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Real-time scanning tunneling microscopy observation of the evolution of Ge quantum dots
on nanopatterned S{001) surfaces
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To investigate the effect of surface patterning on island growth, a real-time study by scanning tunneling
microscopy(STM) of Ge deposition on nanostructured®l1) surfaces is presented. The substrate is nano-
patterned by the STM tip and the subsequent evolution of a Ge layer deposited at 500 °C is recorded. The
formation of the wetting layer, a transition stage and the growth of three-dimendi®DalGe huts are
examined dynamically. The 2D-3D transition is described in terms of the nucleation and evolution of pre-
pyramids consisting of001) oriented terraces, which eventually transform into pyramids by successive intro-
duction of {105} facets. Substrate patterning strongly affects the positioning of 3D islands, and represents a
route toward ordering of Ge islands.
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The assembly of ordered nanostructures on semiconductanteraction is applied to estimate the influence of a pit on the
IV—IV surfaces is a subject of active experimental and thepre-pyramid.
oretical research.® The interest derives from the complex  The S{001) substratdp type,p=0.1-0.50 cm), was an-
nature of the nucleation and self-organization of threenealed by dc heating at 1250°C in ultrahigh vacuum to ob-
dimensional(3D) quantum dots in SiGe systefis! Great  tain a clean (X 1) reconstructed surface. Then, at 500°C,
efforts have been devoted to elucidate island nucleation anghe sample was nanopatterned by using scanning tunneling

10 HP 11

grow5th processes. Met al,™ Vailionis et al. and Tersoff microscopy(STM) lithography. At selected positions, with
et al’ have observed the eX|stence_.of embryos before th@,o ,feedback switched-off pits were elaborated by ap-
formation of Ge hut clusters and Voigtidef’ has examined rZroaching the STM tip to the surface. The resulting regular

the l"l‘.etaSt?Tﬁ naturﬁ_ of these _edmb;\)/llos and thte as(;j/mn;elzjt fray was re-imaged by the same tungsten tip during the next
cvoiution ot the resutting pyramids. VOTEOVer, 10 Order sLqqoy - pits have diameters ranging from 8 to 15 nm and

. . . . _14 _
L:s;irt}dsaeieﬁwegthograph|c techniqués' have been re depths of 1-2 monolayer@iL) and the distance between
y ped. them is 6G-5 nm. Before deposition, the stability of the ar-

In this paper, a real time study of Ge deposition on dbval Y .
Si(001) substrates patterned by using the tip of the scanning@y Was assessed by a long annealing prot&gsmin. On

tunneling microscope is presented. The experimental obsef?€ Nanopatterned surface, the growth of Ge at 500°C by
vations provide insight into the wetting layéwL) forma- phys!cal vapor depos!tlon was r_ecorded in real-time by STM.
tion in presence of a regular array of pits. The evolution of aln this kind of experiment a tip shadowing efféaiccurs
specific hut from WL to pyramid is followed confirming the causing a lower growth rate in the scanned area. The Ge
existence of a pre-pyramid stage, which evolves with thecoverage is estimated from the increasing area of terraces
progressive insertion of105 facets. Moreover, the results between two successive images during the layer-by-layer
suggest that arrays of intentionally produced pits drive thegrowth. A Ge flux of (2.620.3)x 103 ML/s was evaluated
nucleation process at selected sites. A model based on stepd kept constant.
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FIG. 1. Real-time images of the wetting layer on a nanostructur@d Sisurface(a) STM image (15 150x 2) nnt of an array of pits
elaborated with the STM tip after deposition of 0.2 ML of Gle)—(e) STM images (5& 50X 0.5) nn? of the surface during Ge deposition
at 500°C for coverages ofb) 0.87 ML, (c) 0.99 ML, (d) 1.24 ML, (e) 1.48 ML, (f) Pits’ depthAh and diameteA changes with coverage.
Closed points correspond to experimental data, full lines to fits. The dashed line gives the thickness variation of the deposited Ge layer with
coverage.
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Figure Xa) shows a nanopatterned(@01) surface after
0.2 ML of Ge deposited. Figuregl)—1(e) display four im-
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FIG. 2. Real-time growth of pyramids on a
nanostructured 8)01) surface.(a)—(g) STM im-
ages (25680x3) nnt extracted from the
movie of Ge deposition at 500°C for coverage of:
(&) 3.23 ML, (b) 3.37 ML, (c) 3.51 ML, (d) 3.65
ML, (e) 3.79 ML, (f) 3.93 ML, (g) 4.07 ML. (h)
Evolution of the profile of the hut clustécircled
vs coverage. The arrows mark the initial step of
formation of a pre-pyramid and of a pyramidl)
Evolution of the volume of the hut cluster
(circled) as a function of coverage. Experimental
data refer to the volume of the Wisquares
pre-pyramidgdots and pyramidgtriangles; the
dashed lines are the corresponding fits.

