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Optical transitions in strained Ge/Si superlattices
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Spectroscopic ellipsometry has been used to determine the dielectric functions of ultrathin Ge/Si
superlattices with varying strain states and periodicity at room temperature. The E~-like transitions
could be resolved with the multiple-angle-of-incidence technique and in a thick, Ge-rich sample; they
split up into various contributions and start to absorb the light at lower energies than compositionally
equivalent alloys, as predicted theoretically. The E2 transitions are shifted towards lower energies
and split into a doublet. Both of its components show a shift due to the hydrostatic component of
the internal strain, which is approximately half of what one would expect from the corresponding
deformation potentials of the constituent bulk materials. While both transitions decrease in energy
with increasing period, only the lower peak shows a variation of its amplitude and broadening with
period, yielding evidence for confinement eR'ects.

I. INTRODUCTION

During the past decade, spectroscopic ellipsometry has
proved to be an eKcient and versatile tool for the simul-
taneous determination of both the real and the imaginary
part of the dielectric function s(u) = si(u) + its(u) of
Si, Ge, and most III-V bulk semiconductorsi as well as
that of Ge Sii alloys. More recently, complex multi-
layer structures, such as an ultrathin epitaxial Ge layer
in bulk Si, GaAs-Al Gai As heterostructures, ~ and
GaAs/A1As superlattices, s have been studied as well. For
such multilayer systems, extensive computer analysis is

required to model the experimental data and to extract
the relevant parameters, such as the thicknesses of the
layers and the dielectric function of the material to be
investigated. We have used these techniques in order
to resolve the dielectric function of Ge/Si strained-layer
superlattices (SLS's) pseudomorphically grown on com-
plex buffers in the energy region, where the superlattices
are transparent, i.e. , the penetration depth of the light
exceeds the thickness of the superlattices. In higher ab-
sorption regions, the buffer is irrelevant for the analysis,
and only the surface oxidation of the sample has to be
taken into account.

Ge/Si SLS's offer exciting perspectives both from the
technological and the physical point of view. The large
lattice mismatch of about 4% has drastic effects on the
band structure and thus on the optical properties of the
SLS's (Ref. 8) and can be used to "tailor" the electronic
and optical properties to specific needs. This also offers
the possibility of obtaining an artificial direct-band-gap
material based on two constituents with indirect gaps.

The internal strain can be varied by growing the SLS's
on different "virtual" substrates, such as Ge Sii alloys
on a Si(001) substrate, io ii or on a Ge substrate. i2 In the
latter case all of the strain is confined in the Si layers, as
long as the critical thickness is not exceeded. The other
extreme is achieved if the elastic energy is minimized by
distributing the strain equally in the Si (tensile strain)
and Ge layers (compressive strain). Such "symmetri-
cally strained" superlattices can theoretically be grown
infinitely thick. In this paper we will demonstrate that
the hydrostatic component of this strain results in a shift
of the E2 transitions that can be measured ellipsomet-
rically, while the uniaxial component should effect the
magnitude of the Eq peak. If compared to the sharp Eq
peak of Ge Sii alloys of the same composition, the cor-
responding transitions of the superlattice are spread out
by 1 eV and start to absorb the light at lower energies.
The tetragonal deformation also introduces an optical
anisotropy for polarizations parallel and perpendicular
to the main axis. This effect has been studied theoreti-
cally by means of the minimal basis orthogonalized linear
combination of Gaussian orbitals (LCGO) techniqueis as
well as by the ab initio linear-muffin-tin-orbital (LMTO)
method. Due to the small total thickness of the sam-
ples, it is however impossible to measure the polarization
along the growth direction [001]. (Ge)„/(Si)~ SLS's with
both n and rn even have orthorhombic and not tetragonal
symmetry. For this reason their in-plane dielectric func-
tion should differ along the main axes ([110]and [110]of
the bulk). While such an anisotropy has been calculated
with first-principles methods and shown to be relevant
only for very small n and m, we have not been able to
detect it in our samples. This is because the individ-
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ual periods of the SLS's can only be controlled within
the precision of about 1 atomic monolayer (ML) during
the growth, and cannot be kept to exactly their nominal
values of n and I over hundreds of periods. The intro-
duction of monatomic steps is expected to destroy this
anisotropy. In addition, both interface diffusion, inter-
face roughness, and monatomic steps on the substrate
should invalidate this effect.

