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Auger-electron diffraction in the low kinetic-energy range: The Si(111)7X 7 surface reconstruction
and Ge/Si interface formation
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We have investigated the Auger-electron diIII'raction (AED) of the I.2 3 VV Auger line of the clean 7X 7
reconstructed Si(111)surface and the Ge/Si interface formed after a few monolayers (ML) of Ge deposi-
tion. The experimental AED in the low kinetic-energy regime has been interpreted within the frame-
work of a multiple-scattering theory. The comparison of the AED data taken using both the x-ray
source and an electron source evidences that the incident beam plays a negligible role when the experi-
mental conditions require the use of an angular detector. The evolution of the Ge/Si(111) interface is
studied by monitoring the intensity anisotropy of the Auger peaks of the two elements at room tempera-
ture (RT) and at 400'C annealing temperature of the substrate. The evolution of the growth mechanism
underlying the Ge/Si interface formation has been studied by exploiting the very low electron escape

0
depth of this technique ( 5 A). While at RT two monolayers of Ge deposition appear uniform and
amorphous, the successive annealing induces an intermixing and a recrystallization only in the first two
layers of the interface without any further interdiftusion. Furthermore, a Stranski-Krastanow growth
mode has been deduced after deposition of 4 ML of Ge on a clean Si sample kept at 400'C.

I. INTRDDUCTIQN

Auger spectroscopy is the most currently used tech-
nique to obtain information on the chemical composition
of surfaces and interfaces within a depth of a few atomic
layers. ' Furthermore, to obtain detailed information on
the electronic properties of the investigated surface, the
line shape of the Auger peak is analyzed in terms of filled
density of states and correlation efFects. More recently
this technique assumed a supplementary utility when the
intensities of the Auger lines as a function of the polar
and/or azimuth angle of the oriented sample are record-
ed in order to investigate the local-range order of sur-
faces. The Auger peak angular anisotropy or Auger-
electron diffraction (AED) has, essentially, the same ori-
gin as that accompanying the core-level photoemission
diffraction spectra ' (XPD). Simple kinematic-scattering
theory can account for the observed anisotropy rather
well at high kinetic energy. This gives rise, in the solid,
to characteristic maxima along the directions with
highest atomic density. '

Despite the great technological interest in silicon sur-
faces, very few XPD studies have been reported and,
within our knowledge, no AED experiments have been
made in the low kinetic-energy range. The lack of experi-
mental data on such a topic is probably due to the
difhculty in defining a suitable model, which could ac-
count for the reconstruction occurring at the clean silicon
surface during the preparation of the sample. In addi-
tion, the use of an electron source in AED is not corn-
pletely assessed because of the unclear contribution of the
incident-beam difFraction to the observed anisotropy.
Concerning the last qUestion we also report AED data
for the Cu(100) in a polar-angle mode. The result of
these measurements shows that the elastic peak (1500 eV)
and the L2 3 VV (918 eV) are strictly in-phase, while the

M2 3 VV (64 eV) results are completely in antiphase, as re-
cently discussed after the analysis of XPD data. In this
way we demonstrate that, in our experimental conditions,
incident-beam efFects are negligible.

The aim of this work is to investigate —through the
anisotropic intensities of the Auger I.23VV line of the
Si(111) surface —the 7 X 7 reconstructed surface, and the
Ge/Si interface after a few monolayers of Ge deposition.
The experimenta1 data of the reconstructed surface are
compared with a theoretical model based on a multiple-
scattering approach as a function of several final-state an-
gular momenta of the outgoing electrons. Theoretical
simulation of the 1X1 (bulk-terminated) surface is com-
pared with the 7 X 7 reconstruction of the Si(111)in terms
of the DAS (dimer adatom stacking fault) model. ' The
small difFerence between the two calculations and be-
tween the simulations and the experimental data reveals
the slight efFect introduced by the 7 X 7 reconstruction on
the AED data. AED measurements are important in or-
der to confirm results obtained with those structural tech-
niques, like low-energy electron diff'raction (LEED) or
scanning tunnel microscope (STM) which, although more
sensitive to the structural details, do not have the chemi-
cal sensitivity that makes the AED at low kinetic energy
particularly useful in the understanding of the early
stages of the Ge/Si interface formation.