Ge coverage. The real-time growth of a Ge hut cluster
[circled in Fig. Za)] is shown in Figs. @—2(g). In this

ages extracted from an STM movie of Ge growth. At thesequence, two different states can be identified: the first stage
beginning a step flow process occurs meaning that the Wkorresponds to a pre-pyrami@t #=3.23 ML), while the
forms on the step edge enlarging the terraces. It appears the¢cond one to a pyramidal h(gt 6=3.79 ML). Additional

the WL encloses the pits that are not filled up by Ge, andnformation is obtained by plotting the 3D line profil€ig.
increases the surface roughness. The analysis of this sgth)] of the “circled” cluster as a function of coverage. Be-

quence is represented in Figfilby the evolution of the pits’

tween 2.11 and 2.95 ML, the profile illustrates the WL for-

depth and diameter changes as a function of Ge covegage, mation. At §=3.23 ML, a new structure which grows later-
To understand the growth mechanism of Ge atoms with really is distinguishabldarrowed in Fig. 2h) and circled in

spect to the pits, the sign of the “depth ratédR), defined

Fig. 2(@)] and corresponds to a two-layer-high platelet. Then,

as the slope of the fitted pit depth, is analyzed. For a positiveuccessive small layers form upon it reaching a height of 0.8
DR value, the pit depth increases, implying that more Genm. The corresponding line profile shows a very clear tran-
atoms attach outside than inside the pit. The limit case, iition to the characteristic shape of a hut cluster. At
which no Ge atoms fall inside the pit, corresponds to the=3.79 ML, a complete square base pyramid is observed
increment of one-layer height for each deposited layer, that isshich grows by developing its foutl05} facets'®!’ This is
DR=0.136 nm/ML. In the present case the fit provides aapparent on the line profiles from 3.79 to 4.21 ML, which
value of DR=0.09+0.01 nm/ML indicating that a few Ge have triangular shapes with constant slope but height and
atoms go inside the pit. However, data analysis confirms thabase progressively increasing. The height-to-width ratio var-
they do not fill the pit. The plot of pits diameter changes inies between 0.015 and 0.03 in good agreement with that
Fig. 1(f) provides information about the localization of Ge measured by Vailionist al!! and reaches 0.1, when the tran-
atoms. A constant diameter means that the WL ends at thsition to a pyramid is completeldjray area in Fig. @)].

border of the pit. Here, the diameter increases jumping every Quantitative information on the growth mechanism can be
1.15 ML of Ge coverag& A good fit to the experimental obtained from the volume of the hut as a functionéodle-
data is obtained using a step function with 2.8 nm jumpspicted in Fig. 2i). The volume is measured on a selected and

which gives an equilibrium distance of 4.3 nm between

fixed ared® which is flat atd=0 ML and displays a fourfold

the step edges of two adjacent layers. This distance fits theyramid atd=4.21 ML. In Fig. 4i) three regimes are dis-

space needed to hostp{2x2) or c(4X2) reconstructed

tinguishable and identified, on the basis of STM images, as

unit cell. So the new growing layers form an angle of 5.5WL, 2D-3D transition and pyramid growth. The first regime,
+0.2° with the surface, close to 6°, the critical angle re-(#=0-3 ML), is fitted by a linear function whose coeffi-

cient of 114 nnYML depends on the size of the chosen area.
The 2D-3D transition takes place between 3 and 4 ML ofBy normalizing this coefficient to the unit area, the value of

ported by Sutteet al®
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the coexistence of (1) andc(4x2) reconstructed do-
mains and g105 incomplete facets. According to Fig(i2
and to STM images, the experimental evidence suggests that
a first layer forms on the WL corresponding to the base of
the future pyramid. Then, by increasimgnew layers grow
on top of each other. These overlapping layers extend until
forming an energetically favorefll05 facet? The coales-
cence of disconnected 05 domains leads to the formation
of a pyramid facet and eventually to a hut cluster.

The volume of the pre-pyramid as a function of coverage
can be expressed by

FIG. 3. STM images of different clusters on a®1) surface.
(@ STM image (60< 60X 3.5) nn? of a pyramidal hut cluster at 9 V(6)= 5 X Vot
ML of Ge coverage(b) STM image (550X 3) nn? of the pre- 4 P
pyramid after 3.5 ML of Ge coverage showing thexX2) and
c(4%2) reconstruction and 05 domain.

X
1‘2 XV (6), 1

whereVy,, is the volume of the overlapping layers, equal to
that of the WL, and 6 X<4 is the fraction of 105} facet.

