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Monte Carlo study of Si(111) homoepitaxy
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An attempt is made to simulate the homoepitaxial growth of(419) surface by the kinetic Monte Carlo
method in which the standard solid-on-solid model and the planar model of th&) Burface reconstruction
are used in combination. By taking account of surface reconstructions as well as atomic deposition and
migrations, it is shown that the effect of a cooperative stacking transformation is necessary for a layer growth.
[S0163-182698)00823-9

In contrast to a number of experimental studies on a
Si(111) homoepitaxy 16 there are no theoretical studies on Ho=—Jo X e(0.0(x) P00
. . . . xx'eA \{e{USFg
it, obviously because of the great complexity of its structure '

known as the dimer-adatom-stacking-fault(DAS) — Bp(x),UsO¢(x'),FST Ou(x),UsPe(x'),BK
reconstructiot! Indeed, scanning tunneling microscopy
(STM) observations have been the only accessible method to
elucidate the growth behavior at the atomic level.

In previous papers, | have proposed the four-state planar
model of the Si111) surface reconstruction, in which the which generates the US-ordered states, the FS-ordered states,

three-point discrete planar rotatgB8PDR’S were introduced aqd the bylk structures, as shown in Figéc)land Xd). In

to denote the atoms belonging to the lower half of the top_thls equation, the an_dx “summations are taken over all the
most bilayer(BL). Then, by doing the calculations with the nearest-neighbor pair 5|te§ d@n The symbole(x) denotes
state-flipping dynamics, | have investigated the properties o}‘?e state of a 3PDR at site on A and 4., denotes the

o roneckers.
the (7x7)-to-“(1x1)” phase transitiort® Here, the same The di . ;
) ; ) -adat teractioiDAl) (Refs. 21-23t
model is used to examine the growth behavior of @ Bl e dimer-adatom interactidiDAl) (Refs Bterms

. and those connecting them are drawn in Fig&)-41(h),

homoepitaxy by introducing hopping events as well. This i hich are realized, respectively, by the three-point interac-
accomplished by combining the 3PDR model with the solid-jyns as

on-solid(SO9 model® and let the latter undertake the center
force part of the interactions.

, (€

— O4(x),EsO4(x’),BK

In addition to the four states, i.e. unfaulted-stackib(p) Hi=—3,> > O4(x),DAOg(x+2,),DB
states, faulted-stackingFS) states, and two kinds of states xehiezs
that constitute dimer pairDA and DB) in Ref. 18, | am ><[5¢<x7a1.+1>,us+ 5¢(X7a1_+2)’Fs], 2

going to introduce a bulkBK) state, a vacantVC) state, and
an intermediaté¢lM) state that deposited atoms are supposeend the terms obtained by interchanging the symbols DA and
to take before being incorporated into bilayer structures. ACDB in Eq. (2). Here, the summation ovec is over single
tually, its importance to dissolve dimer rows and FS halvessites onA, while the equivalence;=a; holds for the basis
of the DAS structures were pointed out experimentally invectors such that=j(mod 3) in the summation over the
relation to the island nucleation and the step flowcrystallographic directionsi € Z3). The fact that BK states
dynamics®>~® Evidently, for these dynamics to be realized, do not appear in these summations means that when an atom
the dissociation of FS halves and dimer rows must proceesticks onto a US site that is interacting with adjacent dimers,
simultaneously, and thus atoms in the IM state must changéhe DAI's are diminished or even lost, as in reality the dimer
their states in a cooperative fashibfo accomplish this, | contractio* takes place only when adatoms are associated
will choose the atoms belonging to the lower halves of thewith dimers.
BL's of a Si(111) surface as the ingredients of the model, The small stacking energy difference between FS and US
and apply the combined model for which the algorithm usedsites is defined by adding; J; to each site, respectively.
by Maksynt® is employed. Besides, | will assume the FS  Since | will consider hopping events as well as state-
states to exist only on the topmost BL, and prohibit the oc{lipping ones, corner holes in the DAS structure must be
currence of them on underlayers. properly dealt with, as opposed to the previous studies in
In brief, all terms in the model are described in terms ofwhich the center atoms of corner holes remained on a
the states of the 3PDR’s, the basis vectrsvith i=0,1,2 lattice!® Thus, the interaction term has to be modified to
on the two-dimensional latticd shown in Figs. (a) and make the central site of a corner hole vacant, which is
1(b). The first term is achieved by

0163-1829/98/5@23)/146234)/$15.00 57 14 623 © 1998 The American Physical Society



14 624 BRIEF REPORTS 57

[i10) RHEED

\ 35x35 —

[112] l— y \ T
0.8 o
TAA)» = >_a° .07 \/ \

=
=

-
/
///
j

(7] - s,

S RS DA DB - 206 0 ‘
Sos
@ ) 204 )

—0.3 \\ e
Yy oo AA o1 ==

3 ? :
Y Y A )\ coverage(MI_:S
FIG. 2. (1-SD) plotted against the coverada monolayers

The lattice sizes are 3635 and 4% 49, the hopping length is 50,
and the critical cluster size is 17.

