VOLUME 89, NUMBER 23 PHYSICAL REVIEW LETTERS 2 [BCEMBER 2002

Element Specific Surface Reconstr uctionsof Islands
during Surfactant-Mediated Growth on S (111)

A. Antons? K. Schroedet, B. \bigtlander? V. Cherepano¥,R. Berger- and S. Bligef®
Hnstitut fir Festkaperforschung, Forschungszentrurilidh, D-52425 Jlich, Germany
2Institut fir Schichten und GrenZithen, Forschungszentruniliith, D-52425 Jlich, Germany

3Fachbereich Physik, Universit®Dsnabrick, D-49069 Osnabmk, Germany
(Received 30 April 2002; published 18 November 2002)

The early stages of surfactant- (As, Sb) mediated homoepitaxial growth on Si (111) are examined by
scanning tunneling microscopy and extengibenitio calculations oSi, clusters ¢ = 12). The results
reveal the different microscopic behavior of the two surfactants: On As-covered Si (111), one
exclusively finds two-dimensional islands with double-layer height which show ithe1( terrace
structure. On Sb-covered Si (111), the islands show two different reconstructions: at the rim of the
islands a [ X 1) structure appears, while in the center tk& (< +/3) terrace structure is observed.
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Surfactants (e.g., As or Sb and more recently Bi) ardant [Figs. 1(a) and 1(c)] only steps with the height of a
used to modify the growth mode in heteroepitaxy of sys-double layer are found. The surface on top of the islands as
tems with large lattice mismatch [1-4]. For t8&/Ge  well as on the terraces always shows the(1) structure.
system thick layers of Ge grow in the layer-by-layer modeOn the other hand, for Sb as surfactant (K +/3)
on Sb- or As-covered Si (111), whereas three-dimensionakconstruction is found on the terraces and on top of the
islands develop on the clean surface (Stranski-Krastanadouble-layer high two-dimensional islands [Figs. 1(b) and
mode). During epitaxy the surfactants float on top of thel(d)]. At the rim of the islands a lower lying flat area is
growing films and any deposited atom eventually has t@bserved. We assign this structure tola<(1) structure
be incorporated underneath the surfactant layer. In thevith Sb incorporated in the upper half of a double layer.
past, two limiting cases have been investigated: the strucFhe atoms are spaced so closely that atomic resolution is
ture of full layers and the kinetics of single adatoms [5—rarely obtained. The step from the terrace to the(1)

10]. It was found that surfactants reduce the surface freem appears to be a bit smaller than half of a double layer.
energy by saturating Si dangling bonds, and govern the
kinetics of single adatoms by controlling the competition
between diffusion on top of the surfactant layer and the
incorporation into the layer by exchange with a surfactant
atom. But how growth proceeds after single atom ex-
change remains unknown to date. One has to addres:
the intermediate stages, i.e., the formation of clusters
with local changes of the surface structure. One example
is the development and growth of the double-layer struc-
ture characteristic of the (111) surface.

This Letter deals exactly with these points. We show (c) <« 1x1

how the surfactant elements As and Sb act differently in 3} _3

Si (111) homoepitaxy. _By scanning tunneling microscopy g.z_ “i_f-z

(STM) we found that islands show only thé X 1) sur- = 1x1 _'5,1_

face structure for As as surfactant, whereas islands show 31/ : £

an alternating sequence ofy3 X +/3)— (1 X 1) — o of

(V3 X /3) surface structure for Sbh as surfactant. We  §——55-45 60 80 100 0 B0 100 150,
present extensivab initio calculations of the structures Horizontal position [A] Horizontal position [A]

and energies d8i, clusters which are able to explain the ) N _

double-layer growth of Si on the As-terminated surface ag G- 1. STM images of surfactant covered Si islands on Si

well as the observed alternating sequence of surfac 11): (a) with As-coverage double layer height islands are
(0]

reconstructions on the Sb-terminated surface rmed with the samel(X 1) structure as visible on the
’ terrace; (b) with Sb coverage the islands have a outer rim of

