APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 18 1 NOVEMBER 1999

Interdiffusion and surface segregation in stacked self-assembled
InAs/GaAs quantum dots

B. Lita and R. S. Goldman?®
Department of Materials Science and Engineering, University of Michigan, Ann Arbor,
Michigan 48109-2136

J. D. Phillips and P. K. Bhattacharya
Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor,
Michigan 48109-2122

(Received 9 July 1999; accepted for publication 9 September)1999

We have investigated interdiffusion and surface segregation in molecular-beam-epitaxially-grown
stacked self-assembled InAs/GaAs quantum dots. Using high-resolution cross-sectional scanning
tunneling microscopy, we observe lateral variations in the vertical positions of In atoms in both the
wetting layers and dot stacks. In some regions, the wetting layer thickness is much less than the dot
height, while in other regions, the dot is immersed in the wetting layer. Using In and Ga atom
counting, we obtain vertical In—Ga interdiffusion an@ &egregation lengths of 1.25 and 2.8 nm,
respectively. In the dot stacks, significant In—-Ga intermixing, primarily due to In surface
segregation, is apparent. €99 American Institute of Physid$S0003-695(99)04244-§

Self-assembled quantum dots have been shown to détal distribution of In atoms in both the dot stacks and the
velop during epitaxial growth of highly mismatched films in wetting layers. The thickness of the wetting layer varies lat-
the Stranski—Krastanow growth motié After the initial  erally such that it may be much less than or comparable to
growth of a few monolayers wetting layer, island nucleationthe dot height. Along the growth direction, the wetting layer
results in the formation of self-assembled quantum dotsis asymmetrically broadened. By counting the fraction of cat-
Stacks of capped quantum dots have the potential to forron sites in the wetting layer occupied by In, we have di-
vertically ordered, three-dimension@D) dot lattices, which  rectly determined the vertical In—Ga interdiffusion and In
have unique electronic and optical properties. Althoughsurface segregation lengths. Significant vertical In—Ga inter-
highly ordered arrays have been achieved in a number ahixing in the dot stacks, primarily due to In surface segre-
materials systemthe limitations to the perfection of the dot gation, is also apparent.
lattices are not fully understood. In particular, cross-sectional The stacked dot samples were grown by solid source
transmission electron microscopXTEM) studies have molecular beam epitaxy, as described in a earlier réjibne
shown that the dots are fully immersed in a wetting layerone- and five-layer dot stacks discussed here consisted of 2.6
with thickness comparable to the dot heightOn the other monolayers of InAs and 5 nm GaAs, with a 10 s interrupt
hand, thermal annealing has resulted in quenching of thender As flux separating their growth at 510 °C. The one-
photoluminescence emission associated with the wettingnd five-layer dot stacks were effectivety situ annealed at
layer, suggesting that ideal 3D dot arrays may be achievefi20 °C for 15 and 22.5 min, respectively. For XSTM, the
by controlled dissolution of the wetting layérn order to  samples were cleaved to expose 4@} surface, in an UHV
achieve such ideal 3D arrays, an atomic level understandinghamber with base pressure5x 10 *Torr.® All images
of the regions between the dots and dot stacks is neededere obtained with a constant tunnel current and sample bias
Using ultrahigh vacuum(UHV) cross-sectional scanning voltages described below.
tunneling microscopyXSTM), we have mapped out the spa- Figures 1a), 1(b), 1(c), and Za) show high-resolution

FIG. 1. High-resolution topographic images along a region of single layer dots acquired at sample bias voltage\of The gray-scale ranges displayed
are(a) 1.4, (b) 1.4, and(c) 2.3 A. The curvature of the wetting layer is an artifact due to piezoelectric creep.
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| i In FIG. 2. (a) Atomic-resolution topographic image of the

