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Microstructure in molecular-beam-epitaxy-grown Si/Ge short-period strained-layer superlattices
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The microstructures of Si;,/Ge4 and Si;3/Geg short-period strained-layer superlattices (SLS’s) on a Si
substrate were observed using electron microscopes. These SLS’s were fabricated by the phase-locked-
epitaxy technique in molecular-beam epitaxy, and were reported to show strong optical transitions
[Okumara et al., Jpn. J. Appl. Phys. 28, L1893 (1989); Mater. Sci. Eng. B 9, 245 (1991)]. Flat SLS layers
were observed in the region near the Si substrate. After the growth of about ten layers, the cross-
sectional image showed gradual wavy layers in the Si;3/Ges SLS. The layers in the Si;,/Ge, SLS
remained relatively flat. A high-resolution micrograph showed flat interfaces for the Ge layers on the Si
layers. However, interfaces for the Si layers on the Ge layers were neither flat nor clear. The abruptness
at the Si/Ge heterointerfaces is discussed by analyzing the intensity of satellites in the electron-
diffraction pattern. Dislocations were observed in the Si substrate at the interface to the superlattice lay-
ers, while no dislocations were observed in the SLS. In the diffraction pattern, splitting of fundamental
spots due to the difference in lattice parameters between the SLS and the substrate was observed. The
swell of the unit cell in the SLS’s along a and b axes was recognized to be due to the presence of disloca-
tions in the Si substrate near the interface. From this study the origin of the luminescence is discussed.
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I. INTRODUCTION

The development of molecular-beam epitaxy (MBE)
technology is encouraging the fabrication of new artificial
superlattice structures. Short-period Si, /Ge,, strained-
layer superlattices (SLS’s), in particular, have been at-
tracting attention. In this superlattice system, the possi-
bility of fabricating SLS’s with direct band-gap properties
from indirect-type semiconductors has been expected by
the Brillouin-zone folding effect. However, there has
been disagreement between the optical transitions ob-
served in the SLS and those expected from theoretical
band calculations. An early experimental result, which
demonstrated a new optical transition for a (Si,/Ge,),
SLS on a Si substrate,? was concluded by several theoreti-
cal calculations to be an indirect transition.> In a more
recent study, Pearsall et al* observed an optical transi-
tion at 0.96 eV for Si,/Geg SLS’s buried in the Ge layers,
and considered this to be a direct transition. However,
Schmid et al.® mentioned that this optical transition was
in minor disagreement with a theoretical calculation.
Another optical transition, observed by Zachai et al.® at
0.84 eV in a Sig/Ge, SLS on a strain-symmetrized SiGe-
alloy buffer did not agree satisfactorily with their calcu-
lated results, though the disagreement was large consid-
ering the calculation error.” Thus Schmid et al.” argued
the possibility of dislocations as an origin for observed
luminescence. Because of the similarity in the shape and
the position of the luminescence peak, Sturm ez al.® men-
tioned the possibility of another luminescence effect
discovered recently in the SiGe-alloy system.® In the ear-
ly stage of the Siy/Ge, SLS research work, it had been
concluded that the pseudomorphic Si,/Ge, SLS’s grown
on Si substrates cannot have a direct band gap.® This is
because Si/Ge SLS’s grown on Si substrates suffered a
compressive stress that is perpendicular to the ¢ axis and

47

also from elongation along the ¢ axis due to coherent
growth on a Si substrate. In such a case, the
conduction-band minimum appears on the A line, not at
the I" point. However, recently, the strong optical transi-
tions with direct-gap-like properties appeared at 0.8 eV
and also at 0.85-0.95 eV in both Si;,/Ge, and Si,;3/Geg
SLS’s on the Si substrates.! Since the luminescence peaks
appeared near the D1 and D2 peaks caused by disloca-
tions, Sturm et al. suggested the possibility of disloca-
tions as an origin of the strong luminescence.® As men-
tioned by Schmid et al.,® the calculations are mainly
concerned with idealized SLS’s and an ab initio study for
realistic SLS models requires enormous computational
effort and is still in its infancy. Various calculations show
that the band structures depend critically on the strain in
the SLS.*> Nevertheless, experiments to investigate the
detailed structure of these short-period Si/Ge SLS’s have
not been carried out satisfactorily.

