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7 x 7 Reconstruction of Ge(111) Surfaces under Compressive Strain
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We have discovered a correlation between lateral compressive strain in an elemental material and
the reconstructed state of its surface. We studied continuous films of pure Ge epitaxially grown on
Si(111) substrates. The in-plane lattice parameter varies continuously with film thickness while the
surface symmetry changes from ¢2x8 to 7x7. The results indicate an important role of lateral

compressive stress in the 7 X 7 reconstruction.

PACS numbers: 68.20.+t, 61.14.Hg, 61.80.Mk, 68.55.+b

From the earliest observation of reconstruction at
semiconductor surfaces investigators have speculated
on the role of stress in the spontaneous breaking of
symmetry at a crystal surface. Recently a number of
authors have suggested mechanisms in which stress is
a driving force for surface reconstruction!~3; the most
stable reconstructed state of a surface therefore should
be determined by the amount of strain in the crystal.
A controlled experiment to demonstrate the direct in-
fluence on reconstruction of strain caused by external
stress is difficult in view of the very large forces re-
quired over the cross-sectional area of a massive crys-
tal. Thin semiconductor films, however, have been
previously shown to be highly strained when grown ep-
tiaxially on substrates of dissimilar lattice constant*;
the strain can be controlled by variation of either film
composition or thickness. We report on the use of
thickness dependence of strain to vary the lateral
compression of pure Ge films and the observation of a
remarkable transition from the normal ¢2Xx8 struc-
ture>® of annealed Ge(111) in less-strained films to
the radically different Ge(111)-7x7 structure for
more-compressed films.

The growth of epitaxial semiconductor films on a
different semiconductor substrate—a heterostructure
—is an area of intense current interest. Successful ep-
itaxy has been achieved’” in systems such as
AlGaAs/GaAs where the lattice constants of the film
and the substrate differ by less than 0.1%. More re-
cently*® there has been an increasing interest in
lattice-mismatched systems, often with the employ-
ment of alloys, where the lattice constants of the semi-
conductor pair can differ by as much as 3%. The
growth of these ‘‘strained layer’’ structures follows the
general description of the epitaxial growth process first
given by van der Merwe and co-workers.” In this
model thin layers grow pseudomorphically (with the
same in-plane lattice constant as the substrate) to a
maximum ‘‘critical’” thickness. In thicker films the
strain energy is relieved by misfit dislocations; such
films contain some residual strain but less than that as-
sociated with the maximum in the pseudomorphic
state. As the film thickness increases the average

strain decreases and the film lattice constant tends to-
wards that of the overlayer material. Strained films,
either pseudomorphic or partly relieved, can display a
variety of interesting properties in solid-state science,
including novel surface structures, which is the topic
of this Letter. Here it is advantageous to choose an
elemental rather than alloy or compound system to
avoid difficulties of segregation or disproportionation
and to allow a straightforward comparison with sur-
faces of bulk crystals.

The principal finding reported here is that thin films
of pure Ge grown by molecular-beam epitaxy (MBE)
on Si(111) show an abrupt change in the reconstructed
state of their surfaces, as seen in low-energy electron
diffraction (LEED) patterns observed in situ. The
change is from a newly discovered 7x 7 state!® on the
thinnest films to the familiar ¢2x 8 structure known
for unstrained annealed Ge(111) surfaces.>® We con-
clude that it is the lateral stress, evident in the strain
of these films, that determines the equilibrium state of
their surfaces.

In our experiments Ge films of varying thickness
were grown by MBE on Si(111)-7x 7 substrates at 3
A/s and 550°C.* The surface periodicity was moni-
tored at room temperature after each Ge deposition by
an in situ display LEED apparatus. Measurement of
the strain must be carried out in the region adjacent to
the surface of the film since misfit dislocations can
give rise to a variation of lattice constant through the
depth of the film. A technique that combines high ab-
solute accuracy with surface sensitivity is therefore re-
quired. We chose glancing-incidence x-ray diffrac-
tion!! as the most suitable technique. Here the sample
surface plane is oriented almost parallel to the diffrac-
tion plane of a four-circle x-ray diffractometer which
causes both incident and diffracted rays to make glanc-
ing angles ( < 1°) with the surface. Refraction of the
X rays close to the critical angle (0.2° for Ge) allows
in-plane Bragg reflections to be sampleg while penetra-
tion into the film is limited to — 100 A. The in-plane
lattice parameter of the film, agy,, is then determined
directly from the position of the [440] Bragg reflec-
tion. The compressive strain, €, is calculated as the
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fractional difference from ay,, the lattice parameter
for bulk Ge:

€= (apuk— Aiim)/ Apuic- (1)

The measured surface strain, as well as the recon-
structed state, are shown as a functlon of film thick-
ness in Fig. 1. The thinnest (100 A) films had a strain
of (0.40 +£0.05)%, which is much less than the 4.01%
corresponding to the pseudomorphic growth of Ge on
Si. These films must therefore contain a high density
of dislocations at the Si/Ge interface. Nevertheless,
the quality of the epitaxy was high, with film mosaic
spreads always less than 0.5° FWHM. Thicker films
were progressively less strained, and had a completely
relaxed lattice parameter after 3000 A. In the series of
samples shown in Fig. 1 the reconstruction switches
between 1000 and 1500 A or between strains of 0.36%
and 0.22%, which mdlcates that there is a critical strain
between these limits. Another series, with different
growth conditions, showed quantitative differences in
the thickness dependence of strain. However, the crit-
ical strain associated with the change of LEED pattern,
this time in a film 750 A thick, was found to be the
same. Thus we find that surface reconstruction corre-
lates with strain and not with film thickness.

Control experiments to exclude the possibility that
the Ge(111)-7 x 7 structure is induced by mechanisms
unrelated to strain were performed before further
characterization of the 7x 7 reconstruction. These ex-
periments are discussed in the following paragraphs.
For this purpose, samples were transferred in air to
different experimental stations.

Composition and morphology of the films were
analyzed by grazing-exit-angle Rutherford backscatter-
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(amm denotes the average in-plane lattice constant of a Ge
film and auk the Ge bulk lattice constant) as a function of
Ge overlayer thickness. Different symbols denote the dif-
ferent surface symmetry of the films observed by in situ
LEED immediately after growth.

ing spectrometry (RBS),!? secondary-ion mass spec-
trometry (SIMS), and Auger-electron spectroscopy
(AES). No surface preparation was done between
growth in the MBE system and analysis. From the
RBS measurement, we obtained an upper limit of less
than 1 monolayer of Si surface segregation. For the
density of Si atoms in the Ge overlayer SIMS gave an
upper limit of << 10! cm~3. AES indicated only the
presence of Ge in the surface, with dilute amounts of
O and C, but no Si. After two sputter (4x 10" cm~

Ar ions, 1 keV, grazing incidence, room temperature)
and anneal (20 min at 670 K and 10 min at 800 K) cy-
cles the sample surface showed no contamination
greater than 0.01 monolayer.!> These results show
that Ge was present as a continuous film and that
there was neither segregation of Si to the surface nor
intermixing. Moreover, the absence of Si signals in
our AES measurement specifically indicates that the
Ge overlayer does not form ‘‘islands,” i.e., ag-
glomerates of Ge with exposed patches of Si substrate
in between, as can happen under other growth condi-
tions.!* This eliminates the possibility that the ob-
served 7 x 7 structure originates from the Si substrate.

We can also exclude the possibility that the observed
Ge-7x7 reconstruction is somehow a copy of a 7X7
“‘template’’ of the substrate. X-ray diffraction shows
that the Ge film does not adopt a new structure upon
straining but suffers a simple hexagonal distortion;
there is no 7x7 periodicity in the bulk of the film.
Furthermore, previous RBS-channeling experiments!’
showed that when more than 3 monolayers of Ge are
grown on Si(111) above room temperature the under-
lying Si substrate reorders to a bulklike structure that
does not contain the displaced monolayers characteris-
tic of the 7x7 reconstruction. When Ge-7x7 films
are sputtered, the reconstructed LEED pattern disap-
pears. Subsequent annealing, however, restores the
7 x 7 pattern spontaneously, which shows that it is the
equilibrium state of the strained film, and not a meta-
stable copy of a template.