T_h_e surfactant—cove_zred surfaces were prepared by d?l— x 1) structure and a center area which 8(x /3) recon-
position of the saturation coverage of 1 monolayer (ML)gtrycted. [Image width and sample biag4 A, 1.9 V and

of As or Shaf00 °C and670 °C, respectively [5]. Figurel 184 A, —1.75 V in (a) and (b), respectively]. In (c) and (d)
shows STM images of two-dimensional Si islands grownine scans along the white lines in (a) and (b) are shown,

on the surfactant terminated surfaces. For As as surfacespectively.
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The two observed structures of the Si (111) surfacepseudopotentials [17] of the Kleinman-Bylander form
covered with 1 ML of surfactant (As, Sb) are shown in[18], a plane-wave basis set for the wave functions, and
Fig. 2. In the (111) direction the diamond structure ofiterative diagonalization schemes [19,20] for the eigen-
Si exhibits a sequence of double layers separated by value problem. Force calculations combined with molecu-
nearest-neighbor (NN) distance. The two layers within dar relaxation are used to determine the minimum energy
double layer are separated b§3 of a NN distance. Inthe configurations and the reaction pathways [21]. The
(1 X 1) structure the surfactant atoms are sitting substitusurfactant-covered surface is simulated by a repeated
tionally in the upper layer of the terminating double layerslab model consisting of six atomic Si (111) layers for
[Fig. 2(a)]. In the ¢/3 X +/3) structure the surfactant the (I X 1) surface structures in an inversion symmetric
atoms sit on top of a complete Si double layer, formingarrangement [and eight layers for thg3(x +/3) struc-
T4-centered trimers [Fig. 2(b)]. These structures werdures], 1 ML surfactant on each Si surface, and one
found to be the equilibrium structures for 1 ML As and adatom or adatom cluster, respectively, on each surfactant
Sb, respectively, on Si (111) at room temperature [11,12]layer. The surfaces were separated by a vacuum equivalent
and also the most stable structurediyinitio calculations to eight atomic Si layers. The adatom clusters on
[6]. Both structures saturate all Si dangling bonds andi(111):As were modeled using a4 (x 4) lateral cell,
show threefold coordination of the group-V elements,and for Si(111):Sb we used a 3v/3 X 3+/3) lateral cell
leaving one doubly occupied dangling bond on eachwith up to 294 atoms in the supercell because of the larger
group-V atom. With respect to the full double layer therecluster sizes considered. We used fdr points in the
are two significantly different symmetric adsorption surface Brillouin zone and a cutoff energy of 13.69 Ry for
sites: H3 sites above the middle of the sixfold rings andhe plane-wave basis set [22]. The symmetry-unrestricted
T4 sites above the atoms of the lower half layer. geometry optimization includes all atoms except those of

In order to understand the experimentally observedhe two innermost atomic layers of the slab. To establish
growth behavior the following questions have to be ad-minimum energy configurations we converged the forces
dressed: (i) Why is double-layer growth favored com-acting on the atoms to less th@nl mRy/a.u.
pared to single-layer growth ofi(111):As(1 X 1); at We have investigated the structures and energies of
what cluster size does it start? (ii) Why is double-layersmall surfactant-coverefli, clusters of substitutionally
growth not possible 08i(111):Sb(1 X 1); when does the incorporated Si atoms for = 4 on the ( X 1) surfaces
cluster sequence start to deviate from thaBai11):As? and n = 12 on the §/3 X +/3) Si(111):Sb surface. No
(iii) Why is double-layer growth not possible on additional surfactant atoms were taken into account to
Si(111):Sb(+/3 X +/3); what determines the minimum decorate the clusters. For each cluster size we constructed
size of the ( X 1) islands before second-layer Sb trimersseveral starting configurations with the condition that
can start to grow (geometry, energy, or kinetics)? Si dangling bonds were avoided if possible. The final

We have calculated the relevant structures and energiesnfigurations were obtained by free relaxation of the
which govern the Si cluster growth on surfactant-coverednitial structures. In total we investigated more than 50
Si (111) usingab initio density functional theory. The different clusters. The binding energies for the most stable
calculations have been carried out with thetcompp  Si, clusters on the (As, Sb)-coveretl X 1) surface are
code (Electronic Structure Code for Materials Properplotted versus the cluster size in Fig. 3. The atomic con-
ties and Processes, Forschungszentrutichju1999) figurations are shown as insets. In the following we dis-
[13], a parallelizedab initio molecular dynamics pro- cuss the growth sequence of Si clusters first on the As
gram in the spirit of Car and Parrinello [14]. It is basedand Sb-terminated1(X 1) surfaces, and then on the
on the local density approximation (LDA) [15] to the den- Sh-terminated+(3 X /3) surface.
sity functional theory (DFT) [16], norm-conserving (i) On Si(111):As(1 X 1) we find that the most stable
structures are compact clusters whose energies decrease
monotonically with the number of incorporated Si atoms.
Generally, the shown clusters are stabilized by the satu-
ration of bonds. For all clusters in which the Si atoms sit
on sites with a tetrahedral neighborhood the binding
energy is particularly large. The most stable Si dimer
shown consists of two neighboring substitutional Si
atoms, and the replaced As atoms form &) bridge

