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ChemIcal Ordering and Boundary Structure in Strained-Layer Si-Ge Superlattices
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The interface structure of strained-layer Si-Ge superlattices on Si(100) is investigated by selected-
area electron-diffraction techniques and high-resolution transmission electron microscopy. Three types
of strained-layer Si-Ge superlattices characterized by different strain distributions are compared.
Diffraction evidence is presented for the existence of boundary layers at the interfaces consisting of
chemically ordered domains with a bilayer stacking of Si and Ge along the (111) directions. This
phenomenon is independent of the strain distribution between Si and Ge, i.e., of the choice of the sub-
strate lattice parameter.

PACS numbers: 61.16.Di, 61.SO.Ks, 68.65.+g

This paper reports on a new phenomenon of ordering
of Si and Ge atoms in the boundary layers of strained-
layer superlattices (SLS), with layers of pure silicon and
germanium on Si(100), found by electron-diffraction
techniques. The result is of interest for the currently
very active field of band-structure investigations in mul-

tilayer systems grown by molecular-beam epitaxy
(MBE) and also for diffraction physics and crystallogra-

phy in general.
The first evidence for new optical transitions in a

Si4Ge4 strained-layer superlattice on Si(100) ' has trig-
gered a steadily increasing number of theoretical and ex-
perimental investigations exploring the changes of band
structure in Si„Ge SLS due to strain and zone-folding
effects. ' While in the theoretical studies sharp inter-
faces between the individual Si and Ge layers were usu-

ally assumed, indications for some degree of interface
roughness have been found in all real structures investi-

gated to date. ' ' ' ' In the present study we have
therefore investigated in more detail these deviations
from a perfectly periodic structure in Si-Ge SLS on
Si(100) grown by MBE. The techniques of selected-area
electron diffraction and high-resolution transmission
electron microscopy (HRTEM) have been used. Both
methods have previously been applied successfully in the
investigation of real crystal phenomena in multilayer sys-
tems. ' Three types of SLS characterized by different

strain distributions have been used for the electron mi-
croscopic studies; i.e., the SLS were lattice-matched ei-
ther (1) to Si, (2) to thick relaxed Ge buffers, or (3) to
relaxed SiI —„Ge„bufferswith an average composition
equal to the SLS, resulting in symmetrically strained Si
and Ge layers. ' The samples were grown in a VG V80
MBE system equipped with electron-gun evaporators for
Si and an effusion cell for Ge. The growth rates of the
SLS were in the range of 0.5-1.0 A/s. The relevant
sample parameters are presented in Table I. The super-
lattices have been characterized previously by Ruther-
ford backscattering spectroscopy (RBS) and ion-
channeling, x-ray diffraction, and Raman scattering. '

Using these techniques, pseudomorphic growth on the
respective buffers has been demonstrated in each of the
three cases.

For electron microscopic investigation two different
techniques of specimen preparation were used. For tak-
ing high-resolution electron micrographs as well as
selected-area diffraction patterns, the samples were
thinned by ion milling using argon. In order to ensure
that the observed diffraction effects were not due to ion-
beam damage, the experiments were repeated using
specimens cleaved along (110) planes. All diffraction
effects reported here have also been observed on the
cleaved samples. Since these samples were never ex-
posed to the ion beam, they showed extremely thin amor-

T&~LE I. Data for the synthesis of the specimens: Tg substrate temperature during

growth; d, period of the superlattice; ds;, thickness of the Si layers; dG„thickness of the Ge lay-

ers; g;„minimum channeling yield.
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FIG. 1. High-resolution electron micrograph of a strained-
layer Si-Ge superlattice on Si(100) in [110]projection (sample
258).

FIG. 2. Diffraction pattern of a short-period superlattice
along the [130] axis (specimen 273).

phous surface regions less than 15 A thick, due to oxida-
tion. These specimens were studied by a 300-kV
transmission electron microscope (Phillips CM 30),
equipped with a ~ 30 tilting goniometer, and a 200-kV
instrument (Joel 200 CX) with a ~ 10 tilting device.

High-resolution electron micrographs taken along the
[110] axis of the three types of multilayer specimens re-
veal perfect pseudomorphic growth (Fig. 1). Recogniz-
able steps at the interfaces are conaned to one atomic
monolayer. Selected-area electron-diffraction patterns
(Fig. 2) of all types of specimens reveal two noteworthy
features: (1) Additional electron-diffraction spots at po-
sitions (h/2, k/2, 1/2), for h, k, 1 all odd. (2) Diffuse
streaks along the growth direction through all spots of
the diamond structure, including the undiffracted beam
as well as the half-integer reAections. Note that there is
no evidence of an asymmetry with respect to the four
equivalent (111) directions and that apart from varia-
tions in the intensity the additional diffraction features
have been found in all as-grown specimens, independent
of the kind of buffer, the Ge concentration, and the
growth temperature. They have also been observed at
specimens grown at temperatures below 400'C. '

