PHYSICAL REVIEW B VOLUME 57, NUMBER 16 15 APRIL 1998-I

Comparative study of room- and high-temperature S{111)-(v3 xv3)R30°-Au structures using
one-beam RHEED intensity rocking-curve analysis
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The temperature dependence of the structure perpendicular to the surface/®it@-Au surface phase

has been studied using intensity rocking-curve analysis of one-beam RHEED. It has been found that the
intensity rocking curve of the surface transforms continuously as the temperature of the substrate is increased.
The transition completes at about 850 K: The rocking curve remains the same up to a temperature of about
1100 K when Au desorbtion starts. Analysis of the experimental data using dynamical one-beam calculations
shows that heating of the(v3xv3)-Au surface with domain walls leads to the formation of a new phase,
which we denotey(v3Xv3)-Au. In this paper the atomic structures perpendicular to the surface for both
phases are presented and a possible mechanism of the phase transition is dis80$68€l182608)04715-9

INTRODUCTION equipped with a RHEED apparatus, as described previdusly.
The incident electron beam energy was 10 kéwtype (P-
Since its observation in 1969, the doped, 6.54) cm Si111]) single-crystal wafers were used as

Si(111)(v3xv3)R30°-Au (simply v3-Au) structure has at- samples. The surface orientation was specified-4$ off
tracted considerable attention from both theoreticians and exhe (111) orientation. Before introduction into the UHV
perimentalists because of its interesting atomic structure anghamber, the substrates were cleaned in an acetone ultrasonic
properties. Different from most metal-induced reconstruchath. An atomically clean silicon surface was prepanesitu
tions of the Si11]) surface, the long-range order of the py direct current heating to 1500 K at pressures below
V3-Au structure is always broken up with domain walls 45 1010 Torr. After this treatment the RHEED pattern dis-
(DW's), which separate domains of commensurate phas€§iayed the % 7 structure without any features corresponding
and form a globally incommensurate structifeThe DW {5 e sic species. Gold was depositechfra W boat onto
spacing decreases continuougiom about 100 A as the S{111) 7x 7 surface kept at 870 K. The pressure during
metal coverage is increased. However,4at high temperature'éu evaporation was usually about (4—610 1 Torr and
(700-900 K, as reported by Nagaet al,” the structure of dqever exceeded10~° Torr. The deposition rate was esti-

the surface is different: The DW disappears and the perfe . .
] , ; mated to be about 0.05 ML/m{where 1 ML is defined to be
v3-Au layer covers the whole surface. In diffraction patterns7.8>< 101 cm2, the ideal density of the Gi11) pland. The

of the v3-Au surface, DW's produce diffuse rings, which : : .
surround diffraction spots at room temperafuf&T) and evoIL_Jtlon of_the surface structure during evaporation was
monitored with RHEED.

vanish at high temperaturéHT) when DW's disappedt.
This transformation is reversible and occurs under the con-

dition of fixed coverage, that iS, when an incommensurate- ONE-BEAM DYNAMICAL CALCULATIONS
commensurate phase transition takes place.

This study has been undertaken in order to compare the High-energy electrons are scattered dominantly in the for-
structure perpendicular to the surface of the RT and HTward direction by atoms. Therefore, dynamic diffraction
v3-Au phases and to understand the atomic processes thaxainly occurs in the forward direction. Using this feature, it
occur during the incommensurate-commensurate phase trai$- possible to choose an orientation of the incident beam at
sition. For atomic structure determination, the reflectionwhich electrons are diffracted mainly by lattice planes paral-
high-energy electron diffractiofRHEED) intensity rocking  lel to the surface. This diffraction condition was named the
curves(RC’s) for one-beam condition have been measuredne-beam conditiohas the main diffraction beam is simply
and analyzed by RHEED dynamical calculatii.We @ specular one. For this condition a rocking curve of the
present here the atomic structure perpendicular to the surfag@ecular reflection intensity is a function of surface normal
for the RT and HTv3-Au phases and discuss the composi-components of atomic positions, but scarcely depends on

tion and type of structural defects of both surfaces. their lateral components.
The wave function of fast electrons for the one-beam con-
EXPERIMENT dition is given by

