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Magic Islands in Si/Si(111) Homoepitaxy
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The island size distribution after submonolayer deposition of Si on Si(111) exhibits pronounced peaks
of magicsizes. Scanning tunneling microscopy studies during growth enable us to study directly the
influence of surface reconstructions on growth kinetics. Lateral growth of rows of the width of the
7 X 7 reconstruction unit cell leads to kinetic stabilization of magic islands. Monte Carlo calculations
are performed that reproduce the main experimental results and make it possible to estimate important
energy barriers. [S0031-9007(98)06691-5]

PACS numbers: 81.15.Hi, 07.79.Cz, 68.55.Jk, 68.65.+¢

The phenomenon of surface reconstruction—the reerystallography of the Si(111) surface, the growth in
arrangement of atoms at the surface due to the terminaticthe vertical direction occurs in units which are 3.1 A
of the bulk structure at the solid-vacuum interface—hashigh. We call this unit of1.56 X 10" atomg'cn? one
been studied in detail by scanning tunneling microscopynonolayer or 1 ML. The STM measurements were
(STM). However, the effect of surface reconstructions orperformed in an ultrahigh vacuum chamber (base pressure
kinetics of epitaxial growth has received more attentior3 X 10~!'! mbar). We used a sample bias voltage of
only recently [1,2]. +2 V and a tunneling current of 300 pA.

The simplest case to be studied is homoepitaxial growth. During submonolayer growth of Si on Si(111), two-
Most theoretical studies focus on a model in which atomglimensional (2D) islands (1 ML high) are observed.
are deposited on sites of a regular lattice, migrate ofThe form of the islands is triangular. This is the
the surface, and nucleate islands that continue to growkinetically limited growth shape evolving during growth.
and eventually complete a new atomic layer. HoweverEquilibration of these islands without external flux results
surface reconstructions can drastically change establishédl a transition to a hexagonal equilibrium form [4,5]. In
patterns of the surface morphology evolution. In thisFig. 1(a), the Si island size distribution after deposition
study, we show that the interplay of surface reconstructiof 7% of an atomic layer is shown (sample temperature
and growth kinetics lead to a distribution of island sizes725 K, deposition rate 0.5 Mimin). The size of the
exhibiting a series of peaks atagicsizes [3]. islands is plotted in units of half & X 7 unit cell

We use high temperature STM measurements ifHUC). Several peaks are observed in the distribution
which the growing surface is imaged continuously duringof Fig. 1(a), in particular, a narrow peak at a size of
growth. This enables us to study directly the influence4 HUC. This observed multiple-peak shape of the island
of the surface reconstruction on growth kinetics and tcsize distribution is quite different from the island size
show how the lateral growth of rows with the width of distributions with only one broad maximum observed
the reconstruction unit cell leads to a creation of islandexperimentally for other systems [6].
of magic sizes. We also perform kinetic Monte Carlo The typical single-peaked distribution can be explained
(KMC) simulations of a simple model that capturesby assuming that island growth is limited only by the
the main elements of the growth process on Th& 7 number of adatoms deposited in a “capture zone” closer
reconstructed surface, i.e., the existence of faulted anth this island than to other islands. The island size
unfaulted half unit cells and of activation barriers to distribution is thus similar to the distribution of Voronoi
island growth. With the help of this model we uncover polygons around the islands [7,8]. Kinetic constraints due
the underlying kinetic mechanisms for the formation ofto the barriers to attachment of adatoms to the islands on
magic islands and estimate the effective barriers involvedSi(111) substrate completely change this simple picture.

