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Tracing the two- to three-dimensional transition in the INAYGaAs(001) heteroepitaxial growth
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We have investigated by atomic force microscopy and scanning tunneling microscopy subsequent stages of
the heteroepitaxy of InAs on Gaf301) from the initial formation of the strained two-dimensional wetting
layer up to the development of three-dimensional quantum dots. We provide evidence of structural features that
play a crucial role in the two- to three-dimensional transition and discuss their contribution to the final
morphology of the self-assembled nanoparticles. A model is suggested for the strained phase at the critical
thickness consisting of an intermixed ®g;, _,As surface layer of composition=0.82 and InAs “floating” on
top. Such “floating” phase participate to the large mass transport along the surface during the two- to three-
dimensional transition that accounts quantitatively for the total volume of dots.
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In the lattice-mismatched heteroepitaxy of InAs onthe energetic and kinetics of the processes. We provide evi-
GaAg001), depositions larger than 1.5 ML of InAs produce dence of the intermixing of the 2D strained phase and of the
spontaneous self-assembling of nanoscale islands termguesence of approximately 6:8.6 ML of InAs floating on
quantum dotgQD’s). Because of the lower surface energy, top, which takes part by surface mass transport to the 2D-3D
the InAs initially wets the GaAs substrate; on increasing theransition process.
deposited volume, the accumulated elastic strain energy is The samples under investigation have been grown by con-
partially released by the formation of coherent 3D islands. ventional solid source MBE equipped with the reflection

Albeit the details of the mechanism through which thehigh-energy electron diffractio(RHEED) for in situ moni-
two-dimensional(2D) to three-dimensional3D) transition  toring of the growth. Prior to InAs deposition, a GaAs re-
occurs are poorly understood, relatively few works have adgrowth of approximately 0.75um was performed on the
dressed this topic. There is increasing experimental evidend§01) oriented substrate, in A®verflow, at 590 °C and at a
that the microscopic processes occurring at the early stage oite of ~1um/h. After 10 min post-growth annealing, the
the growth of the pseudomorphic interface, before 3D nucletemperature was lowered to 500 °C for the InAs deposition.
ation sets in, largely affect the final morphology of the QD This determined the transition of the G&881) surface re-
arrays. Moreover, the number density, composition, singleconstruction from (X4) to c(4x4). Different thickness
dot volume, and total volume of the self-assembled dots diffanging from 0.7 to 1.9 monolaye(IL ), have been evapo-
fer substantially on changing single kinetic or thermody-rated at a rate of 0.028 ML/s. The In delivery was cycled in
namic parameters of the growth. 5s of evaporation followed by 25s of growth interruption

In a previous work we compared dot distributions ob- until the given InAs thickness was reached. This procedure
tained by the standard continuous deposition process withelps to equilibrate the surface at each deposition step by
those obtained by operating periodic flux interruptions dur-enhancing the migration of cation adatoms prior to incorpo-
ing growth. Although all thermodynamic growth parametersration into the latticé. Together with low growth rate it al-
were the same, marked differences were found in the ddows us to reduce kinetic factors hindering thermodynamic
volume because of the unlike involvement of the wettingdriving forces.
layer (WL) and/or substrate in the 2D-3D transition. This The 2D-3D transition was recognized by the change of
result points to the relevance of kinetic limitations to thethe RHEED pattern, along tHel10] azimuth, from streaky
thermodynamic processes taking place in the nonequilibriurto spotty. The onset of the transition was established at the
molecular beam epitaxi@#dBE) growth. At the same time it edge of the steep rise in the intensity of the RHEED signal.
suggests the importance of exploring the 2D strained phasghis onset was quite reproducible in the evaporation time
in order to identify structural features and mechanisms beingcale and corresponded to the delivery of 8505 ML of
active in the 2D-3D transition. INAs.

