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Resonant Raman scattering from localized Si and quasiresonant Ge and Ge-Si optical phonons
has been used to study the characteristics of optical transitions at energies near the E; gap of Ge
for structures of ultrathin Ge layers in bulk Si(100) and ultrathin Si layers in bulk Ge(100).
Strong enhancements of the Ge-derived Raman scattering at excitation energies near 2.3 eV have
been observed for Ge layers as thin as 7 A. Si layer scattering shows no enhancement at the Ge
host resonance. These results show localized electronic states exist in these materials well above

the fundamental band edges.

The electronic and vibrational states of a thin layer in a
host can be described as either confined or free.! An elec-
tronic resonance arising from states confined in one ma-
terial can produce an enhancement of the Raman scatter-
ing intensity for phonons in that material. Such a reso-
nance cannot produce a significant enhancement of the
Raman scattering from phonons that have little or no am-
plitude at the confined electronic states. The optical pho-
nons in structures composed of layers of Si and Ge show
local or quasilocal behavior, 2> so that resonant Raman
scattering from these phonons provides information about
the spatial characteristics of the electronic states in Si-Ge
layers. We have used resonant Raman scattering from
the Ge-Ge, Ge-Si, and Si-Si phonons in Si-Ge layered
quantum wells to study the electronic structure of thin Ge
and Si layers for photon energies between 1.8 and 2.8
eV.47% Large enhancements of the Ge phonon Raman
scattering at excitation energies near 2.3 eV have been ob-
served for Ge layers as thin as 7 A in bulk Si. There is no
comparable large enhancement of the Si-Ge interface de-
rived scattering in these samples or of the Si Raman
scattering from 6-15-A Si layers in bulk Ge when the host
E|—E;+A resonances of the unstrained Ge surrounding
the Si are excited. The strong E; enhancement of the Ra-
man scattering from the phonons in our Ge layers as com-
pared to the Ge-Si phonons from the interfaces between
the Ge and Si layers and the Si layer phonons suggests
that the electronic transitions involving the conduction
band and heavy-hole valence band in the A direction re-
tain considerable Ge and Si character in our structures.

All of our samples were grown by molecular-beam epi-
taxy on Si(100) substrates.””® The growth temperatures
were held below 350°C to produce atomically abrupt in-
terfaces.® The Ge layers were grown on Si buffer layers
and capped by 30-50 A of Si. The thin crystalline Si lay-
ers were grown on 2000-A-thick, relaxed Ge films and
covered by a Ge cap with a thin layer of amorphous Si for
oxidation protection. The Raman measurements were
made in air, under flowing He using a multistage spectro-
graph with a multichannel optical detector.” The spectra
were excited using lines from Ar*, Kr*, and dye layers.

The Raman-active modes of Si and Ge layers provide
spectroscopically distinct, local probes of these layers.
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There are three I';s symmetry Raman-active modes which
are derived from the nearest-neighbor vibrations of Si
pairs, Si-Ge pairs, and Ge pairs.” The Si pair derived
modes are localized on the Si sites by energetic considera-
tions. The Si-Ge and Ge-Ge pairs are resonances of the Si
host. However, calculations for both the alloy"’ and thin-
layer superlattices'! suggest that the Ge phonon wave
functions are largely localized. Recent one-dimensional,
interplanar force-constant calculations!! suggest that the
Raman-inactive TO modes of the perfect Si-Ge interface
are localized while the LO modes are delocalized. Disor-
der at the interface would result in Raman-active Si-Ge
interface modes.

The resonant Raman spectra of Ge, Si, and Ge,Si; -,
are proportional to terms such as d,ldy(w)/dwl, and
diy P (w) where d?, are the different deformation poten-
tials and the y ) (w) the susceptibility or the contributions
of particular gaps, i, to the susceptibility.>%° The defor-
mation potentials depend on the electronic wave functions
and the phonons. For our Ge and Si layers, Ge-like
E | —E | +A transitions will produce a resonance in the in-
tensity of the Ge Raman scattering, /ge. The intensities
of the Ge-Si and Si phonons, Ige.sj and Is; at the Ge
E,—E,+A gaps will depend on how the wave functions
of the Ge electronic states behave near and in the Si.!?™1°
If they have no amplitude, then the deformation potential
for the Si vibrations will be small and Is; will show no res-
onant enhancement. If the electronic states are delocal-
ized, resembling those found in random alloys, all the Ra-
man modes will be simultaneously enhanced since the de-
formation potentials for Si and Ge are comparable. There
would also be an alloylike shift of E; —E;+A." Small
values of the deformation potential connecting the Si vi-
brations and the Ge electronic states could occur even if
the mixing of the Si and Ge electronic states were large.