In the actual fabrication of such short-period SLS’s,
precise control of crystal growth in the atomic-layer level
is critical. For this reason, the phase-locked epitaxy
(PLE) technique, a method to control the crystal growth
by monitoring reflection high-energy electron-diffraction
(RHEED) intensity oscillations in MBE has been pro-
posed. ® This PLE technique controls the crystal growth
with high accuracy. However, from various experimental
results, it is well known that the Stranski-Krastanov
growth mode occurs for more than three monolayers
(ML) of Ge on Si. Also, a large mixing of Ge into the
overlaid Si due to segregation of Ge toward the growing
surface occurs during the MBE growth in the fabrication
of Si/Ge heterostructures. ! 12

In this paper, we report the results of a microstructure
study of Si;,/Ge, and Si;3/Geg SLS’s, fabricated by the
PLE technique in MBE, which previously showed a
strong optical transition.! This study was done using a
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transmission electron microscope (TEM). We discuss the
growth structure and the strain in SLS’s and also the pos-
sibility of achieving a direct band gap.

II. EXPERIMENT

A Si-wafer substrate with a (001) surface was baked in
a MBE after chemical polishing with H,0, and HCl. A
buffer layer was then grown with a thickness of a few
hundred nanometers. Then, at 673 K, either 70 layers of
Si;, /Ge, SLS’s, or 48 layers of Si;3/Geg SLS’s were fabri-
cated by monitoring the intensity of the specular spot in
the RHEED pattern to control the growth at the
atomic-layer level. After the growth of the SLS, a Si-cap
layer was grown to a thickness of abut 10 nm. The ob-
served RHEED intensity oscillations during the growth
of the Si;,/Ge, SLS is shown in Fig. 1. During the
growth of the SLS, the amplitude of the intensity oscilla-
tions gradually decayed. In the Si;3/Geg SLS, the
RHEED intensity oscillation attenuated more rapidly. °
Both cross-section and plan-view specimens for the TEM
study were prepared using the standard technique of
mechanical polishing followed by Ar-ion etching. The
electron microscopy was carried out using a 400 kV
analytical-type TEM at the Electrotechnical Laboratory
operated at 200 or 150 kV to avoid radiation damage.
Also, a 400 kV high-resolution electron microscope
(HREM), at Kyushu University, and a 200 kV HREM, at
JEOL were used for high-resolution work.

III. OBSERVATION RESULTS AND ANALYSES

A. Section micrographics of Si,, /Ge,4 and Si 3 /Ges SLS’s

In this paper, when reference is made to the crystal
orientation, crystal plane, and reflections, those used for a
fundamental lattice of diamond structure will be used.
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FIG. 1. Recorded amplitudes of RHEED intensity oscilla-
tions for Si;,/Ge, SLS’s. The number n indicates the number of
grown layers. The gradual decay of the intensity oscillation can
be seen. Also, the intensity of the oscillations decays during
Ge-layer growth and recovers during the growth of the Si layer
(see Ref. 10).
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Figure 2 shows cross-sectional images of the Si;,/Ge,
SLS specimen under two different diffraction conditions
around the [100] zone axis. A nearly periodic array of
bending contours running along the [001] direction was
observed in the SLS region at 040 Bragg condition under
the systematic reflections condition. This contrast is
similar to the elongated Ashby-Brown contrast caused by
the local strain.!> The disappearance of this contrast at
004 Bragg condition, as seen in Fig. 2(b), implies that the
atomic planes in the epitaxial SLS were bent around the ¢
axis in such a way that slightly rotated microdomains
were formed. The bend angle is small, less than an order
of a milliradian; it is the same order of angle between
fringes in the convergent beam discs. These bending con-
tours have been already observed in various heteroepitax-
ial crystals. See, for example, Ref. 14.

Figures 3(a) and 3(b) show cross-sectional micrographs
of Si;,/Ge, and Si;3/Gegs SLS’s, respectively. Flatly
grown strained layers are observed at the early stage of
the growth at the region near the Si substrate for both
specimens. While the growth proceeded in the Si;3/Geg

SLS, the strained layers gradually became wavy. Howev-
er, the wavy patterns are not so apparent in the Si;,/Ge,
SLS. It can be deduced that the wavy patterns in the
strained layers tended to be more strongly pronounced in
the growing of the thicker strained layers. This tendency
agrees with what was observed in an artificial Au/Ni su-
where the thicker superlattice layer had a

perlattice, 1°

(a)

FIG. 2. The low-magnification bright-field image of a
Si;;/Ge, SLS and a Si substrate taken (a) at a 004 Bragg condi-
tion, and (b) at a 040 Bragg condition. The appearance and
disappearance of dislocations are not due to the g'b effect.
These photographs were taken at different places on the speci-
men.
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larger amplitude and longer period for the wavy pattern
than the thin superlattice. In our specimen, each layer
showed a wavy interface, but the lattice fringes were al-
most straight.