> < A -{ ) A Hiot=Hsost kHzppr, Where « denotes their relative

Y ), ,( Y <( )» weights. Correspondingly, the kinetic barrier for the growth
simulation is defined by-H,(X) if Hii(X)<O and zero
() f) o) (h) otherwise. Here H;.(X) is defined fromH;, by Hio

=2 c A Hiot(X) . Then, | will consider as kinetic events the
deposition of atoms, a state-flipping event, and a hopping of
an atom followed by a flipping of its own state.

X A By the STM observations, the backbonding energy of sili-
). <( con atoms on a 8&i111) surface was estimated to be
)’ ‘( 1.020 eV** However, since the atoms belonging to the upper
Y X half of a BL are also implicitly taken into account in the
) ) model, it is necessary to include their effect on the back-
@ ) bonding energy of the SOS pait,, as well to give it a

FIG. 1. Interaction terms of the Hamiltonian are displayed dia-Slightly Iarg'er value. On t.he .other har'1d, 'Chimi}/a and co-
grammatically(a) Allowed four states of the 3PDR’s, US, FS, DA, Workers estimated the activation energies of the island decay

and DB. (b) Three basis vectors used in the equatiqgosand(d) ~ and hole-filling phenomena to be around 1.5 and 1.3 eV,

locally US and FS ordered statés) and(f) DAl terms; (g) and(h)  respectively:?In contrast to the former case, these values

DAl-connecting terms(i) and(j) Corner-hole stabilizing terms. should be larger thad,,, because other interaction effects
are included in their measurements. Therefore, | will take
Jsup=1.20 eV, which is near the average value of the re-

Ha=—J, ZA % (84(x),DAOg(x+a,),DB ported ones.
xehtess At high temperatures, surface structure formation will be
X[ Op(x—a, 1) VCOp(x—a,, »).US dominated by the SOS part, and thus the coupling constant
for the lateral par,,; will give the principal contribution to
+ 8p(x—a,, ). FSOp(x-a, ). Vel T Sp(x),DBO¢(x-a),DA the surface melting temperature 1400 K. Therefore, it is
natural to set)|;;=0.12 eV.
X[5¢<X+%+1>’VC5¢<X+%+2>VFS As for the 3PDR part, the ratiak /Jo(i =1, . . . ,4) of the
is s 0 3) coefficients of the interaction terms; appropriate in pro-
¢t 1), USTe(xtg, ), VCL - ducing the (% 7) DAS structure were already knowhTo

be preciseJ, has not yet been estimated, becauseHhe
The diagrammatic representations of them are shown in Figserm in Eq.(3) takes a different form than in Ref. 18. How-
1(i) and 1j), in which the cross symbols denote the vacan-ever, this difference arises merely due to the absence of hop-
cies. ping processes in the former work, and the same valué,for
Finally, I will introduce an additional term to compensate should be applicable also to the present case. The ratios of
for unexpected contributions that may arise from thethe parameters thus used in the calculations are given by
SOS model part, because the center force tends to fill ig,/3,=4.175,3,/J,=2.450,13/3,=0.100, and J,/J,
the central site of a corner hole with an unnecessary=0.500.
atom. This compensation term is given bys Now, the only remaining unfixed parameterss In the
=2J43xeA2i e 2,(Op(x),UsT Op(x).FS Dp(x+a).DASe(x—a).DB-  previous study? it was also shown that the transition tem-
Thus, the total Hamiltonian is given by the sum of the peratureT; of the (7X7) reconstruction was given approxi-
terms explained abovghe 3PDR paitplus the SOS part as mately byJy, so thatkJo=~KkgT,, wherekg is the Boltzmann