In Fig. 1, we show the first-order Raman spectra ob-
tained from an 11-A Ge layer in Si(100) excited at several
different energies between 1.92 and 2.7 eV. In all of these
spectra, the contributions to the light scattering from the
Si host have been subtracted. The scattering, wge, be-
tween 300 and 320 cm ~! is analogous to the Raman-
active phonon of bulk Ge.” The scattering, @ge-si, near
415 cm ~! comes from the Si—Ge bonds at the interfaces
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FIG. 1. The Raman spectra of a 11-A layer of Ge grown in
Si(100) excited at a variety of energies between 1.92 and 2.7
eV. The spectra are normalized against the Si substrate scatter-
ing.

between the Ge layer and the Si host.”!° Although the Si
substrate contribution to the Raman spectra in Fig. 1 has
been subtracted, the curves in Fig. 1 are still normalized
against Ig; from the Si host which shows only a small in-
crease between 1.92 and 2.7 eV.% The large enhancement
of Ige near 2.2 eV is clearly seen in Fig. 1.

In Fig. 2(a), we show the excitation wavelength depen-
dence of Ige(w) for Ge layers of three different thick-
nesses. Also given in this figure is the resonant Raman
profile of bulk Ge which is dominated by the three-band
term involving the E; —E,+A gaps in Ge.® Figure 2(a)
shows that Ig.(w) for 7- and 11-A-thick Ge samples
grown at low temperatures is strongly enhanced for exci-
tation energies between 2.2 and 2.3 eV with a full width at
half maximum of about 150 meV. This linewidth is simi-
lar to that observed in the bulk. The Raman spectrum of
the 11-A sample is shown in Fig. 1 and the spectrum of
the 7-A sample similarly shows Ige>> IGe.si for these exci-
tation energies. Ige>> IGe-si is required for well-defined
Ge layers with abrupt Ge-Si interfaces.”® The excitation
wavelength dependence of the Raman spectra and the Ra-
man spectra themselves in both the 7- and 11-A samples
strongly resembles that of bulk Ge. The resonance Ra-
man profile of the 4-A-thick sample does not show evi-
dence of a significant resonant enhancement of /. near
2.2 eV. The Raman spectrum of this sample is similar to
that obtained from GegsSios.” The resonance Raman
profile of the 4-A Ge layer resembles that measured by
Cerdeira, Pinczuk, and Bean for Si/Ge,Si, -, superlat-
tices where x==0.5,'® which is consistent with the alloy-
like Raman spectrum of this sample.

Figure 2(b) shows the excitation wavelength depen-
dence of Ige.si(w) for the above samples. The excitation
wavelength dependence Igesi{w) depends on the ex-
istence of a well-defined Ge layer. Samples which show a
strong enhancement of IGe(w) for excitation energies near
2.2 eV and Raman spectra where Ige > IGe-si in the visi-
ble region, show no similar strong structure in Igc-si(®)
between 2.2 and 2.7 eV. The 4-A layer also does not show
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FIG. 2. (a) The excitation energy dependence of Igc(w) for
three different thickness Ge layers in Si(100). Open circle, 11
A; solid squares, 7 A; open inverted triangles, 4 A. The resonant
Raman profile of bulk Ge is shown as a solid line. (b) The exci-
tation energy dependence of Ige.si(w) for three different thick-
ness Ge layers in Si(100). Same symbols as in (a).

bulk Ge-like behavior but rather a modest increase in in-
tensity with increasing excitation energies near E, —E,
+A for a Ge,Sij—x alloy. This is similar to the behavior
observed in Si-Ge alloys. In all cases, we do not observe a
strong enhancement of Ig.-si{w) for excitation energies
near 2.25 eV.

Figure 3 shows Isi(w) for a =10-A layer of Si in
Ge(100) for 2.0 < Aw < 2.8 ¢V. The Raman spectrum of
the Ge host is strongly enhanced near 2.25 eV. The Si
layer scattering intensity shows a gradual increase with
increasing photon energy with no peak near the Ge
E,—E;+A transition. The corresponding transitions in
bulk Si are near 3.4 eV.

Resonant Raman scattering from Si-Ge alloys shows
that the ®ge, ®si, and ®ge.si modes are generally
enhanced together even though they retain their “local-
ized” identities. This is because the electronic states are
delocalized. The failure to observe an enhancement of Is;
at the Ge host resonance in Fig. 3 shows that the deforma-
tion potentials coupling the Si vibrations to the conduction
and valence-band states responsible for E; —E+A in Ge
are small. This will occur if the relevant Ge electronic
wave functions are excluded from the Si layers. The in-
crease in Is; and Ige.si for energies above 2.6 eV suggests
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FIG. 3. The excitation energy dependence of Is; for a crystal-
line Si layer in Ge(100). The solid curve is the resonant behav-
ior of bulk Ge.

that there may be localized Si-Ge-like electronic states
introduced by the Si layer.

