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Stacking-fault model for the Si(111)-(?x 7) surface
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We propose a model for the geometric structure of the Si(111)-(7&7) surface based on a stacking fault

in the surface layers. The model quantitatively accounts for existing ion-channeling data. Additional evi-

dence for the stacking fault is given by constant-momentum-transfer averaged low-energy electron-

diffraction data. A specific class of superlattice structures is suggested by the occurrence of two nearly

equivalent stacking sequences having triangular symmetry.

The Si(111)-(7x7) surface is probably the most studied
of the reconstructed surfaces of semiconductors. However,
the structural results from ion channeling both on this sur-
face'~ and on the laser annealed "(1x 1)" surface2 remain
to be reconciled with other surface models. Ion-channeling
measurements of the surface peak (SP) for normal in-

cidence yield a result expected for a nearly bulklike surface,
while for non-normal incidence the SP is larger than the ex-
pected bulklike result by nearly two full monolayers. This
has been interpreted as two full monolayers that are dis-

placed at least 0.4 A perpendicular to the surface but are
displaced less than 0.15 A parallel to the surface. '2 Such a

structure has a large change in bond length that is chemical-

ly unreasonable, and we propose a new stacking-fault model
that quantitatively accounts for the ion scattering data. The
proposed structure is chemically much more appealing since
no change in bond length is required. We present additional
evidence for this type of reconstruction based on constant-
momentum-transfer averaged (CMTA) low-energy
electron-diffraction intensity profiles of the integral order
reflections. A specific model for the Si(111)-(7x7) super-
lattice is suggested by the occurrence of two nearly
equivalent stacking sequences.

Various stacking models of Si are shown in Fig. 1, which
illustrates a side view of atomic positions in the (110) plane
and the relevant channeling directions. The atom layers are
labeled to elucidate the stacking sequence which is cubic

AaBbCcAa. B in the nonfaulted structure [Fig. 1(a)]. Fig-
ure 1(b) illustrates a fault between the first and second
layers. . .AaBbCcAa ~C, and Figs. 1(c) and 1(d) illustrate a

fault between the third and fourth layers, i.e.,
. . .AaBbCc]BbC and. . .AaBbCc]Bb~A. These two latter
models correspond to an intrinsic fault and a twin stacking
fault, respectively. ' It is immediately clear that such models
are qualitatively in agreement with the ion-channeling data.
In the absence of thermal motion, incidence in the normal
direction corresponds to scattering from three monolayers of
atoms (not necessarily the top three) for all four stacking
sequences, including the bulk structure. However, for in-

cidence in the [001] or [111]channeling direction the fault-
ed models yield one to three extra monolayers of atoms
visible to the beam.

A quantitative comparison of the ion scattering data re-
quires a calculation of the surface peak, including thermal
vibrations. In Table I we show the results of quantitative
estimates of the surface peaks in different geometries. In
the single alignment cases the calculations were carried out
via numerical simulations with the use of a bulk vibration
amplitude (u„=0.078 A) and two-body thermal vibration

correlation coefficients. In the double alignment configura-
tion, the values were estimated from a simple two-atom
configuration for proton scattering and did not include the
effects of the correlation. Also shown in Table I are the ex-
perimental results of Tromp et al. for 98-keV H+ scattering
and of Culbertson, Feldman, and Silverman for 200-keV
He+ scattering. Note that because of the Z~/E scaling of
the surface peak, ' these two scattering situations are essen-
tially equivalent.

For [111]channeling all stacking models give a calculated
surface peak that is close to the bulklike value. The small
difference between models is due to a change in the atom
spacing along the [111]strings. For [001] channeling there
is an excess surface peak of 0.49, 1.17, and 1.50 atoms per
row for the three mode1s, respectively. This is equivalent to
0.98, 2.34, and 3.0 displaced monolayers since 1 atom per
row corresponds to two monolayers for [001] channeling.
The number of calculated excess monolayers is close to that
expected from a simple inspection of Fig. 1. In the case of
model. . .BbC [see Fig. 1(c)] the first displaced layer sha-
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FIG. 1. Stacking sequence of atom layers for the bulk structure
(upper left) and different faulted configurations in a side view of
the (110) plane for a Si(111) surface. The models are denoted by
their stacking sequence starting with the ninth layer into the bulk:
(a) bulklike structure . . AaBbCcAaB; (b) . . AaBbC. cAa ~C; (c).