All experiments were carried out in an ultrahigh vacuum
(UHV) system with a base pressure of<x20 1 Torr P(r)=oe(z)exp(iK-ry), (1)
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wherez andr, are surface normal and parallel components of T T T T T T
the position vector andK; is the surface parallel component
of the wave vector. Using Edq1), the Schrdinger equation
for the electrons becomes
h? d?
~om a2 @ eV e(2)=E.(2), 2 r
(2}
whereV(z) is a complex mean potential including an imagi- 5
nary potential az, E, is the surface normal component of = one-beam
the kinetic energy of incident electrons, amg 72, ande are a
the ordinary physical constants. According to the multislice ke
RHEED dynamical theor§ the transfer matriXP; at thejth %
slice is U'EJ ! five-beam
P.— T p1>(exq—|'yjAZl) 0 -
Pl 0 exd—iy-Az)) T e
1 1 1 1 1 1
MR @ o 1 2 3 4 5 6 7
Y, X))’ GLANCING ANGLE (deg)
where FIG. 1. Calculated RC's for th[321§] azimuth of the bulklike
truncated Sil11) surface. Results of the one-beam and five-beam
ni=C+y, p=l'—v;, dynamical calculations are shown with the solid and dotted lines,
respectively.
i ar Y’ i—ar Y’ for the av3-Au and yv3-Au structures with open and filled
circles, respectively.
= ’—(Zm/hZ)E Y= \/F2+(2me’ﬁ2)V(zj), It should be npted that StI’UCFL_JI’a| information-bearing fea_-
tures of the RC’s are the positions of peaks, but not their
and relative intensity. The availability of electron intensity at par-
ticular angles is also very important, i.e., features such as
Azj=2;-7 ;. peak shoulders or nonzero intensity plateau areas between

) L i i two peaks must be taken into account. That means that the

The RHEED intensity is ob}ame_d easily from products of theg g presented in Fig.(d) are the same in the 0°—2.75°
transfer matrices as described in a paper. _ region and different at angles higher thar2.75°. As one

|£thIS study the dynamical one-beam calculation for the.,, see, the 2.75° and 4° peaks have shoulders and the peak
[213] azimuth was conducted with the parameters for theyt 5.30° shifts to 5.35° whelig changes from RT to 870 K.
surface interlayer distances and atomic densities of eacfhis transformation is continuous with the temperature; the
layer. For the[213] incidence, the RC is recognized as ap- peak shoulders decrease gradually wiigincreases. In cor-
proximately the RC at the one-beam condition by the manyfesponding RHEED patterns, diffuse rings, which surround
beam dynamical calculation. Figure 1 presents RC's for thaliffraction spots and are seen clearly in Figh)3 vanish

[213] azimuth of the bulklike truncated @il1) surface. The 9gradually and disappear completely aroufig=850 K, as
results of the one-beam and five-beam dynamical calculaSeen in Fig. &), which corresponds to the temperature when
tions are shown by the solid and dotted lines, respectivelythe RC transforms into the one shown in Figa)Awith open

As one can see, the many-beam RC is very similar to onecircles. These experimental data are in agreement with the
beam RC and many-beam effects become significant gcanning tunnel microscog&TM) RHEED study of Nagao

glancing angles higher than about 5°. et al,* who reported that at high temperatuf@®0—900 K
T L L T L L
RESULTS AND DISCUSSION T,=870K ! s

Figure 2 shows the changes of the surface structure vs 5x2 X
gold deposition time at substr_ate tempera_lt_u'l"g (©of 870 K. S 9T 4 52 2 + surface
For the one-beam RC analysis Au deposition was stopped a| © Y33 investigated
24 min; the corresponding RHEED patternsTat=870 K here
and RT are shown in Figs(® and 3b), respectively. *

The notation of thexv3-Au is commonly accepted in the A S TS R S TN TP S T
literature for the RTv3-Au structure. We shall use the © 5 10 15 20 25 30
yV3-Au notation for the HTvV3-Au surface as thgv3-Au Au deposition time  (min)
one is occupied for the disordereck®-Au structure. Figure FIG. 2. Sequence of the RHEED patterns during Au deposition

4(a) shows the experimental RC’s taken[&ll?] incidence  onto the S{111)7x7 surface kept at 870 °C.
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proposed recently by Lyuksyutost all® We observed ex-
perimentally a transition into a commensurate phase from the
apparently incommensurate structure under the condition of
constant coverage as a function of increasing temperature;
thereby, according to the theoretical study by Lyuksyutov
et al,'’ the most important property of the DW evaporation
transition is experimentally verified. To our knowledge, this
phenomenon was previously reported for the Ba/Md®)
(Ref. 11 and Te/M@110 (Ref. 12 surfaces only and this is
an observation of the DW evaporation in the metall$1)
system.

