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Island size scaling for submonolayer growth of InAs on GaA&01)-(2X4): Strain and surface
reconstruction effects
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The submonolayer growth by molecular beam epitaxy of InAs on the @@As(2x4) surface has been
studied using rapid-quench scanning tunneling microscopy. InAs islands exhibiting ) (2construction
are formed and show remarkably similar characteristics to GaAs submonolayer homoepitaxy on this surface.
Detailed analysis of the islands indicates that strain plays a negligible role in their nucleation, and the (2
X 4) reconstruction dominates both island growth and island anisotropy.

The growth behavior on th€001) surface of GaAs is sequent deposition of indium; in effect they were not study-
unique when compared with the other low index surface oriing the actual growth of InAs on GaAs. The distributions

entations in both GaAs homoepitaxy and InAs/GaAsfound for both the island area and length aldrid.0] col-
heteroepitaxy:? In submonolayer GaABomoepitaxythe is-  |apsed on to a single universal curve for different indium
land size distributions obtained on the As-terminatedl)  coverages, while the island widths alofL0] fell on to a
surface differ markedly from those of110 and (11DA,° ifferent curve for each coverad®The departure from uni-
due to the complexities of island growth on theX(2) re-  yersal scaling in this quantity was attributed to the aniso-
constructed surface, which are now understood in considetropic effects of strain, although it should be stressed that the
able detail at the atomistic levél® For InAs/GaAshet-  effects on thehighly anisotropic(2x 4) surface reconstruc-
eroepitaxy(~7%) lattice mismatch the (001 surface is  tion were not considered. The key difference in our experi-
again unique for growth under As-rich conditioh$nAs  ments is the availability of a valved arsenic cracker cell that
grows in a two-dimensional2D) layer-by-layer mode on gajlows easy adjustment of the incident arsenic flux so that
(110 (Refs. 8,9 and (11DA (Ref. 10 surfaces, with strain  trye codeposition of In and As can be performed under con-
relief involving the formation of misfit dislocations. By con- trolled conditions. This procedure results in the formation of
trast, a growth mode transition occurs @91) surfaces and trye InAs islands(height ~3 A) on the GaAs surface, the
coherent three-dimension€dD) islands(quantum dotsare (2 4) reconstruction being present in both the substrate and
formed by a modified Stranski-Krastanov growth process. the islands at sub-ML coverages. Island size distributions are
The growth of InAs/GaA®01) quantum dots is a com- presented and compared to our previous studies of
plex process and one that is still not fully understood. UndezaAg001) homoepitaxy.
conventional conditions growth takes place on tifé < 4) Our experimental approach has been described previously
reconstructed surface of GaAs, and initial deposition of INASigr poth GaA$001) (Ref. 4 and InAZ001) (Ref. 20 ho-
leads to a 2D wetting layer that exhibits aXB) surface  moepitaxy. The combined MBE-STM facility and efficient
reconstruction and is an JGa, _As alloy ****Furthermore, sample transfer allows thesmal) substrate to be removed
the 3D islands that form as a consequence of the growtllery quickly (secondsfrom the growth environment so that
mode transition also contain significant amounts of-tais quenching to room temperature occurs in an As-free, ultra-

clear that significant intermixing of the group Il species oc-high vacuum STM system. This effectively “freezes” the
curs both in the formation of the wetting layer and the quan, i

. S surface structure and allows the observation of surface recon-
tum dots. A detailed study of the initial stages of INnAs/GaAs . . .
structions and island morphologies.

heteroepitaxy is therefore crucial for developing a more de- Epiready GaA@01) substrates were prepared by standard

tailed understanding of quantum dot formation in this com- . o .
plex material system. means, with buffer layers exhibiting a ¥24) reconstructllon

