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Strain-Induced Two-Dimensional Electron Gas in Selectively
Doped Si/Si„Geq Superlattices
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We report the observation of two-dimensional electron systems and enhanced mobilities in
Si/Si05G-e05 strained-layer multilayer structures. The built-in strain is measured by phonon Raman
spectroscopy. The mobility enhancement depends strongly on the position of the doped region
within the layers. The experimental results can be explained in a consistent way when carrier con-
finement in the Si layer is assumed. The importance of the built-in strain in lowering the conduc-
tion band in Si is emphasized.

PACS numbers: 73.40.Lq, 63.20.Dj, 72.20.My

In this communication we report on observations of
the two-dimensional nature of electron gases and of
mobility enhancement in selectively doped Si/
Si„Ge& „strained-layer superlattices. This type of
multilayer structures has received considerable atten-
tion during the past few years. In spite of the relative-
ly large lattice mismatch of about 4O/o between Si and
Ge, high-quality pseudomorphic growth of Si/
Si„Ge& „multilayer structures has been achieved by
molecular beam epitaxy (MBE).' 4 The built-in strain
in the layers has been investigated very effectively by
Raman scattering experiments. 5 Recently, mobility
enhancement of two-dimensional holes in selectively
doped Si/Si08Ge02 heterostructures has been report-
ed. 6 In those samples, holes are transferred in space
from the acceptor states in the wider-gap material Si to
the valence band of the Sio()Ge02 alloy. There was no
evidence for electron confinement in n-type samples.
However, as shown recently, electron mobility
enhancement can be achieved by selective Sb doping
of Si/Si„Ge) „strained-layer superlattices. The in-
corporation of the n-type dopant antimony was per-
formed by a method denoted as secondary implanta-
tion. Details of this method are discussed elsewhere. s

In the present work we discuss various experimental
aspects that demonstrate the two-dimensional nature
of the carrier system, a strong low-temperature mobili-
ty enhancement, and the carrier confinement in Si
rather than in the Si„Ge( layers. To investigate the
built-in strain, we used phonon Raman scattering.
Enhanced transport properties were studied by low-
temperature Hall measurements and Shubnikov —de
Haas and cyclotron-resonance experiments. A new
model for the conduction-band ordering is presented
which emphasizes the importance of strain on band
offsets.

The layer sequence is shown schematically as an in-

set in Fig. 1. A Sio75Geo25 buffer layer of 200-m
thickness is followed by a periodic sequence of = 6-
nm Si and 6-nm Sio 5Geo 5. The total number of
periods is ten. The buffer layer is incorporated in or-
der to achieve a medium lattice spacing between that
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FIG. 1. Raman spectra of a Si/Si050e05 strained-layer su-
perlattice. The information depth is varied by the use of two
different laser lines. The arrows mark the energetic position
of unstrained layers.
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of Si and of SiosGeos. Consequently, both types of
layers are expected to be strained. The samples were
grown by Si MBE on (100) Si substrates. Substrate
preparation, growth procedure, and equipment are
described elsewhere (see, e.g. , Kasper9 and Kasper and
Worner'o). The growth temperature was 600'C.
Selective Sb doping was achieved by secondary implan-
tation. s The concentration of doping atoms ranges
from the low-10'6-cm region to more than 10'
cm 3. Sharp profiles are achieved. In our samples the
position of Sb-doping spikes with respect to the
Si/SiGe layer sequence was varied as described in Ref.

In order to obtain direct information on built-in
strains in the superlattice layers, we have studied the
phonon frequencies by conventional Raman spectros-
copy. The Raman spectrum of Si exhibits a single
peak at fee=64. 5 meV (520 cm '), which corre-
sponds to the triply degenerate optical phonons of the
Brillouin-zone center. In the presence of uniaxial
strain the Raman peak splits into a doublet and a
singlet and shifts linearly with strain as a consequence
of the change of the elastic constants. " Only the
singlet is observed in backscattering from (100) sur-
faces and lateral strain, which corresponds to a planar
biaxial stress. Using the compliance constants and the
phenomenological parameters for the strain-induced
changes as determined by Chandrasekhar, Renucci,
and Cardona, ' we obtain the following relation
between the frequency shift hem and the stress value:
cr = (2.49 kbar/cm )b,co(cm '). The biaxial stress is
equivalent to the sum of a hydrostatic pressure and a
uniaxial tension normal to the layers for layers under
compression, and opposite for lateral tension. The sit-
uation is more complex for the Si„Get „alloy layers.
The alloy spectrum shows three main peaks related to
Ge-Ge, Si-Ge, and Si-Si vibrations. The frequencies
of these modes depend on the composition of the al-

loy. '3'4 There is, however, little information on the
strain dependence. ' Recently, Cerdeira et a/. inves-
tigated several strained Si„Get „ layers and found that
the strain-induced shift of the Si-Ge vibration is linear
with a slightly smaller slope than obtained for pure Si.
It is suggested that this vibration is suitable for a quan-
titative evaluation of built-in strains.