The dynamical one-beam calculation for th2l3] azi-
muth was conducted with the parameters for the interlayer
distances and atomic densities of each layer for all proposed
structural modef$~1 of thev3-Au surface. The results were
compared with experimental data. We found that the conju-
gate honeycomb-chained-trimé€HCT-1) model proposed
by Ding et al!® is the only one that fits the experimental RC
for the av3-Au surface, but any one of these calculated RC’s
bear no resemblance to the experimental one fonttieAu
phase.

The calculated RC for the CHCT-1 model is shown in
Fig. 4(b) by a solid line; a dotted line shows the result of the
five-beam dynamical calculation. Our calculation revealed
that the most sensitive parameter is the Au-Si interlayer dis-
_ tance (0.56 A), which was obtained by the total-energy

FIG. 3. RHEED patterng 112] incidence of the investigated  calculatiort® and proved later by full-dynamical low-energy
surface af(a) 870 K and(b) RT. electron diffraction(LEED) intensity analysis® Any devia-
tion of the Au-Si interlayer distance from the value of

DW's disappear and the perfeei-Au layer covers the 0.56 (+0.015) A caused dramatic changes in the calculated
whole surface. We can assume that the most probable expl&C’s, which could not be corrected by modification of the
nation for theav3-Au— w3-Au phase transition is an evapo- Other parameters. The same result was reported by Quinn

ration of the DW's into a gas of pointlike defect®D’s) et al® for full-dynamical LEED intensity analysis. The fea-
tures of the CHCT-1 model such as the missing top silicon

layer and 1-ML Au coverage were found to be also very
significant for the one-beam dynamically calculation.

As one can see from the comparison of the calculated RC
for the CHCT-1 model with the experimental one, there is
not full agreement between theory and experiment, which
was also the case for the LEED intensity analy8ior the
calculated RC the positions of the 2.75°, 4°, and 5.25° peaks
and their shoulders fit the experimental data satisfactorily,

Structure of the Si(111)V3x¥3— Au Surface
RT (oV3) HT3)

INTEGRATED INTENSITY

0 1 2 3 :t é 6 7 |:| - bulk % - commensurate

incommensurate
structure structure
GLANCING ANGLE (deg) - Silayers .o - missing top - Au layers
Si layer

FIG. 4. (a) Experimental rocking curves taken [g213] inci-
dence at RTfilled circles and 870 K(open circleg, (b) the results FIG. 5. Distribution of the atomic densities in the surface par-
of the dynamical one-beaisolid line) and five-bean{dotted ling allel layers for the(a) @v3-Au and (b) yv3-Au phases. Error bars
calculations for the CHCT-1 model, arid) our fitting for av3-Au for the positions of the surface parallel layers are shown in Tables |
and yv3-Au phasegsolid and dotted lines, respectivily and Il
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TABLE |I. Distribution of the atomic densities in the surface parallel layers of the
Si(111)x(v3 Xv3)R30°-Au structurgRT). All layers are schematically shown in Fig(ak

Distance from the

Layer density

Layer bulklike surface [in Si(111)
N (4Si layey atomic density units Description
1Si bulklike+0.01 A 1 bulk
2Si bulklike+0.01 A 1 substrate
3Si —0.80+0.015 A 1 commensurate
1Au —0.24+0.015 A 1 overlayer
4Si 0.00 A 0 missing
2Au —0.03+0.015 A 0.25£0.03 domain
5Si 1.740.1A 0.67:0.03 walls

but the position of the peak at about 1° is very different. Thethe v3-Au regions even though thé3 and 5<2 structures
latter peak is very sensitive to the atomic structure of thecoexist?
surface and the coincidence of the calculated and experimen- Different from the av3-Au structure, none of the RC'’s
tal RC’s in this angle region is an important criterion for the calculated for any models proposed previously for#BeAu
Valldlw of the model. For the further flttlng of the calculated structure resembles experimenta| data for -;hphasel Our
RC to the experimental data we speculated that the additionglest fitting for this case is shown by the dotted line in Fig.
atomic density, which can be associated with domain wallsy(c) and the corresponding surface structure is presented in
exists on the top of the ordere-Au structure. Fig. 5b) and Table II. As clearly seen from the comparison

