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We present a cross-sectional scanning-tunneling microscopy investigation of the shape, size, and
composition of InAs quantum dots in a GaAs matrix, grown by molecular beam epitaxy at low
growth rate. From the dimensional analysis we conclude that the investigated quantum dots have an
average height of 5 nm, a square base of 18 nm oriented §0diij and[100] and the shape of a
truncated pyramid. From outward relaxation and lattice constant profiles we conclude that the dots
consist of an InGaAs alloy and that the indium concentration increases linearly in the growth
direction. Our results justify the predictions obtained from previous photocurrent measurements on
similar structures and the used theoretical model2@2 American Institute of Physics.
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The shape and composition of self-assembled quanturenable bias dependent photocurrent measuremdrits. dot
dots (SQDs are properties that are very difficult to deter- layers are uncoupled with a spacing of 50 nm between the
mine and often only available by indirect means. Precisdayers.
knowledge of these parametérs, on which optical and A number of individual SQDs were investigated by
electrical properties depend, are of major interest. INASX-STM using the constant current mode in which both the
SQDs in a GaAs matrix, grown by molecular beam epitaxytopography and current image were recorded. In Fig. 1 we
(MBE) in the Stranski—Krastanov growth mode, are of par-display a typical current image of a single investigated dot
ticular interest. Quantum dots at the growth surface can be
investigated using atomic force microscdpyhe dot shape
and thus the electronic properties can, however, change s
nificantly after coverage with a capping layer. High resolu-
tion transmission electron microscopy can be used to inves
tigate covered quantum dot§;"*°but this method suffers

this study, cross-sectional scanning-tunneling microscop
(X-STM) is employed to obtain a conclusive and compre-
hensive determination of the shape, size, and composition o
SQDs. These results are in good agreement with photocu
rent measurements made previously on a similar struéture,
and justify the theoretical assumptions that were used to fi
these photocurrent measurements.

The X-STM measurements were performed under UHV
(p<4.10 ! Torr) conditions, using an Omicron STM1,
TS-2 scanner, ofin-situ cleaved (110 surfaces. All struc-
tures were grown by MBE at 512 °C and contained five lay- @@«
ers of low growth rate(0.01 monolayergML)/s, 2.4 ML i~
InAs per layer depositednAs dots within a GaAs matrix.

The dots were located in the middle opai—n junction to

FIG. 1. 40<40 nnt X-STM current image of a cleaved InAs quantum dot
and the wetting layer. In the upper right corner some cleavage debris is
@E|ectronic mail: d.m.bruls@tue.nl visible.
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FIG. 2. Four models for the shape and orientation of the quantum dots anc 0.1+
their various cross sections with respect to the cleavage plane. T T T T 1
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Position [nm]

and part of the wetting layer. In these images the atomic

corrugation and contrast are very pronounced. This enablesriG. 4. Measured and calculated line profiles across the center of the dot.
more clear distinction between the InAs quantum dot and théll indium gradients and the measured profile are plotted from bottom to
surrounding GaAs matrix, thus facilitating the determination™P-

of the size and shape of the dots.

Various models for the shape and orientation of quantumhe square base, so the actual base lengthis 1&m. The
dots are proposed in the literatuf&X® It was also reported height of the dots is & 1 nm. This is in perfect agreement
that the shape strongly depends on the growth parametey§th photocurrent measurements performed previously on a
during MBE:® Performing measurements on the naturalsample grown under very similar conditioh&Moreover,
(110 cleavage plane implies that the shape and size found ithey concluded that an indium gradient must exist in these
the cross-sectional images depend on the position of each dgiyps. In the measured quantum dots, many small short
with respect to the cleavage plane and the actual dot shapgnged fluctuations are visib(€ig. 1) indicating that the dot
In Fig. 2 we present the cross-sectional models for a full angnaterial is indeed an alloy. The formation of an alloy during
truncated pyramid quantum dot, and their possible cross segrowth is well known from STM measurements on uncapped
tions with respect to the cleavage plane. As the top surface ghas quantum dot structurés.
all our measured dots is flat, we did not consider a lens-  after cleavage the quantum dot relaxes outwards due to
shaped structure. We have investigated 18 cleaved dots agge strain resulting from the large lattice mismatch between
measured their cross-sectional dimensions.. InAs and GaAg7%) (Fig. 4). This is visible in line profiles