With this aim we trace in this study the morphology of the ~STM/AFM microscopy was performedx sity in ultra-
InAs/GaAg001) heterostructure from the initial formation of high vacuum. AFM images, acquired in the noncontact mode
the WL up to the full development of 3D QD’s, by means of (needle senspmwith nonconductive Si tips, were used to vi-
scanning tunneling microsco@$TM) and atomic force mi- sualize the large-scale morphology of both the WL and the
croscopy (AFM). We evidence how microscopic- and QD’'s. Atomic scale details of the WL were revealed by
mesoscopic-scale structural features, intermixing, and segr&TM. In this case, to preserve the surface during transport in
gation of cations, and strain of the 2D WL determine lateralair, the growth was terminated by deposition of afin As
ordering, size distribution and composition of the QD’s. Thecap at —20°C. The cap was removed in the ultrahigh-
height and basal-area distribution of dots are determined imacuum STM/AFM chamber at about 300 °C, and the sur-
the growth region preceding the completion of the 3D nucleface was characterized by low-energy electron diffraction
ation at~2 ML, where statistics can supply information on (LEED). The evolution cycle of the physisorbed As was
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FIG. 2. (a) AFM topography, 55 wm?, of 1.4 ML of InAs on
GaAs(001). Mounds, 1.22mXx 0.3 um, about 3 nm high, are elon-
gated in the[110] direction; (b) 1.5x1.5 um? image showing
bunching and meandering of steps and nucleation of 2D islands on
terraces.
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retically by continuum models and Monte Carlo simulations
of the nonlinear late-stage regime of the homoepitaxial
growth®~’ The AFM topography of Fig. (), reveals mor-
phological details as step bunching, step-edge meandering,
and nucleation of 2D islands on top of terraces. Growth in-
stabilities leading to mounding of the surface can be driven
energetically by a variety of kinetic mechanisfi$® which

all share the common feature of breaking the symmetry be-
tween the upper and lower step edge of vicinal terraces. In
many cases step bunching was attributed to the presence of
impurities that pin step%° In a previous repotf we evi-
denced the striking resemblance between the large-scale
morphology of the strained InAs/GaAs 2D phase, shown in
Fig. 2(@), and the Monte Carlo simulation of the propagation
of a 2D step-train based on the impurity model of Ref. 10.
The stepped texture of the WL strongly influence the in-
plane position of the 3D QD's since they nucleate preferen-
tially at the lower edge of stepé.

To the end of understanding the 2D-3D transition it is of
major relevance to establish more precisely thickness and
composition of the WL, since the InAs epilayer is signifi-
monitored by a mass spectrometer, and care was taken not éntly alloyed with the GaAs substratdo analyze this as-
overcome the activation temperature of the process. Thigect, we report in Figs. (b)-1(c) the atomically resolved
procedure, commonly applied on IlI-V epitaxial surfaces,STM topographies of the WL at 0.7 and 1.3 ML. Notice the
may introduce locally a small degree of topological disorderPresence of zigzag chains on top surface plane for 1.3 ML
but maintains the original reconstruction of the underlyingcoverage. Although the microscopy is unable to detect
surface. For the strained InAs/GaAs phase, this is confirme@learly either the intermixing of the wetting layer or its com-
by comparison with publisheih situ STM data’ position, the formation of an alloyed interface can be in-