(a) between the Si atoms. In the stable Si trimer the three
FIG. 2. Equilibrium surface structures of surfactant-covereofncorpOrated Si atoms_ar(_a Iocate_d at nelghborlng sites
Si (111) (light spheres: Si, dark spheres: As, Sb): (a) the () " the As Iaye_r, constituting a triangle which locally
structure, the As, Sb atoms constitute the upper layer of thé0mpletes a Si double layer, and the three replaced As

terminating double layer; (b) the/g X +/3) structure, the As, atomsform aT4-centered trimer on top of the Siatoms. In
Sb atoms form T4-centered trimers on top of a full Si doublethe most stabl8i, cluster the fourth Si atom replaces one

layer. of the As atoms of the trimer and lifts it to a nearly ideal
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O — ' As & (1x1) islands as is experimentally observed at low
1 -84 8b —&— | growth temperaturesT(= 500 °C). At the growth tem-
189 . perature 0670 °C, for which the STM image is shown in
=, ; SR o o e Fig. 1, the Sb trimers form a compagf3 X +/3) structure.
- e \"bﬂ“_' "k,‘"a.-" In our opinion, the different clustering behavior on
‘.;“3 *’\‘ Nt o ' As and Sb-covered Si (111) has the same origin as the
;‘_4 P &y ool different equilibrium surface structures. It is due to a
= L P subtle balance between the bond strengths of surfactant-
| ® - s . .
5t & r-“'ih * surfactant, surfact_ant-Sl and Sl-S_l bonds in a given
O § ° N geometry. The decisive parameter is the covalent radius
6 r\"g..f — N\2.80 4015 of the surfactant atoms which determines the necessary
, : -2.63 0.6:4 bond angle adjustment and local strain.
i 1 2 3 4 (i) To study the growth sequence on the
cluster size Si(111):Sb(+/3 X +/3) terrace structure we have calculated

the structures and energies o#X 1) Si, clusters contain-
_ ing up to 12 additional substitutionally incorporated Si

Ealls) forn =14 on (As, Sh)-coveredi(111)(1 X 1) during at?)ms. Because of the openness of téé X \/§I; struc-

omoepitaxy (Si: gray balls; As, Sb: red balls). Plotted are thet th | ipilities h the sinale |
calculated energieB!, — nE(SiH3) which are gained by form- ure there are several possibilities how the single layer
ing aSi, cluster fromn single Si adatoms in the H3 position on (1 X 1) clusters could grow. In addition, the incorporation
top of the surfactant layer. The listed energies (in eV) are th®f Si adatoms in the second layer on top of thex(1)
differencesAE® = E® — E"~V — EO) gained by forming a  clusters is addressed, which leads to the nucleation of Sb
Si, cluster from aSi, — 1 cluster plus a single incorporated trimers on a locally complete Si double layer above the
Si atom. Si(111):As (red lines): The energies monotonically terrace and the development of a neyB (< +/3) surface.
decrease up ta = 4, the 4th Si atom is attached to the As The results are summarized in Fig. 4 which shows the

trimer. Si(111):Sb (blue lines): The energies decrease up to(] x 1) Sij, cluster as an inset. The numbers indicate the
n =3, butAEW is positive. The forth Si atom is not attached to

the Sb trimer.

FIG. 3 (color). Development of smal$i, clusters (yellow

T 17 T 17T T T T T T T

* ® 1x1-clusters _|
% Xplus 2nd layer at|
)\

position in the upper layer of the next double layer above 01
the terrace, while the fourth Si atom sits in the lower

layer. Although a Si dangling bond appears, this attach-
ment is energetically favorable compared to an isolated
Si-As exchange on the As-covered terrace. Thus, this
cluster of four exchanged Si atoms (containing three As
atoms) is the nucleus for the double layer islands observed
in experiments. Our proposal is that the growth beyond
the tetramer proceeds by replacing the remaining two As
atoms at the corners of the trimer with Si atoms, lifting

AR i&'(‘l;layer

Energy gain of Si—clusters (eV)

these As atoms also up to the next higher layer. To saturate bulk . |
the Si dangling bonds additional As atoms are required. , N
To avoid burying As atoms below the growing cluster L N
further growth has to proceed by increasing the base of e L
the cluster: Si adatoms are incorporated on the terrace by 0 > 10

exchange with the As atoms next to the existing cluster. Cluster size

(if) On Si(111):Sb(1 X 1) the Si cluster formation Up FiG. 4 (color). Development of smasi, clusters ¢ = 1-12)
to n =3 follows the same sequence as for As cover-on Sp-covered Si (111} X +/3) during homoepitaxy. Plotted
age. But then, the fourth Si atom is more favorablyare the calculated energies (full points), — nE; gained by
exchanged on the Sh-covered terrace rather than attach&dming an Sb-covere8i, cluster with ( X 1) surface struc-
to the existing Sb trimer. It serves as a nucleation centeure fromn single incorporated Si atoms. The dot-dashed lines
for a new Sb trimer on top of a complete Si double layerconnect the calculated energies (full stars) when additional (up
Si(111):Sb(1 X 1) cannot proceed, in contrast to the As- Si; cluster; magenta: on top ofS, cluster. The dotted lines are