In Fig. 1 we show two Raman spectra that are typical
for our samples. Information of different layers is ob-
tained by changing the laser line and consequently the
penetration depth. With A. L =457.9 nm, the Raman
spectrum exhibits only phonon lines from the superlat-
tice. The expected positions for unstrained layers are
marked by arrows. There is a clear upward shift of the
three SiosGeos phonon lines. The optical mode ori-
ginating from the Si layers, on the other hand, is shift-
ed downwards. This indicates, as expected, a lateral
compressive strain in the Si05Ge05 layers and a lateral
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FIG. 2. Temperature dependence of the Hall mobility for
samples with different doping positions in selectively doped
Si/Si05Geoq strained-layer superlattices. The doping posi-
tions are as follows: the center of the Si layers (VS75); in
the Sio 5Geo5 layers, but close to the interface (VS83); and in
the center of the Si05Geo5 layers (VS82). The inset shows
the Hall mobility at T= 20 K vs doping position.

tensile strain in Si. The spectrum obtained with
A. l =528.7 nm exhibits two additional peaks, at 62
meV on top of the Si-Si vibrational mode of the
strained Sio 5Geo 5 alloy and at 64.5 meV, which corre-
sponds to the phonon frequency of unstrained Si.
These modes originate from the Sic 75Gep 75 buffer
layer and the Si substrate, which can be observed be-
cause of the large penetration depth of this laser line.
The downward shift of the Si mode of the superlattice
(7 cm ' or 0.87 meV) corresponds to a strain of about
1%, which is equivalent to a stress value of 17 kbar
(1.7 GPa). The shifts of the Sio5Geos modes are
found to be of the same size. This large strain causes a
splitting of the different conduction-band valleys of
about 150 meV, which has some consequence on the
conduction-band ordering, as will be discussed later.

In Fig. 2 we show the temperature dependence of
the Hall mobility for several samples as obtained with
a standard van der Pauw method. In sample VS82 the
Sb doping is incorporated in the center of the Sio 5Geo 5

layers, in VS75 in the center of the Si layers, and in
VS83 close to the interface, but still in the Sio 5Geo 5 al-

loy layers. The decreasing mobility at low tempera-
tures of sample VS75 is typical for highly doped n-type
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Si. In the other two samples the mobility is much im-
proved at low temperatures. This is due to the effect
of selective doping, where the ionized donors are
separated in space from the carriers, resulting in a
strong reduction of ionized impurity scattering. ' The
most surprising result, however, is the fact that one
gets enhanced mobilities whenever the SB dopants are
placed in the Siq5Geoq alloy layers, the material with
the smaller band gap. This can be seen more clearly in
the inset of Fig. 2, where the T= 20 K Hall mobilities
of six samples are plotted versus the position of the
doping spike in the Si or Sio 5Geos layers. The mobili-
ty enhancement is strongly pronounced in the samples
where the SiGe layers are doped. The small shift of
the peak from the center of the layers of about 10 A is
caused by the doping method.

Direct confirmation of the existence of a two-
dimensional electron gas is obtained from measure-
ments of Shubnikov —de Haas oscillations. Figure 3
shows the magnetoresistance of sample VS82 at T = 2
K. The oscillation period observed with the magnetic
field perpendicular to the layers leads to a two-
dimensional electron density n, = (1.54 X 10'2)g„
cm 2/layer; g„ is the valley degeneracy. With the as-
sumption g„=2, the resulting ,n= 308&& 10'2 cm 2 is
in reasonable agreement with the total density ob-
tained from Hall measurements, which gives %, = 4
& 10'3 cm for the ten layers. No Shubnikov —de
Haas oscillations are observed for 8 parallel to the
layers. A similar behavior is found for the samples
VS81 and VS83, the other two available samples with
the doped region inside the SiGe layers. The total am-
plitude of the magnetoresistance oscillations is rather
small (approximately 1'/o at 6 T). This is probably due
to inhomogeneities of the carrier concentration from
layer to layer. Slightly different carrier densities may
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also explain the weak anomaly observed around 4 T,
where one peak is s':.rongly damped as a result of a
beating effect of closely spaced oscillation periods.