The paper is divided into seven sections including the
introduction for an easier explanation of the work made.
Section II describes the experimental setup of our AED
experiment. Section III reports the formalism used in the
computer simulation. Section IV is devoted to the dis-
cussion of the role played by the difFraction efFects experi-
enced by the incoming primary electron beam on the ob-
served AED anisotropy features; then, Sec. V reports the
L p 3 VV Auger measurements performed on clean Si( 1 1 1 )

and Sec. VI reports on the morphology of the Ge/Si(111)
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interface, as a function of different thermal treatments of
the substrate, for very thin overlayers. Finally, the con-
clusions are summarized in Sec. VII. L VV Si(111) 7x7

II. EXPERIMENT

The experiment was carried out in a UHV system
equipped with a LEED and with a single-pass cylindrical
mirror analyzer (CMA). LEED was used to check the
long-range crystalline nature of the investigated surface
and to correctly orient the surface. The CMA was
modified to detect the angular dependence of the energy
distribution of the outgoing electrons. A metallic screen
was put in front of the analyzer to blind 354'/360' of the
circular ring aperture. In this way, an angular detector
having an acceptance of +3' positioned at 42. 6 from the
primary electron-beam direction is obtained. A further
description of the experimental apparatus is reported in
Ref. 11. The use of a modified standard CMA as an an-
gular electron detector in photoelectron diffractio exper-
iments was originally adopted by Chambers and Swan-
SOIl.

The sample was an optically polished Si(ill) crystal
(p-type 0.1 Qcm) clamped on two rods for direct joule
heating. The atomic cleaning is obtained by a series of
successive Rashes at 1200'C. To reach such a tempera-
ture, a current of about 8 A, Bowing through the sample,
was required. For the AED experiments we have used a
primary electron beam of 1.5 keV and a peak-to-peak
modulation of 0.5 V. The signal of the electron yield dis-
tribution was detected, by a lock-in amplifier, in the first-
derivative mode dN(E)/dE. Figure 1 shows the Sii p 3 VV Auger spectrum taken after the cleaning of the
surface. Neither carbon nor oxygen were detected within
the Auger atomic sensitivity. In this way, the degree of
cleaning is estimated to be better than 0.5%%uo. Further-
more, a sharp LEED pattern of the 7 X7 reconstruction
superimposed to the 1 X 1 bulk-terminated geometry was
observed. This allows us to orient the sample according
to the [110] direction. The inset of Fig. 1 shows the
Auger spectrum of a Si(111) covered by a film of 3 A of
Ge (nominal thickness evaluated by a quartz microbal-
ance) at room temperature (RT); such a thickness corre-
sponds to about 2 ML. Along the [111]direction 1 ML
equivalent to 7.83 X 10' at/cm, corresponds to about 1.5
A. For such a coverage, a first set of AED measurements
have been performed monitoring both the Ge
Mp 3M4 ~M4 ~ (5 1 eV) and the Si Lz 3 VV (92 eV) Auger
transitions.

The effect of a different crystal orientation have been
studied repeating the same polar-angle scan after an az-
imuth rotation of about 10 . We focused our attention on
the polar-angle detection scan because this experimental
mode is more sensitive than the azimuth-angle scan to
the tetragonal strain efFects, produced by the interface
lattice mismatch, as demonstrated by Chambers and co-
workers for the interfaces Ge/GaAs(100), Ge/Si(100), '

and Cu/Ni(100). ' A second set of AED ineasurements
were performed after the 2-ML Ge/Si interface formed at
RT followed by the annealing of the sample at 400'C. Fi-
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FIG. 1. Auger signal of the Si(111)7X 7 surface after a clean-
ing procedure described in the text. The inset shows the Auger
signals due to 2 ML of germanium adsorbed on the clean silicon
surface. The AED data are obtained using the Si i.p 3 VV (92
eV) and the Ge M& 3M4, M4 ~ (51 eV) peaks.

nally, a third set of measurements were made for a 4-ML
Ge/Si interface prepared by keeping the Si substrate at
400 C during the Ge evaporation. Sizable differences, in-
duced by the three different procedures, were observed in
the AED anisotropy.