BRIEF RE

e S S %

~t.,v‘.v,a\. ,‘o’iﬁ' -‘v‘*’v

4,.\' 'r.)-.
i
r 1

vl

»-:_»-: v.,-t v :—4 ot »4‘,{,»-:"»-:,»4, P ,M o
4,?,?,? ;4'~4'vﬁwz}n{,'t”r?\"4'Y

v,v,«:,i,>< IS TSNS

ok ot o Y,

A ’-.,4 .,:- 1 .,v.,v.,v.,v Y.,v.,v.,’- 4
N T i—., TV VLY v,.%.,v.,v‘.v‘.v‘.v‘.i— ATV P
"YVY‘VY x-" 4;!,3-,",\’,‘! P I Sk h‘h‘h‘h‘fd 3NNV
A Y.,‘r»,v 4»;!;!»,7,.? L 4‘.7», Al .,Y.,V»,v‘. AT
#w v;( £ -?"-‘i?\" f\':;‘fy 7‘4';'(;4
>-:.,v,a'- :--L-*r.,i-i * %
£

PORTS 14 625

TYTYYY

}4 ’-4, A A AL

oA o 4&» A A

;{,‘r LY Y,v,» Y

AP SRS S S s
T, L ,.v*,-l,‘r,‘r,.v,v,‘r,v,-l ,‘r,v ¥t )- S S S L] E-YV.,v,v,v,-l,,l,i-,v,‘r,nv,.-bl,
4,vvv,v,i- A el L L Y1', ,i‘ APy 4,1’,1’;(, " P VLY 3y
NN ?:Y"n ;_'i Yv,v;i‘ v, Y'rY ;:t PR >:‘ A
AL AL AL Y S ¥
% A s 5 I X X
4,:—,4,»,-{,:—,4}}:,3 A7, ; _,:—,4,;—,-4,;—,-{;1_!:— g *.
R AL e s Gt A
A ko .,i» AR AT .,v,'}.;l » TR AAN
¥ i’. 3ot Y"\J’Y“;{; Y (:i lnt :" oAy :f:f:‘
W VI Y3 oV Y"'r -r"'«r‘fv N A AN o A P
Y W v AoV IV ’--(Vvvﬁ- L2 Y}{l(‘.\' v‘.vv J}J&‘.v,» L v-t -G‘.vvi-,,g.,l--t
:—,-t‘ BN ME NN el A A Y=—J~,=— AT,
e et e ek AN A oot RTINS Yot
LRSS S ASA AT SES b E v.,h;-l.,v A A 4.,1.,1’;!.,1’.,7.,}'., o ¥ e ¥
,:,‘,VYVYV., "V *‘-‘V\,‘V" A2 ‘ﬁ' VYV;“ ";‘f VoY A - ;4
Yy T v g a0
PASAAAS A yoge «u— N For B A
LT A L S vyv;r.,v ¥ A A A A
ot }-.,-t;.- .,'“ o "y o,
Sieay Skesets i 2rieversseayess terersgel
"YVY‘,YVTVYVY,’ AR A AR AR AR ¥y "YV‘VYVYVH' AR A
BT A E S5 A T A T Y RV
AN Al VLYY i AT S R LY,
;'r.,'r.’,:t_‘ po et v‘t}:: ) Aol Al i-; . h}'r.,'r;vtivt,};vt
. . . LY, X, B,
MOV aend? S W e 0 Niovvised
A e S o M A o 0 0 TN Y, FETSES LAV ASTS NS SRS
vy .,‘va,v.,l— -4.,7.,7., ﬁ,{v.,!- v.,v - 3 .,'v’ LA e 2L "ly‘lﬂ,"',-‘( ¥
Ao v"v"v 3 A ARG AR ARARAR Vrvy
AN J??i “-r"'-r i " "-!v-r"'r" 3’;,‘55 '!7*"7 ‘Y“Y‘(ﬁi’?"-{ 4
A , 4, ?'v"v"r“'n- Pl i) Y v sty
RS A ;r,J— Ve ~t,v,.>— 7- vk Ty _}:&(
.
e oA s 4,-:,;-,4*:- Ak o -t.,l- X 4,-:,:- -:Y:- rEe -:fk,:- RES -t.,l- -(;m— PESES 4,7} o o X
4;?,1' vi,vyv‘.v 'rwf"v

l—-( . 4 v;y;;o{ b £ 'r

FIG. 3. Snapshots of simulation on($11) homoepitaxy. The latti

AN AN, AN IRAY
»,v,v,v;r,;)l, »Yv.,v,v,v < A,» P »,
Y Nﬂ‘mw— Y’--t (Y
>' 1A 4 h‘m;rﬂyvyvywmy
mvv R v‘f_»i v"‘r

AN
s»,v,wm- .
vVv\'vVv
A f"

“vvv

ce size is A919. Atoms at higher layers are depicted by darker and

larger symbols, where 3PDR’s denote US, FS, DA, and DB states, and shaded discs denote IM states. Shown is 0.40 BL.