Our observation of a strong enhancement of /g at exci-
tation energies near 2.3 eV in our ultrathin Ge layers can
be compared to similar work by Cerdeira and co-
workers!®!7 on thicker Ge,Sij— layers in Ge,Si;—,/Si
superlattices and ultrathin Ge layers in short-period
Ge,/Sin superlattices where 4 < (m,n) <12. They con-
cluded that their resonant Raman profiles in the thick al-
loys were dominated by confined E transitions. Compar-
ison of their Ge,/Si,, superlattice results with theoretical
treatments of the electronic band structure of these super-
lattices suggested to Cerdeira et al.'? in their most recent
work that their resonant transitions are like E ;.

Our results from ultrathin Ge quantum wells cannot
arise from Eg transitions of the Ge-Si system. Con-
finement shifts of the energies of the zone-center states
contributing to £¢ move this transition to energies near
our observed resonant Raman maximum.!® Theoretical
treatments of ultrathin, short-period Ge-Si superlattices
grown on Si(100) show that there can be a Ge-derived E
gap near 2.1 eV.'>!% However, the theoretical treatments
show that both the top of the valence band and the I'y and
I'1 conduction-band states responsible for this transition
are delocalized. While our quantum wells must support a
single bound hole and single bound electron state near I,
their small widths (7 A) and the small masses of the car-
riers place the bound states at the top of the wells, close to
the Si continuum, and well above 2.3 eV. The bound
states would have significant tunneling into the host and
we would expect to see the simultaneous resonant
enhancement of both /e and /ge.s; in our Ge layers. This
is not observed at 2.3 eV.

The electroreflectance results of Chandresekhar and
Pollak '® provide a basis for the identification of the elec-
tronic resonance seen in Fig. 2 at 2.3 eV in terms of the
Ge-derived E, transitions. The [100]-direction uniaxial
and hydrostatic contributions to the E; gap of Ge have
different signs so that the shift of this gap with applied
uniaxial stress was small. Extrapolating the results of
Ref. 18 to the 4% lattice mismatch of the pseudomorphic
growth of Ge on Si predicts that the E, gap will be below
1.8 eV and E |+ A gap above 3.0 eV. Since our Ge layers
can be as thin as 7 A there are shifts in E; due to

confinement effects. The magnitude of the electron and
hole potential wells can be estimated from the band align-
ments of van de Walle and Martin.!® The Ge con-
duction-band minimum at L is 1.45 eV above the top of
the Si valence band and about 0.20 eV below the Si con-
duction band at L using the 1.65-eV value of Foreman and
Aspnes? for the L to I' conduction-band difference of Si.
If E;=1.8 eV for epitaxial Ge on Si, the Ge heavy-hole
valence band at L will be about 1.3 eV above the Si
valence band. In the case of the 200-meV binding energy
of the Ge conduction band with respect to the Si states,
the 0.11mo [100] mass of the L point conduction-band
minimum will result in a single bound state near the top of
the well with significant tails in the Si barriers. !%!? Simi-
larly, the small widths of our Ge layers when combined
with the relatively small [100]-direction valence-band
masses at the L point will result in large confinement
shifts which move the Ge level close to the Si continuum.
If E, arose from the L point, confinement effects would
shift E well above 2.3 eV.

Vina, Logothetides, and Cardona?! showed that the
dielectric function of Ge at Ey — E+A is described by the
nearly parallel behavior of the conduction band and the
heavy-hole valence band on the line between I' and L.
Therefore, the effects of confinement on the electronic en-
ergies must be considered for all wave vectors on the A
line. While these states can be treated by the effective-
mass theorem, the expansion of E(k) for the valence
bands will involve both very large masses because of its
saddle-point behavior and linear terms in k. These will
produce relatively small confinement shifts for the
valence-band wave functions. If we assume that the treat-
ment of the conduction band at L applies to the con-
duction-band states along A, our resonant Raman results
require that the confinements shifts in the valence band
will be about 500 meV for the 7-A Ge layer. Such shifts
would still result in highly localized valence-band wave
functions which would be consistent with the localized be-
havior we need to explain our resonant Raman spectra
with the strong enhancement at 2.3 eV of I, as compared
to IGe-si- It would also explain the absence of an enhance-
ment of the Si scattering when the Ge host resonance was
excited in Fig. 3. This model would predict that the E,
gap in the 11-A layer should be well below 2.2 V. How-
ever, since the layer thickness is close to the critical thick-
ness, inhomogeneities in the strain on the layer would
reduce the shift to lower energies due to strain.

In conclusion, we have used resonant Raman scattering
in ultrathin Ge and Si layers in Si(100) and Ge(100) to
characterize the electronic structure between 1.9 and 2.8
eV in these systems. As in the recent work of Cerdeira et
al.,'” we find evidence for Ge localized E, transitions in
ultrathin Ge layers. The observation of Ge-derived E,
gaps in Ge layers only 7 A thick shows how Raman spec-
troscopy can provide information about the localized elec-
tronic states in ultrathin samples. This can be very useful,
especially in conjunction with spectroscopic tools such as
ellipsometry, since the Raman data provide independent
measurements of the critical point energies of the layers,
reducing the number of parameters needed to characterize
the ellipsometric response of the layers.
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