The height and base length distribution is deduced fromycross the dots in topography images. The magnitude of this
our X-STM measurements and is plotted in Fig. 3. No trian-outward relaxation is linked to the local indium concentra-
gular shaped cross sections are observed, so model 1 can &, inside the quantum dBt(Fig. 4. By using the proper
excluded. As no fixed base length for various heights is obynne| conditions, only the true surface relaxation is imaged

served, neither model 3 or 4 is feasible. The existence ofq the electronic effects in the height corrugation due to
various base lengths with a generally constant height is ifg4nq gap differences are negligibfe.

agreement with model 2. Because of the limited number of jgjng the finite element calculation packageaQus,
investigated dots, it is not possible to determine the size disgpich was successfully used for the interpretation of photo-
tribution of the dots. _ _ current measurementst is possible to calculate the outward
The maximum base length of 26 nm is the diagonal Ofig|ayation (Fig. 4) and lattice constantFig. 5 profiles for
cleaved dots with finite dimensions consisting of various in-

159 9 5 dium distributions, like a linear indium gradient. In the cal-
N 4 culations, different values for Young's modulu&E,as
Z s =51.44 GPaEgaa=85.62 GPaand Poisson’s ratiov,as
104 . f =0.353, vgaas= 0.3177 are assumed inside and outside the
= o o dot, respectively. Furthermore, these parameters and the
S %eiQth [‘I*qm]G bO 1? n2<t3h %Om strain in the alloy are assumed to be a linear function of the
5 ase length [nm] indium concentration. Although some particular shape and
2 54 - I composition combinations could result in the same relaxation
' = = = S r profile, these calculations, together with the X-STM mea-
surements, can be very effectively used to determine the lo-
cal indium concentration in the SQDs within 10%.
0 0 5 10 15 20 o5 30 The calculations have been performed for various com-

base length [nm] positions for a dot with the shape of a square based truncated
pyramid and have been compared with experimental results

FIG. 3. Height versus base length distribution of the cross-sectional imageg—; ; ;
of the analyzed quantum dots. The expected distributions for the two posEFlgS' 4 and j The width of the dot at the bottom is 18 nm

sible cross-sections with tH&11 (dotted ling and{101} (solid line) facets, and decreases to 10.6 nm at the top of the dot. The dot height

forming the sidewalls of the dots, are indicated in the graph. is 5.0 nm, it sits on a 0.6-nm-thick continuous wetting layer
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InAs (strained on GaAs) which gave the best fit to the measured relaxation profiles,
064 | o Measurement can give rise to the observedcreasedstrain in the growth
. % = Numerical Sim. direction, causing the observed lattice constant profile of the
0.62] ) Photo-current fit cleaved dofFig. 5. The indium gradient is possible through
E JinAs (ouk) T Tl}/ﬂ (melaaved) growth processes such as segregation and strain related in-
= 0.60] ) | dium incorporatior?:'® Both these mechanisms might be ex-
2 pected to lead to an indium gradient, resulting in a higher
§ 0.58- ] % indium concentration in the top of the dot.
2 qqA}lTH 7 LI In conclusion, we show that X-STM can be used very
8 056 - effectively to determine shape, size, and local indium con-
RS0 centration of SQDs in a quantitative way. From outward re-
0.54 - “ {’ laxation, lattice constant profiles, and numerical calculations

T T T T we have concluded that the indium concentration within the
= ¢ position [nm]5 dots, which were grown at low growth rate, increases lin-

_ o ~early towards the top. This is in agreement with predictions
FIG. 5. Average measured lattice cqnstant profile in the growth direction ofof previous photocurrent measurements, justifying the theo-
the quantum dotcircle), compared with calculated profiles from the photo- . . L
current resultsuncleaved surfage(solid line) and numerical simulations retical approach usgd in Ref..l. Therefqre the appllcatlon of
(squar. X-STM, together with theoretical modeling, can give a cor-
rect description of the optoelectronic properties of SQDs.

and is assumed to be cleaved along its diagonal. In the cal- The authors would like to acknowledge J. A. Barker and
culations the following indium profiles in de dots are inves-E. P. O’Reilly for making the data of the strain distribution,

tigated:(1) In,Ga, _,As dots with constar, (2) dots with a  used in Ref. 2 available to them, J. H. Davies and Prof. A.
linear indium gradient(3) dots with a pure inverted pyrami- Cocks for fruitful discussions and the EPSRC for funding
dal shaped indium core, arid) dots with indium profiles as (Grant No. GR/M3170b

proposed in Ref. 15.

