RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 24 15 DECEMBER 1998-I

Composition of InAs quantum dots on GaA$001): Direct evidence for (In,Ga)As alloying
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Scanning tunneling microscopy has been used to study the growth by molecular beam epitaxy of InAs
guantum dot§QD’s) on GaAg001), with specific emphasis on measuring the volume of the dots at different
temperatures as a function of InAs deposition. At low temperat(re350 °O, the total QD volume is
consistent with a classic Stranski-Krastanov mechanism since it is equal to the additional amount of InAs
deposited after the two-dimension@D)—3D growth mode transition. By contrast, high substrate tempera-
tures (>420°Q result in QD’s with a much greater volume, and the implication is that significant mass
transport occurs to the dots from both the wetting layer and the substrate. The dots must contain both In and
Ga and therefore the description of INAs/G&2&1) QD formation as a classical Stranski-Krastanov growth
process is incorrecfS0163-18208)50448-1

The drive for novel optoelectronic devices based on semiBy contrast, higher substrate temperatu(e120 °Q pro-
conductor nanostructures has led to enormous interest in uiduce a total QD volume far greater than the amount of addi-
derstanding and controlling the growth of quantum dotstional InAs deposited. The implication is that at high tem-
(QD’s) in semiconductor heteroepitaxy. The most widely peratures, the dots are not formed via the classic SK
studied epitaxial system is that of InAs on G&8@1), for = mechanism, but instead additional material is incorporated
which the lattice mismatch is 7.1%. A transition from two- into the dots from the 2D wetting laye@md the GaAs sub-
dimensional (2D) to three-dimensional(3D) growth is strate.
caused at least in part by the resulting stfafhlsolated, The experiments were carried out in a MBE growth
coherent 3D island&D’s) can be formed prior to the incor- chamber(DCA Instrumenty, equipped with reflection high-
poration of dislocations, which do not form until island coa- energy electron diffractiofRHEED) and linked to an STM
lescence is essentially complete. Although it is well estabchamber (Omicron GmbH via a gate valve. Epi-ready
lished that the QD's rapidly achieve a saturation numbeiaAq001) substratesr(* Si-doped were mounted onto mo-
density (Ns) prior to coalescence, and also have a relativelyyhdenum plates and transferred directly into the growth
narrow size distribution, the precise me_:cPanlsm by whichyhamber via a fast entry lock. After initial thermal cleaning
they are formed is still poorly understoddt* In particular, at 300 °C, the native oxide layer was removed under an As

issues such as the shape and composition of the QD’s aRw at 620°C. A 0 3um-thick buffer layer of GaAs was
still the source of considerable debate in the literature, anﬁ“en grown at a substrate temperature of 570°C, with a

they may impinge directly on the effectiveness of QD-base rowth rate of 0.3umh L. The buffer layers were doped

optoelectronic devices. Such issues clearly require more dg’ith Si (n<1x 10® cm™3) apart from the last 500 A, and

tailed study, in th i both bef d after the QD's" .
aarleeco?/gre)(/j \:\?ith g (rBG)agKTs]e(;p;())ing |Zyoerre and after the Q annealed at 580 °C for several minutes under ap fAs

The growth of InAs QD's on As-terminated Ga@©1) before InAis d_eposition. The gro_wth rate qf InAs was set at
substrates is usually described rather simplistically in term@-3 MLs*, with an As:In atomic flux ratio of 6:1 and a
of a classic Stranski-Krastan¢8K) mechanism. However, a Substrate temperature of 350-500 °C. The RHEED patterns
number of recent studies have shown that the growth mode ¥ere monitored throughout deposition and used to determine
more complex and very sensitive to the deposition condithe 2D—3D growth mode transition, which is characterized
tions, namely, substrate temperattié® V:lI flux ratio,” by the sudden appearance of transmission electron diffrac-
and growth raté! In this paper, we preseit situ scanning  tion spots in the RHEED pattern along th&10] azimuth.
tunneling microscopy(STM) measurements of InAs QD’'s After InAs deposition, the sample was transferred immedi-
grown on GaA#&01) by molecular beam epitaxfMBE) fo-  ately to the STM chambefwithin a few secondsand al-
cusing specifically on the volume of material within the dotslowed to cool to room temperatugeveral minutes This
and the effects of the growth temperature. We find that theuenching process is much more rapid than generally
total QD volume at low temperaturé350 °Q is consistent achieved in a conventional MBE growth chamber and allows
with a classic SK growth mode, i.e., it is equal to the addi-us to “freeze” the QD’s for detailed STM imaging. Post-
tional amount of InAs deposited after the 283D transition.  growth annealing and slow quenching rates both change the
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FIG. 1. Filled states STM imagg4000x 1000 &) for a range T T T T T
of InAs depositions at 450 °C on Ga@91); (a) 1.4 ML, (b) 1.7
ML, (c) 2.0 ML, and(d) 2.7 ML. The 2D—3D growth mode tran-
sition under these conditions occurs at 1.7 ML as determined from
the change in RHEED pattern.
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FIG. 2. (a) An STM image of a few QD’s formed after the
surface morphology. Constant current STM images were obdeposition of InAs on GaA801). (b) The cross section of the
tained with a sample bias 6f3.5 V and tunneling currents Single QD was taken alond 10] (solid line).
of 0.05-0.2 nA.