We used a beetle-type STM, which is described in In the following, it will be shown qualitatively how the
detail in Ref. [4]. Thanks to the open design of thewell-known7 X 7 reconstruction of the Si(111) substrate
STM, the molecular beam from an Si evaporator carninfluences the growth behavior and leads to the experi-
be directed towards the sample which is located in thenentally observed multiply peaked island size distribu-
STM position. Evaporation is done continuously while tion. The rhombic unit cell of this reconstruction consists
the STM is scanning the growing film. Si is evaporatedof two triangles. One of these triangles has a stacking
from a homemade-beam evaporator. Because of thefaultin the surface layers, relative to the substrate stacking
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5 FIG. 2. (a) STM image of the Gil1)-7 X 7 reconstruction.
20 The white protrusions are the Si adatoms. The unit cell is
! indicated by a white rhombus. A dashed line divides two
0 triangular subunits. Since the image is taken at a negative
30 40 sample bias{2 V), the adatoms in the faulted half of the unit
) cell (F) appear brighter than those in the unfaulted half (U).
Island size [HUC] (b) Arrangement of the U and F parts of thex 7 unit cell on
the substrate around a triangular island (shown in gray).
4
100 |
a 80' arrangement of atoms in deeper layers is associated with
£ | a larger energy barrier. This should lead to a high activa-
2 6o tion barrier for overgrowth of the F triangle compared to
° | overgrowth of the U triangle.
é 40 In Fig. 2(b), a Si island (gray) _and the U and F tri-
3 ] angles of HUCs of the surrounding reconstructed sub-
20 strate surface are shown. Because of the crystallographic
i orientation of the island, it is surrounded only by sub-
0

strate F-HUCs. This means that further lateral growth
(requiring the overgrowth of an F triangle) is hindered
Island size [HUC] by a high energy barrier. Once an F triangle has nucle-
FIG. 1. (a) Experimentally observed island size distribution ofated, the neighboring U triangles can be overgrown more
two-dimensional Si islands epitaxially grown on Si(111) at 7%easily (no stacking fault has to be removed). The over-
surface coverage. The distribution consists of several peakgrowth of the next F triangle is facilitated by the exis-

at magic sizes. The size is expressed in half unit cells of thgance of a “macro kink” [arrow in Fig. 2(b)]. Here the
7 X 7 reconstruction unit cell. An STM image of the triangular . . : ) .
islands is shown in the iNs&2000 X 3000 %2) (b) Island cost of the stacking fault energy is reduced by a gain in

size distribution and the surface morpholog@ X 120 part  the island edge energy: The edge |en9'Fh is r(-‘jtduced after
of a400 X 400 lattice is shown in the inset) observed in KMC growth of an F triangle. Therefore, neighboring U and

10 20 30 40 50

simulations. F units can be overgrown in quick succession, leading
to the fast growth of a stripe of the width of thex 7
unit cell.

(F-HUC). The other triangle of the reconstruction unit Because of our capability to perform growth and STM
cell is unfaulted relative to the substrate (U-HUC),imaging simultaneously, growth of a selected island can
Fig. 2(a). be observed as a function of time. Figures 3(a)—3(f)
During lateral growth of an island, the surface recon-show STM images from a growth sequence of such an
struction of the substrate has to be lifted and the substraisland. In Fig. 3(a), the shape of the island is triangular.
atoms have to rearrange to the bulk structure. This trandmages 3(b)—3(d) show the same island at a later stage
formation of the reconstructed surface layer towards theluring growth. As shown by images 3(b)—3(d), growth
bulk structure is a general phenomenon which has to ogroceeds by advancement of a row of a certain width
cur in any epitaxial growth at reconstructed surfaces. Thalong the right island edge. The position of the kink
main ingredient of the model for island growth which we at which the row is ending is shown by an arrow in
introduce in the following is the assumption that it re- Figs. 3(b)—3(d). An analysis of the width of this row and
quires different energy barriers to lift the reconstructionfurther atomically resolved images show that the width of
of the U triangle as compared to the F triangle [9]. Tosuch a row is 27 A, which is just the width of ofiex 7
lift the reconstruction in the U triangle, only atoms in the reconstruction unit cell [10].
uppermost adatom layer have to rearrange. This is asso-A deeper insight into kinetics of island growth on
ciated with a relatively low energy barrier. Lifting the re- Si(111) surface has been obtained with the help of KMC
construction of the F triangle requires the removal of thesimulations. We used a simple coarse-grained model with
stacking fault in the layer below the adatoms. This rethe HUC as a basic unit. This spatial coarse graining
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Nedge Eedge.  IN oOrder to simplify the model, we set the
barrier for overgrowth of U-HUCs to zerd&(, = 0), set
the barrier to detachment of HUCs from islands to a very
large value, and forbid nucleation on top of islands. None
of these restrictions is inherent to the model and any of
them can be easily lifted.