The critical points (CP s) of the dielectric function can
be related to interband transitions at certain regions of
the Brillouin zone (BZ) and thus to the electronic band
structure of the materials. In the case of a strained
(Ge)s/(Si)4 SLS, a detailed discussion of the origin of
the experimentally observed CP's is given in Ref. 15.

In the following section, a description of the samples
and the experimental technique and analysis is given.
The results and discussion are given in Sec. III, with
emphasis on the Er CP's and the pressure shifts as well
as confinement effects of the E2 transitions. Some con-
cluding remarks end the paper in Sec. IV.

II. SAMPLES AND ELLIPSOMETRIC METHOD

The Ge/Si SLS's were grown by low-temperature
molecular-beam epitaxy (MBE) at 300'C—350'C on
two different substrates: the symmetrically strained
SLS's were grown on Si(001) substrates with a homoge-
neous Ge~Sir buffer layer, so that both the Si and Ge
layers are strained, whereas in the case of pseudomorphic
growth on Ge substrates all of the strain is taken up by
the Si layers. Strain-symmetrization has been achieved
as described previously in Refs. 6 and 10. In some cases,
the symmetrizing buffer consists of a more complicated
structure than merely a Ge Sir alloy buffer on the Si
substrate, such as 60 nm of alloy plus 5 nm of Ge on the Si
substrate as depicted in Fig. 1(a). Changes of the design
of the buffer, such as the Ge content z and its thickness,
allow for the variation of the lateral lattice constant and
thus the distribution of the internal strain, The nominal
thickness of these superlattice structures was 200 nm.
Some samples had 20 nm of an alloy layer plus 1 nm of a
Si cap on top of the SLS's, but the latter have been etched
away chemically. Our ellipsometric analysis and thick-
ness measurements show that up to 50 nm of the SLS
structure have been etched away by that process. The
structure of the symmetrically strained Ge-rich sample
of I-pm thickness and the series of (Ge)s„/(Si)„samples
grown on Ge substrates are shown schematically in Figs.
1(b) and 1(c), respectively.

All of the samples were rinsed with ethanol and
methanol before the measurement in order to produce
a clean surface. Oxide overlayers were taken into ac-
count by assuming a multiphase model in the analysis,
as explained below. Some of the samples were n doped
(Sb, see Ref. 16) to a degree (+ 10 /cm ), which does
not significantly affect the ellipsometric spectra. The
strain-symmetrized samples also contain a high density
of misfit dislocations (up to 10 /cm ). While such de-
fects are known to introduce electronic states below the
fundamental gap, they are not expected to affect the
strong absorption coeKcients at higher energies which

50 nm 5 nm 60 nm =200 nm

(a) Si (001)
substrate Si Ge Ge„Si~-x (Ge)„ /(Si)

14 nm 34 nm 1000 nm 1 nm

(b) substrate Si Ge (Ge) 3/(Si)
~

(Ge)7/(Si)3 Si

33 nm

(c) Ge (001)
substrate Ge (Ge) 3n (Si)n

FIG. 1. Schematic structure of the samples: (a) Strain-
symmetrized SLS's with n, m ranging from 2 —12. The de-
tails of the buffer may vary in composition (x) and thickness.
A series of (Ge)4/(Si)s samples with different effective Ge
content of the buR'er, and thus strain contribution, has been
grown this way. (b) Structure of the symmetrically strained
(Ge)r/(Si)s SLS of 1-pm thickness. (c) Series of pseudomor-

phically grown (Ge)s„/(Si) samples (n = 2, 3, 4) on Ge
substrate.

are measured in ellipsometry.
The samples have been characterized extensively by

Raman spectroscopy. ' This method gives reliable val-
ues for the individual layer thicknesses due to the con-
finement of the optical phonons in the Ge and Si slabs
as well as for the strain distribution, as explained in Ref.
20. The Raman values for the layer thicknesses are in
excellent agreement (within —

2 monolayer) with data
obtained by profile, Rutherford backscattering, and x-
ray measurements, whereas the strain values may differ
by up to 30Fo. The Raman data, however, rely on strain
shifts of three features in the Raman spectrum (the two
confined modes and the Ge-Si mode) and should yield
the most accurate values, at least as far as the relative
strains are concerned.