In Fig. 1, large-amplitude RHEED intensity oscilla-
tions were observed during the early stages of growth,
but the oscillations gradually weakened as the growth
proceeded. The wavy Ge and Si layers can be regarded
as a trace of front surfaces during the growth, so that the
gradual “long-range” decay of the RHEED intensity os-
cillations can be due partly to the appearance of the wavy
growth front. Figure 4 shows high-resolution images of
Si;,/Ge, and Si;3/Geg SLS’s taken at the [110] zone axis
at a position near the Si substrate. Though heterointer-
faces of the Ge layers on the Si layers are relatively
smooth, flat, and clear, the Ge layers themselves are rath-
er nodular, and the heterointerfaces of the Si layers on
the Ge layers are not smooth, but appear rather rough.
These nodular patterns are similar to what was previous-
ly observed in a high-resolution picture of the
InAs/GaAs-layer system,!® which was also a strained-
layer system and a Stranski-Krastanov growth-mode
type. This growth mode is evident for the Ge layers on

FIG. 3. The cross-sectional view of the MBE-grown Si,,/Ge,
SLS. The strained layers of the superlattice are relatively flat in
comparison with Fig. 3(b). The vertical bending contour is seen
together with the bending image of the superlattice layers. (b)
The cross-sectional view of the MBE-grown Si,3/Geg SLS.
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the Si layers in the structure grown in this study. Recent-
ly, surface segregation of Ge in the structure of Si on a
Ge interface has been detected by secondary-ion-mass
spectroscopy (SIMS).!!  Unclear heterointerfaces of
Si/Ge in high-resolution pictures also suggest the mixing
of Ge atoms into the overlaid Si layers.

The recovery of surface flatness by the growth of Si
layers is apparently seen at the Si cap layer in Fig. 5. The
top surface of the Si cap layer in the figure is very flat on
the atomic scale, even though the SLS’s are wavy after 70
layers of SLS growth. The amplitude of the RHEED in-
tensity oscillations seen in Fig. 1 decayed rapidly during
the growth of Ge layers, and then recovered somewhat
during the growth of Si layers. The ‘“‘short-range” decay
in the amplitude of RHEED intensity oscillations during
the Ge-layer growth in Fig. 1 is regarded as the growth of
4 ML Ge with rough surfaces. The recovery of RHEED
intensity oscillations in the Si layers, and the relatively
flat interfaces for Ge layers on Si layers, imply the
recovery of flatness of the growth front.

Almost no dislocations were observed in the strained-
layer superlattice, as seen in Fig. 5. But dislocations were
observed in the Si substrate near the superlattice, as seen
in Fig. 4(a). The dislocation on the left is regarded as a
60° dislocation, and was commonly observed in our speci-
mens. In this figure, the dislocation is slightly dissociated
into 30° and 90° partial dislocations with a small stacking
fault. The dislocation contrast on the right is rarely ob-
served, and regarded as a Lomer-Cottrel type. A very
low dislocation density in the Si cap layer compared to
that in the substrate was observed, indicating that either
the lattice parameter in the cap is enlarged by the SLS or
some amount of segregated residual Ge atoms are present
in the cap layer. The planar defects, as reported by
Wegscheider et al. 17 for a Si/Ge SLS on a Ge substrate,
were not observed in our specimen. In their specimen,
the SLS suffered from tensile stress perpendicular to the ¢
axis, but in our specimen, the SLS experienced compres-
sive stress. In the pictures from Wegscheider et al., no
bending contours running along the ¢ axis direction were
observed.