R
TYYY

3

FIG. 4. Same as Fig. 3a) 0.70 BL, (b) 1.00 BL, and(c) 1.50
BL.

constant. Then, sincd; has been reported to be about
1100 K2* | will set kJy=kgT;=9.5x10 2

It has been shown experimentally that the complexity and
the stability of the (& 7) structure obstruct the growth.
Moreover, when atoms are deposited, the kinetic process has
been shown to proceed by first forming the clusters of IM
states and later by their transformation into US st&t@STo
accomplish this, | will introduce the interaction energies of
this state, i.e., | will denote the lateral interaction between a
pair of IM states byE};,, and its backbonding energy on a
US site byE(5 and that on a FS site bigfg, respectively.

Suppose that an atom is going to stick onto a siteith
its three substrate atoms in a plaquettexak+a,, and x
—a;. Then, the new state of an atom after a deposition or a
hopping is determined by the following ruled) If all three
substrate atoms are in the US states, then set it to be in the
US state if any one of the adjacent atoms in the same plane is
in the US or in the bulk state, and if not, set it to be in the IM
state if any one of the adjacent atoms in the same plane is in
the IM state or it is isolated(2) if some of the substrate
atoms are either in the US states or in the FS states but both
are not simultaneously present, then set it to be in the IM
state if any one of the adjacent atoms in the same plane is in
the IM state;(3) if all three substrate atoms are in the FS
states, set it to be in the IM state; at@ if none of them is
met, an atom is prohibited from sticking there. Here, due to
the bilayer character of the 3PDR’s, | will assume that no
bonding is available for an IM-state atom to prevent further
sticking of an atom on it. If the size of an IM-state cluster
exceeds a critical siz&;,, a stacking transformation takes
place and all atoms in the cluster are set to be in the US
states.

The length of the random hopping process is set to be 50,
so that the effective radius of the searching area approxi-
mately becomes equal to the linear dimension of the (7
X 7) unit cell. Then, by carrying out the calculations, | found
it appropriate to choosg,;=1.35 eV, Ejjs=1.20 eV, and

Fs=1.30 eV to produce an oscillatory behavior for the step
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density(SD) when the atomic flux and the substrate temperaible, and this property seems to play a very crucial role in the
ture are chosen to be 0.1 monolayer coverage per second agdrface growth. Actually, in the present model, it is not pos-
650 K, respectively. In Fig. 2L—SD) is plotted as a function sible to preclude an event in which an atom in a US state
of a coverage for which the hopping length is 50, &  hops around and sticks to an IM island and changes its state
=17 is used. The lattice sizes areX335 and 4% 49, where into an IM one.
the SnapShOtS of the latter are shown in FlgS 3 and 4. In summary, by the combined use of the 3PDR m%e|
Interestingly, the oscillatory behavior of the SD was seerand the SOS modéf, the kinetic growth simulation of
only whenxJ, is very close to 9.5 10~ % eV. Unfortunately,  Sj(111) homoepitaxy is performed. It is found that atop sites
however, this does not look like the ordinary BL-by-BL of a growing surface are favored for further growth. Also, it
growth behavior observed by reflection high-energy electrois found that for the bilayer step density to show the oscilla-
diffraction (RHEED) experiments and by STM tory behavior, it is necessary to choose the backbonding en-
observations:'>° Instead, it looks similar to the RHEED grgies so that the inequalityy,,= EXe<E%s holds. How-
intensity  oscillation  obtained for ~a  Gel$00 ever, this result is evidently related to the bilayer character of
heteroepitaxy” This means that atop sites of a growing sur-the 3pDR model. More importantly, the irreversibility of the
face is favored for further growth. At the same time, thiStransformation from an IM state to a US one is crucial in
island-growth behavior appeared due partly to the limitationgptaining the BL-by-BL growth mode.
of the 3PDR model, with which only the bilayer character of
the growth can be realized, and hence this discrepancy im- The author would like to thank K. Takayanagi and H.
plies that the true IM state does not possess this character. Fujino for helpful discussions, Y. Shigeta for sending his
other words, with the present model, there is no guarantearticles, and M. Blencowe and D. D. Vvedensky for reading

that the stacking transformation into the US ones is irreversthrough the manuscript.
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