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Yin et al. have reported the use of piezoreAectance to characterize Ge-Si superlattices. Their results
show only signals that can be attributed to extended and confined states in bulk Ge, but the method is

apparently insensitive to the optical properties of the Ge-Si superlattice itself. In this paper we examine
the method used and experimental interpretation proposed by Yin et al. From the data available, we

conclude that the piezoreAectance experiment of Yin et al. may be less sensitive than electroreAectance
for these superlattice materials, to the degree that it conveys little useful information on the optical
properties of Ge-Si structures.

I. INTRODUCTION

The physical properties of crystaHine solids are deter-
mined by two features: the chemistry of the atoms in-
volved and the symmetry of the unit cell in which they
crystallize. Carbon is the best-known example of an
atom that solidifies in several different crystalline
configurations: diamond, graphite, and fullerene. How-
ever, each of these changes in crystalline symmetry also
involves a change in the valence chemistry of the carbon
atom, obscuring the effect of symmetry on the properties
of the material. We have been working to isolate the fun-
damental effect of symmetry on properties of crystalline
solids by studying Ge-Si strained-layer superlattices
where it is possible to impose significant changes in the
fundamental symmetry of the unit cell' without altering
the basic tetrahedral valence chemistry of the atoms in-
volved.

In one of our studies in this area, we reported measure-
ments of the energy-band structure of Ge-Si superlattices
having a period of ten atomic monolayers in the (001)
direction, and the usual two atomic monolayers in the
(100) and (010) directions. In these measurements, re-
cently called into question by Yin et al. , we found that
new interband optical transitions at about 0.75, 0.94, and
1.24 eV are expected because of the change of the funda-
mental symmetry of the crystalline unit cell. We used
electroreflectance spectroscopy for this measurement be-
cause of (a) the proven sensitivity of this method for Cxe-

Si superlattices having less than 1% of the thickness of
the materials used in these measurements; and (b) be-
cause photoluminescence could not be measured in these
samples.

In the years following the publication of our paper,

there have been several studies that have examined the
influence of interference effects arising from the multilay-
er structure of the superlattice and also from Franz-
Keldysh oscillations from the electric-field modulation.
These studies showed that such interference effects can
modify the amplitude of modulated reflectance signals,
making it difficult to associate a transition matrix element
with a measured reflectance peak in this kind of multilay-
er structure. A common conclusion from these stud-
ies is that difficu1ties in interpretation of modulation spec-
tra taken on multilayer structures mean that these tech-
niques may best be used to support results obtained by
the measurements of choice such as absorption or photo-
luminescence spectroscopy.

Fortunately, during the same time, improvements in
crystal-growth procedure have led to samples in which
photoluminescence and absorption measurements can
now be made routinely on samples of superlattice periods
similar to those investigated by us in Ref. 3. In a recent
meeting of the European Materials Research Society, the
principal conclusions of Ref. 3 have been confirmed and
extended by more accurate and conclusive measurements
on Ge-Si superlattices, a variety of periodic structures of
improved design and quality, so that both photolumines-
cence and absorption can be obtained easily on samples
of more than 2000-A continuous extent.

In a recent paper, Yin et al. reported having obtained
some Ge-Si samples, previously measured by the author
of this comment (TPP) and co-workers. In their paper
they compare the results of piezoreflectance measure-
ments made on these samples with some related struc-
tures more recently fabricated at ATILT Bell Labora-
tories. The principal conclusion of this paper is that opti-
cal properties of Ge-Si superlattices are not measureable
by piezoreflectance, and that the results reported by us
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must not reflect properties of the Ge-Si superlattice struc-
ture but rather those of the underlying Ge substrate. In
this paper, we wish to respond to some of the issues
raised by Yin et al.