B. Plan-view observation

Figure 6(a) shows a plan-view image of a Si;3/Geg SLS
taken at low magnification in the [001] orientation.
High-density dislocations can be seen as well as small
misfit islands with Moire fringes. Figure 6(b) shows a
high-magnification image of the misfit island. The Moire
fringes in the misfit islands were at intervals of about 5
nm along both the [110] and [110] directions. A cross
section of a misfit island is shown in Fig. 6(c). The misfit
island takes an inverse triangular shape in the SLS with a
small hump at the top surface. These misfit islands are
imagined to be due to an agglomerated growth of Ge,
which can be seen in thicker Ge films,!® and also to re-
lieve stress introduced during the growth of the SLS.
LeGoues, Copel, and Tromp'® showed pseudomorphic is-
land growth by 8-ML Ge on Si, and the growth of an iso-
lated misfit island by 15-ML Ge. Our specimen showed
that 6-ML Ge is enough for formation of the misfit island
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FIG. 4. (a) The high-
resolution image of the Si;3/Ges
SLS and the Si substrate. (b)
The Si;,/Ge, SLS near the Si
substrate.

Si cap layer

SLS FIG. 5. The high-resolution image of the
Si;,/Ge, SLS, together with the Si cap layer.
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©)

misfit island

FIG. 6. (a) The plan-view im-
age of the Si;3/Geg SLS at low
magnification. The misfit islands
are indicated by arrows. (b) The
high-magnification image of an
island with Moire fringes. (c)
The cross-sectional image of a
misfit island taken at a 004
Bragg position in the Si;3/Geg
SLS under the two-beam condi-
tion. A misfit dislocation in the
Si substrate is marked by an ar-
row. Other contrasts at the
heterointerface of the SLS/Si
substrate are bending contours,
not dislocations, since they move
depending on the diffraction
condition. (d) The weak-beam
image of the dislocation network
taken at a 080 Bragg condition
using a 040 reflection for the
Sijg/Ges SLS. (e) The weak-
beam image of the dislocation
network in the Si substrate of
the Si;;/Ge, SLS specimen tak-
en at the 080 Bragg position us-
ing 040 reflection.
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in the SLS. The presence of dislocations is imagined at
the boundary between the SLS and the buried misfit is-
land. Figure 6(c) shows also that a misfit dislocation in
the Si substrate is connected with the misfit island in the
SLS. Thus the misfit island in the Si;3/Geg SLS is con-
sidered to be one of the sources of the misfit dislocations
in the Si substrate. On the other hand, almost no misfit
islands were observed in the Si;,/Ge, SLS specimen.
Thus the critical thickness of misfit island growth of Ge
in the SLS’s is between 4 and 6 ML of Ge.

Weak-beam images of dislocations, taken using a 040
beam at a 080 Bragg condition, are shown in Figs. 6(d)
and in 6(e) for Si,;3/Geg and Si,,/Ge, SLS’s, respectively.
In the figures, the dislocations are running along both the
[110] and the [110] directions. According to our g-b ex-
periment, most of these dislocations did not disappear at
the diffraction conditions g=220 or 220. This simply im-
plies that these dislocations are 60° dislocations in this
magnification, though, as we have seen in the high-
resolution image of Fig. 4(a), these 60° dislocations were
slightly dissociated. If we follow the dislocation multipli-
cation model proposed by Eaglesham et al.,!° small par-
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ticles regarded as SiC, often observed at the interface be-
tween the original Si substrate and buffer layer, can be
one of the sources of these misfit dislocations.

The Si;3/Geg specimen showed a higher dislocation
density than the Si;,/Ge, specimen. This is due to the
thicker Ge layers on the Si substrate in the Si;3/Geg SLS
than in the Si;,/Ge, SLS. In the Si;,/Ge, SLS, the aver-
age dislocation density in a (001) plane along the [110]
direction is 1.7 dislocations per 100 nm, indicating an in-
crease in lattice spacing of about 0.67% perpendicular to
the c axis. In the Si;3/Geg SLS, the dislocation density
was 2.2 dislocations/100 nm, indicating an increase in the
lattice spacing of about 0.84%. In the cross-sectional
high-resolution observation, dislocation lines, which
seemed to be a group of dislocations, were seen as in Fig.
4. Thus our analysis, on the basis of the number of dislo-
cations, may underestimate both the number of disloca-
tions and also the swell of the lattice in the SLS.