III. THEORETICAL BACKGROUND

The importance of the electron-source wave is crucial
to a full understanding of the anisotropy Auger spectra
taken at kinetic energies below 300 eV. Indeed, a strong
difference has been reported for Auger-electron
diffraction compared to the corresponding XPS core-level
diffraction. Another matter of debate is the degree of lo-
calization of the source during Auger transition involving
valence states.

We performed theoretical calculations of the angular
anisotropy of the Auger Si I.z 3 VV transition in the ap-
proximation of localization of the emission source. In
fact, we have considered for silicon (a) the relatively high
energy of the Auger transition involved due to the local-
ized nature of the Si 2p core level and (b) the role played
by both the Auger matrix element and the core-hole in-
teraction to reduce the energy width of the line shape
from the bandlike behavior of the Auger process to a
quasiatomic behavior. ' '

The AED emission rate along a k direction can be
written in the following way starting from the usual Fer-
mi golden rule
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The first sum is done over all the initial and final states
involved in the transition. In what follows, we neglect
any selection rule concerning the initial magnetic quan-
tum number operated by the direction of the incident
electron beam. This effect should introduce not more
than 5% of anisotropy. ' In the above equation, j indi-
cates the site index whereas "0" is the absorbing atom:
R o, is the difference vector R -Ro between atomic coor-
dinates. YI are real spherical harmonics.

~ is defined as

rl, 'm, l', m' t! t! G!,m, l', m't!'O, J —0 0 0 J
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with tI' the complex atomic-scattering matrix evaluated as
in Ref. 18 for atom i and wave I; 6&'~&. ~ is a suitable
propagator for the electron from site i to site j calculated
within a spherical approximation as reported in Ref. 19
in the presence of a muon-tin complex potential.

Equation (2) represents all the scattering events occur-
ring during the process of electron emission: first- and
higher-order scattering in the solid. As reported in the
literature, multiple scattering is particularly important
when emission is along low-indices crystallographic
directions of the solid. At low kinetic energy, the num-
ber of collinear atoms is greatly reduced by the low-
electron mean free path in the solid. Furthermore, the
use of a misorientation of the crystal of some degrees
from the high atomic density rows makes us more
confident about the validity of the approximation used.
The calculation has been truncated to the second term in
the above Eq. (2) and to the third term to test the
second-scattering contribution. In doing this, we have
found that when no more than two atoms are involved
along one emission direction (referring to Figs. 5 and 7),
the second-scattering perturbation is very small. The
first-scattering series resulted in a better approximation
of the full multiple-scattering series than the second-
scattering approximation. This is due to the nonconver-
gence of the series, and the absence of successive order
terms (third and fourth scattering), which introduce de-
focusing effects. On the basis of these considerations, we
conclude that a single-scattering approximation consti-
tutes a sufficiently accurate approach for the purposes of
the present work.

In Eq. (1), A/' represents the Auger matrix element
where (l, m) is the angular momentum of the emitted
electron. Evaluation of the matrix element would require
cumbersome calculation. It is possible to take advantage
of the angular-momentum conservation by the well-
known triangular relation, for the case of states with (i„
l2 13 ) angular momenta participating to the Auger tran-
sition and a (i, m) emitted electron according to the fol-

lowing selection rules

[l3 )l2 1, ~ ) —1 —/3+l2+l!

l3+l2+l, +1=(even),

mi +Pl3 =Pl2+m
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FIG. 2. Theoretical calculation of AED polar scan for four I
channels of the outgoing Auger electron of the Si(111)surface in
the approximation of single scattering and a kinetic energy of 95
eV.

In the I.z 3 VV transition of Si, the dominant character
p-p of the symmetry of the two valence-band elec-
trons' ' implies the presence of channels with final
states l =1 and 1=3 with an intensity ratio of 19/27.
Furthermore, fit calculations have been performed for
different I and the best result has been found for angular
momentum I =3.