AaBbCe ~lBbC; (d). .. AaBbCc]Bb lA. A. lso shown are the chan-

neling directions for the incident beam. The dashed line in 1(c)
denotes that the displaced atoms form a string which is aligned with

the incident direction.

28 3656



28 K NG-FAULT MoDEL FOR THE Si(111) (

peak

) SURFACE

«U

TABLE I S f
faults.

ace (atom (ms row) ulations fo S'j 111)-(1x1) in 1 ing of stack'c ing

3657

irectiona

(Bulk)
~ .Agg

[ ig 1(a)]

1.48

Model

.Aa fc
[Fig. 1(b)]

l&bC

[ ig 1(c)]
. lab)a

[Fig 1 (d) )

1.55

[QQ1]

1.58

1,41

1.47

1.9p

[111]
[111]
[ 01] + [111]

2.58

1,52

0.6p

0.9p

2,91

2.42 2.9p
o.83
1.81

3.71
1.2p

1.87

a

b
The subs cripts c and b

From Ref 1.
b indicate ch

'
a

C

~ ~

b c annelin a

From Ref. 2

c
'

g and blockin d' s r

~ ~

a ing directions rin d s, respectivel .Y.

EXpt

1.77+ p p9b

1.7+ p lc

2.75+Q14b
2.6+ p lc

3.7+Q 3c

1.0+Q 05c

1.8+ p Ipc

dows the th' d pir dis 1
'

g contribution fr ir layer th
direction h

quires the m ore corn 1

and vibrat ional am
en depend s on

channeling 1

1 1

the excess f k d 01 3

gion
d

of overlap N ot
e two bod

1Sat there
'

ependence d
ho i h

a r

e incident
bertson et I

r i the . .
a. which

'
ergy-

. BbCmod 1
' '

te Fig 1(c . 'et e

b
ar assignment diffi

place
are for th '77x7

icult. Fur

) surface. A sma
odel (7x7) s f

1

a corre-

ly '" 1"n 'h
e o t thatastack

""""'
t

hihh

dditional eviden

omain -(1 x 1) sam-

surface la er

symme

gy
) which

'
mtx

h 1

MTA r

F'g 2

ata are i

, (10), and (0
te exe'

e with single sc
o has been succes

h h

s e positions of CMT
g is clearly

a F up collector and f
ove

'
ce angles 0 -30'

our-circle on'

The (hkl) lab els on each

(533)
I

(644)
I

(755) (866)
i

(&0)

(442)
i

( 553)
i

( 664)
I

(7&5)
i

( 886)
I

I

(oo)

14

FIG. 2. Intensit

s~(K~)
tensity profiles for lo

X7) avera
or low-ener gv

g s 0-30'. Tan le

stant
i ra

b1k k
~ over

s are indicated b
ice rods.

panel of Fig. 2
'

g po
e 10) and (01) b

h

e bulk

, respectiv 1 .
beam h

'
y

o 112]

aving onlyy perpendicular rnar momentum



3658 BENNETT, FELDMAN, KUK, McRAE, AND ROWE 28

transfer, is sensitive only to atomic displacements perpen-
dicular to the surface. The intensity profile of this beam
looks very bulklike, the peak maxima correspond to con-
structive interference between double layers, and their width

indicates that only three to four double layers contribute ap-
preciable intensity. Shoulders on the (444) and (555) peaks
may indicate a small vertical relaxation such as a slight
buckling, but the averaged profile is consistent with a nearly
bulklike sequence of vertical distances. The bulk diamond
structure factor differs from the fcc structure factor result-
ing in a modulation of peak intensities which extinguishes
every fourth reflection; but this extinction rule appears not
to hold for Si(111). For the nonspecular reflections (10)
and (01), peaks are again present near their calculated posi-
tions, but, in addition, there are definite secondary peaks at
the positions of the bulk reflections for the opposite beam.
Stated simply, there is a mixed cubic-hexagonal symmetry
of the (01) and (10) beam LEED pattern rather than the
expected bulklike cubic threefold rotational symmetry. This
mixing of (01) and (10) reflections is particularly apparent
on the (10) beam for the peaks near Sq=7 and 13 A
The mixing is less apparent on the (01) beam yet still