II. CHARACTERIZATION
OF MBE-GROWN SAMPLES

The growth of Ge-Si superlattices is an art involving
careful control of strain, epitaxial layer thickness to a few
monolayers, substrate preparation, and above all charac-
terization of grown epitaxial structures. ' The samples
whose properties we reported on had been characterized
by transmission electron microscopy (TEM) and high-
resolution x-ray difFraction (HRXRD). Although not
specifically mentioned, the films were also examined by
Rutherford backscattering spectroscopy (RBS).' These
three techniques are needed to measure the existence of
zone-folded superlattice spots (TEM), extended superlat-
tice layering (TEM), chemical composition and disloca-
tion level (RBS), and superlattice buft'er-layer spacing and
spacing and strain (HRXRD). This characterization is
not routine, and the interpretation of the HRXRD re-
sults alone took severa1 months. In these several samples,
the nominal layer composition of the superlattice can be
determined from x-ray data, while TEM studies have
shown that the interfaces are atomically flat to within
about +2 atomic monolayers, even though the long-range
layering is well controlled, as we have shown in the mi-
crographs of Ref. 17. As a result, the first Fourier com-
ponent of the superlattice periodicity was well enough
defined to yield the appropriate superlattice spot in TEM,
establishing that folding of the Brillouin zone had oc-
curred.

Two samples are reported by Yin et al. One of them
has not been characterized again to confirm its structure,
and the other has been examined only by HRXRD. It is
important to note that specular HRXRD alone cannot be
used to confirm the superlattice nature of the Ge-Si re-
gion. It can only give the average composition and thick-
ness. Since Yin et al. used only this technique, their
characterization analysis cannot distinguish between
growth of a strained alloy and growth of a ten-
monolayer-period superlattice.

III. MODULATION SPECTROSCOPY

Electroreflectance spectroscopy has been used success-
fully to measure direct-band-gap transitions in single
quantum wells as thin as 50 A with good signal to noise. '

It is well established that different forms of modulation
spectroscopy, such as photoreflectance and
electroreflectance, give different results because the
modulation takes place in different locations in the sam-
ple. In a heterogeneous sample such as a Ge-Si superlat-
tice, this difference may determine whether or not a sig-
nal is seen at all. For example, photoreflectance has been
used to study interface states because the modulation
occurs preferentially at interfaces between the superlat-
tice and the buffer region. '

Piezoreflectance is based on a stress modulation of the

band structure using a uniaxial stress field containing
both hydrostatic and shear components. Strain-induced
modulation of the heterojunction band offset of only 1

meV would create an electric field ten times larger than
the field introduced electrically (10 kV/cm). Therefore
one might expect to see similarities between
piezoreflectance spectra and those obtained in
electroreflectance for an "identical" sample. However,
this appears not to be the case. While Yin et al. may ob-
serve features in their spectra due to the Ge buffer and
substrate regions in their superlattice samples, they
resolve no features at any wavelength that are attribut-
able to the Ge-Si superlattice region whose total thick-
ness exceeds 1000 A. TEM results make it clear that the
superlattice region exists. Therefore it should have opti-
cal properties that can be measured. The observation by
Yin et al. that piezoreflectance does not reveal optical
properties of the superlattice region suggests that this
technique may be too insensitive to be used for character-
ization of Ge-Si superlattices. Another possibility, that
the optical properties of the superlattice are themselves
inherently too weak to be measured, will be discussed
presently.

IV. OTHER EXPERIMENTAL RESULTS

The growth and characterization of Ge-Si short-period
superlattices, such as those discussed by Yin et al. , is a
rapidly developing area. For several years, thick ( ) 1000
A) continuous superlattice films have been grown by the
symmetrically strained method on Si substrates. This
method eliminates entirely the Ge buffer layers discussed
by Yin et al. Samples grown in this way show easily
measurable band-edge absorption and band-edge photo-
luminescence. ' ' The extended nature of the superlattice
region gives TEM diffraction with all Fourier com-
ponents of the superlattice present, in contrast to our
samples in which only the first component of the ten-
atom period could be detected. ' Experimental results
from photoluminescence, "' absorption, ' ellip-
sometry, ' and photocapacitance' ' all have identified
superlattice band-structure properties in Ge-Si short-
period superlattices using optical probes. The photo-
luminescence results place the low-temperature band gap
of the ten-monolayer superlattice near 0.75 eV. Results
from Menczigar et al. include electroluminescence from
diode structures at the same energy. ' Absorption mea-
surements by Olajos et al. identify the band gap for a
ten-monolayer-period superlattice at 0.76 eV, with addi-
tional absorption at 0.94 eV. These results ' provide
indisputable evidence that Ge-Si superlattices have opti-
cal properties that can be measured over the energy range
of 0.7 to 2.5 eV. In addition, Asami et al. have studied
such short-period superlattices grown on Si substrates by
electroreflectance and photo reflectanc spectroscopy.
Their results, obtained independently from and con-
currently with those reported in Ref. 3, agree closely with
our own. The absence of measured piezoreflectance sig-
nals in this energy range suggests that the technique may
be inappropriate for characterization of Ge-Si short-
period superlattices.
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V. INTERPRETATION OF RESULTS

