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The average relaxation of the top layers of a germanium-atom—tagged Si(111) surface has been mea-
sured by x-ray interferometric and fluorescence methods. The results indicate a slight outward displace-
ment (~2%) of the outer layers on a (5x5) reconstructed surface relative to a perfectly terminated sil-
icon crystal surface. The results are in good quantitative agreement with atom positions predicted from
a tight-binding-based energy-minimization calculation of the dimer-adatom stacking-fault model of the

Si(111) (7x7) or (5%5) surface.

PACS numbers: 68.35.Bs, 61.10.Lx, 61.70.Ph, 68.35.Dv

A major change in attitude concerning the nature of
the equilibrium Si(111) surface has occurred over the
past few years within the surface physics community.
Studies using the powerful methods of transmission elec-
tron diffraction,"? x-ray diffraction,® and tunneling mi-
croscopy*> have yielded results that are highly consistent
with the “dimer, adatom, stacking fault (DAS)” model
of Takayanagi.! From a diffraction point of view, the
existence of three independent diffraction determinations
helps to make a convincing argument that the DAS mod-
el explains the distribution of matter parallel to the sur-
face in the (7x7) reconstruction. Reliable structural in-
formation on the distribution of surface atoms normal to
the crystal now is essential to unite theory and experi-
ment in a complete solution to this long-standing and
important surface-physics problem. Using a surface
decoration technique and x-ray standing waves in an
ultrahigh-vacuum (UHYV) environment, we have arrived
at a measure of the average distribution of surface atoms
normal to the (111) reconstructed surface. Enough con-
fidence in the DAS model has been generated to stimu-
late increasingly complex and sophisticated calculations
of the electronic structure and total energy of the sur-
face.® Results of these calculations show significant re-
laxations of the adatoms and the atoms directly below
them. We will demonstrate for the first time that there
is good quantitative agreement between theoretically
predicted atom positions normal to the surface and those
determined with x-ray standing waves.

In previous studies we have demonstrated that impuri-
ty coverages in the monolayer range can be studied accu-
rately with x-ray standing waves.”® The standing-wave
technique first pioneered by Batterman'® was later
developed into a highly accurate interferometric tech-
nique of locating both bulk!®-!? and surface atom posi-
tions.””® The standard inelastic signal used in most pre-

vious x-ray standing-wave studies has been derived from
x-ray fluorescence. The large depth from which fluores-
cent x rays emanate would normally preclude their use
as a probe for measuring surface reconstructions of
atoms of the same species as those which constitute the
bulk. We have circumvented this problem by replacing
the top layer of silicon atoms on the surface with ger-
manium atoms. The detection of secondary Ge Ka x
rays excited by the x-ray standing wave then corresponds
to a surface-specific probe. It may legitimately be ar-
gued that replacing the topmost silicon layers with a
foreign atom even of the same chemical group may signi-
ficantly alter the silicon (111) (7x7) reconstruction.
We argue here that any change in the arrangement of
atoms due to a top layer of germanium is very minor per-
turbation of the Si(7x7), for the purposes of this study.
To start with, the (7%7) reconstruction on a silicon
(111) surface is not unique; it belongs to the general
class of reconstructions (5x5), (7x7), and (9x%9), all of
which have been observed on a silicon (111) surface.!>!*
Important for our present studies is the observation that
the (7x7) reconstruction persists when monolayer
(ML) coverages of Ge are rapidly (1 ML/sec) deposited
on a silicon (111) surface.!” Indeed, though it is well
known that clean surfaces of bulk germanium show a
(2x8) reconstruction, a high rate of deposition of ger-
manium on a Si(111) (7x7) surface causes it to adopt
the (7x7) reconstruction up to film thicknesses of
500-1000 A.'3 At slower rates of deposition from ordi-
nary effusion cells (1 ML/300 sec) the closely related
(5x%5) reconstruction is observed in this study and other
investigations.'® An added argument that perturbation
due to Ge on Si(7x7) is slight is the observation that
elements not in the same chemical group drastically alter
the (7x7) reconstruction at submonolayer coverages.'”!8