Simulations can be used to infer effective values of the
activation barriers playing a major role in kinetics of is-
land growth. Experiments provide the information that
can be used to determine these barriers, such as the is-
land density and shapes, the average time for growing a
complete row, and the average delay between growth of
successive rows for an island of a certain size. The re-
sults shown in this paper were obtained using the values
that provided the best agreement with experimental data:
Es=13¢eV, Ey =02¢V, Er =26 ¢V, andEedge =
0.35eV atT = 700 K and F = 0.01 ML /s (island size
distributions) or10™> ML /s (a single island evolution).

In order to keep the number of free model parameters
as low as possible, we deliberately 8t = 1.3 eV and
Enue = Er — Eegge = 225 €V and vary onlyEy, Ep,
and E.q.. It is interesting to note that the best corre-
spondence with the experiment has been achieved with
Er = 2.6 eV, which corresponds just to the measured
stacking fault energy density for Si.28 x 1073 eV/ A?)
. . [13] multiplied by the area of a HUC.
E’ilaGrig?:J.larSSeicHi?;:(?s?;r:g]agfsrcfvcot\;\;lr’;ﬁethv(\:‘/licli?lge{)af.l t%féog’tg °f & From the model calculations, the evolution of individual
unit cell is growing along the right edge of the island (b)—(f). islands as a function of t'”?e can be extracted_. Flgu_re 4
The image size iS00 X 500 A2, T = 575 K. The complete = Shows the size of one growing island as a function of time.
growth sequence is available as a movie on the World WidéSeveral plateaus are visible, most of them at a horizontal
Web: (http://www.kfa-juelich.de/video/voigtlaender). line indicating completion of one row (a magic size). The
existence of the plateaus shows that the island does not
grow for awhile after completion of a row of tlfex 7 unit
enables us to study the surface morphology evolution ircell width. This is related to the large activation barrier
an effective way and focus on the observed behavior ofor the nucleation of a new rowE{ = Er — Ecqge)-
the growing islands. On the other hand, spatial coarse
graining leads also to coarse graining in the time domain

160 v T . T r .

[11] and means that the energy barriers obtained are
effective model parameters. 140k magic sizes

In the model, the surface is represented by a honeycomb
lattice consisting of F and U sites representing HUCs. & 120 KMC simulations—»/ r
Deposition and transport of material toward islands take 2 199
place in the units of HUCs [12]. The hopping rate ‘g / [_ 1
is given by an Arrhenius expressioky exp(—Ep /kgT), S 80 f [— experiment
whereky = 10" s™!, Ep = Eg + nEy is the barrierto o gof P ]
hopping consisting of a substrate contributibg and a § l, [.r
contributionnEy from n lateral nearest neighbora & 2 40} . 1
0,1,2,3), T is the substrate temperature, akgl is the 20k A ]
Boltzmann's constant. A new island nucleates with the : i : i h i .
rateko exp(—E,../kpT) if at least three neighboring HUCs 0 50 100 150 200
(U-F-U) become occupied [9]. Time [min]

New HUCs attach to existing islands with the rate ) _
of koexp(Eau/ksT) where the attachment barrief,, FIG. 4. KMC and STM results for the evolution of a single

. island size as a function of time. After rapid growth of rows,
depends both on the type of the underlying HUC (U OrIonger times without further growth result in plateaus in the

F) and the numbencq,. Of nearest-neighbor HUCs that time evolution. These plateaus occur just at the magic sizes of
are already a part of the growing islang,, = Ey/r — perfectly triangular islands.
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The rate-determining step during lateral growth is the [1] Th. Michely, M. Hohage, S. Esch, and G. Comsa, Surf.

nucleation of anewrow. A steepincrease of theisland size  Sci. 349, L89 (1996).

in between the plateaus corresponds to a fast growth of d42] B. Voigtiander and Th. Weber, Phys. Rev. L&tf, 3861

new row. Dynamical STM measurements of the evolution ~ (1996); B. Voigtlander, Th. Weber, Bmilauer, and D. E.

of single islands show behavior very similar to simulations, . Wolf. Phys. Rev. Lett78, 2164 (1997).