In this paper we present the results and analysis of thd™oWn using an Agflux of ~2.5x 10" molecules cm®s ™.
submonolayer growth of InAs on the ¥24) reconstructed 1he 3A§_2 flulx was then reduced to (9{2.0)
surface of GaA®O1). This surface reconstruction is much X 10 °cm™?s™! using a needle valve mounted on the
better understodd—*’ than the more As-rictt(4x 4) struc- cracker cell. These values were measured by a standard ion
ture, and its smoother surface morphology permits a morgauge, calibrated using reflection high energy electron dif-
straightforward study of island formatidf.Studies of het- fraction (RHEED) intensity oscillation measurements on a
eroepitaxy on the (X 4) surface also allow direct compari- Ga-rich GaA§001) surface’* The (2x 4) reconstruction was
son with recent detailed studies of GaAs homoepitaxy on thenaintained as the substrate temperature was reduced from
same surfacé?® In an earlier paper, Bressler-Hiit all° re-  the growth temperature of 580 °C to 470 °C. InAs was then
ported a similar study, but in their work the X&) surface  deposited at a rate of (0.04®.002) ML s %, corresponding
was maintained by shutting off the arsenic flelying on  to an As:In flux ratio of approximately 9:1. This ratio is
the background arsenic pressure to stabilize the reconstrusemewhat larger than that used in previous GaAs/G&%s.
tion), before reduction of the substrate temperature and sub) and InAs/InAs homoepitaxy experimerits,and well
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TABLE I. The island density, mean island size and island an-
isotropy measured from STM images for InAs islands grown on
GaAg001)-(2x4) as a function of coverage and after a rapid
quench from the growth temperature. For the two lowest coverages,
the total number of islands observed was rather small and statistics
are not given. Also shown for comparison are statistics for GaAs
homoepitaxy on the GaAB01)-(2x 4) surface(a coverage of 0.13
ML and an As:Ga flux ratio of 3:2.

InAs coverage Island density Mean island sizés)  Island

(ML) (10"cm™2)  (2x4 mesh areas anisotropy

0.05 ~0.3

0.08 ~0.5

0.13 3.0 30 2.5

0.18 2.6 42 2.9

0.24 1.5 129 3.0

0.31 1.3 142 3.1
GaAs/GaAs 0.13 5.8 16 1.6

of the islands is~3.0A and each one exhibits a X2)

0] reconstruction, indicating they are most likely to be InAs.
4 The number density of islands at different InAs coverages
[110] is summarized in Table I, along with their mean size and

anisotropy, the latter quantity being defined as the maximal
length along[110] divided by the maximal width along
[120]. The number densities are derived from measuring sev-
eral images(size 2000 Ax2000A ) for each InAs deposi-
tion. The island density rises sharply between 0.08 and 0.13
ML, suggesting that a critical surface concentration of In
atoms is required for the nucleation of X2) reconstructed
InAs islands. We have observed a similar “induction pe-
riod” in island formation for GaAs homoepitaxy on the (2

X 4) surface, although the delay appears to be rather longer
for InAs/GaAs (~0.08 ML) than for GaAs/GaAs {0.04

4 i ML), suggesting that nucleation events are somewhat less
FIG. 1. Filled states STM images after deposition of differentprobable. Direct comparison of the absolute island densities
InAs coverages on GaAB01)-(2x4); 0.05 ML (400 Ax400A),  to our previous GaAs homoepitaxy experiments must be ap-
(b) 0.13 ML (400Ax400A), and (c) 0.31 ML (2000A  proached with caution since the growth rates ang fhses

X 2000A). are rather different in the two cases. However, a result for

) ) GaAs homoepitaxy is also shown in Table I, for a coverage
above the value at which the effects of flux ratio can be seegs 0,13 ML. a growth temperature of 550 °C, a growth rate

in island statistics in GaAs homoepita%/InAs coverages of 0.05 MLs %, and an As:Ga flux ratio of 3:2. The island
of between 0.05 and 0.32 ML were deposited and th‘j%ensityinthis case is considerably larger than for InAs/GaAs

fsarr;ples were t?]en quenﬁhed immediatzly, ?Ir Ief('; to ?]nne t the equivalent coverage suggesting that nucleation is less
or five min at the growth temperatur@nd still under the  pohapie than island growth in the heteroepitaxial case. It