The optical spectra were taken at room temperature
in the energy range between 1.7 and 5.7 eV with a ro-
tating analyzer spectrometer as described in Ref. 21. El-
lipsometry measures the complex ratio p of the reHection
coefficients rz and r, (parallel and perpendicular to the
plane of incidence, respectively). This can be expressed
in terms of the amplitude ratio tan @ and the phase angle

p = —"= taupe='p= iA
rs

The complex dielectric function e(u) = er (~)+re2(w) can
readily be derived using the two-phase model (ambient
and sample). While this is the "true" function for bulk
material in the absence of an overlayer, it is called the
"pseudodielectric" function for multilayer (including just
bulk plus overlayer) systems. In such cases, t, he genuine
values can only be obtained using multiphase models.
In this context, the penetration depth 6 of the incident
light is an important parameter:
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(2)

where A is the amplitude, F. the CP energy, and I' the
broadening parameter. The phase angle P = 0, ir/2, 7r

corresponds to a minimum saddle point and maximum,
respectively. For a discussion of other types of CP's see
Ref. 24.

III. RESULTS AND DISCUSSION

A. E~ transitions

Interference eff'ects in Ge/Si multilayer structures
have previously been shown to play an important role
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FIG. 2. Raw ellipsometric data of the nominal (Ge)4/(Si)s
SLS (circles) and model calculation (solid lines) in which the
dielectric function of an unstrained Geo 4Si0.6 alloy has been
used in lieu of the SLS.

Here n2 is the extinction coefficient [gs(~) = ni + in2]
and A the wavelength of the light in vacuum. If the thick-
ness of the top layer exceeds 26, the intensity of the light
reflected from the interface below it can be neglected,
as it is attenuated 50 times. 2 s(~) is then adequately
described by a two- or three-phase model if the oxide
overlayer is taken into account.

The structures observed in the s(~) spectra attributed
to CP's can conveniently be analyzed in the second-
derivative spectrum. In the case of a two-dimensional
(2D) critical point, which is of importance in our analy-
sis, its line shape can be written as

in ellipsometric spectra, leading to complications in
interpretation. Figure 2 shows the @ and 6 raw data
(circles) of a nominal (Ge)4/(Si)s sample, which has been
designed as depicted in Fig. 1(a). The Ge content of the
bufFer layer amounts to z = 0.38. The Raman analysis
yields a SLS with n = 5.5, m = 6.6, and a lateral in-plane
strain of the Si layer of e ' 2.4%%up. We observe large os-

II

cillations in these spectra below 2.6 eV due to reflection
of the incident light at the interfaces below the SLS.

We used these regular interference patterns at the low-
energy region (i.e. , below 2 eV) to obtain the thickness
of the SLS layers. The fit has been performed with a six-
phase model, consisting of the Si substrate, four homoge-
neous films (including an oxide overlayer), and ambient
[see Fig. 1(a)I. The thickness of the Ge film adjacent to
the substrate (5 nm) and the Geo &Sic s alloy buffer (60
nm) is known from the growth conditions. Using the re-
fractive index of the Geo 4Sio 6 alloy for the SLS film, we
have obtained a value of 150 nm for its thickness. This
means that 50 nm of the SLS have been etched off'.

Usually, interference patterns appear as soon as the
penetration depth exceeds the thickness of the upper-
most layer. Assuming that the absorption coe%cient of
the SLS and a Geo 4Sio 6 alloy are comparable in this en-
ergy region, we calculate b = 150 nm at E = 3.0 eV,
taking the alloy data from Ref. 2. The fact that the os-
cillat, ions occur at lower energies is a first indication that
the absorption of the SLS is somewhat higher at low en-
ergies than that of an alloy of approximately the same
composition.

The results of a three-layer model, in which the dielec-
tric functions of the SLS plus that of the 60-nm strain
symmetrizing buffer have been substituted with that of a
strain-free homogeneous Geo &Sio 6 alloy, are displayed in
Fig. 2 as solid lines. In this model calculation, which is
based on the Fresnel reflectance relations, it is assumed
that the surface terminates with a SiOz overlayer of 3.5
nm.