C. Diffraction patterns

Figure 7(a) shows a selected area diffraction (SAD) pat-
tern from a Si;,/Ge, SLS taken at the heterointerface be-

FIG. 6. (Continued).
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tween the SLS and the Si substrate, under the 004 sys-
tematic reflection condition. Satellite reflections due to
the superstructure were observed. The intensity of these
satellites around the fundamental 004 reflection is not
symmetrical. The satellites near the 000 reflection (the
inner satellites, on the left) are stronger than those on the
other side of the fundamental reflection (the outer satel-
lites, on the right). This asymmetrical intensity of satel-
lites has been already discussed for thicker Si/Ge hetero-
structures by Cherns et al.?° and Duan and Fung,?! us-
ing the envelopment function. A splitting of the funda-
mental spots was observed in Fig. 7(a). The inner one is
from the epitaxial SLS, and the outer one is from the Si
substrate. This splitting indicates that the 004 fundamen-
tal lattice spacing in the SLS is elongated along the ¢ axis
direction by about 1.41+0.4%.

Figure 7(b) shows a part of the SAD pattern taken at
the [110] orientation of the Si;3/Geg SLS on a Si sub-
strate. The 000 reflection is located on the left, below the
picture. The splitting and shifting of the fundamental
lattice reflections are seen. Deviation of the split spots
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toward the 000 direction indicates that the shifting takes
place not only in the ¢ axis direction, but also perpendic-
ular to the ¢ axis. Figure 7(c) shows the splitting of high
indices fundamental reflections in the SAD pattern of the
Si;3/Geg SLS on Si taken at the [001] direction. The 000
reflection is located on the left, below the picture. The
inner diffraction spots are from the SLS, and the outer
ones are from the Si substrate. The reflection from the
SLS is broader than that from the Si substrate. If the ro-
tated structure observed in the cross-sectional image in
Fig. 2 is inherent for SLS layers, diffraction patterns from
SLS may show arcs with a fine angle instead of diffraction
spots in the plan-view orientation. Such arcs are not
clearly seen in the diffraction pattern in Fig. 7(c). Hence,
we believe that the rotated structure with fine angles ob-
served in the cross-sectional view are due to the stress re-
lief effect cased by thinning for electron microscopy.

D. Convergent-beam image

Figure 8(a) shows a 040 and 080 dark-field, large-angle
convergent-beam (LACB) image in a cross-sectional

FIG. 7. (a) The selected area diffraction
(SAD) pattern of the Si;;/Ge, SLS around the
004 fundamental reflection. The 000 reflection
is to the left of this picture. The satellite
marked by “a” is at the inner first position; “b”
is the fundamental 004 reflection from the SLS;
“c” is the fundamental reflection from the Si
substrate; and “d” is the outer first satellite.
(b) A part of the SAD pattern of the Si;3/Geg
SLS taken in the [110] orientation. The 000
spot is located to the left below the picture. (c)
High indices diffraction spots in the SAD pat-
tern of the Si;3/Ges SLS, taken in the [001]
orientation. The 000 spot is located to the left,
below the picture. Diffraction spots labeled
“a” are from the SLS, those labeled “b” from
the Si substrate.
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specimen of the Si;,/Ge, SLS. The contour patterns of
both reflections can clearly be seen in the Si substrate. In
the superlattice region labeled “sls,” 040 reflection shows
splitting with fine and complex patterns running along
the c-axis direction. These fine splitting contours are
caused by the same phenomena as were observed in the
cross-sectional view (Fig. 2).

The 080 pattern shows nearly a straight line in the Si
substrate, and bending just at the position facing the su-
perlattice layers. This bending indicates an apparent
elongation of the lattice parameter along the b-axis direc-
tion in the Si substrate, just at the vicinity of the SLS.
The elongation of the lattice is associated with the pres-
ence of dislocations in the Si substrate. An increase in
the lattice parameter was estimated to be about
1.1+0.5% from the bending of the 080 contour pattern.
This strain almost agrees with that obtained from the
dislocation density in the plan-view image of the Si;,/Ge,
SLS (see Sec. ITI B).

On the other hand, in a bright-field LACB image of the
cross-sectional picture Fig. 8(b), the broadening of the
Kossel pattern (K pattern) was observed near the super-
lattice layer in the Si substrate. This broadening is pro-
nounced in the K patterns that cross the superlattice lay-
er at a low angle. For K patterns that cross the superlat-
tice at a high angle, the broadening is weaker. This
broadening is considered to be caused by internal stress
relief in the SLS,?? and the K patterns indicate that the
effect of internal stress relief in the SLS reaches a deep
position in the substrate. Figure 8(b) indicates that the
relief of internal stress in the SLS layer took place along
the direction perpendicular to the picture of the SLS, as
well as a small amount of shrinkage along the c-axis
direction. The strain due to stress relief in the SLS gives
rise to a strain of the lattice planes in the substrate.