The large-scale AFM topography of the WL at 1.3 ML, in ferred by comparison with the topography of Figd)lof a
Fig. 1(a), displays the typical features of the mixed-growth strained epitaxial 1§,Ga¢As alloy (45 ML), grown on
regime of step flow and nucleation of two-dimensional is-GaAg001) by MBE using the same experimental procedure
lands resulting from the combined effect of the lower surfaceas for the WL. On removing the As cap, both the InAs WL
free energy of InAs and the reduced migration length of Inand the 1iGaAs alloy surfaces displayed a dominant (1
cations due to straifiAt slightly higher InAs coverage, large X 3) LEED pattern and, only occasionally, faint traces of a
2D islands tend to coalesce giving rise to a more uniform(4X3) symmetry. Thex 3 traslational symmetry of the top
overlayer as that shown in Fig. 2 for 1.4 ML, where, dependplane is the fingerprint for the In-Ga alloyidgOn the
ing on the magnification of the imaged area, a different sceatomic-scale STM images of Fig. 1, small domains of (4
nario is observed . At large scale, a roughened surface is3) and c(4x6) periodicity [4X along [1?0] and 3x
revealed by the appearance of mounds of average lateral di6x) along[ 110] directiond are identifiecboth on the wet-
mension 1.X 0.3 um? and~3 nm high(i.e., about ten bi-  ting layer at the two different thickness and on the alloy, as
layers, elongated in thg110] direction. Such a morphology marked in panelgb), (c), and(d), respectively.
recalls that of GaA®01) film underneath, reproduced theo-  More often, a “2x 3” symmetry (with a weak correlation

FIG. 1. (a) AFM topography, 1508500 nnf, of the strained
two-dimensional phas@vetting layey obtained for 1.3 ML of InAs
on GaAs(001). Atomically resolved, 3& 90 nn?, STM images of
(b) InAs wetting layer at 0.7 ML(c) InAs wetting layer at 1.3 ML,
and(d) Iny ,Ga gAs alloy, 450 ML, grown by MBE on GaA801).
Domains of (4x3) andc(4X6) periodicity are highlighted on the
wetting layer and the alloy. 24 InAs chains are detected only on
the wetting layer at 1.3 ML. The periodicitynk m) is referred to
the (001) surface cell 4,~4 A), n along the[110], andm along
the[110] directions.
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for the 2x periodicity along thd110] direction is reported

by in situ RHEED and x-ray diffraction data on InGaAs
alloys™® and byin situ STM measurements of the 2D growth

of InAs on GaAs for depositions larger than 0.8 Mt
should also be mentioned that a metastableX'®’ surface
phase was observed on several hours annealing at 300 °C of
the de-capped GaA@01)c(4x4).® However, as pointed

out by Zungeret al,!” the “2x3” unit cell is not charge »
compensated and cannot be stable. As a matter of fact, high 4.5
resolution STM imagée$ reveal that this symmetry consists
of charge compensated ¥83) andc(4x6) domains, simi-

lar to those we detect on the WL and on the alloy surfaces.
Height profiles taken on the topography of Fig. 1 show that
the X3 (and X 6) traslational symmetry is generally main-
tained over large portions of the surface, while the 4e- T s Yy .

— 0.0 boxs —d 0,0 et

construction alon§110] has a correlation limited to two or 0_20 40 60 80 O 200 40

three unit cells and is barely observed in LEED patterns, Length (nm) Length (nm)

being the coherence area of the probe much larger than the FIG. 3. AFM topography, X1 um?, of 1.5 ML of InAs on

domain sizes. One can notice that the reduced topologic@aas(001). The inset, 408 250 nn?, evidences the nucleation of

order, observed as well an situ measurements, is also in small 3D dots on the upper edge of steps. The labeled features are

agreement W|th the SuggeStiOh Of Ref 18 fOI’ the eXiStence q%l) |arge and small 2D-islands one m0n0|ayer hl@v small 3D

a “liquid” surface layer with a certain degree of order causeddots (quasi-3D QD of height<2 nm and base size 20 nm; (c)

by the lowering of the melting point at the high hydrostatic 3D quantum dots(3D QD) of height 3-4 nm and base size

pressure induced by the strain. ~40 nm. The height profiles of a 3D QD, and of two steps with a
Many experimental evidences are reported in literature omuasi-3D QD nucleated at the upper edge are shown.