One theoretical viewpoint expressed by Yin et al. is
that the interband matrix element in the superlattice is
small because the band-edge states are derived from those
of bulk Si and Ge. Two theoretical contributions
presented at this symposium confirm the notion that
direct-band-gap structures can be formed from short-
period Ge-Si superlattices, with the calculated optical
matrix element several orders of magnitude below that
for bulk direct transitions. Both of these papers show
that the presence of perturbations such as interface
effects and external modulation can have a strong effect
on calculated transition probabilities, increasing the am-
plitude of forbidden transitions by orders of magnitude at
the expense of the amplitude of allowed transitions which
are decreased to a smaller extent. Under these condi-
tions, it does not appear possible to relate directly the
amplitude of features seen in modulation spectroscopy to
calculated transition matrix elements.

In preparing this paper, we have reviewed in some de-
tail the conditions under which our original data were
taken. This review includes a repetition of the original
experiments in which we have reproduced our published
results. In this review, we have also paid attention to our
effect of possible heating of the samples by the optical
beam and the applied bias voltage. The maximum power
dissipated in our samples under all modulation conditions
was less than 100 mW. This power is insufficient to raise
the temperature of the sample more than a degree above
the heat sink temperature of 40 K. Eva1uation of the
standard model for thermal conductivity gives a tem-
perature rise of less than 10 K after 1 h with a continu-
ous dissipation of 100 mW. It will be recognized by
many readers that low-temperature photoluminescence
using this level of excitation power also does not lead to a
significant temperature rise of the sample.

VI. CONCLUSIONS

The study of Si-Ge superlattices is helping to develop a
framework for understanding the relationship between
chemistry and symmetry in the electronic structure of

crystalline materials. There is controversy surrounding
both experimental and theoretical results in this field.
Nonetheless most scientists would agree that Ge-Si super-
lattices do possess optical properties, and that appropri-
ate experimental techniques to use consist of those which
are sensitive enough to measure those properties. Be-
cause they were able only to measure properties of bulk
Ge, the results of Yin et al. contribute no new under-
standing of Ge-Si superlattice structures.

The interpretation of experimental results involving
new techniques and materials is a synthesis that may
combine guesswork with measured results. The con-
clusions of Yin et al. are based in part on this kind of in-
terpretation regarding (a) the characterization of the sam-
ple, (b) the interpretation of the negative piezoreflectance
results, and (c) the assertion that sample heating is dis-
torting results. We have shown that the interpretation of
Yin et al. in each of these areas needs modification.
Their experimental results do not support or justify their
principal conclusion that superlattice optical properties
cannot be measured by modulation spectroscopy.

Finally, we make the hypothesis that new experiments,
free from the defects in the work by Yin et al. , may show
that none of the features that we reported in Ref. 3 can
be attributed to optical transitions from the superlattice
region of these Ge-Si samples. Such a result would apply
only to the samples reported in Ref. 3, and is thus, we
think, of historical rather than scientific interest. The
progress in the growth of Ge-Si short-period superlattices
has produced higher-quality samples whose structure is
much better suited to the measurement of the fundamen-
tal energy-band structure. The measurements now being
performed on these short-period samples are better, more
precise experiments that are largely free of the difficulties
we encountered in trying to measure the properties of
samples grown on a Ge substrate using modulation spec-
troscopy techniques. We would gladly defer to the re-
sults of these measurements. These samples show photo-
luminescence that peaks near 0.75 eV, the band-gap ener-

gy identified in Ref. 3, a result that is closely confirmed in
absorption measurements. Additional structure in the
absorption spectrum has been identified at 0.94 eV, which
is close to the second transition energy of 0.94 eV
identified in our original work.
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