IV. DISCUSSION

A. Abruptness at the Si/Ge heterointerface
and the growth structure

For the purpose of evaluating the abruptness of the
Si/Ge heterointerface, a high-resolution approach with
elaborate computer simulation can offer excellent results
(see, for example, Ref. 23). However, we encountered
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FIG. 8. (a) The large-angle convergent-
beam image in dark field. Arrow “@” indicates
the bending of the 080 reflection contour at the
interface. The splitting of the 040 reflection
contour in the SLS is marked by “b”. (b) The
bright field for the Si;,/Ge, SLS taken at a po-
sition slightly deviated from the [100] zone
axis. “sls” indicates the strained layer super-
lattice, “sub” indicates the Si substrate, and
the “c* arrows indicate the broadening of the
K patterns.

complications since many parameters, such as local
strain, local composition, defocus values, and the thick-
ness of the specimen are unknown. In particular, the im-
age contrast at the heterointerfaces of the SLS could pos-
sible be due to the coupling effect of both compositional
and local strain changes. On the other hand the satellite
intensity caused by the superlattice is expected to give us
an averaged concentration profile at the heterointerfaces.

According to the simulated result we obtained by
kinematical diffraction, there is only a slight dependence
of the intensity ratio of the inner second to the inner first
satellites for the 004 fundamental lattice reflection on the
interatomic distances along the c axis. However, the in-
tensity ratio strongly depends on the profile of the chemi-
cal composition. Thus we can obtain information about
the compositional profile at the heterointerfaces by
measuring the satellite intensity ratio without knowing
the interatomic distance accurately. The satellite intensi-
ty ratio of the Si;,/Ge, SLS was measured using a micro-
photometer, and compositional profile models, which
reproduce the measured satellite intensity ratio, were es-
timated.

The models of compositional profiles estimated from
our experiment for the Si;,/Ge, SLS are illustrated in
Fig. 9. The dark portions in each column indicate the
composition of Ge atoms in each atomic plane.
Asymmetrical interdiffusion in Si/Ge heterostructures
using SIMS has already been reported,!! and was recog-
nized also in our high-resolution micrographs in Fig. 4.
The structure illustrated in Fig. 9(a) was obtained assum-
ing an exponential decay of the Ge composition at the
Si/Ge interface, while assuming an ideal Ge/Si heteroin-
terface. Only the diffusion length of Ge at the Si/Ge in-
terface was used as a fitting parameter for the measured
intensity ratio. The diffusion length is estimated to be
about 4 ML, which is shorter than that reported by
Fukatsu et al. using SIMS.!' They estimated the
diffusion length to be 1.1 nm (8 ML) near the heterointer-
face of Si/Ge. Considering the depth resolution of the
SIMS analysis, our experimental result does not deviate
largely from the result obtained by SIMS. The evaluated
profile for the Si/Ge interface using a half-Gaussian mod-
el, and assuming an ideal Ge/Si, interface is illustrated in
Fig. 9(b). The models illustrated in Figs. 9(c) and 9(d)
were also found to agree with the measured intensity ra-
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FIG. 9. Results from various models of the compositional
profile in the unit cell of a Si;,/Ge, SLS. The dark parts in each
column indicate compositions of Ge atoms. The (a) model as-
sumes that the Ge/Si interface is ideal, and that there is ex-
ponential decay of Ge composition at the Si/Ge interface. The
(b) model assumes an ideal state at the Ge/Si interface, and
half-Gaussian decay at the Si/Ge interface. The (c) model as-
sumes the location of the Si/Ge heterointerface is fixed with
linear compositional change and an ideal Ge/Si interface. The
(d) model assumes a linear compositional change with a fixed lo-
cation of the interface for both Ge/Si and Si/Ge interfaces.

tio of satellites. Figure 9(c) was obtained by assuming
linear change in the compositional profile at a fixed loca-
tion of the Si/Ge heterointerface, and assuming an ideal
Ge/Si heterointerface. Figure 9(d) is also a linear change
model with a fixed location of the heterointerface, though
the compositional profile was assumed to be symmetrical
at both the Si/Ge and Ge/Si heterointerfaces.