The thickness of the oxide overlayer was estimated
from the high-energy ellipsometric spectra: in the re-
gion of E2 transitions, the 4 —6 are almost identical to
those of a semi-infinite Geo 4Sio s alloy, while the values
of 4 display a rigid shift proportional to the thickness of
the overlayer (about 2.5'/nm). Consequently, all of the
film thicknesses were kept fixed in fitting the Ei range.
We have further used tabular values of the dielectric
functions of Si, Ge, Geo qSio s alloy, and Si02 overlayer.
The only sought parameters were the real and imaginary
parts of the complex refractive index of the SLS film.
We performed measurements at multiple angles of inci-
dence (p = 60', 65', 70') in the energy region where the
SLS is transparent, i.e. , below 3 eV. The problem is then
overdetermined (two values sought from typically three
measured pairs of @ and 4 at three angles of incidence).
The fitting procedure provides a test of consistency of
our model and/or experimental errors. The agreement of
the best-fit and measured spectra varies within the spec-
tral range, as expected from the wavelength-dependent
experimental errors. The six-phase model was found to
provide a consistent picture of the layered structure.

The result of this procedure can be viewed in the low-
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energy region of Fig. 3, where we extended the data above
3 eV with the dielectric function derived from a three-
phase model, i.e. , Si02 overlayer plus SLS. In this energy
range the diffraction from the lower layers can be ne-
glected, as discussed earlier. When compared to the z(~)
of a compositionally equivalent alloy (dashed line), we see
that the absorption of the SLS is considerably stronger
below 2.8 eV. This gain in oscillator strength has to be
compensated for in the energy region 2.9 —3.4 eV in order
to fulfill the sum rules for z2(u). 27 In contrast to the alloy,
the SLS does not have a well-defined, single Eq transi-
tion at 2.8 eV, but rather a broad band of contributions,
ranging from 2.3 —3.1 eV. This "multiplet" structure
seems to be a fingerprint of each single Ge/Si SLS.'
A splitting of the Et transitions in a (Ge)4/(Si)q SLS
into various components ranging from 2.6 —3.2 eV has
already been observed with electroreflectance, while a
splitting into a low, Ge-like, second extended state could
be resolved by resonant Raman scattering only for larger
periods (n+ m + 20) (Ref. 29).

The minima we found in the second derivative spec-
trum, d2ss j~, at 2.40, 2.60, 2.83, and 2.95 eV, the last
being the most pronounced peak, are in excellent agree-
ment with values theoretically predicted in Ref. 15, 2.2,
2.65, 2.9, and 3.0 eV, having corrected for the temper-
ature shift of 0.1 eV, The structure around 2.6 eV
should correspond to the Eo transition. The spectrum,
however, is so noisy in this region, due to the numeri-
cal uncertainties introduced in the least-squares fitting,
that this agreement may be coincidental. It would thus
be desirable to have a more direct evidence of the on-
set of absorption. For this purpose a thick sample with
higher Ge content is ideal, as the Et band is expected to
shift to lower energies with increasing Ge content, sim-
ilar to the case of the alloys. We thus present in Figs.
4(a) and 4(b) the real and imaginary parts of the pseu-
dodielectric function in the two-phase model (solid lines)
of a I-pm-thick (Ge)7/(Si)s sample [see Fig. 1(b) for its
structure]. The Raman analysis fully confirms the nomi-
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nal period and yields P~~': 2.9%, which means that this

sample is fully symmetrically strained. The absorption
of a Geo 7Sio 3 alloy is so strong that b is less than the
sample thickness for energies above 2.2 eV. This is also
evident from a Fresnel model calculation of this structure,
where s(cu) of the alloy has been taken in lieu of that of
the SLS, as depicted in Figs. 4{a) and 4(b) {dashed lines).
Here, oscillations become noticeable below 2.0 eV, while

z(cu) of the (Ge) 7j(Si)s SLS remains monotonic down to
the lowest energy measured {1.66 eV). This is a sign of
higher absorption and demonstrates that it should be suf-
ficient to evaluate the spectra within a three-phase model
over most of the energy region (2.2 —5.7 eV). The thick-
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FIG. 3. Real (eq) and imaginary (e2) part of the dielectric
function of the nominal (Ge)q/(Si)Q (solid lines), compared
to that of GeQ 4SIQ Q alloy. Below 3 eV e(cu) has been derived

from a multiphase least-squares-fit method, using the multiple

angle of incidence measurements. Above 3 eV, a three-phase
model (SLS + oxide overlayer) has been used.

