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In this paper we show unambiguously that ordering in Si;_,Ge, is an entirely kinetic phenomenon
governed completely by growth conditions and surface reconstructions, and not by bulk thermodynamic
equilibrium. We describe a set of experiments involving the use of annealing, surface modification
through molecular-beam-epitaxial adlayers, ultrahigh-vacuum chemical vapor-deposition growth, and
growth on Si substrates with different orientations which indicate that both low-temperature growth and
a 2X1 reconstructed surface are individually necessary but not sufficient conditions to observe long-
range order in Si;_,Ge,. The experimentally observed ordered phase, which consists of bilayers of Si
and Ge along all four (111) directions, is a metastable phase tht does not correspond to the lowest-
energy phase of the alloy and is irreversibly destroyed by annealing. Our experiments also emphasize
that ordering in Si,_,Ge, occurs even in the absence of strain in Si,_, Ge, films. Finally, we demon-
strate that long-range order in Si;_,Ge, occurs due to local segregation induced by stresses at the grow-
ing surface. This mechanism successfully explains all experimental findings to date.

I. INTRODUCTION

Atomic ordering has been studied extensively in metal-
lic alloys and several elemental and compound semicon-
ductor material systems.! "® Advances in heteroepitaxial
growth techniques have permitted the observation of
stable and metastable atomic arrangements which cannot
be predicted from bulk phase diagrams at the same tem-
perature range or composition.?”® Ordering in elemental
semiconductor alloys, such as Si;_,Ge,, has been ob-
served by many workers,” 2 and the presence of long-
range order (LRO) has been attributed to strain in
lattice-mismatched epitaxial SiGe layers, until it was
shown that ordering exists in unstrained, bulklike SiGe
films.!® This experimentally observed ordered phase does
not correspond to the predicted lowest-energy phase of
the Si,_,Ge, alloy,* consisting of alternating Si-Ge-Ge-
Si layers along the (111) direction. Instead, the ob-
served phase was shown to be a microscopically strained
structure consisting of bilayers of Si and Ge along all four
equivalent {111) directions.'® Further, this metastable
ordered phase comes about by lateral site-specific segre-
gation (i.e., preferential migration) of Si and Ge atoms,
brought about by alternating tensile and compressive
stresses in adjacent sites present on a 2 X1 reconstructed
Si(100) surface (see Fig. 1).'""!3 This segregation, once es-
tablished on the surface, is essentially frozen into the
bulk, resulting in a metastable, ordered Si;_, Ge, alloy.

In this paper, we show that epitaxial growth condi-
tions, such as growth temperature and surface recon-
structions at the growth front, directly determine the
presence or absence of long-range order in Si,_,Ge, al-
loy layers. Our experiments prove that long-range order
in Si; _,Ge, is a direct consequence of surface growth ki-
netics, and we compare our results with theoretical pre-
dictions in this material system.

II. EXPERIMENTAL TECHNIQUES

We have examined molecular-beam epitaxy (MBE) and
ultrahigh-vacuum chemical-vapor deposition (UHV-
CVD) Si; _,Ge, (0.1=x=0.8) films grown on Si sub-
strates with different orientation over a wide range of
substrate temperature and growth conditions. Surface
reconstructions occurring at the growth front were
modified in situ, using an adlayer such as gallium, an-
timony, or boron, and monitored using low-energy elec-
tron diffraction (LEED). The presence or absence of or-
der was determined using planar and cross-sectional
transmission electron microscopy (TEM). The extent of
impurity incorporation from the adlayer into the bulk
SiGe film was determined by secondary-ion-mass spec-
troscopy (SIMS). In addition, the Si;_, Ge, layers were
annealed at different temperatures for varying amounts of
time, to study the stability of the ordered SiGe phase.

ITII. RESULTS

A. Dependence of LRO on growth
and annealing temperatures

Sij sGeg s films, 5000 A thick, were grown on Si(100)
substrates by MBE at growth temperatures between 390
and 590°C. Figures 2(a)-2(c) show diffraction patterns
from a planar-view sample taken along the (110) zone
axis for three different growth temperatures: (a) 390, (b)
490, and (c) 590°C. The diffraction pattern in Fig. 2(a)
clearly shows the presence of additional superlattice
reflections present at 1{111}, indicating strong order in
the sample. The same extra reflections persist in Fig.
2(b), but are considerably weakened in intensity. In Fig.
2(c), we can see from the overexposed diffraction that
these spots have disappeared completely, indicating the
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FIG. 1. (a) Cross section of the (100) 2X 1 surface, projected
onto a (110) plane. Surface dimers are at the top. Large solid
circles correspond to sites under compressive stress, favoring Si
occupancy. Large open circles denote sites under tensile stress,
favoring Ge. (Dimer sites are also shown as large open circles,
despite their small stress, because the surface energy favors Ge
occupancy for those sites.) Small circles denote sites with little
preference for Si or Ge. (b) Proposed growth process: The third
and deeper layers in (a) are assumed immobile, while two more
layers are added. Thus, the circles in the fifth and sixth layers
denote Si or Ge occupancy, due only to kinetics (past history),
rather than to actual stress or any equilibrium preference.

