
PHYSICAL REVIEW B VOLUME 40, NUMBER 2 15 JULY 1989-I

Resonant Raman scattering in short-period (Si)„/(Ge) superlattices
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We have measured the resonant Raman efficiencies of different modes of (Si)„/(Ge) short-

period superlattices as well as those of a Sio.46e0.6 random alloy in the range 1.8 eV «hmL «3.0
eV. The two peaks observed in the curves of Raman cross sections versus photon energy originate
in extended (confined within the Ge layers) electronic states for the higher (lower) energy peak.
These two types of optical transitions seem to merge as the layer thickness decreases. We at-
tempt to explain these results on the basis of recent calculations of the electronic structure of
these materials. As a byproduct we have obtained the absorption coefficients of our superlattices
in the region below 3.1 eV.

The possibility of growing high-quality strained-layer
superlattices made of ultrathin Si/Ge layers on Si, Ge, or
Sii —„Ge„substrates has been demonstrated by several au-
thors. ' ' Recent modulated reflectivity measurements
have shown a richness of optical transitions which are at-
tributed to folded and confined electronic states. Band
calculations using diverse theoretical methods reproduce
these results with varying degrees of success. These
calculations also give the spatial extent of the electronic
wave functions, thus allowing discrimination between
states that are localized in either of the two types of lay-
ers, and those that are extended throughout the whole su-
perlattice.

Although modulation spectroscopy is both sensitive and
accurate for the determination of the energies at which
optical transitions occur, it does not distinguish between
localized and extended states. Resonant Raman scatter-
ing (RRS) is a complementary technique. Though it does
not allow for accurate determination of transition ener-
gies, it provides information on localization by exploiting
the modulation produced in the electronic states by the
different types of phonons which appear in the superlattice
spectrum. ' The latter can be either localized in the Ge or
Si layers (optical modes) or extended through the whole
structure (folded acoustic modes). The Raman cross sec-
tion of each of these modes should have peaks when the
frequency of the incident or scattered light coincides with
that of electronic transitions originating in states which
are modulated by that particular phonon and show no
structure if the phonon and electronic states are localized
in diA'erent layers. The usefulness of RRS to distinguish
between localized and extended electronic states was erst
demonstrated for GaAs/Al„Gai — As superlattices, '' and
was later used for other materials. ' In the present work
we report the results of RRS experiments performed on
short-period Si/Ge superlattices in the phonon energy
range 1.8-3.0 eV. Our results show clear evidence of

direct optical transitions with different degree of localiza-
tion.

The superlattices were grown by molecular-beam epj-
taxy (MBE) on a Si(001) substrate. Strain symmetriza-
tion was achieved by previously growing a thin (2() nm)
Si-Ge alloy buffer layer of appropriate composition. 'z
Superlattices were grown on this buffer by alternating n
monolayers of Si with m monolayers of Ge until a total
thickness d =200 nm was reached. In our experiments we
used three superlattice samples: (Si)4/(Ge)4, (Si)ig
(Ge)s, and (Si)io/(Ge)i2. Raman measurements were
performed in the configuration z(x', x')z, where

l1101,y'- ll 10], and z [001] is the superlattice axis.
The sample was kept at 100 K in a cold finger liquid-
nitrogen cryostat. Exciting radiation was obtained from
discrete lines of argon, krypton, and He-Cd lasers as well
as from the continuous emission of a dye laser with
Rhodamine-6G and Coumarine-6 dyes.

A typical Raman spectrum is shown in the inset of Fig.
1, where peaks labeled A, 8, C, D, and E correspond to
folded LA modes (A), confined Ge LO (8), mixed alloy
Si-Ge mode with interface mode (C), confined Si LO (D),
and bulk Si mode (E) from the substrate. This identi-
fication is discussed in detail elsewhere. '2 A sample of
bulk Si having the same orientation was mounted beside
each superlattice for use as an intensity reference. The in-
tensities of each Raman line of the superlattice were mea-
sured relative to that of the bulk Si sample as a function
of laser energy. The Raman efficiencies thus obtained
were corrected using the known '3 cross section of pure Si
and the absorption of the superlattice according to'