Energy (eV)

FIG. 4. Real (a) and imaginary (b) part of e(u) for the

symmetrically strained (Ge)7/(Si)3 SLS. The solid line shows

the pseudodielectric function (l.e. , with oxide overlayer), and

compares it to that of a model calculation where the SLS has

been replaced by an unstrained GeQ &SiQ 3 alloy (dashed lines)

and by a structure of 701 x (10-A Ge/4-A Si) (dot, ted line).

(c) e(u) of the (Ge)q/(Si)3 SLS resulting from a three-phase

model (solid lines), and e(~) of a, GeQ &SiQ 3 alloy (dashed

lines).
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ness of the oxide overlayer is determined from the best
agreement of the s2(u) amplitude around the E2 region

( 4.3 eV) of the measurement and the alloy simulation,
as shown in Fig. 4(b). We obtain d(SiOq) 2.3 nm. The
measured c(u) shows very little structure around E =
3.3 eV, in contrast to what a model calculation yields if
it is assumed that a 1-nm Si cap still exists, as shown
in Fig. 1(b). The dominating features of thicker Si caps
at this energy are also discussed in Ref. 25. If one takes
into account that the fitted SiOq thickness amounts to

2.3 nm, then one can conclude that all of the Si cap
layer has been oxidized, which is what we assume for the
model calculations in Figs. 4(a) and 4(b). The dotted
line in these figures refers to a model in which s(~) of
the SLS has been replaced with that resulting from a se-
quence of (10 + 4) A of (Ge + Si) slabs, repeated 701
times, i.e. , a model based on the optical bulk properties
of the constituent crystals. It is evident from Fig. 4(b)
that s(u) of the Ge/Si SLS is neither that of the alloy
nor the one resulting from a bulk model, but has its own

specific properties which are somewhere between those of
the two others, but rather closer to the alloy. Its "true"
values as calculated from a three-phase model, i.e. , with-
out the influence of the SiOq overlayer, are shown in Fig.
4(c) and compared to s(cu) of a GeQ 7SiQ 3 alloy, as inter-
polated from the data in Ref. 2.

Here again the E~ transitions broaden into a wide band
and show a distinctive peak in d sq(u)/dms at 2.49 eV
with a weaker satellite at 2.64 eV. This is demonstrated
in Fig. 5, where the second-derivative spectrum is plotted
(small points), together with a fit to the critical points
in the regions where this has been possible. In contrast
to two weak peaks below 2.2 eV, which we believe to
stem from reflection at inhomogeneities in the sample or

TABLE I. Ualues of the parameters A, E, I' and P ob-
tained by fitting d s(u)/der of the (Ge)r/(Si)s SLS to a 2D
CP line shape [Eq. (3)]. The results of this fit are displayed
in Fig. 5.

Eg

Eo

A (eU)

5.0 (7)
1.3 (5)

1.3 (2)

7.1 (1.3)
S.7 (1.2)

E (eU)

2.49 (1)
2.64 (1)

3.19 (1)

4.21 (1)
4.36 (1)

I' (eV)

0.16 (1)
0.10 (1)

0.13 (1)

0.16 (1)
0.15 (1)

P (deg)

7S (9)
50 (19)

2 (6)

41 (11)
1s2 (s)

which might still be left over from interference efI'ects in
the substrate, these pronounced peaks can be fitted well
to 2D critical points, as shown in Fig. 5. The parameters
of this fit are given in Table I. Both the dimension of the
CP (2D) and the phase angle P, which shows a mixture of
a minimum and a saddle point, are in excellent agreement
with those obtained for bulk Ge,si whereas the broaden-
ing parameters I' are 2 —3 times larger. The latter might
easily be attributed to the imperfect structure of Ge/Si
SLS's as well as to the internal strain, which splits the
electronic bands in a rather entangled fashion, degrad-
ing the parallelism of the valence and conduction bands
involved and thus broadening the transition.