The details of the x-ray part of our experiment have

© 1986 The American Physical Society 3077



VOLUME 57, NUMBER 24

PHYSICAL REVIEW LETTERS

15 DECEMBER 1986

3T T T T 17 7 rrrrrrrrr T
L (b) (b)
L POS. 1O FRAC.053 by 1
[ RT DEP +400°C ANNEAL , FLUORESCENCE 3
o [ txn ]
g v ]
> oL -
> I ]
g [ (@ ]
&% [ POS. 095 FRAC.036 1
~ [ RTDER ]
w - .
N [ ]
- - -
g - -
zr REFLECTIVITY b
o [ T—3%oont 7]
z : .
(o] TS S U SN N TN VAN T VAN SN NS A U S TN S S -
-3 -2 -l 0 I 2 3
ANGLE
FIG. 1. Reflectivity and fluorescence yield for Ge on

Si(111) surface (curve a) after room temperature deposition,
(curve b) after 400°C anneal. Solid curves are fits by dynami-
cal theory.

been reported elsewhere for a very similar nonvacuum
study of the silicon-amorphous-silicon interface.” The
main difference here is that the tedious problems of per-
forming the experiment in a UHV environment with in
situ surface preparation have been solved. Although fur-
ther work remains to be done we believe our results will
be of interest to theorists and experimentalists alike.

The silicon sample was cleaned with a Shiraki etch!®
prior to mounting in the UHV chamber. This etch has
been shown to result in a minimum amount of carbon
contamination of the sample surface which then requires
only a low-temperature heating (800-900°C) to form a
(7x7) reconstructed surface under UHV (107! torr)
conditions. After a (7x7) reconstruction was confirmed
by LEED (low-energy electron diffraction) the sample
was placed opposite a precleaned and out-gassed ger-
manium effusion cell. A monolayer (~8x10'* atoms/
cm?) of germanium was deposited on the sample over a
period of 5 min. As in earlier work’ on amorphous-
capped crystals, we will demonstrate that the germanium
atoms occupy both sublattice atom positions available on
(111) planes at the surface. Hence, 1-ML coverage
would result in an effective coverage of 3 of the silicon
surface. The coverage was determined with an Auger
spectrometer calibrated for germanium LMM sensitivity
by Rutherford backscattering. The silicon LMM line
was also monitored after deposition to verify that neither
islanding nor indiffusion accompanied the surface dop-
ing.'¢

Following a room-temperature deposition of a mono-
layer of germanium the surface was no longer observed
to produce any LEED spots at all. The first x-ray
standing-wave result reported here was taken under this
condition (Fig. 1, curve a). After a 400°C anneal a
(1x1) pattern was observed with LEED and a second
x-ray measurement (always at room temperature) was
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FIG. 2. Reflectivity and fluorescence yield for Ge on
Si(111) surface after 600°C anneal. Solid curves are fits by
dynamical theory.

taken (Fig. 1, curve b). A subsequent anneal to 600°C
resulted in a (5%5) pattern on the LEED apparatus.
This was the highest temperature that would not result
in significant diffusion of germanium into the sample or
evaporation from it. A third x-ray measurement was
taken for this preparation (Fig. 2). A final x-ray result
was obtained under ambient conditions for germanium
completely diffused in from the surface layer, yet near
enough to the surface (<1000 A) to eliminate all x-ray
extinction corrections when we interpreted the data (Fig.
3). The sequential x-ray fluorescence and Bragg reflec-
tivity results for each of the above experiments are
presented in Figs. 1-3. For good statistics the duration
of a typical x-ray standing-wave run was 16 h. However,
results obtained with poorer statistics after 6 h did not
show any significant change after the longer-duration

3 | T 1 71 T [ T T T T [ T T T T [ T T T ] T T T T | T 1 T T A
C POS. 1O FRAC 067 FLUORESCENCE E
F HEATED 900°C ]
g r 3
2r .
z r ]
|II r .
< k ]
a C -
w r -
N | .
-} o -
I |+ i
s L ]
& r REFLECTIVITY :
= r 8.8 ]
r o ]

oL O SR TN WA S SN TS VAN S N N U SN SN (NN SO SO M
-3 -2 -l 0] i 2 3

ANGLE

FIG. 3. Reflectivity and fluorescence yield for Ge diffused
into Si at 900°C for 0.5 h. Solid curves are fits by dynamical
theory.
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measurements. Neither the Auger-electron spectroscopy
(AES) or LEED pattern showed any observable change
after the standing-wave measurements.