We show, in Fig. 2, the calculation of four possible
final states for emitted Auger electron. Note that the
l = 1 (p character) has a negligible contribution to the an-
isotropy while all the other curves show a relative max-
imum at 0 polar-angle emission. Contrary to what was
found for the Cu M2 3 VV Auger anisotropy, where a dip
in the intensity at 0' emission is observed, in silicon the
initial p valence state seems not to affect the main
features due to the crystallographic structure. The same
strong dependence on the emission channel has not been
found in the AED for the Si KLL transition (not shown
in the present paper) where all the different channels give
rise to the same kind of anisotropy of the AED data.
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IV. INCIDENT BEAM EFFECTS

The real inhuence of the electron primary beam
diffraction in AED experiments and the assessment of
AED as a structural technique has been a matter of de-
bate within the surface-science community. Indeed, some
major effects due to the primary beam excitation mecha-
nism were singled out by several authors. They put em-
phasis on suitable experimental geometries to separate
the incident-beam diffraction from the genuine outgoing
electron-diffraction effects. On the other hand, many evi-
dences are also present in literature about the indepen-
dence of the excitation mechanism in AED experiments.
Chambers et al. using several angles of incidence of the
electron primary beam concluded that incident-beam
diffraction was a second-order efFect. Furthermore, corn-
parison of the electron-excited experiments with x-ray-
excited Auger diffraction showed the same polar-angle
anisotropies. On the basis of these considerations, it is
dificult to give a general rule on the degree of influence
of primary electron diffraction in AED. It has been
demonstrated by De Crescenzi et al. that the calcula-
tion of the inelastic cross section presents complex as-
pects involving a strong coupling between loss mecha-
nism and diffractiorr events, which depends both on the
electronic and structural properties of the solid. First
AED experiments on CVV (core-valence-valence) low-
kinetic-energy Auger transition were performed by
White, WoodrufF', and McDonnell. The interplay be-
tween delocalization, anisotropy of the Auger-electron
final state, and multiple scattering of the outgoing elec-
tron has been discussed. In that paper an f-like wave is
emitted from each localized atomic site and the kinetic
energy is high enough to allow a single-scattering approx-
imation.

To prove that incident-beam difFraction effects are
negligible compared to the genuine diffraction experi-
enced by the outgoing electrons, we measured the polar-
angle anisotropy of the elastic peak, the L2 3M45M45
(918 eV), and Mz 3M4 sM'5 (64 eV) of Cu(100) surface
along the [100] direction. The data reported in Fig. 3
show that, even though the LMM are on-phase with the
elastic peak, the MMM spectrum is in antiphase. Partic-
ularly at 0 polar emission angle, LMM spectrum shows a
maximum while the MMM spectrum has a minimum.
These data are in good agreement with those reported by
Greber et al. , who investigated the same surface by
means of an x-ray source in a 2m. scan and with the cal-
culation performed by Chen, Harp, and Saldin. ' The
clear antiphase effect noted between the LMM and MMM
excludes any appreciable incident-beam diffraction con-
tribution to the intensity anisotropy. Different con-
clusions are reported by Valeri and co-workers. Indeed
they observed sizable incident-beam difFraction effects us-
ing a standard CMA analyzer not screened as in our ex-
perimental conditions. Operating with an integrated
analyzer, a complete average of the outgoing diffraction
events occurs and the anisotropy observed is due to the
incident electron beam. Furthermore, the measured sig-
nal modulation was independent on the kinetic energy of
the collected electrons.
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FIG. 3. Cu(100) surface polar-angle anisotropy obtained for
the elastic (1500 eV), LMM (918 eV), and MMM (64 eV) Auger
structure.
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FIG. 4. Comparison between AED polar scan of clean
Si(111}7X7 surface along [110] direction of two independent
experiments using a primary electrons beam (crossed line) and
x-ray excitation (solid line) for the Si L2 3 VV.
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On the basis of our experimental results, we conclude
that incident-beam effects become appreciable only when
the electron analyzer acts as an integrated one. Further
evidence of the complete independence of AED from the
excitation source is given in Fig. 4 where the Auger sig-
nal excited by means of x rays is compared with the ex-
perimental data of the same Auger signal detected from
the same surface using an electron gun. Both features of
the angular anisotropy and their intensities constitute
convincing evidence of the limited relevance of the pri-
mary beam diffraction effects when the outgoing electrons
are detected by an angle-resolved analyzer.

