then tr
ferred to the dots.11 However, the conventional view base

FIG. 2. EDX linescan taken across a GaAs/AlAs/Al0.2Ga0.8As
heterojunction. The width of the AlAs layer was intended~and con-
firmed from the STEM image! to be 100 Å, in good agreement wit
the FWHM of the EDX peak.
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on the Stranski-Krastanow growth mode is that the WL i
very thin ~'1.7 ML! InAs layer. Figure 3 shows a micro
graph and EDX linescan obtained from a bilayer sam
where the separation of the dot layers is about 300 Å. In s
samples the dots have a roughly 50% probability of verti
stacking12 and for the case shown here the electron be
traverses through a dot in one layer and the ‘‘WL’’ in th
adjacent layer. The EDX trace shows that the peak wi
~FWHM! in both cases is approximately the same, indicat
that the dots lie within a 2D CL that has the same thickn
as the dot height. A similar conclusion was reached in rec
papers by Woggonet al.13 on the basis of TEM results usin
a strain/atomic number contrast deconvolution routine a
Wu et al.14 using cross-sectional STM. Note also that t
indium signal in this sample drops to the background le
between the layers so the dots are less likely to be electr
cally coupled. The EDX measurements also indicate that
indium content of the dot and CL are within a factor of tw
but this excludes differences in the scattering volume of
dot and CL shown schematically in Fig. 4. Assuming th
only a single dot is probed, the indium signals shown in F
3 arise in one case~the left-hand peak! from the CL and in
the other from a dot embedded in the CL. Taking the d
diameter to beD and the sample thickness to beL ~see Fig.
4!, the indium signal from the CL peak only is

@ In#CL}LAy,

FIG. 3. STEM image of a InAs/GaAs QD bilayer with separ
tion 300 Å. In this case the dots are not vertically correlated. T
right-hand part of the figure shows the EDX linescan~length 640 Å!
along the growth direction through the CL of the upper dot lay
and a dot in the lower layer. The FWHM of the peaks indicate t
the thickness of the CL is close to the height of the dot.

FIG. 4. Schematic of part of the STEM sample~thicknessL!
showing the volume occupied by the lens-shaped dot embedded
CL of thicknessh. The volume probed by the EDX beam is ind
cated by the dotted cylinder of cross sectionA.
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whereA is the area of the probing electron beam andy is the
indium fraction of the CL alloy. For the second~dot plus CL!
peak

@ In#dot1CL}DAx1~L2D !Ay,

wherex is the indium fraction of the dot alloy. From Fig.
we have

@In#dot52@ln#CL,

which leads to

x5~11L/D !y. ~1!

We can obtain another expression involvingx and y by
equating the total number of In atoms deposited~2 ML! with
the number contained in the dots~density5r cm22! and
within the CL. The dots are assumed to be lens shaped
a base diameterD and heighth and have a volume

V5
ph

24
~4h213D2!.

The total volume occupied by dots~per cm2! is V3r while
for the CL it is (h2V3r). Assuming that the concentratio
of group III atoms is the same throughout the sample we
write

deposited volume InAs~2 ML!5Vrx1~h2Vr!y.
~2!

Combining this with Eq.~1! yields

S VrL

D
1hD y5deposited volume InAs~2 ML!. ~3!

Values forh ~64 Å! andD ~300 Å! are taken from the EDX
measurements. The dot density was determined to b
31010 cm22 from AFM measurements made on a differe
sample grown under identical conditions andL is estimated
from electron energy loss spectra measurements to be c
to 1000 Å, which justifies our earlier assumption that on
one dot is probed within the sample thickness. This gives
In fraction of the CL asy50.07 and the dot asx50.31. This
contradicts the conventional view of the WL as a 1.7-M
thick InAs layer and our results indicate that the WL and
QD’s alloy with GaAs during the capping process to produ
a 2D CL that has a thickness close to 60 Å. Assuming the
to be uniformly distributed within the CL would result in a
upper limit for y close to 0.1. The value ofx for the dot
composition is at first glance surprisingly small. Howev
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using the expression for the low-temperature band gap
strained InxGa12xAs quantum wells reported by Arent
et al.15

Eg51.51920.945x10.19x210.019x3,

with x50.31 givesEg51.23 eV. Allowing for confinement
effects@;60 meV~Ref. 16!# and assuming an exciton bind
ing energy of 20 meV yields a value of the band gap of 1.
eV, in good agreement with our photoluminescence value
1.2 eV.17 Rosenaueret al.18 have estimated the indium com
position ofuncappedInAs QD’s by measuring the local lat-
tice constants using TEM and deduced a value ofx50.6,
showing that alloying of the dot with the GaAs substra
occurs before capping in agreement with STM results.5 It is
clear from the measurements presented here and from
results obtained by other groups that the interfaces betw
the dots and the GaAs matrix are not abrupt and the QD
represent a compositional modulation within a 2
InxGa12xAs CL rather than a spatial modulation normal to
WL as has already been suggested for QD’s grown by atom
layer epitaxy.19 This also means that the confining potentia
will be slowly varying, making it difficult to model, particu-
larly since photoluminescence excitation measurements
to provide information on the energies of the excited stat
of the dots.17 Although there are potential errors inherent i
our EDX measurements, for instance we cannot be certain
the true dot shape~the dots may be more cylindrical!, this
would involve only minor changes to our estimates ofx and
y.

Finally, we wish to make some remarks concerning t
interaction between the WL and the QD’s during cappin
with GaAs. The QD dimensions, extrapolated from our ST
measurements, are estimated to be'85 Å high and'600 Å
in diameter prior to capping. It is well known that In segre
gates readily at these temperatures20 in quantum wells and
we might therefore expect a grading of the dot/GaAs inte
face during capping with GaAs and an increase in the size
the dots. However, our EDX measurements show that
overgrown dots are smaller by a factor of about two in agre
ment with AFM studies on partially covered dots.10 In order
to understand this difference we propose that material
moved from the dots alloys with the GaAs capping lay
between the dots thus explaining the width of the CL. In fa
we have observed complete dissolution of QD’s by ST
when the capping layer is deposited slowly, indicating th
the dots are far from inert during the capping process.5,9,10

We are pleased to acknowledge many useful discussi
with Professor P. J. Goodhew and Dr. P. Maksym.
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