< In wetting layer obtained at a sample bias+62.4 V. The
gray-scale range displayed is 2.4 A. A cut along the line
indicated by arrows irfa) is displayed in(b).
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topographic images along one-layer dots. In the darker rerection, we have performed In—-Ga atom countitfgn many
gions of these images, fringes with a spacing of 5.65 Aatomic resolution images such as those in Fig).2n par-
corresponding to thé001) lattice planes of GaAs are ob- ticular, we determined the fraction of sites within each bi-
served. Since these images were acquired with a positivieyer which are occupied by In atoms. In Figb® a line cut
sample bias voltagéempty state imagesthe cation sublat- of the tip height defined by the arrows in FigaR contains
tice is resolved and the bright spots correspond to In atoms isharp peaks, corresponding to individual In atoms, super-
a GaAs matriX:'° Figures 1a) and Xb) contain regions of a posed on a higlispatia) frequency periodicity correspond-
wetting layer, while Fig. {c) contains a bright oval region ing to the(001) planes of GaAs. In Fig.(d), the fraction of
corresponding to an InAs dot. Similarly, Fig(e2 displays a  sites occupied by Inf,,, is plotted as a function of the
wetting layer with part of a quantum dot in the far right. number of bilayers, with the origin set artificially at that
From these and many similar images, we observe that thyer with the largesf,,. It is evident from the plot that,,
fraction of sites occupied by In atoms in the wetting layeris not symmetrical about the origin. Left of zery, appar-
varies both vertically and laterally along th@01] and[110]  ently fits a gaussian, the thin film solution of the diffusion
directions, respectively. In some regions, such as Fi@®. 1 equation. Taking the concentration of In atomsCs=100
and Xb), the wetting layer thickness is much less than thex f,,, we infer thatC,,=exp(—x%/4Dt), wherex is the dis-
dot height. In other regions, such as Fig&)land 2a), the  tance of diffusionD is the diffusion coefficient, antlis the
dot is apparently immersed in the wetting layer. This is intime. We use the convention that the diffusion length is equal
contrast to other observations made by XTEM, where thao /4Dt. In order to extract the In—Ga interdiffusion length,
dots seemed to be fully immersed in a 5-10 bilayers thickye plot C,, on a logarithmic scale versus distance squared,
wetting layer>® However, in XTEM, the thinnest regions of and fit it with a straight line, such that the diffusion length is
the Wetting Iayer are unlikely to be detected due to the averequa| to the square root of the negative inverse of the expo-
aging through the foil thickness inherent in TEM. nent prefactor, 1.25 nm. For comparison, we used our an-
In order to quantify the In profile along the growth di- nealing time and temperature to calculate the diffusion
length based upon diffusion coefficients obtained from
0.4 { )- T T T T T annealing-induced shifts in photoluminescence emission of
a IngsGapsAS/GaAs™  and Iy 6/Gay 3AS/INg s5ay sAS™
] quantum wells. Since photoluminescence data requires de-
tailed modeling for interpretation, it is not surprising that the
] calculated diffusion lengths, 2.74 fifrand 0.79 nnt? differ
from the diffusion length determined here by direct atom
. counting.
In the plot of Fig. 3b), a tail inf,,, is observed along the
L 6 8 10 growth direction, probably due to surface segregation of In
- - ; 13 i ;
Number of bilayers during growth:®> Assuming thatf,, decreases exponentially
100 . . : ; r r along the growth directiof* the distance at whicli,, de-
(b) creases to ®of its initial value(the 1 segregation lengih
is 2.8 nm. This value is similar to a number oe¥egrega-
tion lengths reported for similar growth conditiols:>How-
10, 1 ever, a few groups have reported laf§er smallet’18 1/e
segregation lengths, presumably due to differences in growth
conditions and characterization methods which may be lim-
2 ited by averaging effects.
1 y=3395><exp(06398><x) In stacked quantum dots, vertical In-Ga intermixing of-
-0.50 0.5 1 1.5 2 2.53 ten occurs across the InAs dot/GaAs spacer layer interface
X* (nm) near the center of the stack. Figurébjshows line cuts of

FIG. 3. (a) Fraction of sites occupied by I, , as a function of the number : :
of bilayers along the growth directioitb) The concentration of In atoms, the tip helght, A and B, throth the center and Edge of a

Cin=100x f,,, on a logarithmic scale vs distance squared, fit with a straight{ive-layer stack,_dgfined by the arrows 'n Figay Each “ne_
line. cut has three distinct feature&t) a significant decrease in
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1 FIG. 4. (a) High-resolution topographic im-
age of a five-layer stack of InAs/GaAs quan-
tum dots, obtained at sample bias voltage of
—2.5 V. The gray-scale range displayed is
7.3 A. Cuts along the lines indicated by ar-
s rows A and B in(a) are displayed inb).
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