V. CLEAN Si(111)7X7 SURFACE

In Fig. 5 we show the raw Auger-electron diffraction
data for the clean Si(ill)7X7 surface compared with
theoretical calculations. The experiment is performed
along the [110]azimuth direction. The angles are mea-
sured from the normal to the surface. The experimental
data have not been corrected by any instrumental
response function although this has been estimated to
have a trend following the cos8/cos(42' —8) function,
where 8 is the polar angle which will be considered also
with its negative values referring to the sample normal.
The factor cos(42' —8) accounts for the angle between

Si(111) 7x7
Auger LVV

0

Direction A i'
= p

0 C Q
0 D~O Q

Unfaulted
Direction A y = p'

O D G a
~ e ~~ ~ ~

the electron source and the CMA aperture. Because of
the finite size of the primary electron beam and of the
electron escape depth, the portion of solid that contrib-
utes to the emission process decreases with 0 giving the
characteristic behavior. Each dot is the measure of the
peak-to-peak Auger line electron yield detected in the
first-derivative mode dN(E)ldE. Such an experimental
method was demonstrated to have the same angular
behavior as the one obtained by measuring the area under
the Auger line transition in the N(E) spectrum. In Fig.
6 are reported the sketches of the reconstructed
Si(111)7X7 surface and the plane normal to the surface
along the [110]direction. The unfaulted and the faulted
sequence of the surface geometry are reported in Figs.
6(a) and 6(b), respectively. These sketches give particular
prominence to the atomic planes involved in the scatter-
ing events. The planes are not equivalent and are all
needed to correctly explain AED data. Indeed the inter-
nuclear pathways involving coplanar atoms are indicated
and occur at the same angles of features A, C, and D of
Fig. 5. Feature 8, which has no correspondent forward-
scattering pathway, might be attributed to the spherical
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FIG. 5. Si(111)Lz 3 VV AED polar-angle data obtained for a
7 X 7 surface oriented along the direction [110].The theoretical
calculations are made for a bulk-terminated surface (solid line)
and for a 7X7 reconstructed surface (dashed line) according to
the DAS model (Ref. 10). The features labeled A, C, D corre-
spond to the most prominent scattering pathways as shown in
Fig. 6.

FIG. 6. Schematic view of the Si(111) 7X7 surface. The
upper part of panel (a) shows the top view of the 7X7 faulted
reconstruction where the adatoms are represented as large black
balls. The direction [110]and the direction [112]are reported
as x axis and y axis, respectively. In the lower part of panel (a)
is shown a sideview of the six top layers plus the adatom layer
probed by the electron escape depth in our experiment. The
figure shows the possible scattering pathways due to ine-
quivalent planes perpendicular to the surface. All the pathways
traced contribute to the AED spectra. The letters label the
faulted stacking sequence (bed)aB according to the DAS
model Ref. 10. The gray balls represent the bulk lattice atoms
beyond the selected planes. The first atomic layer (C) is rotated
60 with respect to the unfaulted case. Panel (b) is the same as
(a) for the unfaulted case. In this case the stacking sequence is
(bcCA)a/8. Forays of atoms follow the stacking sequence of
the planes.
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nature of the scattering amplitude for the kinetic energy
used in our experiment.