: : : the energies obtained when each atom in a cluster would gain
e o e S7ihe ey per st of a 1 ayer o e 3 )
gy g p y %i(lll):Sb surface (green), and of the Si bulk (blue), respec-

not very different from the energy per Sb trimer in the ey The inset shows the structure of t8i, (1 X 1) cluster

Si(111):Sb surface with {/3 X +/3) structure. Thus, we (numbered atoms, yellow Si, red Sb). The numbers indicate the
expect a structure of scattered Sb trimers on top of theequence of attachment.
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attachment sequence of the Si adatoms (yellow) whiclib) there is a nucleation barrier for 2nd layer trimer
have replaced the Sb atoms (red) with the correspondingrowth. This explains the observetd X 1) rim at all Si
numbers by an exchange reaction. Taking into account thislands on Sb-covered Si (111).

lowest energy configurations of the clusters we find that We would like to thank the BMBF-\erbundprojekt 22,
growth on the {/3 X /3) surface proceeds as follows: Halbleitergrenzflahen: Morphologie und elektronische
(&) The replaced Sb atoms sit on an H3 site above thEigenschaften, for financial support.

trimer layer and always bind to the incorporated Si atom
and to the two atoms forming the edge of the adjacent
trimer, irrespective of the type of atoms sitting there (Si
or Sh). Already one incorporated Si atom establishes an
element of a [ X 1) Sb-covered double layer [23]. This [q]
can, e.g., be seen in the inset of Fig. 4 for the Si-Sb pairs
numbered 1 and 2, respectively. (b) Threefold rings cen- [2]
tered at the empty T4 sites of the/x +/3) structure
(e.g., pairs 1-3) are completed to maximize the total [3]
number of bonds of Sb atoms in the upper layer to Si
atoms in the lower layer and vice versa. (c) To incorporate
Siatoms in the second layer above the terrace a nucleation
barrier of the order of 1.0 eV [see Fig. 4, energy difference [5]
for incorporating the first Si in the second layer rather
than enlarging thel(X 1) cluster by one] has to be over- 6
come. But, the calculated energies for forming a complete [7]
Sb trimer in the second layer on & X 1) Si, cluster
[establishing the nucleus for double-layer growth on the [8]
(\/3 X +/3) terrace] are lower by about 0.5 eV compared to [9]
the energies of th8i, + 3 cluster with ( X 1) structure.
This is demonstrated in Fig. 4, where the energies ofl10]
incorporating 1, 2, and 3 Si atoms in the second layer
(stars) are compared to the energies gained by increasinbu]
the (1 X 1) cluster, starting from &i; cluster and &ig

; . (12]
cluster, respectively. For th8i; cluster the Sb atoms
labeled 1, 2, and 3 in Fig. 4 are replaced successively[13]
this yields an incorrectly H3-centered Sb trimer. For the
Sig cluster the Sh atoms 2, 3, and 5 [which are in an ideal
(1 X 1) environment] are replaced; this yields a correctly
T4-centered Sb trimer. (d) No additional Sb atoms are[14]
required to saturate any exposed Si dangling bonds. The
growth always can proceed with fully saturated bonds:[15]
four neighbors for each Si atom and three neighbors for Stf16
atoms [except for incomplete Sb trimers on tHex(1) ]
islands].

In conclusion, the different growth behavior for homo-
epitaxy on As- and Sb-covered Si (111) found in experi-
ments can be understood on the basis of the calculationggj
presented. (i) The calculated formation energies of singlg20]
Si, clusters onSi(111):As(1 X 1) confirm the result
known for full layers: As trimers on top of a Si double
layer are less favorable than incorporated As atoms[21]
Double-layer growth starts already at a cluster size of
four Siatoms. (ii) On the other hand, 8i(111):Sb(1 X 1)
individual Sb trimers grow on top of a locally completed [22]
Si double layer nucleating the more favorabl& (< +/3)
structure by single layer growth. (iii) From the energies of
clusters on th&i(111):Sb(+/3 X +/3) terrace structure one
can conclude that double-layer growth is inhibited for
two reasons: (a) sufficiently largé & 1) cluster have to  [23]
be established to support (new) T4-centered Sb trimers;
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