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The initial stages of GaAs overgrowth over self-assembled coherently strained InAs quantum dots
(QDs are studied. For small GaAs coveragéslow 5 nn), atomic force microscopyAFM)

images show patrtially covered island structures with a regular size distribution which are elongated
in the[011] direction. Analysis of the AFM profiles show that a large anisotropic redistribution of

the island material is taking place during the initial GaAs overgrowth. Short time annealing
experiments together with photoluminescence spectroscopy on annealed QDs are consistent with a
Ga and In intermixing during the overgrowth. Surface QDs capped with 5 nm or more GaAs show

a strong luminescence intensity indicating that surface QDs are remarkably insensitive to surface
recombination effects. €997 American Institute of PhysidsS0003-695(97)01040-1

The electronic and structural properties of self-20 to 75 A at the same temperature, rotating the wafer to get
assembled quantum dot®Ds) made by molecular beam uniform capping layer. The samples are cooled down under
epitaxy (MBE)*2 have been intensively investigated in the arsenic beam flux. AFM measurements are carried out at
last few years. Size quantization effects have also beenambient conditions with a Nanoscope Il AFNtapping
demonstratei.The electrons’ energy levels have been meamodse.
sured on a single QD using ballistic electron microscopy  The PL measurements were done using af Asser
(BEEM).® Electron trapping in QO%and laser diodes based tuned at 514.4 nm focused on the sample to a spot size of
on a QD active layer have also been demonstrafed. ~100 um. The luminescence is dispersed by a 0.85 m

One of the unsolved problem in most of these studies hadouble spectrometer, and detected with a liquid nitrogen
been comparison of the observed quantization effects witlooled Ge detector with a spectral resolution of 0.5 nm. The
theory?'% Nonuniform size distribution of truncated pyrami- samples are cooled down to 15 K in a liquid helium cryostat.
dal shape and uncertainties on the values of QDs height Figure 1 shows three Am size AFM images of a 20 A
(2—10 nm) are partially responsible for this situation. GaAs capped sample for different positions on the wafer. A

The usual size measurem&n technique uses atomic low InAs coverage region which gives a smooth capping
force microscopy(AFM) on uncapped islands of InAs. The with monolayer height2.8 A) fluctuations[Fig. 1(a)] be-
growth kinetics during the overgrowth of the island by the cause there are no QDs; a medium InAs coverage which lead
capping material are complex and probably involve a mateto well resolved islandgFig. 1(b)], and the higher InAs cov-
rials redistribution between the wetting layer and theerage areas where a rough surféeaO A is presen{Fig.
QDs!* 1(c)]. For InAs island densities<5-10° cm™? it is possible

Previous studies of the QDs overgrowth procéssing  to observeFig. 1(b)] well defined elongated partially capped
(Al 25GazsAs/GaAg marker layers showed the existence of jslands(PCl). Sizes are listed in Table I.
an important material redistribution during the capping op-  Comparison of the island densities in an uncapped refer-
eration. Some of the observed effects could have been intr%—nce Samp|e and Capped ones grown under the same condi-
duced by the marker layer themselves since the group Ilfions shows similar densities. Therefore the InAs islands are
elements(e.g., In or Ga mobility is slowed down on an the origin of these PCI. Cross section TEM taken under weak
AlGaAs surface. beam conditions, shows InAs rich regions in the center of the

This letter addresses the kinetic processes that are opgsC| in agreement with the AFM observations.
ating while the coherently strained InAs islands are capped  Once the PCI are close enough it is not possible to dis-
with the GaAs film and in the process are transformed |ntQ|ngu|Sh them because they over|ap_ The island density in-
QDs. creases abruptly frons1.6 ML InAs critical coveragefor a

The InAs islands are grown by MBE on Si doped GaAsgrowth temperature of 530 °C. The maximum PCI density
(100) substrate without I’Otatidrand annealed for 40 s under ever observed (&09 Cmfz) agrees with the maximum es-
1x107° Torr arsenic pressure at 530 °C to narrow the islandimated value (110 cm?)calculated by packing 13075
size distribution'® The islands are capped with Gaffsom  nn? PCI.