The transition at E = 3.19 eV is very close to the Eo
values interpolated from bulk Ge and Si (Eo 3.17 eV
for 70'%%uo Ge contribution ' "). In addition, its line-shape
fit yields a 2D minimum, in accordance with both Ge
and Si results. i 4 We thus have good reasons to assume
that we actually observe the average Eo transition, the
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FIG. 5. Fits to the second derivatives of the real (solid line) and imaginary (dashed line) parts of the dielectric function of
the strain-symmetrized (Ge)7/(Si)s sample to 2D CP s. The readings from the vertical scale have to be divided by the factor
given in the box under the various structures.
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FIG. 6. Dominant Ei peak vs Si fraction x = m/(n+ rn)
in (Ge)„/(Si)~ SLS (dots) compared to the Ei transitions in
Ger ~Si~ alloys (Ref. 2). The open squares denote results
from ab initio LMTO calculations; see text for details.

proximity of the Eo energies of Ge and Si preventing
localization, i.e. , the observation of two separate values
in the SLS's.

The dominant Ei transition of the (Ge)7/(Si)s SLS oc-
curs at 2.49 eV, whi'le that of the (Ge)4/(Si)s is at 2.95.
Both of these peaks do not difIer too much from the E~
transitions of alloys of the same composition, 2.46 and
2.84 eV, respectively. Shifts due to the internal strain in
those SLS's should be negligible (+ 0.01 eV), if we con-
sider a simple linear deformation potential ansatz based
on the bulk properties as discussed in Ref. 8. We thus
plot in Fig. 6 the energies of the most pronounced Ei
peaks versus their Si content y, and compare them with
the compositional dependence found for Ge~ &Si& alloys,
as described by the best-fit parabola [Eq. (4) in Ref. 2).
The open, square symbols denote the results from ab ini-
tio LMTO calculations, s shifted down by 0.1 eV in or-
der to compensate for the difference in temperature (mea-
surements at RT compared to calculations with a static
lattice). The two symbols at y = 0.5 are for the strain-
symmetrized (Ge)s/(Si)s (Ref. 30) and the (Ge)4/(Si)4
(lower value, Ref. 8), and show that this energy should
not depend critically on the period n+ I, but rather on
the composition y = m/(n+ m) of the (Ge)„/(Si) SLS.
We have indeed not found a large variation of the dom-
inant Ei transition in the experimental spectra, Figure
6 shows that the dependence of the alloy can only give a
first indication of the SLS's values; the exact values differ

by up to 0.17 eV, i.e, , the corresponding average compo-
sition z of the SLS's can only be determined within an
uncertainty of 12% from the positions of the Ei peaks.
Such a large deviation is not surprising due to the com-
plexity and splitting of the Ei transitions in the SLS s.

Between 3.3 and 4 eV, a couple of very weak struc-
tures are observed in the d s/da2 spectrum. It has been
demonstrated that they originate from zone-folded
transitions, although some admixtures of refIections from
inhomogeneities within the sample cannot be excluded.

These features are so small in strength that we were not
able to obtain reasonable fits to critical points.

B. E~ transitions

The most pronounced peaks in c2(cu) are found around
4.3 eV in analogy to the E2 transitions of the bulk ma-
terials. While a splitting can only be observed in the
spectra only for large periods (n+ m + 15) at room tem-
perature, a fit of these peaks to CP line shapes is only
satisfactory when 2 CP's are considered, even for SLS's
with small periods. We find that the data fit best to two
2D CP's in all cases. Whereas the phase of the lower E2
transition (E2) gives a mixture of minimum and saddle
point (40' + P & 60'), the energetically higher E& tran-
sition is best fitted to a mixture of a saddle point and a
maximum or simply a pure maximum (140' P 180'),
with negligible variations over the period and composi-
tion in both cases. This is similar to the E2 gaps in the
bulk materials that are also represented by a mixture of
2D minima and saddle points. ' " The fact that these
two SLS transitions have somewhat difI'erent character is
consistent with ab initio calculations which have shown
that two difI'erent, rather localized regions in the Bril-
louin zone (zX and s P) contribute to these transitions.
This might also explain why the amplitude A and the
broadening I' as defined in Eq. (3) show a rather dif-
ferent behavior when their variation with respect to the
period is analyzed: whereas the measured values of A
and I of F2 seem to indicate a decrease with increas-
ing (n + m), those values of E2 remain constant for all