For more extensive characterization of the
Ge(111)-7x 7 structure, LEED patterns were obtained
after the sputtering and annealing of 500-A films fol-
lowing transfer in air. In some cases superposed 7x7
and c2x 8 patterns were observed. Prolonged sputter-
ing was found to weaken the 7x 7 in favor of the c2x 8
component. Figure 2 shows 7x7 patterns from our
Ge films and also a Si substrate. The distribution of
intensity among the %-order spots is practically identi-

cal, which indicates that Ge-7x7 and Si-7Xx7 struc-
tures are very 51m11ar Ion-beam crystallography!® was
performed on a 500- A film prepared as above: Ge sur-
face peak measurements were carried out with 1.0-
MeV He* ions and resulted in 3.13 +0.17 atoms/row
in normal (111) incidence and 4. 61 +0.20 atoms/row
in off-normal (111) incidence.!” The number of
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(a)

(b)

FIG. 2. LEED patterns in normal incidence. (a)
Ge(111)-7x 7 of a strained 500-A film, electron energy 33
eV; (b) Si(111)-7x7, 35 eV.

monolayers displaced because of the Ge-7 X7 recon-
struction is thus larger in off-normal (111) incidence
than in normal incidence. This same result is found
for the Si(111)-7 X7 surface,'® and is further evidence
of structural similarity between Ge-7 X7 and Si-7 X7
surfaces.

All of these experimental results confirm that we
have created a strained Ge film which is uniform and
pure and which displays a surface with the same atom-
ic periodicity and a structure similar to that of the
Si(111)-7x7 surface. This observation unifies our pic-
ture of elemental semiconductor surface structures. It
is known that the (100) surfaces of both Ge and Si
display c4x2 periodicity.!®2° Similarly the cleaved
(111) surfaces of Si and Ge both show 2x 1 periodici-
ty.> It is an interesting enigma that the annealed (111)
surfaces show different surface periodicities,>® 192!
although other aspects of the surfaces are similar. The
results presented here indicate that surface periodicity
is a subtle function of strain; we can regard strain, like
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temperature,?? as an experimental variable that deter-

mines reconstruction.

Our observation of a clean Ge(111)-7x7 surface
may be related to the 7% 7 state seen first by Ichikawa
and Ino? after the annealing of 0.3-0.5 monolayer of
Sn on Ge(111)-c¢2x 8. It is not clear at present wheth-
er Sn is substituted for Ge in this system,?* but if it
were, the Sn-Ge covalent bonds would be under
compressive strain relative to those of a clean Ge(111)
surface.? The diffraction patterns of Ge(111)-7x 7/Sn
(Ref. 23) and of the compressed Ge(111)-7x 7 surface
are both identical to those of Si(111)-7x 7, which im-
plies that the three structures are homologous. Thus
we can regard the Ge(111)/Sn surface as an analog of
compressed Ge(111) and its formation of a 7% 7 state
as strain mediated.’

An important role for lateral compressive forces has
already been proposed in the context of a particular
model of the Si(111)-7x7 reconstruction.>?’ In this
‘‘triangle-dimer stacking-fault’> model, stress is re-
lieved by surface dislocations forming a 7x7 net-
work.? The observation of a Ge(111)-7x7 recon-
struction fits into this picture if it is assumed that the
extra compressive stress supplied by the Si(111) sub-
strate, which results in straining of the films, is neces-
sary and sufficient to generate the surface dislocation
network.

In conclusion, we have discovered that the 7% 7 sur-
face reconstruction of Ge films grown on Si(111)
correlates with film strain and that this can be varied
by control of the overlayer thickness. LEED and
high-energy ion scattering indicate a close structural
similarity between the Ge and Si 7x 7 surfaces. These
results demonstrate for the first time the correlation
between strain and mode of reconstruction. In partic-
ular, the dependence of the surface symmetry on the
lateral contraction in pure Ge supports the hypothesis
that the 7x7 reconstruction is promoted over the
¢ 2 x 8 by lateral compressive forces.
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FIG. 2. LEED patterns ino normal incidence. (a)
Ge(111)-7x 7 of a strained 500-A film, electron energy 33
eV; (b) Si(111)-7x7,35eV.