present, particularly near Sq ——11 A '. Such secondary
structure in the intensity profiles can result from a stacking
fault in the surface layers, since the fault topology is

equivalent to a 180' azimuthal rotation which changes the
rotational symmetry from threefold towards sixfold. The
apparent unequal mixing of the beams is due to a modula-
tion of peak intensities arising from interference within the
double layer. From the peak positions alone we cannot dis-
tinguish the (1 x 1) models under discussion. Although cal-
culated kinematic profiles of a faulted structure of three
layers [see Fig. 1(c)] gives too much intensity in the mixed
reflections, there is no doubt that a faulted selvedge model
explains the symmetry of the CMTA data. The appearance
of similar secondary structure in previous LEED measure-
ments of the laser annealed (1x 1) has been interpreted by
full dynamical LEED theory in terms of vertical relaxation,—0.2 A, primarily in the first layer. s This proposed struc-
ture is not in quantitative agreement with the ion scattering
data, and the point here is that a faulted model can explain
both LEED and ion scattering data.

The possibility that this new concept of noncubic stacking
in the selvedge could lead to models of (7x 7) superlattices
with two triangular domains has not gone unnoticed since
this is consistent with previous work. The energy involved
in faulting an otherwise undisturbed surface layer is un-
doubtably small' since the first- and second-neighbor coor-
dination is unchanged. " Since the structures in Figs. 1(c)
and 1(d) are equivalent within the limits of the model for
ion channeling, we propose a new class of superlattice struc-

tures where the (7x 7) unit cell is divided into two equal
triangles with different stacking. This results in triangles
with perimeters having near-neighbor top-layer atoms that
could be m bonded or dimerized. The growth of this struc-
ture from the cleaved (2 x 1) surface could proceed by a tri-
angular network of (112)-type shear displacements pro-
pagating from the linear (2x 1) chains; this would also
serve to relieve the residual strain of the cleaved surface.
The detailed configuration of the (7 x 7) superlattice cannot
be determined from the experimental results presented
here; and hence a complete (7x 7) picture is not appropri-
ate here. Blocking effects reported by Tromp" from simu-
lations of a (1 x 1) surface are also expected to be much
weaker on a (7x 7) surface with additional displaced atoms
and three domain orientations.

Three recent experiments can be related to this type of
stacking-fault model and resulting superlattice. Physisorp-
tion experiments with inert gas atoms on this surface find a
single adsorbtion site in the (7x 7) unit cell whose binding
energy requires first-neighbor interactions with many more
silicon atoms than provided by single vacancies, steps, or
other models so far proposed. " A vertex hole due to de-
tails of matching bonds provides such a site. The tunneling
microscope experiment also finds a deep hole and 12 strong
maxima in the unit cell. ' The interpretation of this corru-
gation pattern is currently under discussion; however, the
triangular subunit structure is clearly displayed, and the hole
might be due to edge and vertex matching conditions. Last-
ly, the deposition of thin layers of nickel on Si(111)-(7x7)
results in near-perfect epitaxial growth of silicides that are
rotated 180' with respect to that expected from a lattice-
matched growth on a truncated bulk surface. " A natural
explanation for this is that the surface of the substrate, or
part of it, is already rotated corresponding to the stacking
faults discussed above.

In summary, we have shown that a new concept, a
stacking-fault selvedge region, is consistent with ion chan-
neling and LEED rotational symmetry experiments. This
concept, coupled with the previous idea of triangular
domains, leads to a new surface structure which displays
many of the properties observed in recent physisorption ex-
periments, real-space studies with the tunneling microscope,
and epitaxial silicide orientation results.
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