0.13 nm/ML is obtained, demonstrating the layer-by-layerVe.”" €qual to 542 nr is defined as the volume of the
growth mode of the WL. Similarly, in the third regime, pyramld_just after the 2D—3D'transmon. Computed volumes
=3.79-4.21 ML, the pyramid growth exhibits a linear are obtame_d from Eq1) _for different values ofX and for 6
behavior® Since the shape of the cluster is compatible withcorresponding to experimental coverages. Good agreement
a regular pyramid, see Fig(@, whose volume is propor- petween calculated and experimental vqlumes is fou.n.d for
tional toL 3, the linear dependence on coverage demonstratdgteger values oX. This means that, during the transition,
that the pyramid grows by enlarging its base siddhis is the system evolves as a pre-pyramid composed progressively
interpreted as a layer-by-layer growth occurring specificallyof one X=1), two (X=2), or three K=3) complete{105

on the facets of the pyramfd:?2In this case, the larger rate fac_ets. The presence of a critical nucleus of stepped shape
of change of 1670 nMML indicates that the growth of the Which evolves up to the appearance{#05 facets is also
pyramid requires more atoms than those deposited on thggested by Sutter and Lagéfiyout they do not specify if
selected area. As the Ge flux is constant and no depletiofll facets appear simultaneously. Furthermore,s our volume
region is observed around the hut, a germination process h&&ta can be also fitted by the model of Tersaiffl.” consid-

to take place. Specifically, Ge atoms diffuse toward the pyra€ing & constant base side of 14 nm and a base angle con-
mid from a collectionVoronoi) area larger than that initially tinuously increasing up to 11°. However, this model does not
selected. This area, assumed to be a square, has a side of®tlain the presence of partigl05; facets.

nm as evaluated from the ratio of the slopes of the first and Considering the lateral arrangement, it is remarkable that
third regimes. Hence, a density of the 3D clusters of 1.1& Pre-pyramid always nucleates around a pit. To evaluate the
x10%cm 2 is calculated comparable to that of 3 relaxat!on energy o_rlgmatmg from .elast|c m_teractlons be-
X 101 cm2 obtained from STM images. The two linear fits tWeen islands and pits, the system is mod¢feid. 4] by
cross atd=3.66 ML, indicating that the material accumu- @ Stepped islandvith steps of equal spacing adjacent to a
lated during the WL growth is enough to generate a hufour-layer deep square pit. 12-;19 elastic relaxation en&rGy
cluster by a rearrangement of its initial structttélowever, ~ relative to that of the pit 5

as the volume deviates from these fits in the second regime,

the growth of a pre-pyramid is assumed. Between 3 and 3.79 _ Y i i) (v
ML, a transition region occurs characterized in Figo)3y AG Ag’j signisignj) (x x])ln(

Xi_Xj
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FIG. 4. Calculated relaxation energy for a pre-pyramid near a pit using the one-dimensional elastic interaction model described by Eq.
(2) of the text.(a) Cross-sectional schematic representation of a pit plus wetting layer and a three-layer high island considered for the
calculation.(b) Evolution of the normalized relaxation energyG, /A as a function of the step wid#ifor an island one- to four-layers high.
A=Co?h?, whereo is the bulk stress of the epilayér,is the step height an@=(1— v)/(2mu) is the misfit stress wherg is the shear
modulus andv is the Poisson’s ratio.
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whereA is a constant, siga =1 counts the attractivet) or In summary, Ge growth on nanopatterned081) sur-
repulsive(—) monopole interactions between two steps withfaces at 500°C has been followed in real time by STM.
the same or opposite orientation, respectively; x; is the ~ During the WL formation, Ge atoms do not go inside the
distance between thieandj steps andx is a cutoff length of pits. Rather, they form new layers which stop at 1.4 nm from
the order of the lattice parameter of Ge. In Fi)4AG, /A the pit boundary. As a consequence, the pits diameter and

is plotted as a function daf/a for different numbers of layers depth increase with coverage. The growth of a pre-pyramid

X . i . is characterized by the combination {05 faceting and
forming the island. For a one-layer high island, the growth 'Sstepped morphology. When all parts of a facet are connected,

unlikely, while two-layer high pre-pyramids have increasingpe pyramid grows by developing its four facets. On nano-
relaxation magnitude fos/a>8 and thus high probability to  patterned surfaces, pits act as preferential sites for the nucle-
grow. For a square-base pre-pyramid a width of 16 nm andtion of pre-pyramids. From these results, it appears that
an aspect ratio of 0.017 are calculated, consistent with th8TM nanolithography can be exploited to form ordered ar-
experiment. With the same reasoning, by increasing the&ays of Ge islands by choosing a periodic array of pits and
height from two to four layers, smaller size pre-pyramids carfaking into account the diffusion of Ge atoms over the col-
nucleate near the pit. In general, the localization of preJection area.

pyramids is driven by the local chemical potential which  The authors acknowledge illuminating discussions with
contains two contributions. The relaxation of the strain en{vi. Fanfoni. This work was supported by the European Com-
ergy selects small pits as nucleation sifegiear the pit munity (EC) through FORUM-FIB contract(IST-2000-

while the curvature term is important for large pit€ 29573 and partially by INFM.
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