In the high-resolution picture Fig. 4(b), the dark layers
seem to occupy more than a quarter of the superlattice
period. Though it is dangerous to compare directly the
contrast of the observed TEM image with the lattice
models, as the Ge layer looks broader than that in Fig.
9(a), Fig. 9(b) appears more realistic than Fig. 9(a). How-
ever, the Ge/Si heterointerface in the TEM image in
Figs. 4(a) and 4(b) does not look as sharp as the model in
Figs. 9(a) and 9(b). This may be due to the broader con-
trast of Ge layers, and the extent of mixing in these lay-
ers, than all models in Fig. 9 are able to suggest. Also,
the local strain around the interface may influence the
lattice images. So far, we have only one ratio of the
Fourier components of the compositional profile to fit,
and therefore further detailed discussion is not possible at
this point. However, it is sufficient to recognize the de-
gree of mixing among Si and Ge atoms.

B. The possibility of a direct gap

The possibility of achieving a direct band gap in Si/Ge
SLS’s on Si substrates has been doubtful, due to theoreti-
cal calculations on the basis of a coherent growth as-
sumption.®> In our SLS on a Si substrate, growth with a
swell of the lattice perpendicular to the ¢ axis was ob-
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served. The lattice parameter along the c axis was mea-
sured by x-ray diffraction to be 2.19635 nm for the
Si;,/Ge, SLS.?* This value is slightly lower than a value
obtained using simple macroscopic elastic theory with an
assumption of the coherent growth. This shrinkage of
the lattice along the ¢ axis is considered to be due to the
presence of dislocations in the Si substrate. Theoretical
band-structure calculations, in such a case, suggest the
conduction-band minimum can appear at the " point for
Si,/Ge,, Si,/Geg, and Sic/Ge, SLS’s.>>

Asymmetrical mixing of Si and Ge atoms at the Si/Ge
and Ge/Si heterointerface, caused by the segregation of
Ge and Stranski-Krastanov-mode growth, indicates that
the space group of SLS’s is not Pmma but Pmm?2. Ikeda,
Terakura, and Oguchi®® discussed the possibility of a new
optical transition that is due to the absence of an inver-
sion center. The deviation of abruptness of the interfaces
in the real structure from the ideal state simply implies
the reduction of a miniband gap created by the zone-
folding effect. This suggests a slight shift of the energy
level in the luminescence.

The dislocations may not be discarded as an origin of
the luminescence, as pointed out by Sturm et al.® In our
study, however, the Si;3/Ges SLS showed almost the
same, or a slightly higher, dislocation density than the
Siy,/Ge, SLS, whereas the Si;,/Ge, SLS showed stronger
luminescence than the Si;3/Ges SLS. Our micro-
structure investigation indicates that the possibility of
achieving a direct band gap in Si;,/Ge, and Si;3/Geg
SLS’s cannot be discussed by band calculations which as-
sume coherent growth on a Si substrate. Band-structure
calculations for Si,,/Ge, and Si;3/Geg SLS’s which con-
sider the microstructure reported in this work are expect-
ed.

Recently, an interesting luminescence peak was ob-
served in Si-base thin films.® This peak can be observed
not only in the multilayer quantum-well structures, but
also in SiGe alloys. The origin of this peak is still un-
known. Small defects, impurities, and local strain can be
considered as possible causes for it. This peak is also a
candidate for what was observed in the spectra of the
Si;,/Ge, and Sij3/Geg SLS. However, from only our
TEM observations, further details about this point can-
not be discussed at this stage.

V. SUMMARY

Using TEM, we have observed the microstructure of
Si;,/Ge, and Si;3/Geg SLS’s grown on Si substrates, and
obtained the following results.

(a) A nearly periodic array of bending contours (similar
to the elongated Ashby-Brown patterns) were observed in
the cross-sectional SLS’s.

(b) A wavy growth pattern was observed in the SLS’s.
This tendency was more apparent in the Si;3/Geg than
the Si;, /Ge, SLS’s.

(c) The contrast at the Si/Ge interfaces was not flat nor
clear, but those of Ge/Si were relatively flat and more
abrupt. This tendency was more apparent in the
Si 3 /Geg than the Si|, /Ge, SLS’s.