The sequence of STM imagés000x1000 A2) in Fig. 1  ume of deposited InAs at which the 2EBD growth mode
illustrate how the surface morphology develops during thdransition occurs, as determined by RHEED. More InAs is
deposition of between 1.4 and 2.7 ML of InAs on G&2%1) required for the growth mode transition as the temperature is
at 450°C. For 1.4 ML of InAs the growth mode is still 2D increased, ranging from 1.4 ML at 350°C to 2.0 ML at
and the corresponding STM imaga) shows three distinct 500 °C. High-resolution STM images of the 2D wetting layer
terraces. This surface corresponds to the 2D wetting layeprior to the growth mode transition show that the indium
which at these temperatures is not pure InAs, but is a ternargoncentration in the W& _,As wetting layer is high at
alloy (In,Ga, _,As), whose structure, thickness, and compo-low temperatures, with the opposite true for high tem-
sition all depend strongly on the growth conditions, and theperatures®2° The strain gradient is therefore greater at low
initial surface reconstruction of the GaAs substrdé°The  temperatures, consistent with the lower amount of deposited
STM image in(b) corresponds to deposition of 1.7-ML InAs material required for the 2B3D growth mode transition.
and the onset of QD formation. The QD’s appear as featureMeasurements of the RHEED specular beam intensity with
less white objects in the image because the gray scale hégcreasing InAs deposition also indicate that the transition is
been adjusted to show contrast in the underlying 2D wettingiot particularly sharp at low temperature, probably because
layer. Two terraces are visible in this particular image, andf the poor lateral homogeneity of the indium concentration
the wetting layer has the rather disordered appearance chan the wetting layer. The 3D islands will be favored in
acteristic of a(1x3) reconstruction, a structure known to be certain local positions, which together with the kinetic limi-
an InGa,_,As alloy, wherex=0.3 and is temperature tations of adatom migration at low temperature, results in
dependent® There is a rapid increase in the number densitythe rather sluggish transition. Temperature also has a signifi-
of the QD’s as the InAs coverage is increased~®.2 ML  cant effect on the saturation number density and size
(c). Coalescence of the QD’s only begins to occur aboveof the dots. A high density Ng=2.6x10" cm™?) of
about 2.7 ML(d) at this growth temperature. It should be small islands is formed at 350°C, while a low density
noted that in the early stages of growth, the QD’s are nearl{Ng=5x 10" cm™?) of larger islands exists at 500 °C.
all located at the lower side of step edges, although there The high resolution of then situ STM can be used to
appears to be no preference for nucleation at any specifigbtain detailed and accurate information regarding the di-
step direction. Step decoration is not as obvious at highemensions of the islands, more specifically their heigjtjt
coverages where the island density is large. and diamete(d). An STM image is shown in Fig. 2 showing

Substrate temperature has a significant effect on the vol cross section of one island alofigl0]; in this caseh
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FIG. 3. The total measured volume of the InAs/GaAs QD’s as a function of the amount of InAs dejpditsit¢ide 2D—3D growth mode
transition. The dashed line is the volume expected from classic Stranski-Krastanov growth, i.e., when the dots are simply composed of the
additional amount of InAs deposited. The solid lines through the experimental data are simply guides to the eyes.