The solid and the dashed curves in Fig. 5 are the
theoretical calculations: The solid curve is obtained con-
sidering a model built by six layers of a bulk-terminated
Si(111)surface. The layers involved were sufficient to ac-
count for the 5-A escape depth of the electrons having
about 100-eV kinetic energy. The dashed curve in Fig.
5, is a theoretical calculation of a cluster made of six lay-
ers with the two top layers reconstructed by means of a
simplified version of the 7 X 7 as reported by Takayanagi
et al. in terms of the DAS model. ' This implies ada-
toms on the two triangular subunits characterized by a
difFerent stacking sequence (unfaulted and faulted) as re-
ported in Fig. 6. In this model we neglect any dimeriza-
tion effect at the boundaries of the triangular units. The
experimental features A, B, and D are well reproduced by
both theoretical models; feature C seems to be better
reproduced by the model, which accounts also for the
reconstructed adatom layer. To study the effect of a
different atomic alignment, in Fig. 7 are reported the
same polar-angle measurements of Fig. 5 after an az-
imuth rotation of —10'. The solid and dashed curves of
Fig. 7 report the theoretical calculation for the bulk-
terminated and for the 7 X 7 reconstructed surface. The
internuclear directions that contribute to forward-
scattering events are indicated in Fig. 8. Even in this
case, the reconstructed model better reproduces the ex-
perimental data.

One of the goals of our experiment was to single out
the reconstruction effect on the AED data for low

Faulted
Direction (A-10 ) y = 10'

~ ~ ~0 0 0 00 0 ~0
0 0

Unfaulted

Direction (A -10 ) y = -104 ~ ~0 0 0 0e oI 00

Panel al

c
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FIG. 8. Same model as described in Fig. 6. The planes indi-
cated are those intercepted by an azimuth rotation of —10 with
respect to the [110]direction. In the lower figures, the lines be-
tween atoms indicate the possible scattering pathways involving
atoms of the first six layers probed in our experiment.

kinetic-energy Auger transition. We note that there are
only minor differences between the two theoretical curves
reported both in Fig. 5 and in Fig. 7. This suggests that
the surface reconstruction does not introduce, clearly
detectable, additional features different from those of the
bulk-terminated surface, even if the electron escape depth
is the most superficial one. The negligible efFect induced
by the surface reconstruction is interpreted as due to the
reduced contribution of the first two layers (adatoms and
first full layer) when compared with the remaining five
atomic planes used in the calculation. This is also clear
in Fig. 9 where the different contributions from the whole
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FIG. 7. Same as in Fig. 5. The AED measurements and the
theoretical calculations are performed for a surface geometry
rotated by an azimuth angle of —10 with respect to the [110]
direction.
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FIG. 9. Theoretical calculations of AED spectra involving
different silicon layers calculated for l =3. Bottom curve A is
due to the adatoms contribution. For the other curves, the
numbers indicate the sum of the nth layer plus all the previous
ones.
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cluster are reported. On the very bottom, the curve 2
represents the adatoms contribution, which has a negligi-
ble effect on the features of the entire slab. Going from
the bottom to the top, the curves reported in the figure
are the result of the ith atomic plane plus all the previous
deeper layers. Enough sensitivity to the surface recon-
struction could be achieved by a better energy-resolved
experiment and by means of surface core-level shift pho-
toelectron diffraction measurement in order to select pho-
toemission from the very first atomic layers as demon-
strated by Gota et al. Our results are in agreement with
XP0 data reported in a recent paper by Seelmann-
Eggebert et al. The authors observed that on
CdTe(110) and on GaAs(100) the assessing of surface
reconstruction is rather limited by the electron mean free
path and by the defocusing and the randomization caused
by multiple-elastic scattering. These effects are
su%ciently sizeable to reduce the necessary surface sensi-
tivity even in the case of the reconstruction involving one
atom over two per unit cell and in the case of surface re-
laxation.

VI. Ge/Si(111) INTERFACE

The study of the G-e growth on the Si substrate is main-
ly driven by the remarkable development of the electron-
ic and optoelectronic technology. Such an interest is at
the present mostly devoted to the (100) surface due to the
wide diffusion of this surface for industrial applications.
Nevertheless, eÃorts in the study of the (111) surface re-
ceived considerable attention because strained and per-
fect Ge films can be grown on Si(111) with a reduced
number of dislocations, which is essential to obtain any
type of multilayer s. A number of electronic and
structural techniques has been employed to clarify the
structure and the growth mechanism of the Ge layers.
Because of the lattice mismatch, the growth morphology
is expected to critically depend on ihe thermodynamic
conditions and on the reconstruction details.