absence of long-range order in the Si; _, Ge, films grown
at high temperatures by MBE. It is important to note
here that the complete absence of long-range order in the
sample shown in Fig. 2(c) corresponds to no indication of
either (SiGe)/(GeSi) type of order (referred to in the
literature®!? as rhombohedral structure 1, RHI1) or
(SiSi)/(GeGe) type of order (referred to in the litera-
ture®!? as rhombohedral structure 2, RH2).

Ordered Si;_,Ge, (0.1=x =0.8) films were annealed
for 2 h at temperatures between 450 and 800°C. Figure 3
shows the effect of annealing temperature on LRO in
Si;_,Ge, films as a function of Ge composition. Order-
ing in Sijy sGey 5 films persists up to annealing tempera-
tures of 650°C. However, Si;_,Ge, films with Ge com-
positions either less than or greater than 50% are less
stable to high-temperature annealing, and ordering is des-
troyed at temperatures around 500°C. In addition, once
ordering is destroyed, long-term annealing for several
hours over a wide range of annealing temperatures fail to
restore long-range order in either the RH2 or RH1 bi-
layer sequence.

Since ordering in Si,_, Ge, is a strong function of tem-
perature, it is important to establish the degree of long-
range order that exists in these epitaxial Si;_, Ge, films.
We have used grazing angle x-ray diffraction and reso-
nant Raman scattering to determine the extent of order-
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FIG. 2. Diffraction patterns from a planar-view sample taken
along the (110) zone axis for three different growth tempera-
tures, (a) 390, (b) 490, and (c) 590°C. The diffraction pattern in
(a) clearly shows the presence of additional superlattice
reflections present at 1{111}, indicating strong order in the
sample. The same superlattice reflections persist in (b), but are
considerably weakened in intensity. In (c), we can see from the
overexposed diffraction that these spots have disappeared com-
pletely, indicating no order.
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FIG. 3. Effect of annealing temperature on LRO in Si,_,Ge,
films as a function of Ge composition. Ordering in Siy sGeg s
films persist up to annealing temperatures of 650°C. However,
Si,_,Ge, films with Ge compositions either less than or greater
than 50% are less stable to high-temperature annealing, and or-
dering is destroyed (absence of both RH1 and RH2 structures)
at temperatures around 500 °C.
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ing in Siy sGe, 5 layers grown at 390 and 490°C. In other
words, the relative proportion of Si and Ge in their
respective bilayers was quantified. For a Siy sGe, 5 film
grown at 390°C, the ratio of the intensities of peaks at
1(777) and }(888) in the x-ray-diffraction spectra was
found to be 0.114. Taking into account the structure fac-
tor associated with the change in unit-cell parameters due
to the strain induced by the presence of Ge, and the
correcting factor related to the experiment geometry, we
find the ordering parameter to be 0.64. Hence, the Si (or
Ge) bilayers for a Sij sGeg s film are expected to contain
about 18% Ge (or Si). The extent of ordering was also
determined using resonant Raman scattering by compar-
ing the relative strength of the Si-Si, Ge-Ge, and Si-Ge vi-
brations, and found to be around 70-80 %.'* Si, sGe, s
films grown at 490°C showed 50% weaker ordering by
x-ray diffraction compared to films grown at 390 °C, con-
sistent with the electron-diffraction spectra seen in Fig. 2.