By analyzing only dots with a cross-sectional base lp.w. Fry, I. E. Itskevich, D. J. Mowbray, M. S. Skolnick, J. J. Finley, J. A.
length that equals the maximum observed vdkig. 3), we Barker, E. P. O'Reilly, L. R. Wilson, I. A. Larkin, P. A. Maksym, M.
are sure that the experimental data presented in Figs. 4 and %opklnson, M. Al-Khafaji, J. P. R. David, A. G. Cullis, G. Hill, and J. C.

. . . Clark, Phys. Rev. Leti84, 733(2000.
are indeed obtaln(_ed from dot; that are clegved along their; A Barker and E. P. O'Reilly, Phys. Rev.@, 13840(2000.
diagonal. Calculations assuming steeper side facets of thép. B. Joyce, T. J. Krzyzewski, G. R. Bell, B. A. Joyce, and T. S. Jones,
dot, which are not observed, result in a worse outward relax-4|Ph|¥S- RIE\% 5;'8’&5981(19:% . 1. Poisl. 1. Standl G. B m

. . . : . . . . Kegel, 1. . etzger, . Lorke, J. Peisl, J. tang, . bauer, J. .
ation fit. A lower indium conce_ntranon indeed results in a Garca, and P. M. Petroff, Phys. Rev. Le@5, 1694 (2000.
|9W9r average outward relaxation, and th_e dots Cann()t CONsp, Grandidier, Y. M. Niquet, B. Legrand, J. P. Nys, C. Priester, D.\8tie
sist of pure InAs due to the asymmetry in the profile. The nard, J. M. Geard, and V. Thierry-Mieg, Phys. Rev. Le85, 1068(2000.
calculation assuming an indium gradie(@0% linear to  ">- éh'rd"r']- DaVOZkéRA'V;U”aY' S-AROt’IegShé;- 2633?29363 W. Pashley, P.

o . . . . Goodhew, and B. A. Joyce, J. Appl. , .

100% from botto_m to topylelds_ t_he best f|F to our relaxation - A. Rosenauer, W. Oberst, D. Litvinov, D. Gerthsen, Ardter, and R.
measurementsFig. 4). In addition, we find a reasonable  schmidt, Phys. Rev. B1, 8276(2000.

agreement for the same parameter set for the lattice constaljD. Leonard, K. Pond, and P. M. Petroff, Phys. Revo@ 11687(1994.
profile in Fig. 5, where we have determined the Change in Q- Xie, A. A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. Rev. Lett.
lattice constant throughout the cleaved dot by taking linew > 2542(1995.

- 8 g . y g oy p. McCaffrey, M. D Robertson, S. Fafard, Z. R. Wasilewski, E. M.
profiles and measuring the spacing between the atom rows. Griswold, and L. D. Madsen, J. Appl. Phy&8, 2272(2000.

We observe an increase of the lattice constant of 35 pnl]lO Flebbe, H. Eisele, T. Kalka, F. Heinrichsdorff, A. Krost, D. Bimberg,
going from the bottom to the top of the cleaved dot. This can,2"d M. Ddne-Prietsch, J. vac. Sci. Technol.18, 1639(1999.

be linked he | Lindi b inciol . V. A. Shchukin and D. Bimberg, Rev. Mod. Phyal, 1125(1999.
e linked to the local indium content.In principle a varia- 13, Daruka, J. Tersoff, and A.-L. BarasiaPhys. Rev. Let82, 2753(1999.

tion of the lattice constant in the dots does not imply a gra+4p. M. Bruls, P. M. Koenraad, M. Hopkinson, J. H. Wolter, and H. W. M.
dient in the indium concentration. By using the finite element Salemink, Appl. Surf. Scil90 258 (2002. _

calculations we were able to show that from the investigated gé\';“l’_’ejtt' gjrgz ((ZjdoBoak'em"’ A. L. Holmes, Jr., and C. K. Shih, Phys.
models, only the models assuming an indium gradient tosey pister, M. B. Johnson, S. F. Alvarado, and H. W. M. Salemink, Appl.

wards the top of the dot, as proposed in Refs. 1 and 2, andphys. Lett.67, 1459(1995.

Downloaded 11 Mar 2008 to 131.155.151.13. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