The present work reports on Auger-electron difFraction
following the growth of a few monolayers of germanium
on the Si(111) substrate in order to check the most ac-
cepted growing models reported in literature. The pho-
toelectron diffraction technique has been used in the past
by Chambers and Loebs' and by I3iani et at'. , who
have studied the Si(100) surface covered by Ge layers us-

ing 2p and 3d core-level transitions in the XPD tech-
nique. Thus, we may consider the present work as the
first structural study of the Ge/Si(111) interface using
AED at very low kinetic energy. The full morphology of
this interface at its early stage of formation is still a
matter of debate. Indeed previous LEED data suggested
no intermixing ' while refIection high-energy electron-
diff'raction (RHEED) studies reported by Shinoda et al.
have revealed an intermixing efFect for a film deposition
occurring at T ~ 300 C. Furthermore, a great indeter-
mination exists in assessing the true morphology at the
interface induced by the strain and by the dislocation
during the interface formation. To distinguish among all
the possible interface configurations is a real puzzle, be-
cause a great number of models have the same probabili-
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FIG. 10. Comparison of the AED data for a clean
Si{111)7X7surface and for a 2 ML of Ge deposited at RT. Top
curve (a) is the polar scan of the Si L2 3 VV along the direction
[110]of the clean surface. The others two curves (b) and (c) are
obtained after the G-e deposition. The medium curve is collect-
ed fr om the Sl L 2 3 of the substrate while the lower curve is due
to the Ge Mz 3M4 &M4 5 Auger line.

ty to minimize the total energy of the surface. It has
been shown that thickness effects of the deposited Ge
plays a very critical role. For a coverage less than 6 ML,
the Ge atoms can easily intermix and exchange their po-
sitions with the Si substrate. While for thicker coverage,
exchange of Ge with Si rarely occurs favoring a three-
dimensional (3D) Ge-islands formation. Strong devia-
tion from the ideal layer-by-layer growth implies a reduc-
tion of the direct band gap created by the zone folding in
superlattices devices.

In Fig. 10 we report AED data for Ge/Si(111) interface
deposited at RT. In Fig. 10, the Si 1.23VV line of the
clean Si(111) is compared with the Ge M2 3M4 5M4 5 line
of the system formed by 2 ML of Ge deposited on the
clean substrate. Since the experimental Auger signals
have almost the same kinetic energy (51 and 91 eV), the
structural AED information is expected to be referred to
the same number of superficial layers. We observe that
the anisotropy of the Si L2 3 VV detected after the ger-
manium deposition (curve b) has peaks in the same
polar-angle position with reduced intensity if compared
to the features of the clean Si surface (curve a). On the
contrary, the germanium AED anisotropy (curve c) does
not have any significant structure in addition to the in-
strurnental response function. This indicates that at RT
the germanium deposition forms a uniform and amor-
phous film without apparent interdiffusion. We arrive at
a similar conclusion by analyzing the data taken along a
direction rotated of an angle of —10' with respect to the
[110j direction (see Fig. 11). Our data agree with the
RHEED data of Shinoda et al. , who recently measured
the structural changes of the initial growth of Ge/Si(111).
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FIG. 11. Same polar AED data as shown in Fig. 10 obtained
after a rotation of the azimuth angle of —10'. Curve (a) is the
clean Si surface while curves {b) and (c) are obtained after 2-ML
Ge deposition monitoring the Auger Si substrate and the Ge
signal, respectively.

In Fig. 12, the change of the 4.ED data for the silicon
substrate heated up to the temperature of 400'C for 10
min is reported. We note that the AED Si signal detect-
ed after the annealing (curve b) resembles very closely the
clean Si Lz 3 VV signal (curve a) because the features mea-
sured at 0 and at 40 are more enhanced with respect to
the anisotropy reported on curve b of the previous figure.
Furthermore, the signal due to the germanium (curve c)
shows a marked structure at about 40' and few other
features but no structure at all at O'. The appearance of

well-defined features on both curves is an indication of a
crystalline intermixing. Indeed the formation of a con-
tinuous Ge crystalline layer would strongly attenuate the
anisotropy features of the Si substrate, while the experi-
ment does not show any attenuation. We verified that
also in the case of the Ge MMM AED the predominance
of the l =3 channel for the outgoing electron leads to an-
gular patterns very similar to those relative to the Si
L 2 3 VV reported in Fig. 9. Thus, the growing of the con-
tinuous layers of Ge on Si should have the same trend as
that reported in Fig. 9. This means that only after the
complete formation of the third layer, we may observe
the prominent peak located at 0' emission angle. In the
reaction region, the Ge atoms substitute the Si atoms in
the crystalline lattice. This is evidenced by the similarity
of curve b with curve a of Fig. 12.