S Sl 1 —exp( —2ad )l/2a,

where S (S) is the measured (real) scattering efficiency,
d is the thickness of the whole superlattice, and a is its ab-
sorption coe%cient. The latter is obtained from the sub-
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FIG. l. Absorption coefficients of the (Si)„/(Ge)~ superlat-
tices obtained by interpolating (solid line), Raman (open cir-
cles), and ellipsometric (open squares) data. The origin has
been shifted in the upper two curves (indicated on the left-hand
side) and the vertical scale is linear. Inset: A typical Raman
spectrum.
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FIG. 2. Raman efficiency of confined LO and folded acoustic
modes of (Si)„/(Ge) superlattices vs the energy of the incom-
ing laser light (fi coL).

strate Raman peak, whose intensity decreases as incoming
and scattered light are absorbed in the film. ' The buffer
layer absorption was neglected in the determination of a,
since it is at least 1 order-of-magnitude thinner than the
superlattice. This method of obtaining the absorption of
the superlattice can be used up to hcoL S2.4 eV. Above
this photon energy, the film becomes opaque and the sub-
strate peak (E) disappears from the spectra. We had to
turn to ellipsometric data to estimate the superlattice ab-
sorption for ii't co & 2.4 eV. Unfortunately, the ellip-
sometric data could not be used for photon energies below—2.6 eV because of strong oscillations produced by in-
terference effects. ' Figure l shows the absorption
coefficients used to correct the Raman measurements, ob-
tained by performing a spline interpolation (solid line) be-
tween Raman (circles) and ellipsometric (squares) data.

The corrected Raman efficiencies of the superlattice
modes corresponding to confined LO (filled and open cir-
cles) and folded LA (open triangles) modes are displayed
in Fig. 2, where a solid line linking points (filled circles)
corresponding to the confined Si modes was drawn as a
guide for the eye. In the sample with the thickest Ge lay-
ers [(Si)io/(Ge) i2], two distinct resonant features are ob-
served, centered at incident photon energies of approxi-
mately 2.25 and 2.9 eV. At the lowest of the two energies,
the efficiency of the LO vibration localized in the Ge lay-
ers has a peak while the Si localized vibration does not.
At AmL=2. 9 eV both of these modes exhibit maxima in
their Raman efficiencies. The efficiency of the folded LA

modes, which propagate through the superlattice, exhibits
weak maxima at or near both frequencies. This clearly
means that the first resonance originates from optical
transitions corresponding to electronic states confined in
the Ge layers, while the second corresponds to extended
electronic states. A similar pattern is exhibited by the
(Si)i2/(Ge)s superlattice. The shift of both resonant
maxima towards higher energies is easy to understand.
The first peak should move this way because of greater
confinement by a narrower Ge layer. The extended state,
which stems from mixture of Si-like (higher energy) with
Ge-like (lower energy) states, should also be at higher en-
ergy for the superlattice with the highest Si content (60%
as opposed to 45% in the other two samples). Finally, in
the (Si)4/(Ge)4 superlattice both states are so close in en-
ergy that the distinction between these two groups of
states is blurred.

The results presented above show that two distinct
groups of optical transitions contribute to the resonant
Raman cross section of (Si)„/(Ge) (n, m & 4) superlat-
tices. At lower photon energies the main contribution
comes from transitions between electronic states strongly
confined in the Ge layers. Extended electronic states are
responsible for the peaks in the Raman efficiencies ob-
served at higher energies (ii'tcoL & 2.8 eV). When the lay-
ers become very thin these two peaks become very close in
energy because of the increasing energy (due to increasing
confinement) of the lower transitions, until they overlap
for n =m =4.

In order to say more about the origin of these electronic
states it is necessary to look into recent band calcula-
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tions and make certain assumptions. It has been sug-
gested that for ultrathin layers (m n ~4), one should
consider the superlattice as a new material rather than try
to explain its electronic properties with bulk Ge and Si
states appropriately modified by strain and confinement.
In this spirit, a meaningful way to obtain insight into the
electronic structure of the superlattices is to introduce the
effects of structural distortions and folding of the band
structure in a disordered alloy of the same composition.