In order to interpret these unusual diffraction phenom-
ena, we assume ordered interfaces with an alternat-
ing stacking of two monolayers of each atomic species
in one of the four equivalent (111) directions, i.e.,
SiSiGeGeSiSiGeGe. . . [Fig. 3(a)), instead of interfaces
characterized by a statistical roughness on a monolayer
scale. The model is analogous to similar model struc-
tures proposed for the interpretation of diffraction phe-
nomena in strained Si-Ge alloys. "' In order to com-
pare the electron-microscopic contrast of a pure Ge layer
with that of a totally ordered structure, the atom posi-

tions shown in Fig. 3(b) were used as a basis for a
dynamical multislice calculation. The ordered
domain is in the center of the 6gure. This domain ex-
tends over six monolayers along the [001] direction in
the central portion of a Ge-layer four monolayers in
thickness. The domain is assumed to extend over the en-
tire thickness (24.7 nm) of the specimen. The calculated
image (Fig. 4) shows the image contrast for three

(a)

(b)

[oat]-
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=[110] ~ Si

FIG. 3. (a) Diamond-lattice unit cell showing the ordered
structure (Ref. 19). (b) [110]projection of the atom positions
used for the simulations. The ordered domain (extending six
monolayers along the growth direction) is marked by a frame.
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FIG. 4. Image simulation of the ordered structure presented
in Fig. 3(b). It shows a specimen 24.7 nm in thickness for
three different defocus values, i.e., from left to right, 53, 61,
and 69 nm, respectively.

different defocus values, i.e., from left to right, 53, 61,
and 69 nm, respectively. Even assuming an extreme case
in which the ordered domain extends over the entire
thickness of the specimen, the observable modulation of
the contrast in the calculated images is very weak, so
that electron micrographs can give no information in ad-
dition to that obtainable from electron-diffraction re-
sults.

The main spots in the electron-diffraction pattern are
due to the diamond structure of the Si and the Ge layers,
while the additional intensities at half-integer positions
originate from the ordered domains. The structure fac-
tor can be calculated on the basis of the model for the
ordered structure as follows:

S 2cos[2xg (a/8) [111]]
x Ps;+fG, exp (2xig (a/2 ) [101])] .

The streaking going through the half-integer reAections
is explained by shape effects caused by the chemically
ordered domains: In specimens with either Si or Ge lay-
ers thicker than approximately four monolayers, the
chemically ordered domains are confined to the inter-
faces; i.e., a mainly two-dimensional ordering effect has
to be assumed. Therefore a threadlike intensity distribu-
tion along the growth direction can be expected in the
selected-area diffraction patterns of these samples. This
intensity distribution corresponds to indices [h, k, l]

[—,', —,', —,
' ]+x[0,0, 1], x real. By contrast, for speci-

mens with either Si or Ge layers thinner than about four
monolayers, the ordering may become a three-
dimensional phenomenon. Since the domains are or-
dered along any of the equivalent (111) directions and
only a part of the interfaces will order, there will always
be a mixture of two- and three-dimensionally ordered
domains. Therefore spots at [h/2, k/2, 1/2] for h, k, l all
odd are expected as a streaking at [h, k, l] [2, 2, 2 ]
+x[0,0, 1], x real, through these spots. All our observa-
tions correspond to these predictions. The local devia-
tions from the average periodicity also contribute to the
streaking through the reAections originating from the di-
amond structure.

An intriguing feature of our observations is that the
observed diffraction phenomena occur in all types of
SLS, i.e., independent of the strain distribution in the in-
dividual layers. In particular, strain symmetrization ap-
parently does not affect the ordering. This is in agree-

ment with previous studies on thick relaxed Si~ „Ge„al-
loy layers but is not compatible with theoretical calcu-
lations requiring asymmetrically strained structures for
the ordering phenomenon. " ' This causes the ques-
tion as to the importance of crystalline defects which
lead to locally inhomogeneous strains. From Table I it is
evident that the crystalline quality in the strain-
symmetrized SLS (with the exception of the specimen
507) is inferior to that of the asymmetrically strained
structures. However, all other experimental evidence
(Raman scattering, x-ray diffraction, and RBS data) in-
dicates that the average strain in the Si and Ge layers of
the strain-symmetrized SLS indeed conforms to the pre-
dictions of elasticity theory. ' Besides, the selected-area
diffraction patterns taken in the defect-free regions of
the strain-symmetrized SLS all show the additional
diffraction effects attributed to the ordered domains.
Our observations made on specimens grown at tempera-
tures between 400 and 500'C, as well as those made by
a different laboratory on specimens grown at even lower
temperatures, ' indicate that there may be a principal
limitation for the perfection of Si-Ge superlattices with
ultrashort period. A detailed account of our observations,
including Raman measurements, will be given in a subse-
quent publication.
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