In segregation in epitaxial ternary IlI-V alloys leading to

formation of a near-binary surface. Moisehal’® estimated  formed on 1 ML deposition is that with the minimum Gibbs

by x-ray photoemission and Auger measurements an averagieee energy® This model for the WL has important implica-

surface In composition of 0.7 for theJpGa, gAs bulk com-  tions for the 2D-3D transition, at 1:51.6 ML, since an

pound, grown at 480°C. Recently it was proposed byamount of loosely bound In, of the order 8:8.6 ML, is

Waltheret al?° that the segregation of In to the surface of theavailable at the surface that can participate to the surface

initial WL in the growth of the InGa _,As/GaAs system mass transport responsible for the sudden volume increase of

(for x=0.25) controls the critical thickness of the 2D-3D the 3D QDs, as will be discussed shortly.

transition. Using the segregation model of Ref. 21 they de- Approaching the critical thickness (£5..6 ML) the sur-

rive a saturation valug=0.85 for the surface In composition face morphology becomes quite complex, as can be observed

at which strain is released by islanding. By applying thisin the AFM images displayed in Fig. 3 for depositions rang-

model we calculated the In content of the surface and undeing from 1.5 to 1.9 ML. The features to be considered for the

lying layers in the cases of 45 ML of JpGay gAs, 1 and 2  discussion are the following: large and small 2D islands one-

ML of InAs on GaAs. On going from the top surface toward monolayer high, small quasi-3D islandguasi-3D QD of

the bulk, the following values are obtained for the consecuheight<2 nm and base size 20 nm, 3D quantum dot8D

tive layers involved in the segregation process: 0.83 for th&)D's) of height 3—4 nm and base size 40 nm(labeled A,

top layer of the alloy, 0.82 and 0.18 for 1 ML of InAs, and B, C in Fig. 3, respectively These features have been re-

0.99, 0.83, and 0.18 for 2 ML. We remark that the same Irported several timés2”but definite conclusion on their role

fraction, close to the critical value 0.88s predicted in the in QD nucleation is not yet achieved.

former two cases, on account of the same atomic structure 2D features such as those labeled A in Fig. 3 contribute

detected on the surface layer of the alloy, on the subsurfacenly to the final morphology and to the in-plane ordering of

of the WL at 1.3 ML and on the surface domains at 0.7 MLthe QD array by supplying nucleation sitésConversely,

coverage. features B and QFig. 3) require a careful consideration.

An important difference exists between the alloy and the Statistical data on the quasi-3D QD and on 3D-QD’s ac-
WL above 1 ML, i.e., the presence on the latter of zigzagquired in equal areas of the three samples shown in Fig. 4 are
chains, one atomic planef4~0.14 nm) above the subsur- reported in the histograms inside and in Table I. We identify
face, having a (X 4) periodicity different from that of the two clearly separated distributions for the quasi-3D QD
substrate. One can speculate that, above 1 ML, the deposit¢d00— 1000 atomsand the 3D-QD ¥ 10000 atompsand the
In atoms form strained chains, that are mainly of InAs,gap between them do not fill in at any InAs deposition. The
“floating” on top of the intermixed substraf&.This is con-  quasi-3D QD start nucleating between 1.4 and 1.5 ML of
sistent with the segregation model that anticipates a surfadeAs, increase in number up to 1.7 ML and vanish above
In fraction 0.99 on completion of the second monolayer of1.9 ML, as also observed in Ref. 24. Notably, the volume of
InAs, and with the fact that the §RGa, 16As alloyed surface the individual dots is monotonically decreasing, while their

T T T

Height (nm)
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4 20 islands have the peculiarity to nucleate at the upper-step edge
3 s of 2D islands and terraces favqred_by the strain relaxation
' and the step-down barrier for diffusing In adatoth®©ther

2 1.0 works also report on small 3D islands, 2—4 ML high, de-
tected in the sanféor in different>?° coverage ranges, but
their distribution is not reported. In Ref. 25 is found a bimo-
dal size-distribution of 3D QD’s gradually merging in a
single one at increasing island density; however, this set of
data is not directly comparable to the others and to ours by
reason of the quite different experimental procedure used in
growing the buffer layer and dots. Therefore, there is no real
evidence that the nucleation of quasi-3D QD is the first step
of the self-assembling process and, in this sense, quasi-3D
QD’s do not seem to act as precursors of 3D QD’s as we
have suggestédl and is stated elsewhef® This consider-
ation is supported by the evolution of the density and the
volume of the 3D islands reported in Table I, which cannot
be accounted for by the low density and small volume in-
volved in nucleation of the quasi-3D QD.