A powerful feature of the standing-wave method, as
pointed out in Ref. 8, is that it provides a direct measure
of both amplitude and phase of the atomic-density
Fourier component being sampled, which is the (111)
component in this case. As has been customary in lattice
location studies we reference the phase of the impurity or
bulk atom-density Fourier component relative to that of
the same Fourier component of the bulk electron density.
The latter has a maximum between the closely spaced
(111) atomic planes and this position serves as our phase
reference. The phase variable for the germanium sur-
face density is labeled “POS” in the figures and this is
the phase of the impurity distribution converted into a
normalized position relative to the aforementioned refer-
ence point. The normalization is such that POS=1.0
corresponds to the first unrelaxed extrapolation of the
last silicon surface plane by one (111) period spacing
(3.14 A). Smaller values of POS correspond to an in-
wardly relaxed Fourier component and larger ones to an
outward relaxation. The amplitude of the Fourier com-
ponent is contained in the variable labeled FRAC in the
figures which stands for coherent fraction. It denotes the
fraction of the atoms that would have to be at position
POS to yield a signal of the strength observed. We now
discuss the experimental results in these terms. It will be
seen from the figures that the quality of the fluorescence
and reflection curves is quite good, in terms of both the
angular resolution and statistics. The fits to theory with
use of POS and FRAC as adjustable parameters are also
quite good with errors in these essentially orthogonal pa-
rameters of order 1%.

Right after deposition at room temperature (no an-
neal) the germanium POS value is 0.95 corresponding to
a 5% or 0.15-A surface contraction (Fig. 1, curve a).
After the 400°C anneal the contraction disappears with
POS =1.0 (Fig. 1, curve b). After annealing to 600°C
where the (5x5) reconstructions appears there is a 4%
expansion of the surface layer since POS is 1.04 = 0.01.
Shown in Fig. 2 for comparison purposes is the curve ex-
pected if the top layers of the reconstructed surface were
contracted by 0.5 A (POS=0.82). Such a value has re-
cently been reported by Durbin ez al.?° for reconstructed
untagged silicon and will be discussed below. Figure 3
shows that the diffused sample has values of POS and
FRAC of 1.0 and 0.67, respectively, in good agreement
with the values of 1.0 and 0.7 expected of bulk substitu-
tional germanium.

The experimental finding can now be tested against
current models of the (7x7) and closely related (5x5)
reconstruction. What we need is a theoretical prediction
of the Fourier components of the normal distribution of
the surface atoms. Toward this end we have used the re-
sults of a semiempirical tight-binding-based energy-

minimization calculation. To accommodate the substan-
tial energy shifts resulting from the adatom and the
atoms directly below, results of a self-consistent pseudo-
potential density-functional calculation were incorporat-
ed in the total energy calculations. For the DAS model
of the silicon (111) (7x7) surface a four-layer slab plus
the adatom layer was considered. There was a total of
249 atoms included in the calculation. Hellmann-
Feynman forces were calculated in each step of the in-
teraction process to determine the direction of motion of
atoms which would result in a lowering of the total ener-
gy. In this way results were obtained on the final
geometry of the completely relaxed DAS model for the
first three layers and for the adatom layer. The surface
energy of the completely relaxed silicon (111) (7x7)
structure was also calculated and was found to be only
2% lower than a similar calculation for the silicon (111)
(5x5) reconstruction. The overall results, whose accu-
racy may be trusted to 0.1 A, are in close agreement
with those expected from the DAS model as regards the
transverse atomic coordinates. A Fourier analysis of the
top double layer and adatom normal coordinates yields
theoretical values of POS=0.96 and FRAC=0.42 for
both (7x7) and (5%5) structures. This corresponds to a
4% or 0.12-A contraction. As far as the displacements
normal to (111) are concerned, a Fourier analysis of the
calculations yields identical POS and FRAC results for
both (7x7) and (5x5) reconstructions. This reinforces
our earlier arguments that comparisons of the normal
displacements of (7x7) with (5%5) reconstructions are
valid.

