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Si, Ge, and Si12xGex epitaxial layers and Si/Si12xGex superlattices have been obtained on~100!
and ~111! silicon substrates by molecular-beam epitaxy. The growth processes and the
structural characteristics and chemical composition of the structures were studied by x-ray
diffraction and Auger spectroscopy. It is shown that under the experimental conditions for
obtaining Si/Si12xGex superlattices structurally perfect, strained superlattices with satellites
up to 65 orders can be obtained. ©1997 American Institute of Physics.
@S1063-7826~97!00708-4#

Modern epitaxial methods for growing semiconductor the layers, since otherwise the surface morphology of
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layers make it possible to monitor growth processes at
atomic level. Structures~heterojunctions, quantum wells, su
perlattices! with controllable characteristics for micro- an
optoelectronics can be produced by combining differ
types of semiconductors and epitaxial layers of differ
thickness. The most thoroughly studied structures to date
those based on group-III and group-V semiconductors,
most important of which crystallize in the zinc blende stru
ture. In some cases, lattice-matched components can be
sen for the structures; this makes it possible to achieve c
trolled heteroepitaxy and to obtain high-quality structur
However, the most important structures for applications
still structures based on elementary semiconductors, e
cially Si — the principal material of semiconductor electro
ics.

The properties of bulk Si12xGex crystals have been in
vestigated for many years~see, for example, Ref. 1!. De-
pending on the chemical composition, the band gap in th
compounds can range from 1.1 to 0.7 eV and, for exam
Si12xGex-based photodetectors can operate in the spe
range 0.5–1.8mm, so that they can be used in fiber-op
communication lines. However, the large lattice misma
(Da54.2% atT5300 K! in the case where Si12xGex layers
are grown in silicon substrates results in a high mismat
dislocation density at the interface.

Progress in the development and investigation
strained quantum-well structures and heterostructures b
on silicon~see, for example, Refs. 2 and 3! promises devel-
opment of fundamentally new devices for micro- and op
electronics in the system Si/Si12xGex .4,5

In the present study we investigated the structural ch
acteristics of Si, Ge, and Si12xGex layers and superlattices i
the Si/Si12xGex system, prepared by molecular beam epita
~MBE! on ~100! and ~111! silicon substrates.

One of the main problems in growing perfect quantu
well structures and heterostructures based on Si and Ge
assure layerwise two-dimensional stepped growth at r
tively low epitaxy temperatures (T<550 °C) while avoiding
three-dimensional growth with a high germanium conten
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Si12xGex layers is disrupted and a high defect density ari
in them.

In the heteroepitaxy of lattice-mismatched semicond
tors, there exist critical thicknesses of epitaxial layers up
which the lattice mismatch is compensated for by stresse
the layers. In the case at hand, this results in a tetrag
distortion of the unit cell. The typical values of the critic
thicknesses for Si12xGex layers on substrates with growt
temperaturesT.500 °C are 1000 Å for layers with
Da51% (;20% Ge! and only 10 Å forDa54.2% ~pure
germanium!. When the critical thicknesses are exceeded,
laxation of mechanical stresses occurs in the layers and
match dislocations are formed.

Epitaxial layers of Si and Si12xGex were grown on~100!
and ~111! substrates by molecular-beam epitaxy in a Katu
system with substrate temperaturesT54002830 °C in
vacuum with a residual pressure not exceeding 531028 Pa.
A high-energy electron diffractometer built into the grow
chamber made it possible to monitor within 3 Å the thick-
ness of the layers being grown and the degree of their st
tural perfection according to the rearrangements of the st
ture of the growth surface directly during the growth proce

The pre-epitaxial preparation of the silicon substra
consisted in chemical etching away of the natural oxide a
depositing a;1-mm-thick passivating oxide film with the
aim of later removing the film in a controllable manner in t
growth chamber. During the heating of the silicon substra
in the growth chamber up to a temperatureT.850 °C with
residual vapor pressure<1027 Pa, the interaction of the
weak Si vapor flow (FSi.1015 cm2/s! with the surface of the
substrates according to the reaction

SiO21Si→SiO↑ ~1!

produced in a time of 2–5 min an oxygen-free, atomica
clean surface and resulted in the appearance of clear re
tions of 737 and 231 structures for~111! and~100! orien-
tations, respectively.