(d) In the LACB image, bending in the K pattern was
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observed in the Si substrate near the SLS. Broadening of
K patterns was also observed near the interface in the Si
substrate.

(e) Dislocations were observed near the SLS/Si sub-
strate interface in the Si substrate, indicating that the
SLS’s have more elongated lattice parameters than those
of the bulk Si substrate along the direction perpendicular
to the ¢ axis. Dislocations were also observed in the
plan-view specimen. Almost no dislocations were ob-
served in SLS’s. A very low dislocation density was mea-
sured in the Si cap layer.

(g) Misfit islands were observed in the Si;3/Geg SLS,
but not in the Si;, /Ge, SLS.

(h) The abruptness at the heterointerface was estimated
by measuring the intensity of satellites. Various models
for compositional profiles were illustrated. Large mixing
of Ge and Si atoms at the heterointerface was detected.

Our observation showed the presence of dislocations in
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the Si substrate. Planar defects were also reported in a
Si/Ge SLS grown on a Ge substrate.!” A SLS on a
strain-symmetrized substrate is expected to show better
quality. The PLE technique is confirmed to be effective
for monitoring of growing surfaces and for controling the
number of atomic layers. Further work, for example, an
application of a surfactant,'® is required to suppress the
Stranski-Krastanov mode growth as well as the surface
segregation of Ge atoms.
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FIG. 2. The low-magnification bright-field image of a
Si;,/Gey SLS and a Si substrate taken (a) at a 004 Bragg condi-
tion, and (b) at a 040 Bragg condition. The appearance and
disappearance of dislocations are not due to the g-b effect.
These photographs were taken at different places on the speci-
men.



FIG. 3. The cross-sectional view of the MBE-grown Si,,/Ge,
SLS. The strained layers of the superlattice are relatively flat in
comparison with Fig. 3(b). The vertical bending contour is seen
together with the bending image of the superlattice layers. (b)
The cross-sectional view of the MBE-grown Si,3 /Ge, SLS.
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FIG. 4. (a) The high-
resolution image of the Si 3/Geg
SLS and the Si substrate. (b)
The Si,,/Ge, SLS near the Si
substrate.



FIG. 5. The high-resolution image of the
Si,,/Ge, SLS, together with the Si cap layer.




misfit island

FIG. 6. (a) The plan-view im-
age of the Sij3/Ge; SLS at low
magnification. The misfit islands
are indicated by arrows. (b) The
high-magnification image of an
island with Moire fringes. (c)
The cross-sectional image of a
misfit island taken at a 004
Bragg position in the Si;/Geg
SLS under the two-beam condi-
tion. A misfit dislocation in the
Si substrate is marked by an ar-
row. Other contrasts at the
heterointerface of the SLS/Si
substrate are bending contours,
not dislocations, since they move
depending on the diffraction
condition. (d) The weak-beam
image of the dislocation network
taken at a 080 Bragg condition
using a 040 reflection for the
Si s /Ge, SLS. (e) The weak-
beam image of the dislocation
network in the Si substrate of
the Si,,/Ge, SLS specimen tak-
en at the 080 Bragg position us-
ing 040 reflection.



FIG. 6. (Continued).




FIG. 7. (a) The selected area diffraction
(SAD) pattern of the Si,,/Ge, SLS around the
004 fundamental reflection. The 000 reflection
is to the left of this picture. The satellite
marked by “a” is at the inner first position; “b"
is the fundamental 004 reflection from the SLS;
“¢" is the fundamental reflection from the Si
substrate; and *“d” is the outer first satellite.
(b) A part of the SAD pattern of the Si3/Geg
SLS taken in the [110] orientation. The 000
spot is located to the left below the picture. (c)
High indices diffraction spots in the SAD pat-
tern of the Si\3/Ge, SLS, taken in the [001]
orientation. The 000 spot is located to the left,
below the picture. Diffraction spots labeled
“a” are from the SLS, those labeled “b” from
the Si substrate.



FIG. 8. (a) The large-angle convergent-
beam image in dark field. Arrow “a” indicates
the bending of the 080 reflection contour at the
interface. The splitting of the 040 reflection
contour in the SLS is marked by “b”. (b) The
bright field for the Si,,/Ge, SLS taken at a po-
sition slightly deviated from the [100] zone
axis. “sls” indicates the strained layer super-
lattice, “sub” indicates the Si substrate, and
the “c** arrows indicate the broadening of the
K patterns.