As; flux) before subsequent quenching. STM measuremenig,g,iq also be noted that the island densities are significantly

were made using a constant current of 0.2 nA and a samplgger at the~0.1 ML stage for InAs/InAs homoepitaxy on
bias of —3.5 V. _ _ the (001)-(2x 4) surface®®
Three examples of STM images at different InAs cover- 5 clear from Table | that the islands become more

ages(0.05, 0.13, and 0.31 MLare shown in Fig. 1. The gnisqiropic as the InAs coverage increases. The precoales-
image size foi(a) and (b) is 400 Ax 400 A, whilstfor(©) it cence values of 2.5 and 2.9 are typical for InAs

is 2000 AX2000A . The (2<4) reconstruction of the un- homoepitaxg® and significantly greater than the value of 1.6
derlying GaAs surface |s_clearly observed as dark and lighthserved for GaAs homoepitaxy at a coverage of 0.13 ML.
stripes running along thiel 10] direction and these represent |n terms of anisotropy, the islands observed in the present
the As dimer-pair rows and trenches respectiVély’ The  heteroepitaxial case are much more “InAs-like.” The reduc-
dimer rows tend to remain very straight in th&10] direc-  tion of island density at the two highest coverag@24 and

tion, showing kinks only in the vicinity of islands. The is- 0.31 ML) is due to the onset of coalescence. The large scale
lands are the brightest features in the images and are ol$TM image at 0.31 ML(Fig. 1) clearly shows large, irregu-
served frequently at 0.13 and 0.31 Mfor example, ten larly shaped islands, many of which will have developed by
islands are visible in the 0.13 ML image, but only two very coalescence. This also corresponds to a sharp increase in the
small islands can be seen in the 0.05 ML imadgée height mean island size at the highest two covera@esble .
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FIG. 2. Island size distributions for 0.13 and 0.18 ML InAs
grown on GaA&01-(2x4). Also shown for comparison is the 013 ML

distribution for 0.13 ML GaAs grown on Gaf801)-(2x4) using © — e 0.18 ML
a low As,:Ga ratio(3:2). The solid line is a smooth fit to guide the —o— GaAs
eye.

Some insight into island growth can be gained by measur-
ing island size distribution$!® Distributions at two precoa-
lescence InAs coverag€f.13 and 0.18 ML are shown in
Fig. 2, together with the distribution for 0.13 ML GaAs/
GaAs growth using the low AsGa flux ratio of 3:2. The
data are normalized conventionally and based on counts of
150-200 islands. The variabdds the island aregs) is the
mean island area for each coveralyg,is the island number
density, andd the coverage. The solid line is a smooth fit to )
guide the eye, and it is clear that all three sets of points fall
roughly on to a single curve. Two features of the distribution

N <w>2/0

0 0.5 1 1.5 2 25 3 35 4
w/<w>

FIG. 3. Island distributions fofa) the length andb) the width

of islands in InAs/GaAs heteroepitaxy and GaAs/GaAs homoepit-

._axy on(001)-(2x4). The lengthl was measured along10] and

TR . Mke widthw measured alonf110]. The three sets of points in each
lar distributions for g%th GaAs and InAs hqmoepltaxy on thecase represent InAs coverages of 0.13 and 0.18 ML, and a GaAs
(001)-(2x 4) surfac€,” and they are very different from the coverage of 0.13 ML.