The minimum temperature at which epitaxial grow
of the Si buffer layers could be achieved was equal

786786-03$10.00 © 1997 American Institute of Physics
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FIG. 1. a — Oscillations of the centra
HEED reflection at time t during
growth of Si epitaxial films~top! and
the change occurring in the oscillation
when the Ge source~bottom, arrow!
for growing Si12xGex epitaxial layers
is switched on b — distribution of the
chemical composition in the plane of
Si12xGex epitaxial layer with thickness
d.1 mm, obtained by molecular-
beam epitaxy on a Si~100! plate. The
values ofx are indicated.
;400 °C with a growth rate of 1.021.5 Å/s. The oscillations
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of the central HEED reflection~see Fig. 1a!, according to
which the epitaxial growth rate was determined, remain
distinct and stable, indicating that the growth of the epitax
layers was a two-dimensional process.

The conditions for obtaining epitaxial Ge and Si12xGex

layers on Si~111! substrates were investigated. Specifica
the optimal growth parameters of epitaxial germanium fil
on silicon substrates with surface restructurin
(737)→(535)→(238)→(131) were determined and
studied in the temperature rangeT53502650 °C. The epi-
taxial Si12xGex layers ranged in thickness from 50 Å to
mm and in Ge contentx.0.0720.70. The growth conditions
made it possible to obtain Si12xGex epitaxial layers on Si
substrates, 60–76 mm in diameter, with a relative comp
tion uniformity of 61%.

Figure 1b shows the distribution of the Ge content
Si12xGex epitaxial layers for the regimes prescribed for o
taining layers withx.0.35. It is obvious that the uniformity
of the Ge distribution is relatively high, and that the comp
sition matches well the prescribed growth conditions. Fig
2 shows diffraction-reflection curves for Si/Si12xGex hetero-
systems with different chemical compositions of the epitax
layers.

The composition of the Si12xGex epitaxial layers was
monitored according to the angular separationDu between
the positions of the peaks in the x-ray diffraction reflecti
pattern assuming that Vegard’s law holds@Vegard’s law
holds well in Si12xGex ~the lattice constants area55.431 Å
for Si and a55.657 Å for Ge atT5300 K!#, taking into
account the corrections for the degree of relaxation of
strained layers. The error in measuringDu is 619 ~irrespec-
tive of the composition!. This makes it possible to determin
the composition of the layers with an absolute accuracy
60.3%. The elastic stresses existing in heterojunctions
fect the determination of the chemical composition of t
layers. However, as a result of the relatively large radii
curvature of the silicon plates with epitaxial layers, in det
mining the composition of the layers the corrections made
as to take into account the relaxation of the mechan
stresses in the heterostructure are small.

The intensity of the diffraction reflection peaks from th
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Si/Si12xGex superlattices is a fraction of a percent of th
intensity of the reflection peak from the silicon substra
However, these peaks are still intense enough to determ
the thickness of the epitaxial layers with a relative accura
of 63%.

The profiles of the chemical composition distribution
the heterostructures and Si/Si12xGex superlattices were also
investigated by layerwise analysis in a 09 IOS-005 Aug
spectrometer. The surface of the samples was etched
argon ions at a constant rate in the energy range 2.0–3.5
and with ion-beam current densities 180–350mA/cm2 and
ion-beam diameter;0.75 mm. The intensity~numberN of
electrons! of the Ge Auger peak~energyE51146.8 eV! was
measured continuously. The typical dependence of
change in the intensity of the Ge Auger peak over the de
of the sample~the accumulation timeta with a constant etch
rate is proportional to the distance from the sample surfa!
is shown in Fig. 3. As one can see from Fig. 3, the perio
icity and thickness of the separate Si and Si12xGex layers
~70-Å SiGe and 90-Å Si! hold up quite well. The Ge mola

FIG. 2. Diffraction reflection curves for Si12xGex heterostructures on S
~100! substrates.x: 1 — 0.39,2 — 0.44. The intensityI scale is logarithmic.
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x-ray
ion
fraction in the Si12xGex layers, determined according to th
ratio of the Ge and Si Auger peak intensities for heterostr
tures and Si/Si12xGex superlattices, correspond satisfactor
to the prescribed regimes of experimental growth of
structures.