Our best f'“”_‘g is shown by the SO!'d line in F'g@' ar_1d of Tables | and I, the interlayer distances and the atomic
the corresponding surface structure is presented in k&. 5 jongities of all layers involved in the surface phase formation
grﬁcﬁaflen:bc\jlgf Bgr\:e bfgurc‘grrgﬁetgea%%mléf;?dlelig fof:ttt:gare different for both surfaces. However, in spite of how the
to the experimental data by introducing aﬁ ad>c/iitionalatomlc densities of the 38ss), 1LAUO1), 2AUG),
atomic density of Si @2Y—0.67-0.03ML) and Au and 5S{0Osg) layers are considerably different for RT and

DW Si = HT phases, the values @f;5i+ @55 and @45, 1 0,4, are the
(Opy =0.25+0.03 ML) atoms on top of the ordera®-Au  same for both phases within an accuracy*di.05 ML. The
surface. atomic densities in Table Il present thestfitting for the HT

As mentioned above, the calculated RC was very sensiy3.ay structure, but, according to our results, the redistribu-
tive to the Au coverage in the3-Au structure @3,): Fittihng  tion of Au atoms between 1Au and 2Au layers within
was impossible i3, was less than 1 ML. We believe that a +0.125 ML and Si atoms between 3Si and 5Si layers within
total Au coverage (@Au=®2‘u+iu"") of 1.25 ML is a rea- =0.178 ML does not change essentially the calculated RC'’s.
sonable value. As shown in Fig. 2, we stopped Au depositiofThis is the reason why we denoted the 3Si layer as a part of
at 24 min, i.e., 4 min after the disappearance &f5diffrac-  the surface phase, but not part of the relaxed substrate.
tion spots or when the whole surface was covered with the As is well known from the STM imagées;* DW's exist
v3-Au structure. Assuming that after 20 min of Au deposi- always on the/3-Au surface at RT and the origination of the
tion ®Au=§fu=1 ML, we can easily obtain 1.2-ML Au cov- additional atomic density is apparent for this case. For the
erage for the investigated surface, which gives us excellenyv3-Au structure the description of each atomic layer is not
agreement with the calculated value. so evident. We assume that wh&g increases the distance

It should be particularly emphasized that according to oubetween the Au and Si layergy,.s) in the commensurate
data, domain walls for this particular surface consist approxistructure increases and reaches eventually201@8 A (see
mately 1/3 of Au and 2/3 of Si atoms, which can be anTable Il) at T;~850 K. Both of these layers contain vacan-
explanation of a high concentration of the domain walls oncies: Each eighth atom is missing in the Au lay2Au) and

TABLE 1. Distribution of the atomic densities in the surface parallel layers of the
Si(111)y(v3Xv3)R30°-Au structurg(870 K). All layers are schematically shown in Fig(b}.

Distance from the Layer density

Layer bulklike surface [in Si(111)
N (4Si layey atomic density units Description
1Si bulklike+ 0.005 A 1 bulk
2Si bulklike+ 0.005 A 1 substrate
3Si —0.90+0.015 A 0.8330.178 commensurate
2Au 1.22+0.06 A 0.875-0.125 structure
1Au 0.98+0.06 A 0.375:0.125 composite
5Si 1.47:0.025 A 0.8330.178 PD’s
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each sixth atom is missing in the Si lay@Si). The position determined the structure perpendicular to the surface of the
of the additional atom density changes too: Additional Auav3-Au and yv3-Au phases using one-beam RHEED dy-
atoms (1Au) are located between 2Au and 3Si layers andnamical calculations. Our experimental data and calculation
additional Si atoms remain on top of the surface. Our recentesults show that the additional atomic density exists on both
studies indicate that atoms incorporated into the 2Au and 3Siurfaces: These atoms are assumed to be incorporated into
layers form composite PD'8 whose concentration is about DW’s on theav3-Au phase and to form PD’s in thgv3-Au

0.12 ML for these surface conditions. To prove this speculastructure.

tion the exact many-beam dynamical calculation must be
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