(n+ m) at approximately the values given in Table I for
the (Ge)7/(Si)s SLS. The variation with period of both
A and I' (for the E2 transition) is shown in Fig. 7. The
large error bars for n+ &n & 10 result from a strong mix-
ing of the two E2 transitions for small periods. This is
compatible with the fact that a splitting is visible in the
spectra only for larger periods. Also, interface roughness
clearly afI'ects the magnitude of these error bars. This is
evident from a comparison of the uncertainties for A and
I' of the E2 transition in the (Ge)7/(Si)s SLS with ex-
cellent interface quality as given in Table I and the error
bars of the other sets of samples for n+ I 10 in Fig.
7.

The energy of the E2 transition in bulk Si (4.264 eV at
T = 300 I&, Ref. 24) is somewhat smaller than that in Ge
(4.368 eV, Ref. 21) and rather close to Ez . As the valence
band top of the Si layer is for large periods 0.5 eV below
that of the Ge slab, ' a type-II superlattice with confined
conduction states in the Si layers is expected. To further
examine any possible confinement eKects, we plot in Fig.
8 the 2D CP energies over the Si period (E2) and the Ge
period (E2), respectively. Three different sets of sam-
ples with comparable composition and strain are shown.
Both the Si-like Ez and Ez energies decrease somewhat
with increasing period. The sizeable decrease of E2 in
the (Ge)s„/(Si)„set (right panel of Fig. 8) is likely to be
an artifact due to interface alloying in the extremely thin
Si layer (only 2 —4 ML). In these samples, the Ge layers
are unstrained, and we have thus indicated the position
of the E~ transition of the bulk with an arrow. The E~
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FIG. 7. Amplitude A and broadening parameters 1 as
obtained from a fit to 2D CP's [Eq. (3)] of the energetically
lower E2 transitions as a function of the periodicity for three
different sets of Ge/Si SLS's with different composition. In
the text we interpret these data as revealing a decrease of A
and I' with increasing (n + m). Data for more SLS's in the
range (12 & n+ m & 16) are needed in order to confirm this
conjecture. Note that A and I' of the energetically higher E2
peak remain constant.

transition of Si corrected for the shift due to the hydro-
static expansion when bulk Si is matched to the lattice
constant of Ge is also drawn in that figure (E&'/Ge). For
both transitions, there is a considerable difkrence be-

tween the extrapolated energies E&' for n, rn ~ oo and
the bulk values. This is also found for the other two sets
of samples presented in Fig. 8, after correction for the
hydrostatic shift. The decrease in energy of both E2 and
E& when going from the left to the right section in Fig. 8
is due to the hydrostatic component of EII as explained
later. It seems that E& is somewhat closer to the Si bulk
value (within 0.05 eV) than the E~& transition to that
of Ge.

In summary, all these experimental facts can be in-
terpreted as sizeable confinement of the E& transitions
in the Si layers for large periods, and weak confinement
or rather extended states for the E2~ transitions. The
"too low" lying Eg (compared to bulk Si) could be an
indication of interface mixing, as disorder tends to lower
transitions for CP's (Ref. 17). The additional drop of Ez
is best explained by mixed states.

The strain in both slabs of the SLS's can be decom-
posed into a traceless uniaxial and a hydrostatic compo-
nent; only the latter shifts the average energies of various
indirect and direct gaps, such as E2 The .hydrostatic
component, i.e. , the trace of the strain tensor e, can be
expressed in terms of the lateral strain e~~ via