In order to determine the effective mass of the two-
dimensional carrier systems, we also performed
cyclotron-resonance experiments with a far-infrared
laser that provides 890.7-GHz radiation. A broad
cyclotron-resonance absorption line is observed which
leads to an c0r between 2 and 3 and a cyclotron mass
very close to 0.2mo, a value that is also observed in
(100) Si inversion layers where only the twofold de-
generate subbands are occupied. '7 This is further evi-
dence that the electrons are situated in the Si layers
rather than in the Sic sGe05 layers, as will be discussed
in the next section.

From all these experimental data, we now construct
a simple model of the band offsets and the potential
wells in Si/Si Get „strained-layer superlattices. The
indirect gap of bulk Si„Ge~ „has been investigated by
Braunstein, Moore, and Herman. 's For Si05Geo s, the
band structure is very similar to that of Si. The
conduction-band minima are found to be along the
(100) directions close to the X point of the Brillouin
zone. There is only little information on the band
offsets for Si/Si„Get heterojunctions. At x=0.5
the total band-gap difference is about 0.2 eV. There is
some evidence that b,E„»AE„6 which leads to a
band diagram as shown in Fig. 4(a). The strong uniax-
ial strain present in our superlattices, however, causes
significant modifications. The effect of uniaxial stress
on the conduction band has been studied for example
by Balslev. '9 With applied stress along the (100) direc-
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FIG. 3. Shubnikov —de Haas measurements at T= 2 K for
sample VS82. The lack of oscillations in parallel field con-
firms the two-dimensional character of the electron gas.

FIG. 4. Proposed band offsets at the interface of
Si/Si„Get „heterojunctions: (a) in the absence of strain,
(b) with lateral tensile strain in Si and lateral compressive
strain in SiGe, and (c) real-space energy diagram of a
strained-layer superlattice. The effect of strain on the
valence band has been neglected.
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tion, the sixfold degenerate conduction band is split
into twofold and fourfold degenerate valleys. For
uniaxial compression, two valleys are lowered in ener-
gy by 5.8 meV/kbar; the other four valleys are shifted
upwards by 2.9 meV/kbar. For tensile strain along the
(100) direction, the signs are reversed. The total split-
ting is 8.7 meV/kbar. Using the experimentally deter-
mined stress in our samples of about 17 kbar, we ob-
tain a splitting of the conduction band of = 150 meV.

The band diagram resulting from lateral stress in the
layers is shown in Fig. 4(b). In-plane stress causes
tensile strain in the Si layers and compressive strain in
the SiGe layer, with opposite strains in the direction
normal to the layer plane. The effect of strain on the
valence band is not included in the figure. The strain-
induced splittings and shifts of the conduction-band
minima can easily lead to the situation that the con-
duction band of the wider-gap material Si is lower in
energy than that of Si„Get „. For the strained-layer
superlattice Si/SioqGeo q with lateral tensile strain in
the Si layers and lateral compressive strain in the

Sio &Geq5 layers, we propose the band diagram shown
in Fig. 4(c). In n-type samples carrier confinement oc-
curs in the Si layers. Up to high densities the carriers
occupy the ground state of the twofold degenerate sub-
band, which is favored by the type of strain, but also
by the confinement in (100) direction. 2o The effect of
electron mobility enhancement due to selective doping
is therefore only achieved when the Si„Get „ layers
are doped. This is probably different when the type or
size of strain is changed by use of other substrates or
buffer layers.

In conclusion, we report on the first observation of
two-dimensional electron systems in Si/Si„Get
strained-layer superlattices with enhanced low-temper-
ature mobilities. From various experimental observa-
tions, a band model is proposed which leads to elec-
tron confinement in the Si layers. We want to em-
phasize that the built-in strain plays an important role
in the ordering of the bands. This effect might also be
significant in the actual values of band discontinuities
of other heterostructures. The samples used for the
present investigation are by no means optimized for
maximum mobility. Improvements are probably
achieved by increasing the space thickness, by lower-
ing the carrier concentration, and last but not least, by

lowering the background impurities. Such work is in
progress.
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