Fig. 4, with plateaus near the magic sizes. [3] Maglc.epltamal clusters (heptamers) on Pt(111) surface
These results, obtained by dynamical measurements were inferred by G. Rosenfeldt al,, Phys. Rev. Lett

duri h of inale island and C calculati 69, 917 (1992) from He-atom scattering measurements but
uring growth of a single island and KMC calculations, this conclusion was later demonstrated to be incorrect by

explain naturally the experimentally observed island size a5 5TM study (Ref. [1]) in which no such clusters were
distribution in Fig. 1(a). The interruption of island growth found.

after the completion of a row and the formation of a [4] B. Voigtlander and A. Zinner, Appl. Phys. Le®3, 3055
“closed shell” structure leads to a larger quantity of (1993); B. Voigtlander, A. Zinner, and Th. Weber, Rev.
islands of this magic size. Since the sizes between the Sci. Instrum.67, 2568 (1996).

magic ones are run through faster due to the fast growth[5] U. Kéhler, L. Andersohn, and B. Dahlheimer, Appl. Phys.
of the rows, the number of such islands in a snapshot A 57, 491 (1993). _

image is lower. This leads to the minima in the island [6]1 J:A. SFFOSC'Q, and D.T. Pierce, Phys. Rev. 48, 8522_
size distribution between the magic sizes. (1994); B. Mulleret al., Phys. Rev. B54, 17858 (1996);

An island size distribution obtained in simulations is V. Bressler-Hillet al,, Phys. Rev. Lett74, 3209 (1995);
- oo T.R. Linderothet al., Phys. Rev. Lett77, 87 (1996).
shown in Fig. 1(b). The observed qualitative agreementr1 p A Mulheran and J.A. Blackman, Phys. Rev. B,
suggests that the model correctly captures the basic * 10261 (1996).
features of homoepitaxy on Si(111)X 7 reconstructed  [8] M.C. Bartelt and J. W. Evans, Phys. Rev.58, R17 359
substrate. As can be seen from the schematic image of (1996).
an island in Fig. 2(b), the magic sizes of the closed shell[9] W. Shimada and H. Tochihara, Surf. Sc311, 107
triangular islands have a size af HUCs (z > 1). The (1994).
smallest triangle, consisting of 4 HUCs, shows up as thé&l0] In previous studies of the growth of Si islands on
highest and narrowest peak in the experimental island size ~ Si(111) islands covered by the metastabfex(5) are
distribution. Also at the subsequent magic sizes of 9, 16, ~ observed occasionally. [U. Kohler, J.E. Demuth, and
and 25 HUCs maxima in the experimental island size R.J. Hamers, J. Vac. Sci. Technol. A 2860 (1989);
distributions are observed. For larger magic sizes, the A. Ichimiya, H. Nakahara, and Y. Tanaka, J. Cryst
g g ;

. . Growth 163 39 (1996)]. The presence of a phase shift
number of observed islands is too low to resolve peaks ponveen the X 5) reconstruction and the7(x 7)

clearly. In contrast, it is possible to distinguish even the  gypstrate reconstruction would modify the growth mode.

peak ata* = 64 in simulations, Fig. 1(b). Here the growth conditions are chosen to obtdinx(7)

Note, however, that the “magic” peaks are more broad-  reconstructed islands.
ened in experiment because growth of rows in reality ig11] M. Schroeder and D.E. Wolf, Phys. Rev. Leff4,
more complicated. The rows can get pinned by defects 2062 (1995); D.E. Wolf, inScale Invariance, Interfaces,
and, in addition, nucleation on top of existing islands may  and Non-Equilibrium Dynamicsedited by A. McKane,

In conclusion, our results demonstrate that islands of __ Yo'k, 1995),p.215. L
magic sizes can occur not only due to their energetically-2) Transport of material in units of HUCs is a simplification
stable configurations [3] but also due to growth kinetics dictated by the logic of our simulation model, The key

. . - . ) processes for growth of epitaxial islands take place at
The Slj'rface reconstructlon of S'(;Lll) is responsible for island edges and thus it is possible to make simplifications
the existence of a nucleation barrier to further growth of i, the description of the transport of material toward
magic islands with a closed shell structure. We believe islands. Our results are not affected by coarse graining
this to be only one example of the strong influence surface diffusion in space and time since we cannot
of surface reconstructions on the surface morphology resolve migrating adatoms and very short time scales in
evolution during epitaxial growth. our STM measurements.
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