more conventional island size distributions measured in
GaAs homoepitaxy on (118)and (110 surfaces: The dis-  Both are essentially due to the different island anisotropies
tributions obtained on the001) surface for InAs/GaAs, and absolute densities between the two material systems, and
GaAs/GaAs, and InAs/InAs are due to the strong influenceyso between InAs islands at different coverages. These
the (2x4) surface reconstruction has on island nucleatiorstrongly influence the scaled frequencies plotted in Figs. 2
and growtt:*° In effect, InAs island growth on GaAB01)  and 3. There is no reason to suspect that strain is the cause of
occurs as though the system were a homoepitaxial one, witfhe effect since island anisotropies vary significantly in un-
the island size distribution characteristic of growth on a (2strained homoepitaxy on both InAs and G&2Gl)
x4) reconstructed surface. It should be noted that one dig2x 4) 2022 The mechanism by which the §4) surface
crepancy between the InAs/GaAs and GaAs/GaAs size diseconstruction itself influences the island anisotropy in island
tributions occurs at the lowest size Hisland sizes less than nucleation and reconstruction is one of Coulomb repulsion
5 unit mesh areasand there are significantly more of these petween As dimers and does not depend on sfr&issen-
islands in the heteroepitaxial case. This again points to thgally, islands must pass through an energetically unfavorable
different balance between nucleation and growth prObab“it}tonfiguration in order to grow into an adjacent dimer-pair
in the two systems. row, limiting growth along{110]. This has been investigated
Following the work of Bressler-Hilet al,'® we have also  in detail at lower coverage®).07—0.13 ML) in GaAs ho-
measured the lengths and widths of the islands in both InAshoepitaxy, where it dramatically affects the island size dis-
GaAs and GaAs/GaAs. The corresponding distributions ar@ibutions. Since it also occurs in InAs homoepitatgnd
shown in Figs. &) and 3b); the lengthl is measured along indeed is somewhat stronger, as expected from the larger
[110], the widthw is measured alonfL10]. All the length  charge transfer to As diméf$ this mechanism is suggested
scaling data collapses on to the same curve and is rathes the source of the anisotropic properties of the island size
similar in shape to that shown in Ref. 19. By contrast, thedistributions observed in InAs/Gaf301)-(2x 4).
width data does not fall on to a single curve and there is a Finally, it should be noted that the growth conditions used
large discrepancy between InAs/GaAs and GaAs/GaAs, butfr the heteroepitaxial studies presented in this paper meant
much smaller one between the two coverages for InAs/GaAghat the structure of the starting Ga861) surface was very
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annealing for 5 min at the growth temperature. The underly-
ing surface structure hag4x4) symmetry, but the charac-
teristic blocks of six As atoms that form the main component
of the ideal structure are rarely compléfeand the residual
(2X4) domains lie in the layeabovethe c(4x4) surface(see
white arrow in the figure Both of these observations have
been made for the two-phase GaAs surface in the absence of
In.X® The small white features dotted about the surface, with
an apparent height ef 1 A | could well be due to In atoms
(their density is around 0.02 MLand are not observed for
the In-free two-phase surface. Through careful control of the
conditions, the surface can remdRix4) after equilibration.
The RHEED patterns change in tHeL0] direction and show
a sharply reduced 2/4 order streak, characteristic @>&4)
surface with many kink defects in the dimer-pair roft$*A
typical STM image of an equilibrated InAs/GaA801)
(2% 4) surface is shown in Fig.(®). There are many kink
defects and quite substantial patches of missing As dimers,
some of which show short-range ordering. In GaAs ho-
moepitaxy the surfaces return to very good<(2) ordering,
but the disorder observed in the heteroepitaxial case is likely
to arise from strain accomodation due to the significant al-
loying that occurs on the(4x 4) surface®!?

In conclusion, island size statistics have been measured
for 2D InAs islands grown by MBE on GaAB01)-(2x4).

% The islands appear to grow in a very similar way to the

. 5§ F 2525 g BRI cases of GaAs/GaAs and InAs/InAs homoepitaxy on the

FIG. 4. STM images (400 Ac400 A) of 0.08 ML InAs depos-  (001)-(2x4) surface, and exhibit the same basic scaling
ited on GaA§001)-(2x 4) followed by a 5 minpostgrowth anneal properties. The key difference between heteroepitaxy and ho-
at the growth temperature. () the surface has undergone a partial moepitaxy appears to be a slight favoring of island growth
transition to thec(4x4) phase during the postgrowth anneal leav- compared with nucleation in the former case. Strain is not
ing (2x4) domains(white arrow in the layer above the(4x4).  necessarily the cause of the anisotropic scaling properties
In (b) the surface remains (24), but is rather disordered with jnyolved; instead, we believe the same reconstruction-based
many kinks and patches of missing As dimers. mechanism that operates in homoepitaxy leads to anisotro-
close to the onset of the phase transition betweer(ahi) pies in the island size distributions obtained for InAs/GaAs

and c(4x 4) reconstruction®?3 If the temperature is too heteroepitaxy.

low, or the As flux too high, the surface can become partly This work was supported by the EPSRC UK, which also
c(4x4) reconstructed during island growth or a postgrowthprovided financial support for P.B.J. and T.J.K. G.R.B. is
anneal. An example is given in Fig(a}, which shows an grateful for the financial support of the Ramsay Memorial
STM image for 0.08 ML InAs on GaA801)-(2x4) after  Trust and VG Semicon LtdUK).
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