In Fig. 3 we show the dependence of the Raman
efBciency on incident laser frequency for a Sip.4Gep, 6 alloy.
The three main optical vibrations of the alloy (Ge —Ge,
Si—Ge, and Si—Si), ' show very similar dependences of
their efficiencies versus hroL. At hcoL 2.25 eV, the cross
section has a peak easily attributed to Ep (I,,~ I, ) tran-
sitions. At AcpL=2. 7 eV they have a second, more in-
tense, peak known to originate in E ~ transitions '

(L,, L, and Ai A, ). The arrows in Fig. 3 indicate
the position of these optical transitions obtained from
refiectivity ' and ellipsometric data. The Ep resonance
is much weaker than the E i peak, and the relative intensi-
ty of the first decreases as one progresses from Ge —Ge
modes towards Si—Si modes. This could be due to greater
localization of the predominantly Ge-like I wave func-
tions around Ge atoms. The resonant behavior of the
three alloy phonons is also slightly different near the E i

and E~+h, ~ energies. A straightforward comparison of
Figs. 2 and 3 [especially the bottom part of Fig. 2 corre-
sponding to (Si) ~ p/(Ge) ~2] might lead one to believe that
the first resonance observed in the cross section of the
(Si),/(Ge) superlattices is due to Ep transitions confined
in the Ge layers, while the higher resonances are due to Ei
transitions which are not confined. The existence of a
strong Eo-type resonance in this energy region was also in-
ferred from RRS (Ref. 21) and electrorefiectance22 re-
sults in the related Si/Si& „Ge„strained-layer superlat-
tices. Also, recent band calculations for (Si)„/(Ge)„
(n =2, 4, and 6) superlattices predict confined conduc-
tion-band states at I (Refs. 6-9) and extended ones at L,
although the energies of the calculated I,, I 2, transi-
tions are smaller than those at which the first resonance
occurs in our (Si)4/(Ge)4 sample.

In spite of the possibility of the above explanation for
the results of Fig. 2, we believe our data is best explained
by attributing E~ character to the optical transitions in-
volved in both peaks of the Raman cross sections of
(Si)„/(Ge) superlattices. In the discussion that follows
we shall pursue this explanation using the notation
developed by Froyen, Wood, and Zunger for L-point
electronic states. The first conduction-band states L, of
bulk Si and Ge give rise to two states in the (Si)„/(Ge),
superlattices, labeled L, ~ and L, q in order of increasing
energy. Although these states appear as extended in Ref.
5 for n ~ 6, energetic considerations require that L, &

be
more Ge like and L,2 more Si like, since in the limit of
very thick superlattices these states should evolve into
bulk Ge (L, ~) and Si (L,2) L, states. Furthermore, the
center of mass of the L,, L, ~ 2 transitions is calculated

l
I I I I

1
I I I I

N
~~
C

Xl
L

U

O
C

C0
E

1 «I( i l(~ 1 i '1( s ll i 1

hcoL (ev) 5.0

FIG. 3. Raman efficiency of the three main optical vibrations
of a Sio4Geo. 6 random alloy vs the frequency of the incoming
laser.

(adding the local-density approximation correction) to
occur at -2.5 eV for n 4, and the L„2 L, & energy—
difference is small for this superlattice. Hence, we have
two bands of E~ transitions in the appropriate energy
range, of which the lowest becomes more confined into the
Ge layers as n becomes larger. This tendency was ob-
served in ellipsometric measurements of short-period
GaAs/A1As superlattices. ' Also, a splitting of the E~
transitions into several components ranging from 2.4 to
3.3 eV has been reported in Ref. 24 for (Si)4/(Ge)4 super-
lattices. The much larger oscillator strength expected for
E~ vs Eo transitions favors this explanation over the
(Ep,E ~) assignment previously discussed. Within this
picture Ep transitions would not be observed since they
are weaker and occur at lower energy. However, we must
keep in mind that these short-period superlattices are new
materials in their own right and that explanations of their
electronic structure in terms of bulk Si or Ge states might
not be appropriate. Calculations including the whole A
axis (as opposed to just the L point) as well as more exper-
imental data are needed in order to make more definitive
assignments.
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