Comparison with theory is slightly complicated by the
presence of germanium rather than silicon atoms near
the surface used in the calculation. Germanium-
germanium covalent bonds lengths are 4% larger than
those for silicon-silicon bonds. Germanium-silicon bonds
are perhaps 2% larger. We may therefore expect our ex-
periments to yield a 2%-4% expansion over that expect-
ed for a silicon-terminated sample. When we take this
and the uncertainties associated with both experiment
and theory into account, the overall agreement supports
the DAS model quite well.

The recent experimental report by Durbin et al.?° that
the top double layer of a Si(111) (7x7) surface has a
mean normal surface contraction of 0.5 A is quite signi-
ficant in the context of the present report. To limit the
signal to a small depth near the surface these authors
have used the inelastic Auger channel. A number of
points concerning the difference between our experiment
and that of Durbin ez al.?® must now be addressed be-
cause they might account for the 0.5-A discrepancy be-
tween the results. First, the germanium atoms partici-
pating in the reconstruction of our surface are in the
(5x5) configuration and thus our results may not be
directly comparable with those for a (7Xx7) surface.
Both (7x7) and (5x5) surfaces have, however, recently
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been studied by tunneling microscopy?' and transmission
electron diffraction?? and appear to be essentially identi-
cal with regard to the transverse distribution of matter
except for a lateral shrinkage of the unit cell obtained,
not by a change in surface atom positions, but by a de-
crease in the number contained in the unit cell. The
transverse structure of both reconstructions can be
straightforwardly accounted for within the DAS model.?
Recent tunneling microscope measurements we have per-
formed'* on laser-annealed and partially thermal-
annealed surfaces containing both (5x5) and (7x7)
reconstructions on silicon (111) surfaces show no height
differences between the reconstructions in agreement
with the results of the calculations for the DAS models
described above, which give the same POS and FRAC
values for (5x5) and (7x7). Second, the differences
between the germanium and silicon top layers in the two
experiments might explain the discrepancy, but other
than shifting the reconstruction to the nearby (5x5),
bond-length differences of only a few percent would be
anticipated, as previously discussed.

So why do the results of Durbin et al. disagree with
those presented here? We suggest that there may be
several reasons. First, the possibility of incoherent sig-
nals, resulting from unreconstructed and disordered re-
gions of the sample, was not considered in the analysis of
those data. Such signals would constitute different frac-
tions of the two Auger signals compared in that work be-
cause of the different escape depths involved, and on the
basis of the analysis shown, mimic a surface layer con-
traction. If f, values <1 had been chosen in Eq. (1) of
Ref. 18, different values of contraction would have been
deduced. Another contribution to uncertainty comes
from the background subtraction necessary to
eliminate interfering effects of KLL Auger electrons
originating deep in the sample from the LMM Auger
peak. There are two possible contributions here, one be-
ing from LMM’s excited by KLL’s and the other simply
from KLL’s whose energy is degraded during escape
from the sample. The depth in the sample at which the
initial KLL electron is born will in both cases result in
extinction effects which also incorrectly mimic a lattice
contraction. This is because when extinction is present,
the simple theory of standing-wave effects at the surface
is no longer applicable. A more detailed theory to take
into account signals from bulk atoms such as that used
by Batterman!® invariably suppresses the yield within the
total-reflection region in a way that would be interpreted
as a contraction in the simple theory.

We conclude that for the reconstructed surface studied
here by x-ray standing-wave interferometric methods
there is at most a slight outward shift of the surface-
layer (111) Fourier component. When we take into ac-
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count simple atomic size effects associated with substitu-
tion of germanium for silicon atoms, this result is in
satisfactory agreement with and supports the DAS mod-
el for the reconstruction of Si(111) surfaces.

We are grateful to E. G. McRae and L. C. Kimerling
for critical comments.
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