Flat surfaces between island correspond to areas in
aElectronic mail: jorge.garcia@uam.es which the GaAs thickness is close to the nominally deposited
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1, 80539 Munchen, Germany. sample. The contour profiles shown in FigbRare taken
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FIG. 1. 1 um size AFM images with different InAs island density along [DQT] direction covered with 20 A GaAga) 1 ML high fractal shaped islands
on the surface of the low In coverage regi¢). Medium QD density. The holes are13 A deep.(c) High density InAs island region.

parallel and perpendicular t011) directions for samples ever, the height of the InAs island underneath the capping
with 20 and 65 A capping layers. Although the uncappedayer is still unknown.
original dot is lens shaped, the PCI ard.7 times larger in It is legitimate to ask whether tr@napshot picturgiven
the [011] direction showing a clear anisotropy in the redis- by the present growth interrupted experiments is still valid
tribution of the material. The thickness profiles are verticallyduring a continuous overgrowth of a thick capping layer.
shifted setting the flat regions to the nominal deposited thick TEM measurement$ show a height reductiofi=50%) in
ness and plotted together with the uncovered dot prafée-  GaAs capped InAs QDs indicating that shape and composi-
ter.The profiles for the 20 and the 65 A capped samplegion changes of the PCI are still present during the deposition
show that there is a large amount of InAs redistribution. Theof thick cap layers.
volume of material around the original uncapped InAs dot  There is a small fractiof<1%) of these PCI that present
island is approximately the same as the volume of the PCa bigger hole in the center which goes almost to the base of
formed. The PCI present a craterlike depression in thehe dots[Fig. 2(a)]. The sides of the faceted hole in the
middle for the 20 A capping layer which become a clear holecenter of these PCI are identical to that of the QD base ob-
for 40 A and change for highéb0 A) GaAs thickness into a served by TEM.
(=5 A) depression. This feature disappears for thicker cap- Both the size changes and compositional changes are
ping layers. reflected in the PL spectra shown in Fig. 3. The spectra are
The AFM profiles shown in Fig. 2 indicate that the InAs taken at 15 K and with 23 mW in samples with the same PCI
islands covered with a 20-A-thick GaAs layer have reducediensity. Spectrum 1 was obtained from a sample where the
their size from~100 to ~20 A. The material surrounding QDS have been etched away. The broad PL line at 1.15 eV is
this type of PCI probably consists of J@a,_,As. A 65 A associated with the substrate. A narrow pgfak width half
GaAs capping layer completely covers the InAs island. How-maximum (FWHM)~40 meV] located at 0.971 eV appears
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FIG. 2. (@ 1 um size AFM image of a sample covered with a 65 A GaAs capping l&geihe profiles are plotted together with those from Fig. 1 and with
an uncovered QD. The plots have been vertically shifted according to the nominal GaAs deposited thickrirsdiles are schematically shown using
previously reported cross sectional transmission electron microscopy measurérentsy).
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TABLE I. Dimensions(nm) of the partially covered island®Cl) for dif- sured reduction of 30% in height of the PCI suggest as a
ferent nominal GaAs thickness. The height is measured above the film Canrimary reason for the observed redshift an enhanced In in-
ping surface in between the PCI. L . L

termixing in the vicinities of the QDs. The marked narrow-
GaAs ing (=30%) of the PL linewidth in the annealed sample
cap(nm 0 2 4 5 6.5 75 spectrum also indicates an improved homogeneity in the
[0l 34+6 1l0.8 1327 137-10 120-6 13ar10 QDS O capping layer composition. _
[011] 34+7 709  62+6  86+5 74+7  85+5 . Large ch_anges in the Q|men3|ons, shapes, and composi-
Height 101 1.5+0.2 1.5-0.2 2102 2.1+0.2 2.3-0.2 tion of InAs islands deposited on GaAs are observed during
the initial stages of the GaAs overgrowth which is used to
change the islands into QDs. These changes are attributed to

(B) for the 50 A sample. This coverage coincides with thethe regrowth kinetics that involve In diffusion and In and Ga
observed disappearance of the craterlike hole in the PCI ce§urface exchange reactions. Such changes are intrinsic to the
ter. For higher coveragés5 A) this peak shifts to lower nonequilibrium nature of the MBE growth process and are
energied(C) and(D)]. This could be due to both an increase Probably present in other QD systems. The capping of the
in the QDs thickness and also to an increase of the In segrédAs islands is completed after5 nm of GaAs deposition
gation in the region outside the QDs. These spectra sho@nd allows the observation of the QDs luminescence states
remarkably strong luminescence intensities for the surfacédicating that the QDs are remarkably insensitive to surface
QDs suggesting that carrier trapping by the QDs is moré€combination effects.
efficient than by surface states. The temperature dependence The authors want to acknowledge M. Wendman for pro-
of the surface QDs indicates that thermal ionization of theviding the special tips for AFM. This work was supported by
carriers is not dominant even at room temperature. QUEST, the National Science Foundation Science and Tech-
The importance of In interdiffusion and surface diffusion Nology cente(DMR No. 91-20007, the Alexander von Hu-
is illustrated by studying the luminescence of two samplegnobld foundation (KHS), the Brazilian agency CNPq
capped with a 65 A GaAs layer. One sample was cooledGMR), the Max Planck research award, the BMBF 01 BM
down immediately after the end of the growfpectrum 3 623 (AL) and the Spanish Ministry of Education and Science
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