B. Surface modification

The nature of the reconstructed Si surface during
growth plays a determining role in the ordering of
Si;_,Ge, films. Surface reconstruction on a Si(100) sub-
strate were modified in situ during growth using an-
timony, gallium, and boron, and their effect on LRO was
examined. Initially, a 5000- A-thick, Sip sGey s film was
grown on a normal 2X1 reconstructed Si(100) substrate
at low growth temperatures, to produce an ordered
Siy sGeg 5 layer. Subsequently, the Si surface was saturat-
ed by 0.25-0.50 monolayer (ML) of antimony which
causes the reconstruction on the Si(100) surface to change
from a 2X 1 to a 1X1 structure.!>!® The change in sur-
face reconstruction was confirmed by in situ LEED of the
quenched growth surface. Sij ;Ge, s growth was initiated
again on the 1X1 reconstructed surfaces while continu-
ing to maintain antimony coverage to ensure a 1X1
LEED pattern at the growth front. Figure 4 shows the
cross section of this sample with a 5000- A-thick, SiGe
bottom layer followed by another 5000 A of SiGe grown
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on a 1X1 reconstructed surface. Also shown in Fig. 4
are the corresponding electron-diffraction patterns, to-
gether with the in situ LEED patterns, to elucidate the
two different growth conditions. The electron-diffraction
patterns in Fig. 4 clearly show that the bottom Si; sGe s
layer is strongly ordered, while the top Sij ;Ge, s layer is
not.

Saturation of the growth surface with gallium instead
of antimony gives similar, if somewhat less striking, re-
sults. Figure 5 shows a cross-sectional view of a 1.0-um
Siy sGey 5 film where the top 5000 A was grown under
conditions to sustain a 0.25-0.50 monolayer of gallium at
the growing surface. We can see from the electron-
diffraction pattern in Fig. 5 that the bottom 5000 A s
strongly ordered, and the LEED pattern taken during the
growth of this layer shows a distinct 2 X 1 structure at the
growth front. The surface was then dosed with gallium,
which caused the surface reconstruction to change to a
weak 2X 1 or a disordered 1X 1 structure. Any addition-
al gallium coverage immediately caused gallium precipi-
tation on the SiGe surface, and it is thus difficult to main-
tain a good 1X1 reconstruction during growth. The next
5000 A of Si, sGe, s was grown by maintaining the result-
ing 1X1 structure at the growth front. The electron-
diffraction pattern corresponding to this layer (this pat-
tern has been overexposed in order to determine the pres-
ence of additional superlattice reflections) in Fig. 5 shows
a very weak ordering in the Sij, sGe, s film.

The effect of doping with boron is drastically different
since the growth surface retains a 2X1 reconstruction
(i.e., there is no adlayer) in the presence of a boron flux.
Figure 6 shows a cross-sectional view and diffraction pat-
tern of a boron-doped Sij sGey 5 film. The structure in
Fig. 6 corresponds to a Si/Sij sGe, s resonant tunneling
structure, but in our discussions only the 1.0-um-thick
Siy sGeg s layer is relevant. The electron-diffraction pat-
tern in Fig. 6 clearly shows that the boron-doped
Siy sGeg 5 film is strongly ordered.

We have also examined Si;_,Ge, films grown by
UHV-CVD at 560 and 450°C. The SiGe films grown at

FIG. 4. Cross-sectional view of a sample with a 5000-A-thick Siy sGeg s layer, followed by another 5000 A of Seo. sGeg 5, grown
with Sb coverage on a 1X 1 reconstructed surface. Also shown are the corresponding electron-diffraction patterns, together with the
in situ LEED patterns, to elucidate the two different growth conditions. The electron-diffraction patterns clearly show that the bot-
tom Si, sGe, 5 layer is strongly ordered, while the top Siy sGey s layer is not.
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FIG. 5. Cross-sectional view of a 1.0-um Si, sGeg 5 film, where the top 5000 A was grown under conditions to sustain 0.25-0.50
monolayer of gallium at the growing surface. Also shown are the corresponding electron-diffraction patterns, together with the in
situ LEED patterns, to elucidate the two different growth conditions. The electron-diffraction patterns clearly show that the bottom
Siy sGey 5 layer is strongly ordered, while the top Si, sGeg s layer is very weakly ordered.

low temperatures (450 °C) by UHV-CVD are not ordered,
but films grown at 560°C are ordered. Due to intrinsic
differences in MBE and CVD growth techniques, we find
that the range of growth temperatures that produce or-
dered Si;_,Ge, films in the two cases is distinctly
different and actually the inverse of each other.

We have also examined Si;_,Ge, films grown on Si
substrates with different orientations. Si;_,Ge, films

grown by MBE on Si(111) substrates do not show any or-
dering under the set of growth conditions that we have
examined. In particular, the same growth temperatures
that produce strong ordering in Si, _,Ge, films grown on
Si(100) substrates do not result in LRO when grown on
Si(111) substrates. No amount of annealing of Si;_, Ge,
films grown on Si(111) substrates produce long-range or-
der.
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FIG. 6. A cross-sectional view and diffraction pattern of a boron-doped SiysGe,s film. This structure corresponds to a
Si/Siy, sGeg s resonant tunneling structure, but in our discussions only the 1.0-um-thick Siy sGeg s layer is relevant. The electron-
diffraction pattern clearly shows that the boron-doped Siy sGey s film is strongly ordered.
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IV. DISCUSSION