=25 A andd=140 A, but these values again vary signifi- responds to the expected QD volurtie monolayers if all
cantly with growth temperature. Quantitative information re-the deposited material forms dots and there is no wetting
gardlng the volume of material in the dots can then be Obfayer (effective|y Volmer-Weber growﬂ'_] At low tempera-

tained from the measured dimensions. The total volume ofyres (350-420 °Q, the measured QD volume is substan-
the QD's is plotted in Fig. 3, at four different temperatures.g|ly |ess than the deposited volume, since the stability of
as a function of InAs depositioafter the 2D—3D transition  hq wetting layer accounts for about 1.5 ML of InAs. At

(obtained from RHEER The total volume of material in the 450 °C, the wetting layer is eroded as more material is de-

dots at each particular deposition was obtained from th osited and by 2.7 ML, the volume of the QD’s is equal to

product of the number density and the average volume . . . ; ;
each dot, where the volume is defined res/2, with A the hat of the deposited material. Er003|on of the wetting layer is
much more pronounced at 500°C and even in the early

area of each dot. Although other expressions, such as a pl- . .
anoconvex lens shape, P?ave been LFI)SEd to estimate the \f’ fages of QD formation the volume of the dots is greater than

ume in previous studies! our studies showed negligible the total deposited vollume. The growt_h mode, h_owever, is
difference between the volumes obtained using the two ex20t Volmer-Weber, since a 2D wetting layer is always
pressions. Furthermore, direct numerical measurement of tf€'med prior to the growth mode transition. Furthermore,
QD volumes from the STM topographs shows that the abov&igh-resolution STM images taken after QD formation indi-
approximation for the dot volume is sufficiently accurate. ~cate the underlying surface hag1x3) reconstruction con-
The data in Fig. 3 show clearly that the deposition tem-Sistent with the presence of at least 0.3 ML of In, even at
perature has a significant effect on the total volume of mate500 °C. As more InAs is deposited the QD volume increases
rial in the dots; the higher the temperature, the greater thdramatically, and prior to coalescendeeginning at 3.0 ML
volume for a given amount of deposition. The dashed line
represents the ideal SK case, where the QD volume is pre-
cisely that of material deposited after the-2[3D transition.
The experimentally obtained volumes for deposition at 4

5

350 °C follow this line very closely, suggesting classic SK ’37
behavior at this temperature. By contrast, deposition at =< 3 .
higher temperatures leads to much greater volumes than ex- &

pected from ideal behavior and the implication is that the 3 2 JRIPIT L 450 °C
additional material must be incorporated from another é "°

source, either the 2D &g _,As wetting layer or the GaAs 1
substrate. Erosion of the wetting layer and incorporation of
additional material in QD’s has also been suggested by
Leonard, Pond, and Petrbfon the basis okx situatomic
force microscopy(AFM) measurements at a single growth
temperature.

Using the volume data shown in Fig. 3, it is possible to  FIG. 4. The total volume of the QD’émonolayer equivalents
estimate the absolute amount of material incorporated int@lotted as a function of the total volume of deposited Iri&x®no-
the dots from the wetting layer and substrate. This is plottedayer9. The dashed line represents the QD volume expected if all
in Fig. 4 at different temperatures as a function of the totadeposited InAs is incorporated into the QD’s, and none into the
amount of InAs deposited. The dashed line in the figure corwetting layer.
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of deposited material at 500 yCthe QD volume is equiva- the QD’s are overgrown with GaAs, a necessary step in pro-
lent to 4.5 ML. This suggests that the QD’s must contain aiducing structures for optical applications. Obtaining informa-
least 1.5 ML of GaAs from the initial substrate. This value istion about the QD volume in these structures is much more
a lower bound since the existence of hex3) wetting layer  difficult, although recent studies using cross-sectional STM
reconstruction indicates that some of the deposited Inis nq’IRefs_ 21 and 2P and Scanning transmission electron
incorporated into the dots. The stronger tendency to incorpomjcroscopy® (STEM) have shown that the dots are effec-
rate Ga from the substrate at higher temperatures is clearlyely embedded within the wetting layer and not on it, and
shown by the increasing gradient of the QD volume plots iney represent regions that are locally rich in indium. Energy
Fig. 4 ) . dispersive x-ray analysis of capped dots suggested that QD’s
It is therefore evident that the fo_rmatl_on of InAs quantur_ngrown at 500 °C contain approximately 70% Ga and 30% In,
dots on GaAg01) cannot be described in terms of a classi-the additional Ga in this study presumably arising from the

cal Stranski-Krastanov mechanism, at least at the QVOWtQapping proces® The presence of gallium in the QDéven
temperatures generally used to produce quantum dot Strugefore the capping process implies that the description of

tures for device applicationg~500°C. A substantial InAs/GaA$001) QD formation as a simple Stranski-
amount of additional material is incorporated into the dotsk,astanov growth process is incorrect.

with significant mass transport from both the wetting layer

and the substrate. The dots must contain both Ga and In, with This work was supported by the Engineering and Physical
a gallium fraction of about 30% at 500 °@ ML of depos-  Sciences Research Coun@PSRG, U.K. under Grant No.
ited InA9). Clearly, the situation is even more complex whenGR/97540.
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