Tr e=2e
I

1—

where Cii and Ci2 are the elastic stiffness constants of
the strained material. If we now consider the tensile and
compressive strain in the Si and Ge layers, respectively,
of a (Ge)„/(Si) SLS, and assume a linear combination
of the hydrostatic shifts of those layers based on their
bulk deformation potentials a2G' and a2s', we obtain for
the resulting shift as a function of the lateral strain in
the Si layer es'.
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FIG. 8. Both E2 transitions as obtained from a 2D CP line-shape fit [Eq. (3)] for three different sets of sampies with
nominally the same composition and approximately the same strain. The lower Ez transitions are plotted against m, and the
higher E2 against n. The dashed and solid lines are a guide to the eye.
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samples with 8 & n + rn & 12, but different composi-
tion, we obtain values for ag that are somewhat higher
than those given in Eq. (6), a~(E2e) = —2.3 eV and
a&(Et) = —1.9 eV. Owing to the large uncertainty of
these values (+ 1 eV) all we can say at this point is that
the experimental DP's for both parts of the E2 transition
are approximately half of those which one would expect
from a linear DP ansatz, based on the bulk properties
(aa —4.2 eV). This is also supported by the value for
ai„which we obtain from the first-principles calculation
performed on the (Ge)4/(Si)4 structure: aa —2.3 eV,
as opposed to —4.4 eV from Eq. (5b).

E~ =
~

4.16(3) —1.7(9)E'~~ + 0.11 eV,n+m

E2 =
I

4 32(2) —1.5(6)all + 0.09 eV ,n+m

(6)

as indicated in I"ig. 9 by the solid lines. If we fit the
E~ transition to only one CP (as we assume somewhat
mixed states for n + m 10), we obtain practically the
average of the two lines drawn in this figure. The compo-
sitional dependence cn/(n + m) has been calculated from
the experimental data of the (Ge)7/(Si)s SLS (open sym-
bols in Fig. 9). Its values are in excellent agreement with
the difference of the E2 energies from bulk Ge and Si
(AE2 ——c —0.1 eV). Fixing c to 0.1 eV and fitting 12

4.5

4 4

(Ge)„/(si) (n+m) 10
~ a n, m = (4~1),(6~1)

73

Here, a; are the equilibrium lattice constants of the two
materials (i = Ge, Si). With the values from Ref. 32 we
obtain for the "effective" hydrostatic DP ah —4.2 eV
(E, —0.084 eV). We compare this DP ansatz in Fig.
9 (dashed line, with Eq taken to be the weighted aver-
age of the bulk E2 values) with the experimental data
for a series of (Ge)4/(Si)s SLS's (solid symbols), i.e. , a
well-defined set of samples with approximately the same
composition and period, but only different ~~~'. A linear
fit of the data yields

IV. CONCLUSION

We have presented dielectric functions s(~) of strained
G /Si SLS's, covering measurements and analysis over a
three-dimensional parameter space (composition, strain,
and period). These SLS's have turned out to be materials
with characteristic optical properties, that can be related
only in some cases to the constit, uting bulk mat, erials or
alloys.

The nature of the E~ transitions has been found to be
rather complicated. The large difference of t, hose tran-
sitions in the bulk materials, in combination with strain
and confinement effects, produces an intricate splitting
that seems to be a "fingerprint" for each SLS. A con-
sequence of this is the enhanced absorption in the low-

energy region, where the compositionally equivalent al-

loys are still transparent. However, we were able to iden-
tify in the structures studied a. dominant, component of
the Eq transitions, from which we can estimate the com-
position of the SLS's with =12%.

The E2 transitions may be easier to understand. A
splitting into a doublet is observed and a quantitative
description of both the shift due to the hydrostatic com-
ponent of ~~~', as well as its compositional dependence,
could be given. We have evidence for confinement ef-
fects of these states, in particular for the lower, Si-like
E& transitions which indicate a variation with period for
their energy, amplitude, and broadening. While the pe-
riod can be determined from such features in principle,
more accurate data are needed in order to give a reliable
quantitative description of these effects. In view of the
rapid progress in the growth technology of these systems,
such data should become available within the next few

& 4.3
Q)

LLJ

4.2
II

DP ansatz

years.
Hopefully data will also become available for s(cu) for

polarization along the growth direction, which so far has
been unmeasurable due to the small thickness of these
samples (& 1 pm). The predicted anisotropy i is very
sensitive to the strain.

~ ~ I ~ I I ~ I I I ~ i I I I I I I I

1.0 1.5 2.0 2.5 3.0
~ii'(&)

FIG. 9. Variations with in-plane strain E'~( of the E2 tran-
sitions in a series of {Ge)4j{Si)eSLS s. The solid lines denote
a linear fit to the experimental points, and the dashed line is
obtained from a linear deformation potential ansatz based on
bulk properties, as given in Eq. {5b). The two open symbols
show experimental results from a {Ge)7/{Si)q SLS.
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