A cross section of a Si(100) 2 X1 reconstructed dimer
structure [see Fig. 1(a)] shows that alternating atomic
sites in the third and fourth layers of the film are under
compressive or tensile stress.!'!3 These atomic-scale
stresses can cause site-specific segregation of Si and Ge
atoms in the Si;_, Ge, alloy, since sites under compres-
sive stress would rather be occupied by the smaller silicon
atom while those under tensile stress would be favored by
the larger germanium atom. When a double layer is
grown on the initial surface shown in Fig. 1(a), alternat-
ing Si-rich and Ge-rich pairs of atoms in the third and
fourth layers of the crystal are seen again [see Fig. 1(b)].
At low growth temperatures, it is possible to “freeze in”
this structure, because bulk diffusion coefficients are
sufficiently low, and thus elemental distributions seen in
the subspace layers are sustained throughout the epitaxial
SiGe film. This mechanism results in the experimentally
observed Si-Si—Ge-Ge-ordered phase, RH2 (see Fig. 1),!°
and not the Si-Ge-Ge-Si phase, RHI1, predicted by
theory at very low temperatures. Recently, Jesson and
Pennycook'” have proposed another kinetic growth mod-
el involving an asymmetric Ge-atom pump mechanism to
explain Ge segregation and the ordering in ultrathin Si-
Ge superlattices that then arises from it. In the following
discussion, we will show that all experimental results de-
scribed in the preceding section are consistent with the
mechanism proposed in Fig. 1.

The fact that once ordering in Si;_, Ge, is annihilated
by either annealing or high-temperature growth it cannot
be restored by subsequent long-term annealing clearly in-
dicates that the ordered phase of the Si;_,Ge, alloy is a
metastable phase which occurs under certain epitaxial
growth conditions. Ordering in Sij sGe( s persists at
higher annealing temperatures than in Si;_,Ge, films
with unequal percentages of Si and Ge (see Fig. 3). This
is consistent with the fact that fewer atomic displace-
ments are necessary to cause destruction of long-range
order in Si,_, Ge, films with unequal amounts of Si and
Ge.

It is clear from the adlayer surface modification experi-
ments that simply changing the surface reconstruction
from a 2X1 to a 1X1 in situ during growth alters the
phase of the SiGe alloy and unambiguously demonstrates
that ordering is entirely due to surface kinetics. It is im-
portant to rule out any extensive incorporation from the
adlayer species into the SiGe film which might result in a
change in the bulk properties of the alloy. Figure 7
shows a SIMS profile of the sample described in Fig. 4,
and the extent of bulk antimony incorporation into the
top SipsGeg s layer from the antimony adlayer at the
growth front is around 2X 10°/cm®.  Antimony-
implanted Si, sGeg s films were used as standards to cali-
brate the SIMS profiles. This amount of antimony incor-
poration ( <0.5%) into the Sij sGe 5 is sufficiently low as
not to have any effect on the bulk phase stability of this
layer.

A weak 2X1 LEED pattern is observed during the
growth of Sij sGe, s films saturated with a gallium ad-
layer, and this results in a weakly ordered Sij sGeg s film.
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FIG. 7. SIMS profile of antimony in the Sijy sGe, s sample de-
scribed in Fig. 4. The extent of bulk antimony incorporation
into the top Siy sGeg s layer from the antimony adlayer at the
growth front is around 2 X 10%°/cm® ( <0.5%).

The use of gallium adlayers results in an intermediate set
of results between antimony and boron, which show that
dynamic changes in the 2X 1 reconstruction directly im-
pact the extent of ordering in the SiGe layer. This rein-
forces the important role played by the atomic arrange-
ment at the growing surface on ordering in the bulk
Si,_,Ge,. Figure 8 shows a SIMS profile of gallium in
the Sij sGe, s sample described in Fig. 5, and the amount
of gallium incorporated in the film is again sufficiently
low (<0.15%) as to not cause any bulk change in the
Sip sGeg.s-

Boron, which is a p-type dopant in Si and Si,_, Ge,,
incorporates readily into the bulk, and does not result in
a change in the surface reconstruction at the growth
front. Hence, a 2X 1 structure can be maintained at the
Si(100) surface while exposing the Siy sGe, s surface to a
boron flux, and this produces a highly ordered Sij sGe s
film.