The structural characteristics of the Si a
Si12xGex buffer layers, as well as the periodic Si12xGex

structures with periodd51002300 Å were investigated by
the x-ray diffraction method in a DRON-3 diffractomet
with a double-crystal scheme in the (n,2n) geometry with a
Si ~100!, ~111! monochromator and a CuKa1 radiation line
(l51.54051 Å). The x-ray diffraction method makes it po
sible to determine at the same time the stress distribution
chemical composition, and the period of the superlattic
The mechanical stresses arising as a result of the lattice
match between the buffer layer and the substrate and
tween the buffer layer and the superlattice results in bend
of the silicon plates; this bending can be determined acc
ing to the change in the angular position of the main diffra
tion peak. The average curvature of the silicon plates w
the Si12yGey (y.0.5x) buffer layers was equalR21

.0.2 m21.
The periodd of the Si12xGex superlattices was deter

mined according to the angular separationD(2u) between
the satellites in the x-ray diffraction spectra

d5
l

D~2u!
cosus

21 , ~2!

whereus is the Bragg angle of reflection from the substra
During the growth of Si12xGex superlattices the condi

tion for pseudomorphic growth of the epitaxial layers w
satisfied~strained superlattices!, and satellites up to65 or-
ders were observed in the x-ray diffraction reflection spec
The presence of numerous, regularly spaced, and w
defined x-ray satellites attests to the structural perfection

FIG. 3. Variation in the intensity of the Ge Auger peakE51146.8 eV with
layerwise etching of the surface of a strained Si12xGex superlattice by Ar
ions. The ion energy is 2.8 keV, the current is 250mA/cm2, and the ion
beam diameter is 0.75mm. The period of the superlattice is 160 Å. Inset: G
Auger peak.
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the superlattices6 — the existence of sharp boundaries b
tween the layers, uniformity of their chemical compositio
etc.

The typical x-ray diffraction pattern of a five-perio
Si12xGex superlattice (x.0.35, periodd.181 Å, SiGe layer
thickness 72 Å, Si thickness 109 Å! on a silicon~111! sub-
strate with a 0.2-mm-thick Si buffer layer is shown in Fig. 4
The main~wide at the base! peak atu514°138 is due to the
~111! reflection from the silicon substrate and is a referen
reflection in the present case. The intensity of the diffract
reflection peaks from the Si/Si12xGex superlattice equals
fractions of a percent of the intensity of the reflection pe
from the silicon substrate. Several relatively wide but we
separated negative (2 i ) and positive (1 j ) satellites, which
attest to the good uniformity of the layers over thickness, c
be seen in Fig. 4.

The free-carrier density in the Si, Ge, and Si12xGex ep-
itaxial layers was equal to 101521017 cm23. To control the
electrical characteristics of the layers of the superlattices,
Si layers were doped with boron with a resulting density
101721019 cm23.

In summary, our investigations of the growth of Si, G
and Si12xGex layers and our study of their structural chara
teristics have shown that structurally perfect heterostructu
and Si/Si12xGex superlattices with a large area and pr
scribed chemical composition can be obtained.
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FIG. 4. X-Ray diffraction intensity versus diffraction angle for a five-perio
Si12xGex superlattice on a Si~111! substrate with a 0.2-mm-thick Si buffer
layer. Measurement conditions: CuKa1 radiation line with wavelength
l51.54051 Å, Si~100! monochromator,~400! reflection. Superlattice pa-
rameters: period 181 Å, SiGe layer thickness 72 Å, Si layer thickness 10
The peaks of the negative (2 i ) and positive (1 j ) satellites for the super-
lattice are numbered. The dashed line represents the oscillations of the
diffraction of the satellites which are masked by the intense diffract
reflection peak from the silicon substrate.
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