The systematic LEED inspection performed during all
the phases of the surface preparation showed the pres-
ence of the 5 X 5 pattern. This characteristic reconstruc-
tion has been studied by Becker, Golovchenko, and
Swartzentruber ' and in great detail by Kajiyama, Tan-
ishiro, and Takayanagi. They demonstrated that the
5 X 5 DAS structure is stabilized by Ge. The sites of the
adatoms and of the underlying layers are occupied par-
tially by Ge atoms. The migration of the Ge atoms into
the Si matrix allows the Aoating of Si atoms in an ordered
fashion. An agglomerated phase of Ge on the Si sub-
strate is not justified on the basis of our results. In this
condition, the Ge film leaving a large part of the sub-
strate uncovered, would justify the persistence of curve b,
but certainly not the AED spectrum shown in curve c. In
fact because of the misoriented nature of the Ge clusters,
no structures on curve c should appear. The latter is evi-
denced by several STM pictures of clusters deposited on
semiconductors where no ordered growth mode has been
reported. The coupled analysis of the Ge and Si AED
data supports an intermixing of the Ge atoms into the Si
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FIG. 12. Polar AED data as shown in Fig. 11 obtained after
annealing of the silicon substrate up to 400 C for 10 min.

FIG. 13. Polar AED data as shown in Fig. 12 obtained after
2 ML of germanium evaporated on Si(111)kept at 400'C.
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substrate. The interface reaction region is limited to
the first two layers without any further interdiffusion.

Finally, Fig. 13 shows the comparison of the AED data
obtained for 4 ML of germanium evaporated on Si(111)
substrate kept at 400'C to favor recrystallization condi-
tions at the interface. For such a procedure, a Stranski-
Krastanow (SK) growing mode is expected to occur, i.e.,
the formation of a erst continuous Cxe layer followed by
3D islands formation. ' This growing mode is suggest-
ed by the slightly smoothed AED signal shown in curve
b, which has all the structures in the same position of the
clean sihcon AED (curve a), while the anisotropy of the
Cxe signal (curve c) does not show the 0' structure. The
absence of any structure at 0' can be interpreted, on the
basis of the theoretical curves shown in Fig. 9, as the ab-
sence of any germanium interdiffusion into the substrate.
Indeed, the formation of an alloy due to an interdiffusion
would favor a Ge and Si anisotropy signal very similar to
each other. The formation of a one or two laminar Ge
layers followed by the typical clusterization of the SK
structure is strongly suggested by the present AED sig-
nals.

VII. CONCLUSIONS

%'e have reported polar-angle AED data of Si L, p 3 VV
with the aim of investigate the role of the 7 X 7 surface
reconstruction. This is done by comparing the experi-

mental AED data with a multiple-scattering calculation
taking into account both the reconstruction and the six
bulk layers probed with our technique. Incident-beam
effects were negligible in the present experimental setup
and we support the use of primary electron diffraction
AED to investigate surface morphologies. In fact, even if
this technique is not sufficiently sensitive to yield the full
geometry of such a reconstruction, its atomic selectivity
allows us to follow the process occurring at the interface.
For 2 ML of Ge deposited on clean Si substrate and after
an annealing up to 400'C, we may deduce the occurrence
of intermixing and recrystallization at the interface. The
diffusion length of the intermixing being limited to 2 ML
supports the existence of a critical thickness above which
the annealing of the silicon substrate should produce Ge
islands. Indication of a SK growth mode for 4-ML Ge
deposition may be deduced by the lack of Ge features. A
SK growth mode yields a sizable attenuation of the elec-
tron emission from the Si substrate.
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