Si,_,Ge, films grown by UHV-CVD permit one to ex-
amine the effect of surface reconstruction on LRO
without the use of adlayers. This is because in the UHV-
CVD environment, at low growth temperatures, there is
significant hydrogen coverage and the Si(100) surface is
1X1 reconstructed.'®!® At higher growth temperatures,
around 550°C, the hydrogen coverage is less complete,
and a 2X 1 reconstructed Si surface is seen. Indeed, in
keeping with our previous observations, we find that
UHV-CVD SiGe films grown at higher temperatures are
ordered, but those grown at lower temperatures are not.
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FIG. 8. SIMS profile of gallium in the Siy sGey s sample de-
scribed in Fig. 5. The amount of gallium incorporated in the
film is again sufficiently low ( <0.15%) as to not cause any bulk
change in the Sij ;Ge 5.

While this is seemingly contradictory with the MBE-
grown SiGe results, a closer examination of the condi-
tions which produce LRO in both MBE and UHV-CVD
films indicates that both conditions relating to low-
temperature growth and a 2X1 surface reconstruction
must be maintained to observe LRO.

Growth on Si(111) substrates allows one to examine
Si, _,Ge, films grown on a 7 X7 reconstructed Si surface.
These Si;_,Ge, films show no ordering under any set of
growth or annealing conditions. This once again indi-
cates that a 2 X 1 reconstructed surface is necessary to see
LRO.
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The extent of long-range order is the Si;_,Ge, films,
and the range of temperature for which ordering is strong
enough to be detected, is significantly higher than that
predicted by Kelires and Tersoff.!* It is difficult to gauge
how accurately stress at the growing surface can be de-
scribed by the empirical classical potential used in their
model. Further, since their model refers to thermo-
dynamic equilibrium only, this discrepancy is not surpris-
ing.

V. CONCLUSION

In conclusion, we show unambiguously that ordering
in Si, _,Ge, is an entirely kinetic phenomenon, governed
completely by growth conditions and surface reconstruc-
tions, and not be bulk thermodynamic equilibrium as was
previously believed. The experimentally observed or-
dered phase, which consists of bilayers of Si and Ge along
all four {111) directions, is a metastable phase that does
not correspond to the lowest-energy phase of the alloy,
and is irreversibly destroyed by annealing. The set of ex-
periments described in this paper involving the use of an-
nealing, surface modification through adlayers, UHV-
CVD growth, and growth on Si(111) substrates, all indi-
cate that both low-temperature growth and a 2X 1 recon-
structed surface are individually necessary but not
sufficient to observe LRO in Si;_,Ge,. Our experiments
also emphasize that ordering in Si;_,Ge, occurs in the
absence of strain, and indeed Si/Si;_, Ge, strained-layer
superlattices grown on Si substrates with different orien-
tations show no order.”’ We have also ruled out previous
explanations of ordering in Si;_,Ge,, and proposed a
mechanism that ordering in Si;_, Ge, is related with lo-
cal segregation induced by stresses at the surface, and
successfully explained all experimental findings to date.
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FIG. 2. Diffraction patterns from a planar-view sample taken
along the (110) zone axis for three different growth tempera-
tures, (a) 390, (b) 490, and (c) 590°C. The diffraction pattern in
(a) clearly shows the presence of additional superlattice
reflections present at %{ 111}, indicating strong order in the
sample. The same superlattice reflections persist in (b), but are
considerably weakened in intensity. In (c), we can see from the
overexposed diffraction that these spots have disappeared com-
pletely, indicating no order.
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FIG. 4. Cross-sectional view of a sample with a 5000-A-thick Siy sGey s layer, followed by another 5000 A of Se, sGeg s, grown
with Sb coverage on a 1X1 reconstructed surface. Also shown are the corresponding electron-diffraction patterns, together with the
in situ LEED patterns, to elucidate the two different growth conditions. The electron-diffraction patterns clearly show that the bot-
tom Siy sGey s layer is strongly ordered, while the top Siy sGeg 5 layer is not.
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FIG. 5. Cross-sectional view of a 1.0-um Sij sGey s film, where the top 5000 A was grown under conditions to sustain 0.25-0.50
monolayer of gallium at the growing surface. Also shown are the corresponding electron-diffraction patterns, together with the in
situ LEED patterns, to elucidate the two different growth conditions. The electron-diffraction patterns clearly show that the bottom
Siy sGey s layer is strongly ordered, while the top Si, sGe, s layer is very weakly ordered.



FIG. 6. A cross-sectional view and diffraction pattern of a boron-doped SiysGegys film. This structure corresponds to a
Si/Si; sGe s resonant tunneling structure, but in our discussions only the 1.0-um-thick Si, sGeg s layer is relevant. The electron-
diffraction pattern clearly shows that the boron-doped Si, sGe, 5 film is strongly ordered.