At the coverage of 1.5 ML the total volume of dots is
small. A large total volume variation, of about 0.6 ML, oc-
curs at the 2D-3D transition between 1.5 and 1.7 Kdke
Table ) because of the sudden nucleation of 3D QD’s. At
1.9 ML the number density of dots increases by a factor of
2 with respect to 1.7 ML, and by the same factor increases
the total volume of 3D QD’s due to the formation of equal-
gized islands. These large volume variations cannot be ex-

lained only by the incoming atoms. On going from 1.5 to

.9 ML coverage, the total volume of dots changed by 1.38
ML: a fraction of this volume 0.4 ML is due to the incoming
) o flux while the remainder-1 ML is to be accounted for by
total volume remains negligiblesee Table )l On the con- g, rfa0e mass transport. If the model proposed in this work
trary, height and basal area dlstrlbuthns of _the 3D-QD, betyr the WL is correct, approximately 0-50.6 ML of “float-
tween 1.5 and 1.9 ML, narrow and shift to higher and lowerj, o |y |oosely bound to the surface, will be available at the
values, respectively, while the single-dot volume becomegisica| thickness for participating to the transition: i.e., more
stationary. These observations are consistent with the exignan 5094 of that required to account for the nucleated vol-
tence of two equilibrium sizes for the 3D islands, one of ;e of dots. Still there is an amount of missing volume, but
which (quasi-3D QD is stable only for a limited range of s js consistent with the experimental evidence that self-
InAs thickness, i.e., for a limited range of strain. The Stableassembled InAs/GaAs QD's are interdiffusand participa-

size of the 3D-QD has been already discussed in thgo, of the substrate underneath and around islands must be
literature;® and is basically related to a process of self-sizing;,, oked? as occurs for other systerfisMore measurements

induced by the balance between strain and bonding energy gte iy progress to precisely quantify the contribution of the
the edge of the island. As shown in the inset of Fig. 3, smaIE prog P ya fy

urface In and that of the substrate to the total volume of
nucleated dots, and to get more insight into the 2D-3D tran-
TABLE I. Mean values of the total volumé and of the number  sition mechanism.
densityp of quasi-3D QD and 3D QD for the indicated InAs cov- In conclusion, by tracing the formation of 3D QD of InAs
erages®. The volume of the single-dotgnge don IS given in - on GaA%001) we have shown that the formation of quasi-3D
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FIG. 4. AFM images 508 500 nnt of InAs dots on GaA&01)
at 1.5 ML (a), 1.7 ML (b), and 1.9 ML(c). On the right side the
histograms of height and basal area of quasi-3D QD and 3D QD ar
reported. The dashed line helps comparing low- and high-densit
histograms.

square brackets. QD precursors to the 3D dots is not consistent with the ex-

perimental distributions of density and volume measured in

) V(ML) p(10~% nm~?) the 2D-3D transition region . It is proposed that in the het-
[Vsingie dot(NM)*)] eroepitaxy of InAs on GaAs an initial intermixed

quasi-3D 3D QD total quasi-3D 3D QD total |n,Ga _,As (x~82%) layer forms on deposition of 1ML of
15ML  0.008 0067 0075 0.22 015 0.37 InAs while fur‘:[her !n geposn; in form of “floating” chains
on top. Such “floating” In participate to surface mass trans-
(130 [1540) port during the 2D-3D transition that leads to the rapid in-
1.7 ML 0.006 0.670 0.676 0.33 2.24 2.57 crease of the total volume of QD.
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